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Abstract

The theory required to model a, system using a bond graph is presented <~nda computer
aided bond graph modelling program is implemented. The program allows the hOT1!! graph to
h~ €mtered and modlflcd and automatically assigns the causality. Using the bond graph and
t1w equations entered by the USI';1', the program creates an AGSL input file and performs a.n
ACSL simulatlon. The program is able to deal with systems containing algebraic loops and
derivative causality. TIH~LISX'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 lIBPi! to model, simulate and obtain the linear state-space equations of a mnnher of systems
are shown, The bond graph is a powerful multidomain model representation, particularly
when incorporated in a computer aided modetling program.

Keywords: Bond graph, modelling, slmulatlon, causality, computer aided modelling,
multldoruai 11 representation,
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Int.roduct.ion

1.1 Introduct ion 1I) bond graphs

In order to design a. controlkr or simulate a system, a ruathetuatical model of the process is
required. A mathematlcal model il> usually written as a. set of diflerential equations relating
the outputs to the inputs.

Ohtaining tIl(' rnathematica' model ill however as much of au art, as it is a science, This is f>O

flJl' a number of reasons:

• Thi'l'e il~ no dn1initn 1';II}ll1'IH'(' of events to follow.

.. A thorough understat ding of the process is usually tequirod and Hit' detailed behaviour
must he known •

• 'I'h« modeller has to i.now whit-it di'ects must he inrluded in tho model because they
Gh~llificaIlt1y influenc. tho behaviour of a system and which cflects C,Ul he ignOl"L~,
because their inllueu ;! Is Iwgligihlc.

Tho bond graph modellhi] teehnique attN}' pts to address SOlHt, of these diffleultles.

'I'll!' bond graph is a mult'domain model repronentation, which mil's symhola, to charaeterise
tho helrrvlour of a, r-y:;tp!1L Consider the bond graph shown in Figure 1.1. This bond graph

Figure 1.1: A bond graph.

consists of four different elements: SE1 It, I and 1, linked tog\,thl'~ hy half :UfOWG, called
bomb, r;'1IX()1il'ntill~~tho 1:'111'0' tnmsj'fl'. The variables on either sid(' of each bond are-termed
power variables, bel':lw:\1 tIlt'ir pr-xluct it; dw lustantaneous 1)0\.'1.'1"'I'hat is, t!l(! J)!hd\H~t of
"I and it is tho PO\\l1'1' Ie 'Jving the ('ffort SOUH'P (Sg)~ tho product of '\1 and l.l is thl' pm':!':\'
1'1ltl'riUg tlll' resistor (R) and :;0 on. If the bond gl':',ph were a rnorlel of an eloctrical circuit,



the effort, e would represent a voltage and the flow, f would represent <L current, the product
of the voltage and the current being the power.

There are nine ditfermn Ll(md graph elements, each one having a different type of relation
governing its behaviour. For example, in Figure 1.1, the resistor (It), has a relation between
l':,J and h and the Inertia (1) has a relation 'between fa and f fa dt, Because each bond graph
clement bas a particular relation, the differential equations govemlng the behaviour of tho
system are obtained from the bond G~raph.

Depending 011 the. accuracy of the model required, an aspect, component or subsystem of a
plant is represented by a bond graph element, That is, in order to increase the accuracy
of t1H~model, each bond graph element has to represent. a smaller part of the system, For
example, an inductor hi an electrical circuit fan be represented hy a, bond graph inertia. If a.
more accurate model is required, other bond graph elements can he added to the inertia. For
example, it bond gr:lph resistor could he included to account for tho resistance of the coil. In
a similar manner, if a less accurate model is required, one bond graph element call represent
;1, number of circuit elements.

If each part of a system is represented by a bond ~raph clement, these elements can he
connected together in a, logical manner (based Oil their connections in the system) to form
tho bond graph model of the system. Tho bond graph modelling technique therefore follows
a logical progression,

Once the bond graph structure has been obtained, an exact equation has to b'l\ found to
represent each element, This is also not an eMY ;,tE!P in general, because the eystems studied
(particularly process systems), are often v(~rycomplex and in some cases, the equaticas are
not known '.tt all. The bond graph modelling technique does simplify this step because the
model if; nubdivided into a number of bond graph elements. The modellor can therefore
study each part of the system, represented hy a l.ond graph clement, (fnt' which the form of
the equation is known), separately,

Using these eqnations and thn en,11S(1,.'ffert relationships, derived from the structure of the
honrl graph, the dlffecontlal equations governing; the behaviour of the system arc systemati-
cally obtained. 'I'hese differential equations can he u'wd to simulate the ny:;i i"

If the model is not it sufficiently nccurate representation of the system, the bmd graph can
1)('easily modified, hy removing or adding elements. TlI~~IWW ditlorential equations can be
obtained and the system resimulated,

TIll> bond graph p;l'<tph modelling technique b tlH:r{'fOl'(~ well ordered and allows it~'rativ~
model dovelopment.

1.2 Computer aided modelling using bond graphs

'I'he 1m11<1 I~l'aph modelling technique, is a technique particularly well suited to computer
implemontatlon for tll~~following reasons:

II A hou<l t~Hlphconsists of ~I,limited numh. of different bond gra.pb elements t:lHl..eetNi
together hy half arrows ropresonting Po\VCl' flow A bond r;raph ran thcreior: hn clearly
dh,plaYNI Ot1 it computer s(.·n~('!l.and easily €ntl'i'pd from the keyboard,

CI Since modclllm; is an iterative process, it. may 1H'nU'f';;8<lQ' to dmlll;e the 1»011(1graph
stru. l,m'l' n. number of tiUH'Hbefore it is an adequate ropresentation of the system ..

2



B(,C~1US() of the inherent ability of ;~computer to store and retrieve data, a computer
Implementation Ib particularly valuable.

" As computers have the ability to store large amounts of data, bond graph models can
b(~constructed by connecting together previously stored bond graph fragments.

• T11e cmwalilll assignment procedure is a sequential IHOCNluf(!, governed hy a well defined
set of rules, Such a procedure is easily implemented in ,1 computer program •

• The equation formulation routine consists mainly of equation cubstltutions. Software
and simulation languages in particular, are written to solve such problems,

The bond :~raph modelling technique therefore constitutes a powerful computer aided mod-
«lling tool.

1.3 Historical development of bond graphs

Bond graphs were invented by Henry Paynter in 1955 [22}ami 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 Rosenberg are, however, credited with
dev(lloping the 1'u1(,:3and SY11lholH of the bond graph as it is known today. Their first hoot,
on bond graphs appeared in Hl68 ['~j.
The number of bond graph papers published aunualty increased dramatically in the early
!H70'r" possibly duo to an Issue of 'The Transactlons of ASME, System Dynamics, Measure-
ment and Control" [l:l] being devoted to bond graphs. It was in this period, that most of
tho thr~ory was developed.

llowev, , it. is tho author's opinion that Karnopp and Rosenberg's text book, "System nyu
uainica, A Unified Approach" [14], published in H17f>,caused the bond graph to he recognized
as :L major modelling tool. The hook COVt'fS all aspects of bond graph theory and presents
numerous bond graph modelling examples.

The majority of papers published after 1975, an! concerned with modelling a .'artic.1l1ar
system or n. particular typ*, of syseem using bond graphs (,i!'i~bibliographies [,1,38]). Most of
the systems mod ellcd are relatively complex and often involve heat and mass transfer 01' have
parameters that are distributed in space (for example [21,22,:H]). During thin period, tae
papers published on bond graph theory WE're concerned mainly with the junctlon structure,
algebraic loops and derivative causality (for example [2:J,25J).

Although gNPOHT[21], a, computer program which shuulates .L f,yntl~mmodelled by a bond
graph wan written hy Rosenberg ill Hl74, only later did computer aided mod ..lliug and simula-
don using; 11011<1gmpll1l become widely accepted [t),a~~].This is prohahly due to tho Increasing
availabillty and docreasing cost and size of the computers required foyi this purpose. The field
of computer aided modelling and simulatlou continues to grow with papers constantly beinE;
published (for example [10,11]).

LiLt('l~'then' It'Ul been an Increasing number of papers published describing the mathematical
tllpnlofr,y of bond graphs. Also, more papers have been published on topics closely related to
control theory, for l'xample stability, controllability, ohservability and eigenvectors of bond
graphl; (f,'r example [H,:ri']).

.')
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1.4 Motivation for the research

The Control Group of tho Department of Electrical Engineering at the University of the
Witwatersrand is involved primarily wit]; research into control system design for process
plants. TIlls field is diverse a.id stretches from system modelling through to controller design,

Because prO('0S8 control systems are inherently large and complex, no s~llgle technique en-
compasses all the requirements rot control system design. The development of a Computer
Aided Process Modelling And Controller D..dgn (CAP1vi I\(.D) package [~~!)]It'I,) therefore
been proposed, There are presently a number of people developing and evaluating modules
for this p<u.'lmW" The bond graph forms one of these modules.

1.5 Objectives of the research

Although the amount of llterature published on bond l;"lp}l8 is vast, the modelling technique
hi still relatively unknown, particularly in tim process control field. OIH~of the objectives is
therefore to present mcise, coherent body of theory. Using this theory, bond graph models
can be created and ( implications of these models studled.

'I'he other primary objective was to develop a computer program to automate the bond graph
modolling precess, This will facih ..ate rapid model creation, modiflcatlon and validation. 'I'he
program will he written so that it can be included in tho CAPMACD package,

1.6 Outline of' the dissertation

Chapter 2 contains the relevant bond graph theory, Included in this chapter arc seetlcns
on the definition of a bond graph, the variable" used in bond graph theory, the definition
of causality, the basic l-port elements, bond graph fields, the possible causal forms that tho:
l-port and field elements can bl' assigned, the Sequential Causality Assignment Prccedure
and the procedure used to obtain the equations of state.

A number of bond graph models art' presented in Chapter a. This chanter is divided into six
Mc'ctiollS.

1. An eloctrical clreuit problem is shown in the first section.

2. The second section contains a mechanical translation and mechanical rotation example,

3. The third section is devoted to modelling incompressible fluid flow systems.

5. The fifth section is concerned with the theory nf modelling compressible thormofluld
systems using pseudo bond !,;raplu;. Included in this section am a number of psmu!o
bond graph models of baslc process "building blocks".

n. The last section demonstrates, using examples, how these "building blocks" aSH used
to construct largt'f systems.



Chapter 4 is a dlscussion of tlv~ bond graph modelling program. In thin chapter, there ire
a section citivottld to each of the four I>r,~gmmmodules; entering and modifying, cau:3aHty
assignment, ACSL input file creation ,1u<1 ACS!, execution, In addition to these four sections,
tb~l'(!are r;cctio:'iS OR LiSP. ACSL, the nnmber'ng scheme used in the program nd the data
structures used. The last section in the chapter lists .thf.~limitations of the program.

f~hapter r, illustrates the usn of the program, hy showiug tlw steps required to model and
simulate it parallel connected tank system.

Chapter G shows, hYi 1ll!';UW of an f'}campie, the .mportance of a knowledge of the causnlil,y
prior obtaiaing tJ.~<~ej[)t('m equations,

The concluslonsan bond graph tlwory and computer aided m(lddlhV~ Hsinl; the bond graph
program <1I'C dmY'hl in Chapter 7. '

Chapter 8 cOfl~ains the reeommondatlons for further work and highUightGpossible Inclusions
to the bond ~i}'aphprogram as well as further research required in bond :~laph theory.

Following the references are 1(1111' appendices. Tile first. ShOWH the alterations wade by
the author to the transition table lmplementation of the Sequential Ca,wality Assignment
Prowdure[10]. The second appendix contains a number of appllcatlon examples, demon"
Btra,tin~~ the capabilities of the bond graph program. The third appendix is the bond graph
program USN' manual. 'I'ho last appendix (outruns the program llstings.

! ' \
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Chapter 2

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

When n:ny two dynamical systems <tI\: connected together, to form a, larger system, power is
transferred between them. The representation of this POWt\f flow is the basis of bond graph
theory, It follows therefore, that the bond graph can ll<l used to represent systems in all
-lomains where power transfer occurs.

The interface between one system and another, facllitatlng power transfer, is termed a port
and a system with one or more ports is tl'l'Hwd a mnltiport. Consider as an example of an
I'ligineering multiport a" !MllLl,ely excited direct current (d.c.) motor. The d.e. motor has
three external ports, the ;~rma.tnrl~winding, the field winding and tho shaft and is therefore
termed a a·p''>I't. AU three of these ports may he connected to other systems with :~resulting
power flow between them.

The instantaneous power is usually expressed in terms of the product of two variables, called
IH1W(1rvariables. HH' example, the instantaneous power at an electrical port is the voltage
multiplled by the current and the instantaneous POWl'l' at a mechanical rotation port is the
torque multiplied by the angular velocity, As the ahi~;is to describe an physical systems
using (I, universal languag«, the power variables wlll he t('rmed elther cJJtwt crt) or jlow f(t}.
Table 2.1 shows effort and flow variables for several domains.

Tabl« 2.1: Effort and flow quantities in several domains,

The effort and flow variables of mechanical systems <1W usually defined as in 'Table 2.I~ hut
in ccrtaln texts [:J:l],the (·frorl; is defined to b« the velocity and the. flow is doflned to he the

(i



force. This is because 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, tho
voltage across a resistor) and the flow variable is a "through varlabje" (the measurement is
defined relative to some reference, normally zero, the current flowing through a resistor is an
example). The deflnitions of an effort and a. flow in (a3] are therefore compatible with these
definitions, However, ill this dissertation, the efforts and flows will he defined as in Table 2.1,
because this is more common.

Since the power zan How in either direction, a sign convention must he established.

An dynamic systems arc dealt with, the effort ami now variables and hence the power fluctuate
with time, The power PIt) is given hy.

P{t} ::::t:(t)f(t) (2.1)

Two other variables are required to describe dynamical systems, they are the m(}t~.,1~tum11(t)
and the cli8placcment (j(t). These two variables are known as energy variable.., [Vt).

The momentum is defined as the time integral of effort,

l)(t) == J (;(t)dt (2.2)

and ran be written using the definite integral

(2.3)

when' Pi) hi the momentum at time to (the "initial" momentum).

The displacement ill defined ail the time integral of flow,

q(t) == J f(t)dt (2.4)

and as in tho case of t1H~momentum, it may be written using a definite integral

q(t) :;= (10 + t f(t)tlt
, to

(2.5)

whore q, is the displacement at time to (the "lnitlal" displacement],

Table ~t2 shows tht momentum and displacement variables in several Nwrgy domains,

'Iuhlc 2.2: Momentum and displacement quantities in several domains.

7
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d.c. motor

w

(h)

r
,,---- d.c, motor<, (;)

£"
~'i:"--

(c)

Figu-e 2.1: A separately excr.ed d.c. motor. (a) Usual diagrammatical representation.
(h) Multiport represer.tatiou, (t:) Multipart representation with the sign convention added,

2.2 Bonds and power

C01l5ic1('r the separately oxeited d.c. motor shown in Figure 2.1a. As mentioned previously,
it hat, three external ports, two electrical and or-e me...·hanical. Figure 2.1h is another repro-
sentatlon of the motor, where each port is represented hy H, single line and its nama is used
to stan ~lfor the device. The power variables are written next to the ports for convenience,
The power variables a,"e positioned according to the following conventions:

• Efforts ate placed either (lhHIC or to the left of port lines.

• Flows :tl'e placed e:tlwr below or to the right of port lines.

In I>'ignl'l' 2.11\ the pO'WGf sign convention has been added to the port lines. The ,\wlf arrow
on tilt: port lines indicates the direction cf power flow whet) both power variables are positive,
()t' when they art' both negative. For example, if wand r are positive in the dlrectlon shown
and nw product (.•f (I) and 7' is pcsltive, the power flows out of the motor, through the shaft.

When two multiports aI'l' counected togcltucr, the effort variables are constrained to I.>C equal
and t he flew variahtes <L'(~constrained to he equal. The multlports are then said tc have a
C01H!Ilon bond, in (malo[~/ to a chemical bond between molecules.

Figure 2.2 shows three multiports, a separately excited d.c. .noior, a :lrive shaft and a hy-
draulic pump, connected together. The motor and the one end of the shaft have a ccmmon
angular velocity and torque, The hydraulic pump and the other end of the shaft s:'lare a
common angular velocity and torque, These angular velocities mayor may not be equal
depending on whether tl.c shaft is rigid or not. The systems to which th« electrical and
hydraulic ports :1.1'0 COlHKl't\1(1 are not shown in this example.

8



V
d.c. hlOtor

Figure 2.2: A Connected system.

Figure 2.2 is a bond qraph, that is, it is diagram of components and subsystems linked together
by lint's representing power flow. When, as ill Figure 2.21 che subsystems arc represented by
words, the diagram is called ;1 'Word b:md 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 possible to control beth variables
independently. For example, if a voltage source is connected to the armature port of a d.c.
motor, the source impresses a voltage on the motor and the motor responds 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 graph 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 o011e effort signal (by implication, the flow signal is
directed away from the causal stroke). .

Figure 2.:3shows the bond graph of a d.c. motor and a voltage source and Includes the causal
stroke. The stroke indicates that the voltage is the input to the motor and the current. is the
output from the motor.

d.c, motor voltage source

Figure 2.a: A soparatoly excited d.c. motor and voltage source showing the causality at the
armature port.

It must be noted that the power' half arrow and the cattsal stroke are comllictdy inliqlendcnt.

2.4 Basic component models

In this section, the basic set of multiports that arc used to model systems will be introduced,
There are nine i._,ealizod elements in bond graph theory, one dissipative element, two ~n~
{;rgy storage elements, two source elements and four power conserving elements or junctions.
Each element type is governed by a. relation having a particular form, The acausal relation
gcverning each element is termed the constitutive relation.

9



2..1:.1 The I-porb resistor

The l-port resistor is an element where a relation exists between the effort and the flow. The
bond: graph represontation of a l-port resistor is shown in Figure 2.4a. The power half arrow
is shown directed Into the resistor implying that the resistor dissipates power.

e~R
f

(a)

(b~

Figure 2.4: The 1 J ort 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 = q,n(f)

and with the flow as the output is
(2.6)

The linear relation of the resister, with the effort as the output is

€= IlJ
and with the flow as the output is

f- .le-1l (2.7)

where R i:-. the resistance and li. is the conductance. A non-linear constitutive relation 1$

shown in Figure 2.'10.

Electrical resistors, mechanical dampers Of dashpots and the !!QW through hydraulic lines
are usually modelled using reslstors, The models of these four systems may in addition to
resistors, include other bond graph elements to account for other effects.

If a resistor supplies power, as in the case of irreversible thermodynamics (see Section 3.4),
the half arrow sign convention mas he changed, to show that the power is leaving the port.
But 1£ the sign convention is retained, the constitutive relation must he altered,

2.4.2 The I-port capacitor

The l-port capacitor is an element where a.relation exists between the effort and displace-
menr. A capacitor stores and gives lip energy without loss. Figure 2.5a is the bond graph

10



representation ;;f 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 the flow is positive. Although
the relation exists between the effort and the displacement, the power variables are written
next to the bonds on the bond graph.

(a)

q:;:Jfdt

(b)

Figure 2.5: The l-port capacitor. (a) The bond graph symbol. (b) A non-linear constitutlve
relation.

The constitutive relation of a capacitor, with the displacement as a function of the effort is

q == cpc(e)

and with the effort as a function of the displacement is
,T,._t ( )e:;: ro \.q (2.8)

The linear relation, with the displacement as the output is

q=Ce

and with the effort as the output is
1c= -q
C

(2.9)

where C is the capacitance. Flgu-e 2.51>5110\\15 a non-linear constitutive relation f(51' a capac-
itor.

Electrical capacitors, springs, torsion hal's and tanks are modelled using capacitors.

2.4.3 The I-port inertia

A l-port inertia is an element where a relation exists between j,he flew and the momentum.
As with a capacitor, the inertia also conserves energy. Figure 2.6a is the bond graph repre-
sentatlon of an inertia. Again the sign convention is the same as for the resistor. Although
the relation exists between tho flow and the momentum, the power variables are written next
to the bonds in the bond graph.

The constitutive relation for an inertia, with the momentum as the output is

11
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(a.)

(h)

Figure 2.6: The l-port inertia" (a) The bond graph symbol, (1)) A non-linear constitutive
relation.

and with the flow as the output is
(2.10)

(2.11)

The linear relation, with the momentum as a function of tIle flow is

p= IJ
and with the flow as a function of the momentum is

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

The inertia jq used to model Inductance effects ir ectrical systems and inertial or m!1SS

'~frects in mechanical and fluid systems.

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

The l-port effort source and l-port flow source, del icted in Figure 2.7 are idealized versions
of voltage supplies, pressure sources, vibration shakers, constant flow syst(1111S etc. In each

SE
e\.
f

(a)

c "SF--~-).• f

(h)

Figure 2.7: (a] The effort source. (b) The flow source.

cast', the effort or flow is .1 known function of time and is independent of the power supplied
or absorbed, 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
source 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 out of the port,
as shown.

12



2.4.5 The 2QPOl'1; transformer

'1'1,(:2'lHH't ';":'lIsfol'llwr j" a power conserving junction, that :fl~the power entering the one
port is ('qllal to the pO\\'('1'leaving the other, Consider the bond graph representation of a
transform'.'!' ill Figure :!.S. If f'1 and fl ',~l'(ithe power variables at port 1 and C2 and h. are

Figure 2.8: Tho ~~,port transformer.

the power variabl 'S at port .~then

The power half arrow eonvention shown in Fi);ur....~2.8h such that the POWI'l' ('ut('t'G tIlt' one
port and leaves the uther This ls termeu a "through power" r;ign convention.

One possible set of relatinns which fulfll gw power constraint is

(2.13)

Those are tho constitutive relations ~}f:1.2·port transformer, where the parameter ?It is known
an tim il'ftnsjt.mnCl' modulns, Typlcal examples of systems w.thm a single domain, which
:11'('. modelled using bond gmph transformers are eloctrlcal transformers, WlarB and levers,
'Irausformors ,'xe also used to represent dements coupling tll,O dlffereut energy domains,
examples lnclndr ;" tad.. and pillion lind a hydraulic tam. NOlle of the systems mentioned
ahovc .11'1' ideal trnnsformers, M thin would imply that tlwy are 100% cfllclout, TIll' bond
graph transformer is used however, amongst other bond !'~raphelements, to l'('l,f!'s(mt. them.

2.4.0 The 2 port gyrator

The 2·pOlt gYl'<ltor shown in Figlll'(, 2.!l, like t,11<' 2·port transformer t, pOWIll' conserving,

Tho other pOiOsihlf':)'~((If relations which fulfil tJH~ )lo\W'A' ronntraint in

0 1'1 rJz

I'll ('2 (:tH)

'I'hese are the constitutive rolations for tho 2-port gyrator. 'I'he parameter r' if; tIIP uumtm'
modubMl.

(i Oyrator:; are not "ftell found within nue PIH'rg.y domain, hut (ln~ma'd froq-rontly when linking
ditleront physical domains, An example nt' a system H'}'!'(';;p);i.nl hy a hrmd !~l'[l-rjhgyrator if
;~d.c, motor, whieh lies a relatiou het\wt'll thp torque and the current,



Figure :!.10: The :~·:pOft (l-junctlon.

Like the trunsformer and ~';yr<lt(jr, tho n-port D-junctlon it; power conserving. The> O·jullction
is abo termed ;1 How junction ')1' common effort junction and if) equivalent to a p::mLlld
('OIlHNtiou in an elect Ical circuit.

1'1(t) ::;;(,;It) ~~:ca(t)
ft(ti + h(i) I, btl) !c;: 0 (2.1!j)

That is, Ulf' Hi'rt!l 01: all the ports axe equal and the flows sum to zero. TIi(' flow variables
are summed _H't'of.lin 0 to tho direction -,1' the half arrows. For example, had the: half arrow
on h01l11 2 1)1~(,11direc .ed out of the Il-junction, the constitutlve relations would 1w

el(t) :.~(,z(t) ~; ra(t)
!t(t)~· h(t) -t· faCt) ;;;;(} (2.1G)

It in clear that. tiw ;Lpott Ujuuetion l. easlly gl'lwralized to au u-port (I·jlllH~tioll.

In [aUI, tho O·jlmrf IIi). iK WPi" :;P1lt",;J hy ,L "p;l, as oPJ~ol";mI t;) ;1, "01' to emphasize that the
O·junttion ill equivalent to a parallel junction in an <,{petricalcircuit, Itl this dissertation only
a "0" will he lH".'iL

2.4.8 The n-port t-iunctiou

The u·P01't I-jIUl ~tinn, Hom!'Unw~; called tin ('{rort junction N r. common flow junction is
equivalent to a, series conr-ocslon in an olertrical rucuit

Fignrl' ~.t11: Tho a"port 1junrtiOl;.

TIll' a·}lt rt lojt notion, shown in Fig;m'('~!.11.has constit utlvo relatlons

ft{t) ':L' h,!:t) .:.';u»
(t(f) .!. 1'2(0 -: f:i(tl () (') 1")1\0;/. (

~I That i», tho 1I1\Jh 011 all till' 1lF,,'hi are ('l.ll1:11 alilt tXlI' t'tl!lrtil sum to ';eI'O. 'I'll" ('ff\nt variables
;h'!' summed "(' "ll'diu(; til the direction of titl' IIaIr arrows, Hlr example, had the half an-ow



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

fl(t) ~-::f:;.(t);:= /3(t)
('t{t) + C2(t) _eo C3(t) ::::0 (2.18)

As before, it is clear that, the :~·port l-junction can easily he generalized to form an n-port
l-junction,

In thl~ fnlUt'. way tl.at the n·jnnetioll if; occasionally represented by a "p'" the l-junctien is
sometimes n'plw~l'ntC'd by an "s" I to represent a serif,; connection [:~OJ.Again this notation
will not 1>1' adopte.I here.

2.5 Modulating lines

As discussed previously, It half arrow is used to represent power flow. There are tlmes however,
when a pure sig!!;l.! How must be depicted. Signal flow is represented hy a .'~J.lewith a full
arrow head, as shown in Figur« 2.12, Tho arrow points in the direction of the signal flow.

B.-.--~
Figure 2.12: A modulating; line representing a, pure signal flow.

S\H~ha. line if) termed :1 "modulating Ilne". In reality, a pure signal now does no, exist, as
there is always d. transfer of power involved. A pure signal flow can he assumed however,
if the power transferred is negligible in comparison to the power in ;,hc system itself. An
example of this is a moasurament instrument, where if thoro \VHS a slgniflcant transfer of
power between the Instrument and the systern, the system behaviour would 1lf!affected,

All bond r;raph e]('uJ('nts can be modulated. An example of a modulated resistance is a
4·way hydraulle control valve where the flow rate is modulated hy the displacement of the
valve rod, AltllOue;h power i:; required to displace i.lw valve, it is negllglblo in comparison
to tho hydraullo power transferred through the valve. Examples of modulated sources are
a dependent current RotUTI.!, a dopendent voltage I,OUH'!', a. tranelsto- and fluid flowing from
one tank into another with no return path,

There are times when a. modulatlng line does not carry any physical Sllpwl flow. Al: example
of this is tIH' modulated transformer used 1.(1 model 1,uW.·anglo rotation in mechanical sys-
toms [1.1]. III this I'a";f', 1.11('tranufonner is modulated h,l1ho::;O, \\!ulro I in the length of tho
arm and 0, the :ulf,;iethrough which it revolves,

o Causality of the basic bond graph elements

The eausalltv a;,siglwd to <I. bond !-~raphclement dictates tho form of the constltu tivo relation,
that is, it states which varlabl» is the independent val'inhll~ and which variables are the
depondent variables. Till' constitutive relation in th" correct canral form is oftell termed the
causal rolatlon. TIl(' ronveution used for the causal relation is: The output is on th~~l(~nof
tIll' equality sign and th.' function containing t}w dependent variables is on tIle right hand
side, For example, the causal relation of' It llnear resistor, in ( :;:: HI if the effort is the output
and l ::;:1if if dw now is tho output.

The causal forms of the ha.de multiporcs af(~shown ill 'I\lhh' 2.3.
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The effort source by definition, impresses an effort on the rest of the system to which it is
connected and can therefore only take on the causal form shown in Tu.1>102.3.

Like the effort source, tim flow source has only OM allowed causal form. The flow source, by
definition, forces a known How on the the system. The only allowed causality is that shown
in Tahle s.s,
In contrast to the two sources, tlH' resistor is indifferent to the causality imposed upon it.
Although either two of the eausallt.es, shown in Table 2.3? are allowed, it does occasionally
occur that one of the causal forms is not physically realizable. 'I'his happens when the resistor
has a non-linear constitutive relation which cannot be inverted (for example, when Z/::;: f(x)
is one-to-one, hut x ::::r-1(y) is one-to-mawr). Coulomb friction is an example of an effect
represented hy a bond graph resistor with only one valid causal limn. This also occurs when
dealing with some modulated resistors, For example, the flow rate is proportional to the valve
offset (tho amount it is 01H'n) and proportional to the square root of the pressure difference
in a -l-way hydraulic control valve. TIl(' pressure can therefore not be found as a. functlou (If
the flow rate if the: valve oifset is Zero.

If a causality that is not physically realizable is assigned to a resistor, it is necessary tv
change the bond graph structure (normally by including storage or source elements) so that
the resistor takes on the only possible causal form. It must he noted that to the author's
knowledge, the bond graph is the only modelling technique whore the causality is known prior
to obtaining the system equations.

The capacitor can take on either of t1H~two causal forms shown in Table 2.3. The first causal
form, where the effort is a. functlon 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 (clIc(e» is known as derivative causality.

The Inertia, 'Ilk!' the capacitor can take on either of the t\VO causal forms shown in Table 2.a.
If the flow is a function of the integral of the effort (the momentum), the inertia is said to
IHl.V1.1 integral causality, But if i,he effort, is a function of the derivative of the inertia function
(clI1(f) the inertia is said to he assigned derivative causality,

The c. nice of the causality assigned to the storage elements (the inertia and capaclt ,) has
an ir..portant effect, because the energy variables of the storage elements (tho momentum
and 1:,~,'pJal'ement)arc the state variables. If a storage element is assigned integral causality,
tho t'rgy variable is an independent Bt;I~i'variable. The derivative of an independent state'
varlaole is a function of itsolf, the other Independent state variablos and the inputs to the
system, Au independent state variable is included in the final state-space n\\o<1t)l of the system.
If derivative causality is assigned to a stora.~~(>,element, the ('llPl'tW variable hi a dependent
Stlotl~ variable. A dependent. state variable is (1, function of other independent state varlables
and source clements. '1'110 dependent state variable it; not included in tho final state-space
model of the system.

As depicted in Table 2.:i, the 2·pnrt. transformer can take on one of two eausal forms. There
are only two possible causal forms, because if anyone of the four variables is eonstralncd
to he an input or an output, the remaining three will automatically be constrained, For
example, as in the first. case in Table 2.a, if effort 2 is au input to the transformer, flow 2
must. h(~an output from it. Also from the constitutive relations, flow 2 is related to flow 1 hy
the transformer modulus. Therefore flow 1 must be an input to the transfc .ner and dfort 1
an output from it. The other caasal form ls obtained in the same manner except that effort 2
is constrained to be an output from the transformer.
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The 2~port gyrator is similar to the tzaasformer in that, for the same reasons, there are only
two possible causal forms. Either both efforts are 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 as many difi'(fr.:mtcausal forms for the (l-junction as there are bonds connected to
it, but certain requirements have to be met. In a O·jullction, all the efforts are equal and
the flow" sum to 201'0, therefore if OIl(' of the efforts is known the others can be determined.
Conversely, if all hut one of the flows is given, the remaining om; can he calculated. Therefore,
an n-port U-junctlon can only have one ,}ffort input «(n .: 1) effort outputs), which implies
having (1\ -- 1) flow inputs (OlW flo..." output).

The causal requirements of a. l-junction are obtained in a. similar manner to that of a. Il-
junction, In a. l-junction, all the flows are equal and tile efforts sum to zero, therefore if one
of the flows is given tho others can 1)(1determined. Conversely, if all hut one of the efforts arc
known, the remaining OIW can IH~calculated, Therefore an n..port l-juncticn can only have
one now input «(u _. 1) flow outputs), which implies having (n .~ 1) effort Inputs (one effort
output ).

2.7 Multiporf fields

Previously only 1-port resistors, capacitors and inertias were discussed, In this section, .fields,
which are multiport generallzations of these l-port elements are considered,

2.7.1 Capacitor fields

As discussed previously, a, capacitor stores and ~dv,~sback energy without loss, Any single-
valued functlonal relationship between effort .~'IdnisplaomHmt therefore defines' ~1l energy
conserving capacitor, Likewise, the multiport generallaatlon of a l-port capacitor, termed (,
C·fioid, is energy conserving.

A C·noid is denoted by the letter C, with as many bonds as the field has ports, as shown in
Figure 2.1~t

~+...
('1" '. en---:---.:,. C "'1::---:---
'11 '" q"

Figure 2.1~i: '''~nn-port C·field.

C-Helds exhibit integral and derivative causality in the same W'W the l-port capacitors do,
but C.·fields rnay also take OIl mixed integrnl-derlvatlve causalltlcs.

The integral form of an 11 {lOrt C-fil'ld has all the efforts as outputs and has constitutive
relations

Ci - ifI'';:Cq}'IJ2,Q;), ... ,(jll)
i ...~.. 1,2,;l, ... ,'1t

(2.10:,



The derivative form of an n-port c.,field has aU the efforts as inputs to the C·field and has
constitutive relations

qi .,,, q,c; (!'l ,(:'2, e:h. ,., en)
i :;:; 1,2, :~,... ,n

(2.20)

A Co'le',l with mixed causality has integral causality assigued to some of the bonds and
dorlvatl-« cam dty ,,;,sit,'um! to the 1'(,81,. Consider an n-port (>tleld, with the first j ports
having il'.egral causa ;.ty and the remaining ports havlug derivative causality, Such a C-field
has eon:l:J.tl1tiv.' laws

t'i - q''(::(I]t.lJ2 •.. ,,{lj,()Hb.'''Cn)

i -- 1,<~,3,. .. ,j
{jk - q)ck(ql,'12 .. ·.,l1j,Cj·t·J, .. ·'<'nJ (2.21)
J: -- i + 1, .. " n

An examplo' of a 2'port C·fi(~ldin a moving plate capacitor, where the voltage and the force
on the pla ,(S are both functions of the charge on the capacitor and the position OhJl~plates,
'I'he bond \!;"<Whrepresentation of the moving plate capacitor is shown in Figure 2.14.

v " p
--7 ~ C""-;-

Figure 2.H: Bond graph representation 01'.1. moving plate capacitor,

If an element 01' system can only be d('::rrihed as a, fleld [as is the ease for a moving plate
(:aparitor),jt is termed an explicit Held. How('"t~r if a. field is formed from a. group of I-port
(in this case C) elements and junction.structure elements (0, 1, TF, GY), tIW.l it is termed
an implicit. field.

Consider the bond gl'aplh shown ill Figure 2.15a.)whleh consists only of l-port capacitors and

o and l-junctln..s. Figure 2.15h is <I, 2"port implicit G·fh·1droprcsentetlen of the bond graph
in Fiplrt) 2.15a. i.ssuruing th,l.t the I-port capacitors have linear rel;Lti(~m;, the constltutive
laws of tho C··!leldam
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or in matrix form

(2.22)

The matrix in Equation 2.22 is called the stifJrwss matriz because ~he effort (force) is a
function of the displacement. The stiffness matrix is symmetrical, that. is, it is equal to its
transpose.

In general the compliance and stiJ]'ncss matrices, which are inverses of each other, are sym-
metrical. This can he proven in a form valid for even nonlinear C-fleJds [14]. This relation,
sometimes termed the Maxwell 8ymmctt'Y relation, is

i)('; ()'i'E (h'j_'"" :...~ "__,,,_.,,,,,,,, :.::: -.-.""
DfJj Uqj lJi ()qj

(2.2:3)

This relation makes it possible to ensure that the equations formed for a C-fkld 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 he useful to form an implicit Cofield from a, system containing l-port ca-
pacitors, hut consider the bond t!;!'aphin Figure 2.16a, consisting of, amongst other elements,
three l-port capaeitors, It is not possible for all three capacitors to have integral causality

Figure 2.Hi: Two independent and one dependent I-port capacitors and the implicit <>111'1<1
represon tat lou.

assigned to them, that is, all the displacements arc not Independent of ()IW another. In this
case, tj.1 is related to q2 and qt" Notice however that bonds 1 and 7 have efforts as outputs,
If an implicit C·fit'ld is formed, with bonds 1 and 7 as the two ports, both bonds will have
lutegral causality, as shown in Figure 2.16h. Thls elhnlnatos tho need to perform the al,~e.
braic maulpulatlons associated with the derivatlvc causality, However, other manipulation is
required to get the equations into a form representative of tho field.

2.7.2 Inertia fields

In the same way that the f -port inertia, is analogous to the l-port capacltor, an I..field is
analogous to .. C-fidd, An l-flold is therefore also energy conserving. All the results for
C~fidds hold for I-field" if the flows are substituted for the efforts and the momenta are
substitu ted for the dlsplarements.

An l-field is denoted lJy the letter I with as many bonds as the field hag ports, as depleted in
]1'if\Ur(; 2, 1t.
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Figure 2.17: Au a-port l-fleld,

l-fields exhibit the same three causal patterns as C-fields, all integral, all derivative and mixed
integral-derlvatlve causality,

The integral form of an n-port l-field, which has all the flows as outputs, has constitutive
relations

Ii -- 4l'1/(PlllJ2, P3,,, . ,1)n)
i ._ 1,2,3, ... ,n

(2.24)

The derivative form of an a-port l-fleld, which has all the flows as inputs, has zonstltutlve
relations

Pi ._ (fl/,(h,i2,iJ, ... ,fn.)
i - 1,2,3, ... ,n

An I··field with mixed causality, has integral causality assigned to some of the bonds and
derivative causality assigned to the "est. Consider an n-port l-fleld with the first j ports having
integral causalitv and the remainder derivative causality. Such an l-fleld has constltutive
relations

Ji .,,...., cIl~l (1)1 ,Pz, .•. ,Pjl Iitl,.· ., f~)
i :::: 1,2,:J, ... ,j

Ilk - I})h(PI ,P2, •.• ,l)j, li+l, ""/f!) (2.26)
k :;:: j+l" .. ,n

The reciproclty relation (Maxwell symmetry relation) for It non-linear l-field [14] is

ali 1)2E. O!joi;; ~~iJP;Pi ~::Dr;; (2.2'7)

i,j !,,~ 1,2,:1, ..•• n

(1

Electrical systems containing mutually interacting coils can be represented hy an explicit
l-fiold. The constitutive laws for the l-fleld representing two coupled inductances are

(;

[ ,\} ] __[1'1 Aft2] r il ]
A2 • 1\121 liZ li2

where the solf-luductance coefflclents are denoted by L, the mutual inductance codftdents
by M and A is the nux linkage. Tho mutual inductance ,.neU clents Ml,} and MZl must be
equal (as is known from circuit theory) for the l-field to 1)(' pn:'rgy conservative, 'I'his is the
same result as obtained for the "stlffncss" and "compliance" matrlces of C··fidds,
In the previous soction on C-fields, an implicit C"fi(~ld was used to eliminate the alt~ehrak
manipulations associated with derivative causality, The same can he achieved for an l-fleld.
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2.7.:3 Mixed energy storing fields

!t does occur tha' an energy storage device cannot be modelled as a pure Cofield or l-fleld,
hut acts as 11 C-field at some ports and as an l-fleld at others. This field will be termed an
Ie-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·tlehl is shown in Figure 2.18. The ports are numbered so that the first .i ports are

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

Inertial and tlw remainder capacitive in nature.

ThG constitutive relations of an n-port Ie·field, with all integral causality, are

Ii ::: q,i6, (Pl, P2,'" ,Pj, Qj+1,'" ,qn)
i _, 1,2,3,·",i

Ck ::::: ~I(\(Pl ,IJ2,." ,Ph Qj+1,' •• , qn) (2.29)
k -- j+l, ... ,n

The reciprocity relation (ll,[axwcll symmdrlll'dation) of a non-linear !C-field [14] is

(2.30)

i:::: 1,2, ... .i
k := .i + 1,... ,n

It is possible to convert all IC-fidd into a pure enfield or a, pure l-flold, by changing the
definitions of the efforts and flows in one of the domains, or by attaching gyrators, with a,
modulus of one, to either the inertial or capacitive bonds.

2.7.4 Resistor flelds

An It-field, which is a multlport generalization of (I. l-port resistor is shown in Figure 2.10.
The constitutlve laws of an n-port It-field relate the n efforts to the r. flows. III practice,
most R-flelds are disslpatlve hut in some cases, for example heat transfer, the It-field may
act as a. source (nonually some of the bonds remove energy from the ann domain and supply
it. to another). As itl the case of C-fi(llds and l-fields, both explicit and implicit It-fields exist,
Explicit R-fir!.1})arise frequently when modelling non-linear effects or heat and mass transfer
systems. Implicit R-flelds may he formed from resistors and junction structure elements for
con vonience.
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Cl " en
1'1 R " In

Figure 2.19: A 3·port H.-field.

The causality of a Ii-fleld is determined by the source and storage elements in the system,
because It-fields, me l-port resistors, are neutral with ~espect to causality. Although as
discussed previously, all the causal fOr'!IS are not always physically realizable,

An n-port R-field with resistance causality (all the efforts are the outputs from the H.-field),
has constitutive relations

Ci - «Pn,(fl,h"h,. "lin)
i :::::1, 2, 3, .•. , n

(2.31

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

Ii ~-<PR:(Ct,C2,C3, ... ,Cn)

i :;:::l,2,3, ... ,n
(2.32)

As with the previous fields encountered, the R-field may also take on a mixed causality. Con-
sider an n-port It-field with the first j bonds having efforts (reslstance causality) as outputs
and the remainder, flows (conductance causality) as outputs. TIH~constitutive relations for
such an H·Held UP

€i ::::: iPHi (It, h,.... ,/j, t'j+1! ••• , en)
~ .- 1,2,3) ... .i

fk =: ip'R!Ul,h? .. ,h, CJ+1,'" ,en) (2.:3:!)
l~ =: i+l, ... ,n

It is interesting to note that since the [unctlon structure elements (0, 1, 'I'F, GY) provide
relationships between efforts and flows, they could he modelled as It-fields. Although these
R-flelds would be ollergy conserving and would not be able to take on all possible causal
forms.

o
2.8 Pseudo bond graphs

o

There are occasions when the most convenient. variables used to model a system do not
conform to the definitions of the bond graph variables, The most common problem is that
the product of the variables chosen to be the effort and the flow do not equal the instantaneous
power. \Vl"'11 such variables are used, the bond graph is referred to as a pseudo bond 9ra1l/z.

Pseudo bond graphs <1W often used to model systems involving heat and mass transfer. W1H.'1l
modelling heat flow systems, it is common to choose the effort variable to he the temperature
and the now variable to 1)('the heat flow P4]. Because heat flow ha ..s the dimensions of power,
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the system cannot :r"'~"'esented by a true bond graph. Compressible ·6.lid systems are
sometimes modelled with tn~pressure as the effort variable and the mass flow rate 3.S the
flow variable [17]. Again the product of the effort and the flow is not the instantaneous power
and a true bond graph cannot be used.

The biggest disadvantage of using pseudo bond graphs, is that they cannot be directly con-
nected to true bond graphs. Other ad hoc elements must be used to en-ure that the power
entering the one bond graph is equal to the power leaving the other. Examples of pseudo
bond graphs will be shown 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 bond graph.
However, prior to writing down the state-space equations, qualitative information about the
nature and behaviour of the system can he 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 elements (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 system itself.

2. The storage elements (C and I) have a preferred, but not necessary causal orientation.
If a storage element is assigned integral (preferred) causality, the energy variable will
be an independent state variable. However, if a storage clement is 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 causality. In some cases however, one of the
causal forms 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 as the Sequential C(wsality k~llignmcnt P1'()cC(17.m:,(SeAP) (14J.
The procedure is:

1. Choose any unassigned source element (SI~ or SF), and assign to it, its required causal-
ity. Immediately extend t11IJ causal implications through the bond graph as far as
possible, using the constraint clements (0. 1, 'I'F and GY).

2. Repeat stop 1 until all the source; have been assigned.

a. Choose any unassigned storage elern=nt (C or I), and asslgn its preferred (Integral)
causality. Immediately extend tho causal Implications through the graph llS far as
possible, using the constraint elements (0, " TF and GY).

4. Repeat step anutil all storage clements have been assigned a causality, In many practi-
cal cases, all the bonds will he causally oriented after this stage, In S0111e CaSi)S, however,
certain bonds will not he assigned, The e,111saI assignment is then completed as follows:
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6. Repeat st,')) i) until all th« resistor" have been assigned.

5. Choose any unassigned resistor and assign an arbitrary causality t:> it. Immediately
extend the causal implications through the graph as far as possible, using the constraint
elements (0, 1, 'I'F and GY).

7. Choose uny remaining unassigned bond (joined to two constraint elements) and assign
an arhitnry causality to it. Immediately extend the causal Implications through the
gi'aph as far ari posslble, using the constraint elements (0, 1, TF and GY).

g. Repc<1~step 7 until all tho red;aining bonds have been assigned,

There are several situations that. ran arise when applying causality according to the above
proecdure:

1. All storage elements have integto,l causality and the procedure is complete 1 after stet' 4.

2. The .signment procedure is completed by assigning an arbitrary causality to a resistor
or bond. that is, after St(~P8 6 or 8.

:3. Some of tlw storage elements may have derivative causality.

These situations may occur individually 01' together.

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

Consider the acansal bond graph shown Figure 2.20a. The first step is to assign the required
causal:&,Vto the effort source. Figure 2.20h shows bond 1 assigned a causality accor-lln-, to
the conventions of the source (the effort is the output). Since the l-junction has only one
effort input, the other bonds attached to it cannot be assigned. As there are no other sources,
the procedure moves to step ~J. In Figure 2.20r, inertia 2 is assigned integral causality (the
flow is th« r:' put from the Inertia). Immediately the causality may he assigned to bond 3 as
tl.o I-jUll t: .'11 can only have one now input, This is shown in Figure 2.20d. The procedure
cannot he «mtinued as ti.e O-junctton OJ:!y has one effort output. In Figure 2.20e, capacitor
4 Is as: 'gned integral causallty (the effc,rt is the output from tho capacitor). The causality (In

bond /) ran be, immedi ..,tl~ly assigned as there may only ho OIl<' effort input to a, C-j1111ctioll.
The fully augmented bond graph ;8 shown in Figure 2.20", .

The causalities assigned to the bond g"aph in Figure 2.~Of can he interpreted as follows:

1. The system is of second order as hoth the storr ; clements have integral eatts,tlity
assigned to them.

2Jj

2. The two state ...arlablos will be moment-im, lIz and displacement, Q4.

3. TIll' resistor has conductance causality assigned to it and it 1,lUSt there'nre be possible
to write j5 as <1, function of e5.
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2.9,2 Au example ofSCAP when the causality is completed hy the resistors

Consider the unaugmentcd bond t~raph in Fif~llre 2.21a. The H(r,,~ source in assigned the
required causality, At; there is only one effort output from the Il-junction, the causality
assignment cannot k' extended through th.~ bond graph. The next :;t,I'P is to assign the
preferred causality to O!W of the storage elements. Intpgra! causality is assigned to inertia, :5.
There an! now two I!Hbrt outputs from the Il-junction, hut this is still insuffleient to eontlnue
the fl;,:;ie;mnent. Capacitor fl hi assigned integral c<1l1sality. The t-junctlon to which the
nl,padl.or it; attadlH! has only 011e effort input, which is insufflciont to extend tlw causal
implicntlous, as:;h~nnll'llt of th"I1I~ three causal stro1,(,;) is shown in Figur- 2.2Ih. In
ord ..r to complete tho proc(lhw', OIl('of the resistors must hI; assigned an arhltrary causality
(provided that the resistor is ind[~:;'),t~ntto th" causality a;;nitr,nedto it). Resistor 2 in assigned
\'l)i,oluclmH'I, causality, This fni'('!'~;n'!ih:tol' !i to accept l'(';;istnnn~ causallty, because the o·
junction ,;';)!! only have three di"'oI't \ ntpnts and the l-jnnctlon can only have one flow input.
The fully nngmtllt.'d bond graph b shown in Fig;nr(' 2.21.\ Figure 2.21d shows the fully
augmented bond ~;raph of the same system hut with resistance causality assigned to resistor
.)

'I'li(> causalities assigned to the bond graph in Figur« 2.21<: can he interpreted as follows:

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

:J. There is ,in algebraic Inop because OlW of the resistors (n sister 2) had to have an
arbitrary causality assigned to H.

,t RI':;i:;tor '2 has conductance causality assip;ned to it and it must therefore 1}(·pos;,ihl(' to
write .1'-1 as a Iuurtiou of ('2.

rl. Roslstor 5 has resistance \:;'tUt\~lityasslgned to it and it must therefore 1>0 possible to
write ('Il as a function of 1[1.

2.0.3 Causality assigmnent to a bond graph exhibH,Rng derivative causalitj

Cllw;id,'r tlw mHul~~llIpnt('tlbond graph in Figure 2.:~2a. The dl(lrt source is assigned the
!'t'llllin'll ,'awsaJitj, hut. h,·,"UWI' tho l-junctlon only has 011(' <>ffort.input, the causality cannot
he t'xtPlIck·l i,hl'otlgh the ~;I'aph. Itwl'ti:l.:'>' is m;nigilf'l! illt(>I~I'<.:1causality and berauco tliere
is now 0111' Pllill't, output from the l-juuction, bonds a and 4 ran l)(~causally orienuxi, 'rlH'
three remaiuing i)(l1111:;however, cannut yet he :ul:;i~;ned a causality as the O,jnnrtioll has only
OlW dii.nt output from it. 'l'his hi depil'tnd iu Figure 2.22h. Capacitor 5 IS allsiglwll integral
eansallty and because the Il-junctiou now has an dfC'rt input, bonds () and " must he 'tssignr~d
thi~ causality shown in Figll'l'I' 2.2~e. ,,) ,

(' , 1. The system is :;('(\11111 order as two of the three fitorag(' elements have integral eausa1ity
assigned to them.
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Figure 2.::t>.:Ilono graph exhibltlng derivative causality,

~L m"pL:!'l'llwllt (iii win not 1Ji' included in the final set of :iyHtmn equations 1ocausc rapucl-
tor I; lias d(,l'ivat\v(~ causality m;:;j~~lw(tto it, BeC;UH;(1 the asr;ip:nnWHl.of ia 'l;ral eatwuHty
to c:ipadtor 5 ral1s(~11 capacltor G to tal:e 011 derivative causality, (jtl is 11 function of fJ~J'

5. Resistor a has resistance causality assigned to it rind it must therefore be possible to
write e:l as n, function of /a.

n. Resistor 71m" conductanre ('il,usality ~~~;:;il;pl(ldto it anti it must therefore hn po~:sihlt~to
write h as a function of 1'7,

" 11\.(d •• D Equation formulatton
(1

(ht :1' a fully augmented 110,111 w'aph it: available, tho &*a,t."'t:p:U'f equations may b(1 written
down in an orderly fashion. 'The 1:)1.(·p::; to follow ill deriving thp stato spare oquatlons at',,;
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The selection of the input, and state variables is straightforward. Each source element provi<:t?s
an input varlable and the energy variable of each storage element havlug Integral canaality it,
a state variable.

In practice, it is not necessary to ..vrite down all of the causal relations, but it gives in:,'ip;ht
into the formulation of the equations, particularly to a person without much bond gr:.q,h
PXIH'ri('Ilce.

TIm reduction of the equations tlJ state-space form is usually a, simple matter, requiring only
tIll' substitution of equations. 1'11('1'('arc cases, however, when some algebmic manipulation
is required. This will he shown later,

In all th" examples that fcllov; the geueralized variables; effort, flow, displaeement and
momentum will h.' used, a,,: opposed to the standard variables used ill a particular domain.
This is dono fm' clarity and ill avoi-l an emphasis on any particular domain as a bond r;nph
h a multldomaln rcpresentatlon.

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

Consider the fully augmented bond graph in Figure 2.~~a.

Fi!~ur(l 2.23: A fully al1guH\nt,~dbond graph of ,~ system without derivative causality 0'"

al!~dmtk loops.

'rho input to the Gj'st('lU is th\~ (·fl(.'l't from tho effort source, ('1. In this example i~ is assumed
that ('1 is some function l~h.
Tho state variables of tho system are the energy variables of the storage elemonts with illh'i!';l r).l
caunalitv. III this case, both the lnortln and the ('ap,(eitnr are amlie;lH'tl lntogral causallty and
tho stau- variahloa are tlw1'l,fu1'(' momentum, 1), ,me!. dlsplacoment, q,t.

TIll' [!;Illll'ral form \)f (I, lid of Htat""upal't' equations h~

x::;; Ax:+ du

r 1)' 1x ~ ~,'I q.
and

(1

!'It.i'p 2 involves wriHn~~,111\\'1I tIll' cauual f<'!ationn fill' all tIu' pl"ml'uh;. FIll' ronvenlenco, it is
assumod that all the elements have lilt',::!, r..lat'ons,
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Effort source 1 1~'e causality assigned to the f.,frurt source Implies that t!.e eflort Cl is tho
output from the tHOI t source. The causal relation is therefore

T t' "" '""I' • I' , l'j • 1,' I c. '" fl f' f' •jlllCX' ra z 1 ,11~inertia ias mtogl"h causa Ivy nssrgne« to It, t lerelore "He. ow 2 IS a unction
of the llW!UO'!1 tum P,l'

Capacitor <1Tho capacitor also has inlq~l'al causality assigned to it, tlwf('fvrE~ the effort ('.1

in a fuuction of the displaremont 1].1.

Resistor u'TIl(>resistor has conductance causality asslgnod to it, therefore the flow f;, is a
function of the eflort Cli.

The I-junctfcn The l-junetion has bonds 1 and :~as flffort inputs (flew outputs) and bond
2 a.:.; the di'nl'l output (How input). Therefore, noting the sign convention

It :;;;,fz
J:l c.: h

The O~Jun('ti(}n The O·jll11t'tion has bond -1 as the "i!()rt input (flow output) and bnnds a
and ;) as the dfllrt outputs (flow Inputs), Therefore, noting the slgn convention

(I
Ilecanso the two storage elements have both been assigned intt'g;l'al causality, there art~ tw'(j
equations of state (e:teb HtO.i'al~('element with Integral r(lusalit:r contrlbu tes 011(' t(\ate variahlo),
1'0 find tho first eqnation one hegins with an equation involving the derivative of om, of the
st,1t(\ variables, (\mshl\~ring the inertia flrst and using 0\(\ definition of momeutum

i2.:H)
(,

hut from {,IH'rausal telatinns



therefore
(2,35)

but from tIll' causal relations

therefore
(2.:!6)

The term BJ is an input so it <lops not have to be pursued any longer, however c" does. From
the eausal relations

. e 11)" ..•. 1"1 ~~~"'''i'!.t_.~" Cf4 '" (2.:l7)

The dcrlvatlve of one of the state variables is now in terms of the input and another state
variable. This in therefore OI••l of tho sta.te·l"!)u:·cequations,

\

The 8(·t;oud equation of state is obtained by starting with the capaeltor (t}I(Hi.mt equation was
obtained hy starting with the inertia). One hegins with the definition of the displacement.

(2.a8)

but

hut

(~A())

but

(:
and

(2.41)

( l~ i: IIJ is a, ,:tah' variable, it need nul lw pursued any longer, hut 1:'1 is neither :111 input nor a
state variable, 1]0 tho term must hI' continued with



therefore
(2.42)

The derivative of the displacement q4 is in terms of the two state variables and is therefore
the other state-space equation '

The state-space equations of the system are

(2.43)

Therefore

and

2.10.2 l~quation formulation when the causality is completed by a resistor

The equations of state, for t1 0 bond graph in Figure 2.24, are derived us follows'

I c

Figure 2.:.!4:A bond graph where the causality is completed hy assigning an arbitrary causal-
ity to a resistor.

The input to the system is the flow from the flow source, It. It is assumed that h is some
function H.
'.fJw state vnrlahlec of the H.\';1lt .•n are tho mwrgy variables of t hp storage elements with integral
causality, In this case, both the capacitor and the inertia have integral causality and therefore
the state variables :\.1'1\ th!' momentum, lla and the displacemont, q,;.

'I'he gl'u(lral form of the state-space equations ii;



In this example ,. ,
1
1)(,3 I

X
• 11) J

u == [Ft]

Step 2 involves writing down the causal relations for all the elements. For convenience, it is
assumed that all thfl elements have linear relations.

Flow source 1 ThH output from the flow source iii by definition the How It

Inertia 3 The inertia has integral causality assigned to it, tiwwil!r(' the flow h is a function
of the momentum 1)3.

and hy definition

Capacitor 6 The capacitor also has integral causality assigned to it, therefore the effort ell
is a Iuncdon of th(~dlsplacemeut lJi).

and hy definition

Resistor 2 Resistor 2 has conductive causality assigned to lt, therefore the How h is a
function of the dfort (;2'

Resistor I) Resistor :~has resist anco causality assigned tn it, therefore the effort ('5 is a,
function of thE' ffbw Jr..

'I'he OMjUll.cHon The O·jllll'tioll 1mB bonds 1, 2 and 3 as effort outputs (flow Inputs) and
bond as the pf!(ll't input (flow output}. Thnn,rorp, notiug tho sign convention

(1

l'1 ~~it ,~,h -~h
)

t'1 :;,; ('.1

'I'he l~.innction Tko l-junction has bonds [) a.nd (J as dliJrt inputs (flow outputs) and h01l11
<1 as the effort output (flow input). Therefore, notlng the sign conventions

i5 :.= /.1
ft. ;:;:it



The 11rst state-space equation is obtained by starting with the definition of the momentum
of the inertia.

(2.44)

but from the causal relations

therefore
(2.45)

but from the causal relations

;i.ud

(?-.47)

the torm riG does not have tn be pursued any further as it Is a. state variable, bu t

(2.48)

but

therefore
(2.40)

but

and

(.)

(2.50)

From Equation ~tiiO,it; can 1)(~seen that (:2 is the only term that is neither ,~state nor an
input variable and therefore has to be pursued further, hut

(VB)



In Equation 2.51, e,l is also not a state or input variable and therefore an expression for C.t
has to 1)(1,found. But considerlng Equations 2.45 and 2.46, an expression f(~re,l has already
been substituted, If C,l :::: C5 + ell is 8U' stituted into Equation 2.51, Equation 2.51, will get
larger and larger, with ('" having to he substituted repeatedly.

To get out of this algebraic loop, it is noted that 1;3 ;::;: ('4 (Equation 2.45). Reversing the
order of the relation to g;"t e4 =:: ii3 and suhstitutlng into Equation 2.51 giVNJ

(2.52)

and with some manipulation

(2.53)

which is only in terms of the input and state variables.

To obtain the other state-space equation, the dehnitlon of t!lt' d~:;placem','nt of the capacitor
is used

(2.54)

but

therefore
q' .,_J.1b -- • (2.55)

hilt

therefore
(2}j())

hut
It:~ PJ.

1
h =: 'IF;c2

and

therefore
(2.57)

Only ('2 needs to he continued with as l}a hi .t stat« variable and P1 is ,1:1 input

lit; 7":: [<1 .- ~~"('.1 ~- ,LP3
it], la

As before, this is in terms (If C.l and again uslng e.l ~~:1ia

(2 "'~')lIt_,)!..'

._(il

.,1)



But from Equation 2.53

. IlzR5 ~ R2R5 Rz
])3:::= -_··--1'1 - - P3+ -.--'~"'-"'·~"·-qG

R2.j. s, (Il2 + Rs)I3 (R2 + 1~5)C6

therefore

(2.(30)

and with a. little manipulation

1" :: _. R2_·~_Ft - .R2. . 7)3 - --. -~""'-'--(J'f
" Rz + R5 (IliJ+ R5)l:/' (liz + R5)(,'t;·'

(2.Gl)

This is in terms of the input and state variables and is therefore ar equation of state.

The state-space equations of the system are

[l~~l=
• fiG .

(2.62)

A= Ro 1~I~"_
(Uz+l-ls)Ce

and

The equations of state for the bond graph wIll"'" 1'1' 'stor 2 is arbitrarily assigned resistance
causality are the same as those derived above. hut the steps 1 'vcd in formulating the
equations afn different.

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

(\

TIll.' state spaca equations of the bond graph depicted ill Figure 2.25 arc derived as follows:

The input to the sY'item is the effort output from the offort source t'l. It is assumed that "1

is some fuuctieu Ri•
The two storage elements v-ith integral causality are lnertia 2 and capacitor 5. Capacitor 6
ha!l d9'Hva.t,iv(lcausality assignerl hl it and the displacement, ({I. is thel'(~f~l1'ea dependent state
va.\~tl'hl!'.The two state VOll'i'lhlt'i; are the momentum, 1)'J, and the dlsplncoment, Q5'

Th.~W'1lcral form (If the state-space equation is

'*::;: Ax .!. 11u

In thin example



I

R

G

_lL'
C

Figure :t25: A bond graph exhibiting derivative causaHty.

and
u::::: [Ed

Step 2 involves writing down the causal relations for all the elements. For convenience, it is
assumed that all the Clements are described by linear relations.

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

Inertia 2 The mertia has integr<t~.causality assigned to it, therefore the flow fz is a function
of rne 'momentum 1.12'

and by definition

Capacitor 5 Capacitcr 5 has integral causality assigned to it, therefore the eHbrt £5 is a
function of the displacement IJs.

Capacitor 6 Capacitor () has derivative causality assigned to it, therefore the displacement
4]G is a function of the effort ell.

and hy definition

Resistor 3. Resistor ;j has resistance causality ("~$igVtt'd to it, therefore the effort C3 is a.
function of the flow 13.

t'!
Rfy,;Hsto).' 7 Resistor 7 has conduct ••nee causality assigned to it, therefore the How h is a,

function of the cflbl't fi'.



f)

'1'1l(~ l·Jutlction Ti:e l-junction has h01Hh; I? :3 :LUlI,1 as effort inputs (How outputs] and
1101111 2 ;w tIl<' ~'fi:1l'toutput (How input). Therefore, noting the sign conventions

The O~jmlctim. The lI-jllUdillll has '1'('7"ls 4, ,; <lull '7 as pfrlll:! oiltpolt,:; (How inputs] and
houd " a:, tJtI~"milt input (fbw output]. Therefor.i, Ut,)tiUt!. tIl(' Gigh convention

f ,I

fr-.}

TIll' first ::t;tt, '''Il:t,'(' ('lflmiJnn iu ohtaillnd as follows:

UdUf~ tlw inertia,

but

hut
fl ~c~VI

(':~,:;~Rar;
and

f'r..

j:,
"

(2.(;0)



(2.67)

1i2 is in terms of tho state variables and inputs only and is therefore a. valid equation of state.

p;"t the nt!wr Shtt(,-!'VH~e ('~pw:tion, the deflnitien of the displacement is used.

but

hut

(2.70)

hut
j,.'

(\



hut
1

C5 :.c'! --::.;-Q5
(j5

Taking derivatives 011 both sides and assuming that (.'5 is a constant gives

therefore
(2.7;3)

and with' a little manipulation

'M)

(2.7!J)

and

Had capacitor (j IH'I'Jl a~;~iglll·d illtfl!~l'alcausality as ONH)Sl'd to capacitor 5, (L similar sort of
result would have tW1'1l obtained.

,11



BOIld gr-aph models of systems in
various dornains

In this chapter, bond models of «lectrical, mechanical translation, mechanieal rotation,
fluid flow (hydraulic), heat ,,1'aInlfm'und compressible thermolluid systems will h« presented,

The sections on fluid flow, heat transfer an-I heat Mit! mass transfer will he more detailed
than the others, because process systems art of primary Importance to th'3 Control Group of
the Department of Elm:tricaI Engineering at the University of the Witwatnfsra,nd.

3.1 Bond graph models of electr-ical systems

Elcctrlcai syatorns are e:tsil:v represented 'wing bond graphs, because the electrical domain is
the only domain where a formal system rcpresontatiou exists and each bond ~sraph element
has an equivalont electrical circuit element, There arc cases however, whore it is not stralght-
forward to convert an electrical circuit into ;t bond grll,pll. For such systems however, tho
bond graph construction method [14), can he used. This method will not be presented here,

As an example of tl.o method used to model an electrical circuit, consider the circuit in
Figllr(~ 3.1a and tho Lend graph model in Figure 3,lh.

Tho voltage source tE (representing the source E) and l'l'l;ist!ll' HI are connected to .\ 1-
junction because tlll'l aI"" in sl'ril's. In f1<'ri('f;with the voltagp source and resistor [(11 hI a
pnrallol rmnbination of capacitor (,'1 anti tlH~ rest of the circuit to the l'i!~ht of (it. TI1I'l'efo1'(,
connected to the l-junrthn; ill a D-junction , representing the pan.Ilc' connection, ttl which the
capacitor (!l and the 1'(':;1, of the circuit to the right of (.\ ;11'1' connected,

Because tho inductor L, (represented by It in the bond graph) and -apacitor C'~aNl in
parallel, th(lY are ('ma:~)ct('d to a Il-junctlo». Hut because till' parallel l'ou:I('ction if; in S('1'I('$

with tIL,' 1'('llHtiuill)f circuit, tho Il-junction is connected to tIll' rost of tho bond !~r:tph with a
1·junction.
'I'h« u-sistor Hz. is iil ,',,'ril,'s and therefore connected to th!\ hOlld graph with a, l-juuctlou.
Filially tlH' capacitor Ca and th« }'('SiHtOI' If:; are in parallel and Hwy arc therefore connected
to a (l-junctiou. Bp!,msc t11(' parallel rcmblnation of (~a and Ra is ill series with tho rest of
tIlt' circuit, flip Il-junction is connected to tho l-juuctlon,

Fil'~lll'(' a.Ie shows tho two ;,dj:lt'Pllt a'pnrt, l-junctiou» in Flgnro :t111comhlnod Into a. 'i-port
l-junction.



(J

o

(a,)

1 -- ..~ 0 --~~

i I
~, 1/

1 ~__,,;~

1/c:

HI

(II)

(J

(I

(r)



3.2 Bond graph models of mechanical systems

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

:}.2.1 Mechanical trunslation

Consider the mechanical translation "Yiit,ml in Figure 3.2 and the corresponding bond graph
model in Figure :5.;3a. Spring:3 in connected between tho position of the force input and

b

Figure 3,~~:A mechanieal translation system.

{l

mass 2. The end of the sllrin}~1 connected to the mass, is moving at a, cortaiu velocity (the
velocity of mass 2) and the other end is moving at a" different velocity, Capacitor 3 (spring a)
is thoroforo connected tc a n.jnnetioll because a Il-junr tion has different velorlties at each of
its bonds hut tho same force on all the bonds. '1'11('('lfort source (force input] in attached to
UIlf' of th« hnuds connected to 1,1\(1(l-junction and <I, I-junction is nlIm('('t/~fl to tilt' other. 'I'he
l ..junction, us OPpo!.i(~dto :~O"ju!ll~tioll, r(lprem'Ilts a dlstiuet velocity, in this r<uw tho velocity
of m;ws~, hll'l'tia:>. (ina» 2) i:! therefore connected to tho l-juuctlcn, namlH~l·:.!if: connected
hptWN'1l mass :!. ant! tlll' 11'\'('1', llecause mans 2 hi at a particular velocity and the l(wef ill
at auothor, resistor 2 ((lamp!'f 2) is connected to it O'jU!lctinu. '''he O·junetioll is placed
hetwoon tho 1,junction, reprosonting the distlnet velocity of mass 2 and the transformer,
which r~\llr\\l;;Plltl; t.1w lover, A transformer is used to r(lJlreS('I~t the lever because the f01'('('[j

and velocities on either sid« an' related by the rctlos of tho lengths.

TIll' l-junction attached to the transformer if; used to show that the one side of t.Ilt) lev l' in at
a, pnrticular voloclty. Both spring ~ and damper 1 an' connected between tho one side of the
lover and mass 1. Because ttl!' lever and mass mOH' with two tum·rent vclocltles, Inertia 1
(mass 1) is vunnectod to a. l-jnnctiou to show that it i:l at n, ~liHtit,,·t v('lHd1.y Cupaeltor 2
(l;prilll~ 2) and resistor 1 (damper 1) must now ho connected between tho two l-junctions,
B~'rau$I' tho v\'lul'ity of !lit' Hl)rill!~ m:rl tho dmnpor ls the· same and oqua 1 to tho lliffff\'IlCe

(!



(a.)

HI
(1))

Cl 0 'I'F II 0
L__-se

t/ ~ ~ ~
(.1 11 R2 I~ c-7}I',,~

HJ C'I~
(c)

(.



between the velocity of the lever and the velocity of the mass, capacitor 2 and resistor 1 must
be connected to separate O-junctions. But both the O-junctions must btl connected between
the two l-junctions. Spring 1 is connected between the wall (zero velocity) and mass 1.
Because the wall is at zero velocity (reference velocity), it does not have to be included in
the bond graph. Capacitor 1 (spring 1) is therefore connected to the l-junction representing
the distinct velocity of mass 1.

Fit;UN 3.ab shows a bond graph "identity". Provided that the power lnlf ar1'O'W8are as in
Figure ~l.3a"the loop can he rewritten as shown. In Figure :,,:k, the I-junc.tiJl with two bonds
connected is removed. A 1 or O-jllnc.tion with two hands attached, can only he removed if
the power is flowing through the junction.

!l..2.2 IVI(~dHU1icalrotation

As an example of a rotational system, consider the system in Figure a.4a., where 111'.is a.
rotational damper, /(1 is a rotational spring and P represents tho friction between 11U\SS 2
and the surface.

-j--fJ- _nb-O-vv-O
F

(11,)

(b)

Flgure ;fA: A system with mechanlcal rotation.

(:

The bond graph representation is shown in Figure a.4h. The torque input occurs at the same
angular velocity as mass 1 and both arl~ therefore connected ttl a l-junction, Damper 1 in
between two distinct velocltles, that of mass 1 and mass ~ and is therefore connected to a
Il-junction, which in betwoon tho two l-junetions, In(·I'tia.2 is connected to a l-juuction as it.
ls at a, dh:tinet velocity, H('l;i~;to1'2, representing the frlctlon P, is connected to tho samo 1·
junction ill} lU<'tHS :? Thill is burauso the frictlon O(,('1IlH between the velocity of UHWS 2 and zero
wlodty (n'fI-rI'll I' vnlndty) and tlw reference dol'S not have to be included. This l-junctlon
can he explained as follows, The torque ('nt('fiI,~; th" l-jnnctlon from the left h; required to



accek ..rate the mass. Some torque is lost tine to the friction and the remaining :que can
lw transferred to the rest of tlUl circuit. Finally capacitor 1 (the spring) is connected to a
Il-junction between tho l-junction and inertia 3, because the two ends of the spring are at
two different velocities, Inertia 3 does not have to be connected to a l-junctlon because its
angular velocity occurs between the spring and Z('1'O velo~~ity.

3.3 Bond graph models of incompressible fluid systems

In this section, fluid systems, where tlw static. pressure multlplied by the volume flow rate
represents most of the trnnsmitted power, will he considered. This implies relatively slow flow
rates and large pressures. Although this is mainly the hydraulic systems dom-lu the idea')
will be used to model most liquid systems. This is because the majority of tl.;,;~modelling
in this dissertation is done for the purposes of controller design and overly rumple;" models
are not required. G;lS t;y:.;t<~lllscannot usually be modelled effectively using these methods,
as the compressibility is an important factor, Gas systems am therefore modelled using th.!
techniques of Section ;J.5.

In this section and the foUowing three sections, "fuzzy" statements like cOflsidffl,;l}ic t,c[odty
and small density dumgt~swill often he encountered, Exact numerical values can often not
be given to those statements as they are modelling assumptions and depend QIi the accuracy
required of the modo]. Similar modelling assumptions nr(1made in n11 domains.

In general, heat and mass transfer systems are modelled uslng partial differential equations.
This is because the thermal and fluid properties axe not only functions of eacl; other, but also
of position (that is"t,lwy arc dlstrib. 1 in spate). To use a. bond gra,ph model to represent
a thermal fluid, it is necessary tCI spatially divide the fluid into a number of blocks, termed
lumpD. This is because a lumped model is ceprosented hy 9YdinaI'Ydifferential equations. The
fluid in each lump is considorod to he at the same eoy,{itions of temperatura, pressure arid
density. The number of lumps 111to which a fluid is (HI~dcd, de pend. O1t the accuracy of the
model required. ' •

\ I

3.3.1 Bond graph variables and elements

When modelling lucompresslble fluid systems, the ef)'ort variable is chosen to be the pressure
(normally gallg;(~pressure), symbol p in units of Pascals, Pa. The flow variable is du)':(m to
he the volume jlow rete, symbol q in units of m3t;-1. The di,t;placcmcut v,:.riahle (tho intflgral
of the flowjls therefore the 1lOlutlte, symbol V in units of m" and the momentum variable
(the integral of tho effort) is tho Im,~lwU1'('momcntmn, symbol iI)I ill units of Pa. s [W],
The storage of lluid, in (, tank for example, is represented hy a. capaeitor. If a fluid of d"llsity
(I ls held in a. eylindrical tank with cross-sectional 'l.rr;n,/1 and tho acceleration duo to gravity
is a, then the pressure [WJ in ;/ '

pq1) 0'; .. 'cm pi (3.1 ).,
A II

The general linear form for a. capacitor is

('"
Ii :,;,::.;; ".

(

therefore the capacituure (' for It cyliudrlcal tank is
" i1

(. :'Cc ."",.
fill

(:t2)
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A pipe or channel through which fluid flows at a considerable velocity is represented by an
ine ...tia, If a fluid of density p flows through a pipe of cross-sectional area .11 and length l, the
volume flow-rate [l9] is ,

IIs= -1'pi P
(3.4)

The general llnear form for an inertia. is

(3.5)

pi
[:::::: -

A
t» a\ o.n

Inertial elements are therefor, .. important for modelling long pipes, or pipes with a small
cross-sectlonal area,

The now of <1 viscous fluid down a pipe [20D is given by
1

q ::::[((1'1 .- 1'2)" (3.7)

where I( is a constant dependent on the restriction and the fluid, and a is a constant in
the range 1 to 2. For high flow velocities, where the flow is turbulent, (Reynolds number
Re > l(5) (~ ~ 2. When the flow velocity is low enough, so that the flow is laminar,
(He < 1100) then 0: :;::;;;1 [~~O].Since the flow rate is a function of the pressure, the flow of
fluid through a pipe is represented by (1, resistor.

3.3.2 A tank with H known inflow auU:loutflow

;ousidm' the system depleted In Figure a.Sa. Fluid enters the tank at a know flow rate 'II
and exits from tho bottom of nw tank at a, knot ....n flow rate q:~.

9.1·~·"--~'"l,

l_"~<p:: j___£~l~+
(\1)

("

J

1"-. 3~SF~'- 0---lSF

·1~.
~.~

\

(b)

Figure ;J.5: A tank fllling and emptying, hut with the inflow and outflow being known func-
tiuns of time,

(i
Tho bond graph of the system is shown in Figure a.fib. The two flow sources enforce the
predefined inflow and outflow rates, while the capacitor represents the storage or fluid in the:
tank. Tho eonsututlvo relation for the ('apacitor iii that previously given. The O·ju~lrthm
represents the conservation of !lHHlB, assuming 1ilat the deusity of the fluid flowing into tIl!'
tank ls eqnal to the dt'w;Hy of the fluid Ieavlng,
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3.3.3 ,Atank filling and emptying into the atmosphere

Consider the system depicted in i;'igure 3.6a, fluid enters the tank with flow rate 411, and exits
from the bottom of the tank into the atmosphere with a flow rate of q::;.

<11'·"-l
I
,\t\.f\f'IfV'J\fV\.J''l

G
(a) (1))

Figure 3.6: A tank filling and emptying into the atmosphere,

The bond graph of the system is shown in Figure 3.6b. The fl·'","v source, capacitor and 0-
junction are as ill the previous example, but a resistor replaces t II('Howsource at the outflow.
The resistor has the constltutlve law given previously as the, OUt1lL ~Iowrat~ is a function of
the pressure itt the bottom of the tank, In the constitutive law given previously, the flow rate
was a. funetio; of the pressure dlfforonee, hut because all Pl'(,SHurCS are doflncd with respect
to atmospherlc pressure (termed !~augnpressures), the second pressure term is zero.

To emphasize that the outflow is into the atmosphere, the bond graph in Figure 3.Gh may he
redrawn ;u; in Fig;uf() 3.7.

c It

Flgure a:;: An alternatlve bond graph of the system with the tank filling and emptying into
the atmos :)11('1'('.

In Figure :3.7, th« l-junction is used to shown that the pressure across the resistor is the
difference between tilt') pressure at the bottom of the tank and atmospheric pressure. The
constitutive relation for the resistor would be

(I
1

fj.l ~;: l( l)~l'
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3.3A A pipe section or fluid lump

Consider the schematic of a pipe soction.or fluid Jump shown ill Figure 3.8n., with the CQr-
responding iwnd graph representation in,;~1:i~1l::ca.su. 'I'ha inertia, 12 is uS(I\1 1.0 the

Figure 3.8: A pipe section or fluid lump

acceleration of the fluid and has the constitutive relation discussed previously. The resistor
R4, represents the loss in pressure beyond that required to accelerate 1;}W fluid and typically
has the constitutive law presented earlier. The capacitor Cu, is intended to model the com-
pliance (if the fiui(~ • ttlC compliance of the iil.ld and the pipe walls. It is feasible to use
a. capacitor to model the density changes only if these changes are small. If the change in
density is large, the theemodynamics of the situation has tu be studied. A typkal constitutive
relation for the capacitor would 1)(1

1»= -V. C
where the capacitance C, is tho ratio of tho vclun.e V', to the bulk modulus
resistor Rg, represents ~lte loss of flow in the plpe section duo to leakage.

11. Finally,

o 3.3.5 Fluid flow control valves

The flow through a control valve [20] is

(3.8)

whore k is a constant dependent on the area of tIH} fully open valve and the density
of the fluid. \

I'd is the coelllclent of discharge of the valve.
(>

f( ,r) is the f~·~,,·tinnalrroa of the valve as a, function of valve stem position. When
til!' valve is fully closed, f(:l.~) ~;;:1Iand when the valve is fully open, f(~r;) :1c~ 1.
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It is dear that Equation 3.8 is a relation between the flow rate of the fluid passing through
the valve and the pressure drop across the valve, A fllli<l control valve Is therefore represented
hy a resistor. However, because the resistance is a function of the valve stem position and.
there is no signlflcant J')OW,'ll' transfer hetwet'!i the stem and tho fluid, tl,c efiect of /(x) is
depicted using R modulating line. The sond gl'ii~h of the control valve is rhown in Figure 3.9.

-~ It .._1(1;)_
q

Figure 3.9: A bend graph model of a control valve.

As the: control valve relation includes a difference in pressures, it is usually attached to a
l-junction.

If the dynamic chai acteristies of a valve significantly aff..ct the dynamic behaviour of the
system, jt is necessary to include these effects in the valve 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 in~" or out of the
system boundaries, As mentioned earlier, the fluid in each lump (the boundaries of each
lump may or may not be physical] will he assumed to he in pseudoequilibrlum,

3.4.1 Bond graph variables

(,

The behaviour of dosed thermal systems is often explained using th~electric c'rcuit analogy,
with heat flow analogous to current and temperature analogous to voltage, The substance
through which heat is transferred is modelled at; a resistor. The problem with t~tis analogy,
for use with bond graphs, is that t"'w product of voltage and current is POWH, but the product
of heat flow and temperature is not (heat flow has the "nits 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 section by considering what are
termed pseudo bowl ymfllw.

In this section, "he cffor: is chosen to he temperatnrc, symbol :1' in units of Kelvin, K. The
f!ow is chosen to hll the ent.1'01JU.110111 rate, symbol ,~ in units of JK-·ls·~l.The dis1Jiactmumt
variable is therofore the mtmpy, symbol S in units cf JK-1•

As the integral of temperature is physically meaningless there is no momentum variable L,
thermal systems. The lad: of an inertia ill the ther nal domain has caused some researchers
to reconsider some of the initial ideas of navlng both inertive and car ..acitive f~ll~mentsin bond
gravhs [5].

c 3.4.2 A fluid lump

As shown b/ Karnopp and Hosenbcrgjl-t], a substance in ;I, lump may be represented b~ra
C.iidd, as shown hi Figure ~UO.



F.igun~:~.1O:A bond graph representation of a, substance hi a lump.

In Figure 3.10, the hydraulic bor.d is shown with the uowor half arrow directed awny from
Fe C·1idd, this is in accordance with the nl'gativ\~ B11!,11in the Gibbe equation [14}. Integral
causality implies that

']. 1 '1· .'( ).. ::::.,' lJ, 1-'

and
}.)""lit'" "),~. ", '"

where ti' is tho tl'lupifatUl'e.
is tho specific entropy (8 "" ;:~where 11£ hi the mass of the fluid in the
lump and S the entropy of th., lump).

'11 is the slw<,;th~volume (1J ~ ~ where V is the volume of tim lump anli
m, is the mass of the fluid in the lump).

p i:; the pressure.

Integral causality is aht:Lined hy considering the i ternal ('11("'0,\1 as (1 function of the entropy
and the volume. The other causal forms are obtolned ilY cOllf;icit!ring tho entlwlpy Ii, the
Helmholtz /1'1'{; enCf!]!! j, or 1,111'Gibbs free ('UTfJY (/I [11).

a.4.3 Heat transfer with no change of state

Consklor as an example, two ehambors containing fluid. It is assumed tha.t tho fluid in each
chamber is n)m;id(~n'(Pas a Gillgl.~lump. The fll!id ill ti!(' one ehamber js 'It temperature 11
and the other at temperature '(II hll shown in Figurl' a.l1a. Heat ~tlonly able to flow through
the thermal resistance S"Iltlrati!l~~ the two chambers, Figure:U 1b Dhows tho bond graph
representation of the heat transfer,

insulation

()

(a) (11)

A possible constitutive law ii.n' the U.1ield hi obtained by (,(lIll'hl('ring tho heat transfer rate
lj, which is d(·fim·d as

lJ II Al'!'l =. 'l~)



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

also
T

k
T

where k is tIll: thermal conductivit;
l is the thickuess,

therefore
. 1111(1i -12)s, zz: ~-"~~n-
; llA(Tl·'·'iZ)
"'2 =: --1~'-- (3.9)

3.5 Compressible thormofluid building blocks

Bond graphs can h(~ used to model thermal systems where it fixed amount of matter is
Involved [1.1]. Also, there is a method to model compressible fluid systems based on a La-
grangian rather than tho more common Eulerian approach [15). However I many engineering
systems are practically described using a control volume, where matter flows across bound-
aries carrying energy in several forms with it. Power interaction in such cases needs at least
three variables such as pressure, temperature and mass flow rate, rather than the two vari-
ables of true bond graphs. Also, the invariant causality of normal bond graphs requires
switching ail the flow direction reverses [17J. Karv,opp[16,17], has shown that it is possible
to model such systems lilling pseudo bond gl'(1)118 as opposed to true bond graphs, that is,
where '~~efforts and flows used are not complimentary power variables. The remainder of
this discussion will he based on these ideas.

3.5.1 Variables and elements for compressible therrnofluid pseudo bond
graphs

The defluitlons of the pseudo bond graph variables for compresslbk thormoflnlds are shown
in Table :3.1. Using these doflnltlons, CIH'rgy is :),stutc tlm'iable, whereas in true bond graphs,
tho energy is a Iunction of tJI(\ state variables,

The concept of a power bond is now extended to a double bond, where 11and 1h are the
variables Ih1 tlli~OM bond and 7' and k or (j are the variables on tho other. Figure ;3.12
shows how two systems, "A" and "B", are connected together using this type of pseudo bond
graph.

Karnol;p(17], represents the thermal bond (T I 1;) as a dottpd line, this is done only for da.rity.
HII' simplidty, the thermal bonds in this dissertetlon will he drawn as a solid line.



Table :~.l: Compressible thennofluld pseudo hond graph variables.

-!~~
A.__;~]3

Figure a.12: The uonble bond four-d in pseudo bond grn.phs of compressible thonuofluid
systems.

li1



It must he noted that the energy flow rate is not. independent of the mMS flow rate and is
g)VC';tl by

( V2)t: ::;:.1h. u -I- Pl) + -/- t3.1O)2

where U is the specific internal energy.
v is the specific volume
YI is the flow velocity,

To differentiate between pseudo bond graphs and true bond graphs, Karnoppjl "], uses the
term accumulator when rcferriug to a. capacitor and restrict or when discussing a resistor. In
this dissertation the> latter two terms will he used.

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

Figure :U3a shows a pipe junction or the boundary of two fluid lumps in a pipeline. H is
assumed that there h no significant pressure drop across the junction.

1
Tit----- ..

- 1~1>~11 ..-~P,2 \i
mil. tn2

1.Z

2
72 ~
R2

(a) (1))

Figure :U:~: A pipe junction or a boundary of two fluid lumps,

From the bond graph in Figure :U:lh, it is clear that the pressures and the mass now rates
are continuous at the point where till' two lumps t\~e connected, t,ha.t is

and
11h ,~;;11i<.l

The l-juncdon is unnecessary except that it is used to obtaiu the value of the mass now rate
necessary for the thermal model. Had the bond graph fragment been attached to other bond
~~l'aphelements, the modulating lint) could havo boon connoetod to any other element which
~1asthe particular mass flow rate as an output.

In the thermal model, the fluid in earh lump or ill each pipe is considered to be at a different
temperature. It is also assumed that,



where c is the specific heat,
7i1. is the mass 110w rate, either nit or 'TIiz.
T is the temperature. The temperature will be either Ti or Tz depending on

whether rh is positive 01' negative.

As the temperature is a positive quantity, nil and El represent the mass and energy leaving
lump 1 and ni2 and E2 represents the mass and energy entering lump 2. Assuming that the
temperatures art' determined internally in lump 1 and lump ~, as discussed in Section 3.5.4,
the heat flow rate is given by

(3.11)

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

,; 1" c7h'(1' T) clritl( ']')
I 1 == !t2::;: -,-' • + 2 + -- 1i - 22' . 2' (3.12)

An the heat flow rate is a function of both the sum and the difference of the temperatures,
tho relation cannot be represented l1'3ing a resistor attached to a l-junction, as was done
previously, but must be represented ;JYan H.-fidd. If this equation is used, the R-fleld must
take on the cnisality shown in Figure 3.131\. This \.:~Jlsality stays fixed regardless of the
direction of flow, but the temperature h,n,teIlC(\ changes, as dictated by the equation.

3.5.3 A pipe restrictlon

Consider tlri pipe restrictlon shown in Figure 3.11a. Two bond graph representations are
shown ill Figure a.Hh and Figure a.ltie. The gN1M<il form shown in Figure :3.141>is useful
when the fluid can choke due to supersonic now. Under such conditions. the mass ftc-'\' rate
depends not only OIl the pressure difference, hut also on the pressure ratio [16}. For low,
srbsonic flow, it may be sufficient to assume the mass flow depends only on the pressure
(lr~'('reIl('I?,then the bond graph in Figure 3.14c can be used. In this dissertation, the bond
grapll in Fir:;UH'3.14c will often he drawn as tho 4-pnt H.·field in Figure 3.14b for simplicity.

FOl such systems

and

Consider the bond graph in Ftgure :tllb, hut assume that the mass How rate is suflielently
slow that it can he calculated using the equation

(3.13)

Equation 3.1:~is similar to Equation a.7, except that the volumetric flow ra,te is reolaeed by
the mass flow rate. The constant J( now relates the mass now rate to the s;\uare r lot of the
pressure (liff('fl':m~and is ..\ function of the square root of the density, wheress hdlre it was
a. function of the square rout. of tho reciprocal of the d"lWity (see Section 5). TLI~term f~

remains the 'same.
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(a)

(b) (c.)

Figure 3.14: A pipe restriction.

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

i-i. _..{ClrtTl if lit ~ 0
-1 - J2'- c'n' rTf if ~'n ,; 0I .L Z ' , <,

Buy, as both pressures Pl and 7>2 arc inputs to the R-fteld (note the causality strokes), the
heat flow rate has to bo written in terms of the pressure differ .nce rather than the mass flow
rate A simple substitution cannot be made, because if 1)2 > PI, 1ft cannot be calculated,
d '(' to the nonl.acar characteristle. Therefore

(3.14)

If the sign of (Pl - 1)2) is unknown or varies, it is cumbersome to use Equation 3.14. Equa-
tions :3.13 <UHl :J.14 can be written

!

lh ~ nl:!,u(Pl - 112)J( lpi ._ 11;.da

. • ·;"'It (P1 ..- I)'},)d....I~'l -. 1)2 p} CK Ipl- Ihl~;
l~'i ,= B2 :::::.!:L~w,_,__ "';'2~-!--~.c·-(111"12) + ':""-'2---~-"('Ii ._72)

{
+1 if x ~ 0

where BE~n(:r) :0-:: -1 if x < 0

(:3.15)

(3.16)

:~,5.4 .A pipe segment or fluid lump

Consider a. pipe divided into three lumps, labelled 1, :2 and 3, all shown in Figure 3,15a. The
bond graph representation (If lump 2 is shown in Figure 3.1!;b. The 811bscripts in Figure 3.l5b
correspond to the lump numbers,

'I'he hydraulic portion (If the lump r.iodel may contain the usual lumped elements discussed
in Soctlou ::l.:U. The thermal model contains a thermal capacitor which stores euergy £2,
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L-_l

(a) (b)

Figure 3.15: The pipe segment or fluid lump.

the difference between s, and i3 and "calculates" the temperature of the fluid in ~he lump.
The energy flow rates Et and E3 are calculated at the junctions on either side of the lump
(see Sections 3.5.2 and 3.5.:l).

A possible constitutive relation for the thermal capacitor is

m

is the initial temperature.
is the energy stored in the lump.
is the mass of the fluid in the lump (771, :::::piA where p is the density of the
fluid, 1 the length of the lump and .4 the cross sectional area of the pipe).
is the specific heat of the fluid.

where 1~
B2

c

3.5.5 ':f'nnkwith 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 sufficient mixing to assign a single pressure and
~t'mpera.ture to the fluid at .1,11 times.

The bond graph of the tank system is shown in Figure a.16b. The tank is represented hy a
2-port C-fioId, 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 :t l Ga shows the tank filling and emptying from the bottom, the set of
equations governing the system also hold if the tank is filling from the top. This is because
the flow rate of the fluid entering tl-e 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 ill the coupled tanks example
(see Section :l.G.5), then this assumption does not hold.

Liquid systems For many liquid systems, it is assumed that the pressure is a function of
the 11111[>S only, but the temperature is a function of both the internal energy and mass.
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(a) (b)

Figure :3.16: 11 tank fllllng and emptying through the bottom.

The constitutive relations of such a system, assuming the tank to he cylindrical, are

p :: 9m
A

T 1 (3.17)::; -Eme

Gas systems For g~i systems, the pressure and the temperature are functions of both the
mass and the energy, For such systems, the tank containing the gas, having a total
volume Y is assumed to be closed. If the speciflc internal energy u, and the specific
volume v, are defined as

II
v = m

E;
u .-

rn
(3.18)

Then the constitutive relations may he determined from the equation of state of the
gas

'I' - T( u, 11)
1) - p(n, 11) (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 outflow pipe
as depicted in Figure 3.17a. It is assumed that the fluid i:: always at the same height as the
outflow pipr.. The outflow rate is therefore always equal to the inflow rate.

The bond graph representation of thl., system is showr 'l Figure 3.17b. As a 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 he modelled as a number of tanks, with
the inflow equal to the outflow, connected together. A t;ypical example of this is tIle model
of a heat exchanger.
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(a) (b)

Figure 3.1'7: A tank with the inflow always equal to the outflow,

F :i:

(a) (b)

Figure 3.18: A variable volume tank.

so



3.5.7 A variable volume tank.

In Fignre 3.18a, a variable volume tank is shown .. This may be usr.d to represent a cylinder
of an internal combustion engine, part of a con-pressor 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, whnre p is the pressure and A the cross-sectional area.

The bond graph of the variable volume tank is shown in Figure 3.1Sb. The equations for this
system are:

1(1,:::: nil ._ ni2

E:::: Eh - E2 - Em
v= Ax

(3.20)

(~1.21)

(3.22)

Where
E' - pl" - F';'m- I' - 0(, (3.23)

is the rate of work arid it is the piston velocity.

The TF element is essentially a normal bond graph transformer, except that the extracted
mechanical power Em. must be considered in the calculation of E. This is the meaning of t~le
modulating line from the transformer to the flow source. The signal interaction and the flow
source 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 system is that discussed In

c

1UE

K~o
7711 "0±

(a) (b)

Figure 3.19: A heated tank.

Section 3.5.5, although any of the other tank configurations discussed previously could h;
been used.

The bond graph of the heated tank is shown in Fif~ur~3.19h. The T Q bond can be connec« .:~
to any heat transfer pseudo bond graph.

()1



Conductive heat transfer

Consider the tank containing a fluid at temperature T. In contact with the fluid in the tank
is a pipe containing a fluid at temperature T;3. Ii the temperature of the fluid in the pipe is
assumed to be constant, then the equation of this system is

where Jl is the heat transfer coefficient .
..4 is the area for heat transfer.

Two bond graph representations of this conductive heat transfer are shown in Figure 3.20.

SE

(a) .

1.3 ~ 1 I T "-SE

Q, ± q
n Q4

R

(b)

Figure 3.20: Heat transfer pseudo bond graphs.

The bond graph in Figure 3.20a consists of a 2·port R"fieJd and has the constitutive relation

The bond graph in Figure 3.20h uses a l-junctlon to calculate the difference between T3 and
T and ensures that Q is equal to (is. The constitutive relation for the resistor is

The direction of the power half arrow and the order of 13 and T to: the equations above,
determine the direction of the flow of heat. If (T3 - T) is positive and the power half arrow
is directed towards the tank, then heat is entering the tank and so on.

A tank heated by steam flow through a pipe

Consider the contents of a tank heated by steam flowing thrc J a pipe in contact with the
fluid in the tank. It is assumed 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 COUdCllS'lS completely afterwards. The heat entering the tank [20] is

(j == ;\Tit

where ;\ is the latent h ~t, of vaporization.
7h 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 is represented by the 5-port It-field, shown in Figure 3.21.

The heat flow into the tank is depicted by bond TO. The hydraulic bend Pam3 gives the
flow rate required to calculate Q. The latent heat of vaporization A, 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 steam, 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 = '\ni3

also

(

3.6 Compressible thermofluid systi~ms

Using the basic "building blocks", discussed in Section 3.5, some common process systems
will be modelled.

3.6.1 Tank with a thermofluld entering and exiting through the bottom

Consider the system shown in Figure :1.22.

The model is constructed as follows:

1. The model of the tank ill 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 calculate tho heat 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
lump model as a l-junction and a 2.port R-field, these will be combined into one -l-port
R-ileld for clarity.

)

3. The mass flew rate of the fluid into the atmosphere depends on the difference between
the pressure at the bottom of the tank and atmospheric pressure. The heat flow rate
h' a function of the temperature of the fluid in the t\).uk anti mass flow rate, which is
,t function of the pressure difference. Although a l-junction tall be used to subtract
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Figure ;).22: Thermofluld entering a tank and mating through the bottom,

Figure 3.23: Hond graph of a tank with thermofluid entering ant: exitlag through the bottom.

the one pressure from the other, the entire relation can be combined into an R~fielclas
discussed in section 3.5.3. The ambient temperature 11;not required, but is included for
clarity and completeness.

The bond graph oft11e system is shown in FiglJ~~.23.
~.. ~

The causal relations are: \\

The input R-field

ni3 ::::ni'l

1~1::::cni1T}
1:72 ::::: cnh'n

Tb~ C-field
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Tho output R-field

• " I.
1ftr; "" lvp,,'

• .1-
.(~"i ,'~.d(p:rl4_

t

I'Kl},~1{1:1

As the atmosphorie pressure 115 is
causal relations.

In this oxampl ••" it is possible to substitute the equatlon 61' tik· mass How rate into tll,") energy
relation hI' th~) output H.-Heldat>the mass How rate will always IH' positive (th,~ fluid always
!caVCB Uw tank). Tllik cannot bi' dono in t~(,lwr<'lL

3.6.2 A ~mk with predefined outflow

Consider the system shnwn in Figure ;1.~14,where thn output now rate nia, is known. The

'Ii.."-7~';""'1

H~a

bond g~'aph of th. ny!;tplll in Fil';mH a.:~·!it! shown in Fi~~'m':l.:,e;l. TIll' flow source eonuoctod
to bond :t in Figure ;!.i!Fi forepf: a known Im1.1mt. flow rate nl! the ny"tmn. With t!H' (','(('flpt.ioll

('1,"/0'



of the flow source connected to hydraulic bond 3 the rest of the bond graph is the same iJS

that in Flgure :3.2~t

As the R·iidd between the tank and the output has a different causality assigned to it in
comparison with Figure a.2:~,the causal relations will be different. A possible sot of causal
relations arc

3.6.3 t\ tank with thermofluid inflow equal to outflow

Consider the system shown ill Figure a.2H, when: the inflow and outflow rates arc eoual.

Figure a.2G: Tank with equf.'] inflow and «utflow,

The tank model in quest.on is as discussed in Section a.5.6. As discussed before, -l-port
It-fields are used to cmmoct the tank to the inflow anti outflow ports, The bond graph of the
system in Figuro ~i.:.I(!is shown in I~jgHr(,3.27.

Figure ;{'~ll':Bowl p;l'apll of a. tank with equal inflow and outflow,



lIit>

~VV\.fV\.f\f"fV'f\

'I'he inflow R-fleld

1'1 :'~:;1la

1£1 :: t7ii.! 'Ii
I~;3 'iI'Ii

The enpacitor

\V11I'l'pUt, I.lw mass of the llukl III tho tank, is a, known constant.
'I'he outflow R·:ildd

19
"'-;';i;'-~'l

l'atm



3.6.4 'I'wo cascaded tanks

Consider the cascaded tank f;ystf III shown in Figure 3.28. Although the height ar.d tem-
perature of the fluid in the s(,~:0'1I1 tank b dependent on the height and temperature of the
fluid in the first ~:mk, the two tanks can he treated us separate subsyste as. The bond graph
of the two"tank system, shown in Figure a.29, consists of two of the single tank models in
Sectiou :Ul.1. The two modulating lines in Figure a.~~9depict that:

1. '1'11(;inflow to tank 2 ls equal to the outflow from tank 1.

2. The temperature of the fluid entering tank 2 is equal to the temperature of t11(;I ',1

leaving tank 1.

r
c

The constitutive relations d the eloments have til(' same form as those in S,'dioll ;l'(I.1, mce~~pt
that the eonstitutlve relations of the flow source and effort source COHlH'f to bond 7 are

3.0.5 Two parallel connected tanks

Conskler ~lw parallel connected tank system shown ill Fil~tll'ea.au. The llt'i~~htand temper-
ature of tho ilnid ill tIlt' one tank in dependent on tho hl'i[dlt and t emperature of the fluid in
tho other.
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Figure :l.ao: Two parallel connected tanks.

The mass flow rate between the two tanks is tt. function of the pressure difference between
the two tanks ar.d the energy flow rate between the two tanks is dependent on tho direction
of fluid flow and the temperature of the fluid i('u.ving tho tank.

Assuming that tho pipe connecting the two tanks 18sufficiently short to ignore inertial ('{reds,
lo!;si:~,duo to W,'tion and the heat eapaclty of the fluid in the pipe, the bond ghtph of th(~
S~'SL('mis shown ill Flgu re a.a 10

TIn' ~iWO (~ ..flolds atul tho leftmost and i'ightmllst R-fiolds have the name form as those ill
Section :Ui.1, hut au ndditlonnl ll-fleld it> required to conucct the two tanks. The ll-field
between tho two tanks calcul« ten the mass flow rate as a function of the pressure difference
,u1(1tho heat flow rate as a function of the two temperatures and mass flow rate •

Possible causal relations for the middle R·fldd are

, I
'.li1l ,.;.~sgn (]N "" 1'.-\)illin Om JlI~I(i'

1
" .. ~;gll(7.lt •., 118kNill,' .,.IISP'' r , I

l~7 :,,:"'·="·"'··'··'··"·'··'·:r..·',"~·~·"_"'~..m.( 17 + 18)



If the pipe connecting the two tanks is sufficiently long to necessitate including Inertial and
heat capacity (!ff(,cts, then the bond graph of the system may be drawn as in I"ig1ne 3.32_

c

Figure :~.a~1:A bond graph of two parallel connected tanks with ,:,long; pipe connecting HI(!
two systems,

In Figure :Ut»" it is assumed that the pipe can he represented using only one lump. The
C·fie2dfland the R·fil'lds an' as before, hut the pipe segment discussed in Section 3.i;.4 is
Included.

The first UAield (leftmost)

nb ,,::;nil
Bl ~:,;:('nit 11
£'3 ~i:: cult 7i

'rIm flrat C~i1dd (left most]
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The output R~ficld (second from left)

'I'he hwrtin
. A

m'T:::: TP1)7

Where ]fp it, the pressure momor tum, A is the Ct08S sectional area and I is the length
of the pipe.

The t-port capacitor

EaTg::::--
mpc

Where nIp is the mass of the fluid in the pipe and equal to the product of the volume
of the pipe V" and the density of tIn 11uid p.

The output R-field (second from right)

1)[) :.:: PIO

E" cl1i!) (1· , ']') el1li91 (']' 'T)
9 :::: --'2' 9 + io + _.2-' tl - 10

Ei cnb 'r" 7') c1niul (1' 7·1 )!-10 == --.-. (.19 + 1(J + --:-- ·9-- 10
!~,\ 2

The second C-field (rightmost)
g

ZIt:::! -m4• . it

T.i :;:;:-'~-B4
CT'",

'I'he forth R~field (riglitU10:;t)

.t
ni12 :::! /(Pr,'
, 1.

1::5 :.;: cf( 1>;:; '1["
• ,t

B12 ::= C/{P5'J5

As in the previous car«, because the direction of flow h' unknown, the long form of the
equation to calculate the energy now rate has to be used. But because the mass flow rate
it: detennined by tl\(' inertia and is not :L function of the pressure dlfferouee, the problem of
combining the two equations into OlW is not encountered.
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3.6.6 A heated tank

In this example ,'"heater h) added to the tank in Section 3.6.1. The heater consists of a pipe
carrying a hot liquid. It. is assumed that the fluid in the pipe is at; a uniform temperature
1(;. If the temperature is nut uniform, a lumped model, similar to that of the heat exchanger
presented by KarnoppI17], would have to be used.

The only addition to the system in Section 3.6.1 is the l-ju.iction, resistor and effort source,
discussed in Section 3,0,8. The bond graph is shown in Figure 3.3:1.

c

SE

t"igur(~3.a:3: The bond graph model of a heated tank.

The constitutive relation tor the l-port resistor is

'{2



Chapter 4

'I'he bond graph program

The bond graph modelling program was written to: Allow the user to enter the bond graph
model, automatically assign the causality, obtain the equations for each clement from the user
and run ACSL. Since the bond graph is stored and can be accessed later, rapid structural
modification and re-simulation is achieved, allowing the model to evolve progressively.

The computer program is divided into four parts:

1. Entering and modifying the bond graph.

2. Automatic assignment of causality.

3. The creation of the ACSL input file.

4. The simulation of the system using ACSL.

Each of these parts will be discussed in detail ill the following sections. A section discussing
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 scheme
and the bond graph data structure will he included.

4.1 The LISP programming language

One of the primary advantages of LI81'[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 elements and lists of lists is
fundamental to solving the problem. In addition, LISP does not require the varlables or the
size of the lists to be declared prim to use. Because of this, there is no theoretical limitation
to the SiZI~or complexity of the bond graph that can he handled (the computer memory size
is the limiting factor). Also, this allows large nested list structures to he constructed, which
an, used extensively in the two routines mentioned above.

4.2 'I'he choke of a simulatlon package

As shown in Section 2.10, an equation or a number of equations can be written for each bond
graph element. Initially, algebraic manipulation of these equations to form the state space
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equations was contemplated, but this idea was rejected because algebraic manipulation of
complex non-linear equations is difficult to implement, and may be impossible, particularly
when algebraic loops and derivative causality exist. Also, if one only has the equations of
state, the calculation of each 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:

fI It can simulate systems described by time dependent, non-linear differential equations.

• It can sort the equations,

~It can calculate and graphically display the dynamic behaviour of each variable.

G It can calculate the state ff ee equations, the eigenvalues and the eigenvectors (lin-
earizing where necessary).

• It has an implicit integration routine, needed to solve algebraic loops and derivative
causality,

• The discrete data points of a continuous function can be entered.

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

4.3 Numbering the bond graph

To unambiguously specify all the variables and elements, 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 is achieved by numbering all the elements. For simplicity, it was decided
that each element should be assigned a unique number In addition to numbering each
element, all the bonds arn numbered so that the elements and variables call he referred to in
the usual manner.

Consider the fully numbered bond graph in Figure 4.1. Bond 1 is connected to element

Figure 4.1: A fully numbered bond graph.

which is of type SP and dement 2 which is of type O. Bond 2 is connected to element 2,
which is of type 0 and element 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 a LISP structure
and the second, a list of lists. The LISP structure is used in all the mooules, but the list of
lists is onlv used in the causality assignment and ACSr. input file creation routines.
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4.4.1 The LIS}' structure

The bond graph is stored in two hash tables, *lwdes* and *1ines*. Each structure in t112
hash table *nodes* contains three entries: type, the element type (SE, SP, C~ I, R, (J, I,
TF or GY), doc-utz-, the documentation string for the element and equations, the causal
equations for the element. Each structure in the hash table *lines* contains two entries:
noda-pafr, the numbers of the elements to whic'. the bond is connected and causality, the
causality of the hondo The order of the elements in node-pair is important as this is the
direction of the power flow. The half arrow is directed from the first element in node-pair
to the second. The causality can be either 8, if the causal stroke 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 *!lOde~hash~keys*,are also required to implement
the structure. *line-hash-lteys* is a list of the bond numbers, used to reference *1ines*
and *node-hash-]foys* is (J, list of the element numbers, used to reference *nodes*.

Consider the bond graph fragment shown in Figure 4.2. The list *lina-hash-keY:;l* would

151 3 \. R8

Figure 4.2: A bond graph segment.

be (3) and the list *node-hash-keys* would be (5 8). The structure in *1ines*, corre-
sponding to bond 3 would be: node-parr (5 8) and causality b. The structure in *nodas*
corresponding to element 5 would be: typ9 1, dec-stir would he some documentation string,
possibly nil and equat.Lons would be a list oi' causal relations for the l-junctlon also possibly
nil. The structure in *l1Odas* corresponding to element 8 would he: type r , doc-anr would
be some documentation string, possibly nil and equandcns would be a list of causal relations
for the resistor also possibly nil.

The module that automatically assigns causality to the bond graph ass: ns a value to
causality in each structure in *1inesl: and the module that creates the CSL input file
assigns the equations to equations in each structure in *nodas*. Neither 0: hese two slots
can be changed directly by the user.

1. A list of the element numbers.

4.4.2 The list of lists data structure

This data structure consists of three lists:

2. A list of the element types.

3. A list of the bonds connected to each element. Included in this list are variables fOT the
power .dlrcction and causality.

As an example of this data structure consider the bond graph in Figure 4.2. III this case, the
list of element numbers would be (5 8), the list of element types would he (1 r) and the list
of connected bonds would be «(3 out in))( (3 in O\\'~»)). The first. element in the list
of element numbers is 5, which corresponds to the first element in the list of element types,
it being 1 and the first element ill the list of connected 1>011118((3 out in). Each element
in the list of connected bonds is a bond connected to tlw element, in this case there is only



one bond connected to the l-junctlon. The list of each bond ill the list of connected bonds
is constructed as follows: The first elemenc is the bond number, in this case s, the second is
the power direction, in this case out of the l-junction and the third element is the direction
of effort flow (the causality), in this case into the l-junction,

It is necessary to have this data structure as the elements are referenced not only by their
element numbers, but also by th"il' element types and the bonds connected to them •

.<1.5 Entering and modifying the bond graph structure

The bond 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 using a combination of these two methods. Once
the bond graph has been entered, the structure can be modified, either by adding new bonds
and elements, removing existing bonds and ~!ements or re-connecting existing bonds 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 bOIU! and the greatest number assigned to any element, The program increments
each of th<3senumbers by one and assigns these number') to the first bond and element, in
the included structure, respectively. Successive numbers are thea assigned to each bond and
element ill tIll'! included structure.

F<;, example, assume that the bond graph shown in Figure 4.3a has ~heady 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 fitu:t bond number to be assigned tv Figure 4.3b will be 7 and the first element
number to be assigned to Figure 4.31>will be 8. The bonds will he assigned the numbers 7,
8, 9 and 10 and the elements wilt be assigned the numbers 8, 9, 10, 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 structure.

It is not possible to enter modulating lines into the bond graph data base, but their inclusion
is not necessary as the signals they transmit tan be included in the constitutive relations of
the modulated element. Consider a portion of a conventionally drawn bond graph containing
a modulating line as shown in Figure 1Aa. In this example, the modulating line implies that
the output from the flow source is equal to 12, the flow through the resistor.

Figure 4.4h shows the hond graph in a form that can he entered into the program. To include
the effect of the modulating line, the user has to, when entering ,.lIe equati ns (see Section 4.7)
enter that h :;::12,where h is the flow through the resistor and h is the output from the
flow source,

In addition to allowing the user to enter and modify the bond graph structure, the module
also contains functions to clear the data base, undo the last deletion and view the hash table
in which the bond graph is stored.



(c)

(b)

Figure 4.3: The renumbering of ,1 bond graph fragment to he Inclu' led ill the data structure,

c c
(a) (b)

Figure 4.4: The conventional representation of a bond graph with a modulating line and the
required representation to he entered Into the program.
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4.6 Automatic assignment of causality

The S{'qu('.~~tialC'wsality Assignment Procedure, SCAr), has been implemented in the bond
graph program. An automatic causality assignment procedure was included for a. number (If
reasons!

I) To reduce the time required to model and simulat- If' system .

• To eliminatr. the human element, which can lead to mistakes,

• To remove the I~,hod(nu; processes and therefore allow the user to concentrate on the
parts of the mod,;;Uing;process which require und-xutanding and intuition.

This section will he divht~;~linto two subsections, t1w first will cover the theoretical Imple-
mentation of SCAP and the cccond will cover the practical LISP Implementation. In the
first subsection, reference will he made to procedures, lists and variables. These mayor may
not bo implemented as true LISt> functions, lists and variables in the bond graph program
discussed in the second subsection, For t}. reason, the procedure, list and variable names
will be written in an em!.tllMizcd font in th,., first subsection and the true function, list and
variable lIal~wswill he written in a typolldtor font hi the second subsection.

4.6.1 Theoretical implementation of SeAl>

The causality assignment, procedure chosen, is that devised hy Hood, Palmer and Dant;;:ig[lO].
The procedure uses the state transition table method, commonly used in asynchronous digital
oleetronies [:14],to automate the assignment of causality.

The state transition table, shown in Table 4.1, consists of nine rows and five mInIUM. Each
row corresponds to an element type um, SF, 0, 1, 1, C, R, TI~ and cry) and each column
corresponds to a difli!l'Nlt causal concltion that can occur at the element, The COhl1l~IWam
labelled siart-stutc, efJ()7't~8tlltc, jlow ..»tate, Il~:leate an l P.Oll1)()!r;i'r. Multiport C, I and R~
fields are handled, hut an Ie·Held would have to he represented using g;yrators ant! a multiport
I or C..field.

Each cell in the state tram;itioll tahle contains the actlon ,H1S(')(iated with a partieula» element
and causal condition. For example, "Assign causa! stroke next to Sl'" 9ct-next .•fl{)'!ll.~lt(lte~l.
In thin rase the flow source is IlAmiguru a particular causality, '),prored nrn (yct-next) is talk,!
and tho variable stuu: ILl ,u;Hir;lH'd jlow-state.

Two cells (row 1, column :1 and ,1) in tho state transltlon tHhlll, presontcd in Table 4.1, diff('f
from those presented ill [101. Hood, Palmer and Dalltzig have the cella corrcspondlng to
lltatt: bemg :9tcl;'I.staie <).\\111 1,1I£' element being either a 1 or 11 I)~ ~~ivjIlgall ('1'1'01' message as
the ousput, These two e(~Us(\f(' replaced with a, procedure call (tift-next) and an asslgnmcnt
(.'ltllte is assigued R-sf(tt":J' The !'e<l.HOUH for this are :'lIO\Vn ill ApIW1Uliv A.
In addition to the stat" transition table" the procedures !Jf't.Ji1'St, grt-next, ~tI;:'(,k-(J, ~1'('1~kn1
and reversal are also rN111ir('11.

The procedure !lct4i1',',t b; called ",,11('1\stfltc is sturi-suu», This occurs at. the h'~ginnin~~
of the asslgnmont procedure and at the h('ginnill~j of each assignorent path. The procedure
searches the bond graph for an !'lp;uc'Ut with an unasslgnod bond attached to it. 'fhi" It'nH'llt~;
.H'(' dLOS(lU <(\',~'r<iillg to tJw usunl causality " :sigmlH'llt prinritle«, that ~:l, first ::m, tllf.'U SF
followed by I, l\\ H, 'I'F, ny and fhwll:y HlP t~ and l-junctlona, If an element it; found which
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1. An dfort source may not have an effort enterlng,

meets this criterion, the list, stack, is cleared and the element and unassigned bond are
assigned to it. If there arc no unassigned h01Hh remainiug, tllf~procedure is complete.

The procedure gcl-next Wits the element and bond most recently placed in stack and searches
through the bend graph to lind Hm other element attached to this bond. The function then
tries to find an unassigned bond attached t<) this clement. If the element has an unassigned
bond attached to it, the dement and bond are added to stack. If there are no unassigned
bonds att:1dle(1 to the element, rC1'f7'SIlI is called.

The procedure rercrsal cheeks that there art! no causal conflicts, that is:

2. A flow B01U'(~(' may not have a flow entering.

a. A O·jllnetion must have only one ()fl'mt input.
u

4. A l-junetlou must hn:VH onb' one flow lnput.

5. A transformer must have OM ('{fort cuteiing and one ellort leaving.

(j. A gyrator must have both efforts entering or leaving.

1. There if! a f!m\' into the l-junetion.

If them' is a causal conflict, the causality assigned to tho elements in stacl: is undone. All hat
the first two elements that were placed in slack are .removcd and stfl.te is set to ll.ol!ll(witc.
If there are 110 causal conflicts, stack is searched for a 0 or l-junction with strong causality
and an unasslgned bond attached to it (a strong l-junction is one with a. Howentering it and
". strong O-juHction is one with all cHhrt input). If tlw!.'o in strong junction with at least OM
unassigned h01l(1attached to it, the junction and unassigned bond are are added to stack: and
sinic is l;{'t t(~ tumk·o, 01' w(,(lk~l tIl'pending 011 whether the> [unction is a () or 1. If there are
110 strong junctions with unassigned bonds attached to them, state is set to start-state.
TIl(' procedure, ww/;..t, cheeks the I-junctlon for OIH' of three C;J.S(\S:

1. There is au {'{fort.into tho Il-juuction.

2. There is no ('{fort into thn (l-junctlon and only one unassigned bond attached to it.

a. There is no effort into t:,(\ (l-junction and there> is more than one unassigned bond
attached to it.

2. 'l'hero is 1lO flow into the 1,.1 tion and OM unassigned bond attached to it.

:t There is no flow into th(~l-junction and there i;; more than nne unassigned bond attached
to it.

DpIH'Uding on which of t1l(':;1.1hold, one of throe actions ill carried onto 'Ihe actions are 811OW1I
ill Tabli' 11.~),.

The nrocoduro, ~!'mk.(},checks the Oju!lction for one of three C1tS('!:1;

Depending on which of those hold, (IJW of three actions if> carried out. The actions are shown
in 'l'ablt' .i.a,
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T:lhle ·1.2: '1'1H~procedure wt::ak-l.

C=:'~.:=,o::~:~~~:.:g~~~I!;;~~=~~~::=~---~~~I:-"==-~:""-,~~-.~t~~~C==:~~l.'.
effort in assign causal stroke a.wa.y from. 0, gd-next,

t'.tf<H't.lltatc

[~;~ ~;~:~~~~::::::- -~:::~~sarsiroke.ncittoO;" gcr.mtiJ
~~d con~~ctl~~,:?c_t~!~_,~:.!~,~~~~~~,l. , __ ._._.__ ~~~,.~~. ._"__~_.~_~

Table 4.:1: Th« procedure weak-O .

start-state The variable, state is set equal to start-stnie at the beginning of each causality
assignment patn,

ejJ01't-stutc The causality :l.'·:'iglt~d implies tI1at til('. eflbrt is the output from the current bond
graph element,

j1ow-state The causality assigned Implies that the How is the output from the current bond
graph element.

R-suu« This occurs when all arbitrary causality is assigned to an element,

R"oppositc This occurs when the causality assigned while state was equal to R·.'1tatc, causes
a causal conflict, The variable, state is set to R-Ol)I}1)sitc and the other causality is
assigned.

To demonstrate ~,h(lcausality assignment proeed» ,cOlwidl,\f the unaugmented bond graph
shown in Figure -i.fl. The Iirst step in the procedure ls to set stau: equal to start-state and

I It



are entered into stack. The state transition table is entered at the first row and the first
column, corresponding to the current dement being an effort source and state being start-
state. The resulting action is to assign the causal stroke away from SE, call get-next, which
retrieves the l-junction and bond 2 (although bond 3 or bond <1 may also be used as they too
are unassigned) and set state equal to effort-state. The l-junction and bond 2 are added to
stac!~.

The transition table is now entered at row 4 and column 2 corresponding to a I-junction
and effm't-staic, resulting in vicak-] being; called. The procedure weak-! enters at row three
(Table 4.2), the consequence IH~in:~that rU1?orst,1 is called. Tho procedure tries 1:0 find a
causal conflict. As then) are none, the procedure searches through stack to sec if there is a
strong 1 0; ujunction with au unassigned bond attached to it. There are none and state is
therefore set equal to stari-stau:

Because state is equal to I>tal't-stutc1 gt:t-:7.rst is called. The prccedure returns the inertia
and unassigned bond 2 (although the capacitor and bond 5 could also be the output), The
list, steel: is reset and the inertia and bond 2 are assigned to it. The state transition table
is entered at column 1 and row b, 'The result is that a causal stroke is assigned next to
the inertia and !Ift.next is called. The procedure get-next returns the l-junction and the
unassigned bond 3 [bond 4 may also be chosen). The variable state is set 1;0 jlow-siate and
the l-junctlon and bond a are adcied to stack.

The state transition table if; entered at row ,1column 3, with the effect that the causal stroke
is assigned next to the l-jxnction on bond 3 and get.next is called. The procedure gd-next
looks to see if there are any unassigned bonds attached to the resistor (attached to tho 1·
junction). As there are no other unassigned bonds, reversal is called, There are no causal
conflicts, but the l-junction is strong (due to bond 2) and bond <1 is unassigned, these are
therefore added to stack. The variable, state set to ucak-t, TIlH procedure tlH!lJk·l is entered
at i;!;~ first row and the resulting action is to assign the causal stroke next to the l-jnnction
on bond 4 and to call yf'l ..nczt. 'I'he procedure returns the O-jll11ctioll and unassigned bond
i) (bond 6 may also be the output) and these are added to stack. The variable state is set to
jlow-state.

The transition table is entered at row :~column 3, -lllng weak-O. Because there if; 110 offort
input to the D-junctlon and there are more than one unassigned bonds attached, reuersa! is
called, There are no causal conflicts and also lit) strong junctions with unassigned bonds in
stack. Therefore state is set to start-state.

The procedure gf;t.ji,'st is called. It r()f:urns the capacitor and unassigned bond 5. The list
siacl: is reset and tho capacitor end lHj)Hl 5 are asslgned to it. The state transition table is
entered at row () column 1, with the result that the causal stroke is assigned 3.way from till'
capacitor and gft.next if>, called, The procedure adds the O-jl!uetion and unassigned bond t.l
to siach and state is sot to ('!lor't. state.
Tho state ttiUlsitioll table is entered at row 3 column 2. The eausal stroke is placed a.wayfrom
the O-jullction on bond fJ. Tho p 'O(:Odll],1' !Jd~ue;d is una ble to find another unassigned bond
attached to the resistor and therefore calls reversal, Because there are no causal conflicts
and no strong 0 or l-junctlons with unassigned bonds ill stack, etatc is set to start state. As
!let·fit'st is unable to find another unassigned bond, the assignment procedure is complete.

The fully augmented bond graph is shov» in Figure 4.6.

The causality assignment procedure described above is complete in that it attempts to resolve
all causal conflicts. WhPII a causal conflict irsencountered which cannot be resolved the user
is told that there is an osror ill the bond graph structure, Hood, Palmer and Da.ntzig[lO]
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Figure 4.6: The fully augmented h(''f)1 graph.

state that this method is more efficient and requires InHs code than conventional if~thcn·else
programming techniques.

4.6.2 Program implementation

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

The LISP function away-noxt-0f:fort assigns (),causal stroke away' from the element in the
first list in the global list "'stack*, sets t.he global variable *state*, equal to ai'fort-state
and calls get ..next.

The function n(jxt~lloxt~flow assigns a causal stroke next to the element in the first list in
*stack*, sets *stato* equal to flow-state and calls get-next.

The function error-stop informs the user that there if; an error in the bond graph structure
stating when' V occurred and requests that the structure be altered before re-assigning the
causality,

The function away-previous-e:ffort assigns a causal stroke away from the element in the
second list. in *stack* and sets *state* equal to offort"Gtate. It must be noted that this
is equivalent to assigning the causal stroke next 1.0 the bond graph element in the first list
in *stack*, but tho bond to which the causal stroke it. being assigned must be that in the
second list in *:::tack*. This is what is implied in the state transition table, 1':1h104.1.

The function noxtnpl'ovioLln~floloi' assigns a causal stroke next to the dement in tll~ second
list in *ntack* and sets *atato* equal to flow~stato. As before, this is equivalent to
assigning tho causal stroke omay from the bond graph element in the first list in *stack*,
but the bond to which the causal stroke is being assigned must he that in tho second list in
*stuclt*. This is what is implied in the state transltlon table, 'fable 4.1.

The function noxu-r sets *stato>l< equal to r~s:.atQ and calls gr,t~next.

The function roversal c}W('KSto se(~if there is a causal con.llct. If there is, the causallty
assigned to each of the clements in *stacl~* is undone. All but the last two elements ill
*stack* are removed and *stato* is set to r-oppcsane. If there are no causal conflicts, the
bond graph is searched for a O-jundioll with strong causality, hnving Ol1(~or morel unnsslgnod
bonds attached to it, If such an element is found, it. and the unassigned bond are added to
*ntn.ck* and woo.k-Oin called. If not, the bond graph is searched for a, l-junetlon with strong
causality, having one or more unassigned bonds attached to it. If such au element Is found,
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it. and the unassigned bond are added to *stack* and weak-1 is called. If no such element
is found, *state* is set to start-state.

The function weak-i cheeks to see whether there is a flow input to the l-junction and counts
the number of unassigned bonds. If there is a flow input, next~next~flolW is called. If there
is only one unassigned bond and no flow input, away-next-affort is called. Finally, if there
is no flow input and more than one .massigned bond, reversal is called.

The function \wak-O checks to see whether there is an effort input to the Il-junction and
counts the number of unassigned bonds. If there ill an effort input, aY'ay-noAt-effor't is
called, If there is only one unassigned bond and no effort input, noxt-next~flow is called.
Finally, if there is no effort input and more than one unassigned bond, reversal is called.

The function got-next finds the other element attached to the last bond in *stack* and
checks to see if there are any unassigned bonds connected to the element. If there arc) the
element and unassigned bond are added to *stack*. If not, reversal is called.

The function got-first resets *stack*, gets an element with an unassigned bond attached
to it and places the element and bond in "'stack*. The elements are chosen using the normal
SCAP priority, first SE, then SF followed by C, I, It, 1'1", GY, 0 and finally 1. If a resistor
is chosen, an algebraic loop will result and therefore in additiou to placing the element and
bond in *stack*, they are also added to the global llst *r"'algabraic-loop*. In the similar
manner, if gat~first has, as the output, either a transformer, gyrator, 1 or O-junction an
algebraic loop will result. III this case however, in addition to adding the clement and bond
to >itsta.ck*,they are included in the global Iist *bond-algebra.ic-loop*. It is necessary to
have both lists because the module that creates the ACSL input file differentiates between
the two C(tUS{~S of algebraic 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
element ill the first list in *stack*. The consequent is the function that has to he called.
The rule base used, is that presented hy Winston and llOlll[:l6].

Once the causality has been assigned to the bond graph, the bond graph is searched for
storage clements with derivative causality. If such elements are found, the storage d~me:r.ts
and the bonds assigned derivative causality arc added to the list *deriv~causaHty*.

The list« *r"algebraic-loop"', *bond-algobraicQloop* and *deriv-causa1ity* are used
to form the ACSL 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.

,1.7.1 Bond graph program variables

By convention, the bond graph variables, are written with the bond number as the subscript,
For example, .he effort. on bond 5 would be referred to as eg. However, because the program
and ACSL are unable to accept suhscilpts, the bond gra.ph variable is followed hy the ·hOlld
number. For example, the effort on bond 5, would he referred to as 05.
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1. Each ACSL plot contains 1000 data points (points '" 1000),

The program is only able to handle the generalized bond graph variables, effort 0, flow t,
displacement q and momentum p. The variables, natural to modelling systems in a particular
domain, therefore have to be converted to the generalized variables, before the equations C'Ln
be entered .•

4.7.2 ACSIJ data required by the equation formulation routine

The user is required to enter two variables needed by ACSL, the duration of the simulation,
simtim and the integration step size, ccal,c.

The following initializations are abo made:

2. The communication interval, cint is set equal to the duration of the simulation divided
by the number of points (cint =: simtim I points).

3. The number of integration steps in each communication interval nsnp is calculated
as the communication interval divided by the integration step size (nstp '" cint F
ccal,c].

4. Oil each iteration through the dl:lrivati\'9 section, ACSL checks to see if the simulation
should be terminated. The statement for this, as written by the computer program is
tl.)rmt (t .gt. simGnd) I that is, when the time is 9rY.'atcl'than aimand. To ensure that
the simulation ends at simtim, the end time, slmend is calculated as the simulation
duration less the integration step size (simand :t :::imtim ... ccal c].

4.7.3 Bond graph data required by the routine

As mentioned e'rrli(!r? modelling is an iterative process and <t number of modlficatlons might
have to he made, before th~ model h; a satisfactory representation of the system. An Iteration
could involve changing the form or the coefficients of the equations. Because every equation
is not modified at each iteration, it is advantageous to store the equations so that they do not
have to be re-entered each time. Included in each structure in the th4~ hash table "'nodes"',
is an entry for the equations. If this variable does not have .1 value assigned to it, the 118(3r is
prompted to enter the equations. If it does have a value, the UI)('1' is asked whether the stored
equations are still valid. If the equations stlll hoid, th('y are used, if' not, the user is prompted
to re-enter the coned equatious, Possible l'(HiSl)1)S for the equatlons tH~int~incorrect (\.r(':

• The magnitude of one of the ccefllcients ma,y need to b,~ changed.

• The form of the equation may lH~not represent !'h'0behavlour of the element sllffici(mtly
well,

• Another bond may have been connected to the element and another equation and
another term are therefore needed.

• 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:



1. The dement for which the equations are to be entered. This information includes the
element type, the number assigned to the element as well an the nu- 'lers of the bonds
connected to the element.

2. The documentation string for the element.

3. The causality assigned to the bonds attached to the element. For example if bond 6 is
connected to a resistor and bond 6 is assigned conductive causality, then the program
would inform the user that for the resistor, the causality assigned implies that £6 is a
function of e6.

When entering the data for a resistor, inertia or capacitor, the user may enter either a linear
01' non-linear relation governing the behaviour of the element. If the relation is linear, it is
only necessarj to enter the linear coefficient. For example if one is entering the linear equation
for a capacitor attached to bond 7, then regardless whether the causal relation is C7 ::.:: 'i~qr
or qt := Crcr, only the value of the capacitance (C7) must be entered. If an element has a
non-linear equation governing its behaviour, it is necessary to enter the entire equation. For
example, if the causal relation for a resistor, assigned resistance causality, attached to bond 3
is £3 :;:::3.513"/4.78];, the user is required to enter a3 = 3 5 * f3 * sqrt(4.78 * 'f3).

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

Ii Figure 4.7: A resistor field.

as the output, anothe~with effort 2 as the output and the last with flow 3 as the outpct.
Assume that the relattons governing the behaviour of the It-field are '"1 ::;; 5.3fth + 6.ge:'h
Cz :::: O.134ftvJ; - 5ca and f.'l ::'.:2.f3ea + 7.9ft. The user will he prompted to enter a1 as a
function of £1, £2 and 03 and must enter e 1 ::;:5.3 * f 1 * £2 + 6.9 * 03. The user will
then be prompted to enter 02 as a function of £1, f2 and 03 and m1lst enter 02 = 0.134 *
£1 *' oqrt(f2) ~ 5 * 03. Finally the user will he prompted to ~'H~(!l'f3 as a function of
£1, £2 and 03 and must enter £3 :;;:2.6 * 133 + 1.9 * £1.

If a storage element has integral csusality assigned to it, in addition to entering the causal
relations, the user is required to enter the initial value (at time t :;:;0) of the energy variable.
For example, consider all inertia attached to bond 10, assigned integral causality. The user
is required to enter the momentum 1)10 at time t ::::O. This value may either he a constant or
an expression.

If the output from either of the two sources is anything but a. step at time t ::::0, it is necessary
to enter the full form of the equation. For example, if an effort source attached to bond 25,
has the sinusoid 5 sin 2t as its output, the the user must enter 025 :".l S '* sin(2 * t). If the
input to the system is a step at time t ::= 0, the user is required to enter only the height of
the stop, For example if the output from a. flow source attached to bond 32 is h~,~~6.7u(t),
then the user must enter 6.1.
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When entering the data for either a transformer or gyrator, the user is required to enter only
the value of the modulus. The user is given the equation form so that the definition of tile
modulus is clear. For example, consider a transformer connected to bonds 5 and 6. The user
will be told that the modulus, m is defined as 96 :::m e5. The user may enter a number if
the modulus is constant or an equation string if the transformer or gyrator is modulated,
For example if a transformer modulus, m '= 32, the user must enter 3?, If the modulus of a
modulated gyrator r ::::6.7h, the user must enter 6.7 '" f2.

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 an energy variable, the modulus
of a non-modulated transformer or gyrator or a step input at t = 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 posslble to change these values at run-time without the use of the
bond graph program (although if these values ale changed at run-time, they are not changed
in the bond graph data structure). Also the value is not re-initialized at each iteration of
the derivativo section. As an example, consider an inei ia connected to bond 46, assigned
integral causality and having the constitutive relation f4L = 7~.9P4(h that is, t!l.e inertance
is 78.9. When prompted to enter f46 as a function of p46, or just the inertance, if the
relation is linear, the user would enter 78. a. The program would then write two equations,
the first would be constant i46 = 78.9 and the second f46 = (1.0 I i46) * p46. The
first equation would he placed in the initial section.

In addition to entering either a linear coefficient or a non-linear equation, the user is able to
describe the relation using a set of discrete data points. ACSL linearly Interpolates between
the data points and linearly extrapolates on either end to get the continuous form of the
relation.

If the user chooses to enter only the data. points, the program lists th6 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
be those displayed. If the element is modulated, the modulating variables and the displayed
variables "dust be entered, ACSL limits 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 has entered the dependent variables, the user is prompted to enter the number
of data. points for the first dependent variable. The data points for this variable arc then
entered. The process is repeated for each of the remaining dependent variables. Finally
the USCI' is prompted to enter the data for the independent variable for each combination of
dependent variable data. The program a;:..•tomatically puts the data entered in the required
ACSL format, breaking the lines and inserting an ellipsis where necessary.

The user is not required to enter any data for the 1 01' D-junctions as the standard equations
are written by the program.

-1.7.4 Algebraic loops

(I

If an arbitrary causality is assigned to a bond connected to a resistor or a bond between two
junction structure clements, an algebraic loop 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 .w;. some non-
linear relations that can 't be solved explicitly, Even if the relations are linear, excessive user
intervention may he required, which could lead to errors. It was therefore decided to treat
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linear and non-linear equations in the same way. The ACSL implicit operator (IMPL), which
consists of 11 Newton-Rapson Integration, is used to try to find the solution to the algebraic
loop [1]. The disadvantage of the IMPL operator is that it can significantly increase the
computing time needed for the simulation.

The f_!;encl'alform of an ACSL implicit statement is
y = impl(y~. e, m, ail, expr, ydl)

where yi
e

efl

is the initial guess.
is the error hound (e can he real constant or an arithmetic expression].
is the maximum number of iterations to try (m must be an integer constant
or variable, not an expression).
is the error flag (a variable only) which is set non-zero if the ih, , • ") does
not converge.
is the expression that contains or eventually leads back to y.
is the value used to increment the initial value to estimate the derivative.

Gxpr
ydl

The program prompts the user to enter the values for yz, a, m and yell. 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 variables are:

yz = 0.0 .
e = 0.0001
m ~ 50
ydl :::0.001
Numerous tests were done on systems containing algebraic lo-ns and the default constants
assigned, resulted in the majority of iterations converging.

Every time the implicit operator is needed, the modelling package increments the error flag
counter by OM, so that there is a unique error flag variable for each implicit statement in the
ACSL input file. Tha.t is, the first time the implicit statement is used the error flag variable
will be af 1, on the second occurrence it will be ef2 and so on. 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 if; then be required to change, either the: values
in the implicit statement, or the structure of the bond graph.

c

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

Consider the bOlU1 graph in Figure 2.21c, 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. 'I'herefore if either
the effort or the flow is known, the other can be calculated. In this example, once an arbitrary
causality is assigned to one of the resis ors, the causality on the other resistor is determined
(because of the junction structure constraints). Therefore if anyone of effort 2, flow 2, effort 5
or flow 5 is known and assuming that aU the other parameters of the circuit are known, the
remaining three variables can he calculated. Therefore to solve the algebralc loop, one in
required to calculate one of effort 2, flow 2, effort 5 or flow 5 implicitly. H>r simplicity the
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I c
Figure 4.8: A bond graph of a system with an algebraic loop.

program always makes the effort variable on the resistor, t<) which the an arbitrary ~ausality
was assigned, implicit.

Consider the system in Figure 4.8. The linear causal equations, in the form suitable as inputs
to ACSL, prior to being altered to account 'or the algebraic loop, are:

f1 :;.:Fl
f3 = (1.0 I 13) * p3

integ (a3, p3i)
(1.0 / C6) :+: '16
integ(f6, 'lSi)
(1.0 I R2) * 02

(;)5 ::J P5 * f5
f4 ::: f1 - £2 ~ f3
01 :; 134
132 :: 134
133 ::: e4
e4 :: 135 + a6
£5 ,.. f4
f6 :: £4

p3 =
a6 .-
q6 :::

f2 ::

Where Fl is the input function to the system.
I3 is the inertance.
pSi is the value of momentum p3 at time t=O.
C6 is the capacitance.
'l6i is the value of displacement q6 attime u=u,
R2 is the resistance of resistor 2.
R.5 is t/\C resistance of resistor 5.

The numerical valu1es of which would have been entered by the user, hut ate left in the general
form for clarity.

Because there in an alg;'hrRie loop and the equations can therefore not he sorted by ACSL,
one of the variables must be calculated implicitly. Assuming that the causelity was completed
after an arbitraey causality was assigned to resistor 2, the program will calculate the effort,
02 implicitly. The equation 02 = 04, is replaced hy 02 .., illlr1(O.O. 0.0001, 60, efi.
e4, 0.001) (assuming the constant default parameters are used).

The equations of the system, as contained in thE' ACSL input file, are therefore.

no
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1'1
£'3
1'3
oG
qS
f2
05 ~. ll$ * 1.S
f4 = ~1 - f2 - £3
01 - ot);

02 t1 impl(O.O, ().OOCiJ.~ 50, of!. 0'&, 0.001)
03 - 01
0·1; ~, e5 ... 00
fS ~ ft!
if) ""N

'4 F1
e (1.0 I T::l) * p3
c intog (oS, 03i)
~ (1. o ! CG) :I< qG
r. in'\.:og(16. qGi)

'" (1.0 I 1'l.2) * 02

4.7.0 An aig .braic loop eauser! by aS~~~~l1inf;an ul'l.1trul'Ycausality to a
boud

When an alp ;hrair loop Is tlw rl'~ltllt of rulbigning all 'lrhitrtlry j'mwality to a resistor, only onto
ACSL implicit htatetn"nt in f('qnin,1{ ').s dhwtl:ml,d in th,' prnvious section. However, when
an algebraic loop it; the v:al1t of il{lfii(';II'.Ug rna arbitrary causality to a, bond, attached to a
junction struetur- "l(>lIwut, thor: iH no hnmodiate relation lwt W.'Nl the I'If(lrt and til(! flow
UII that bond, as there is whon at f('i:btor ill involved. It. if; thpl'('fol'i' ih'(,(,HfHU'Y to include t\'\I0
Implicit statenients, 0IH1 fur the effort <Hal om' for tIl" now on th" hond to which an arhitrnl'Y
causality was tl:l:;ilo~!l(~d.

')
01

All au examplo (If a ~.ystl'm wilen' the cansnlity in ee ttpktt'd hy :t:;t,i!',iliug an arhitrary cansality
to a. bond tNnn('(~t()(i to a jnnctl,m struetnre €'kllHW.', consider tIll' unaugmentod bond graph
in Figure 4.l)a. Fir;lIi'(~ 4.!)l1 shows the 1It,1I11 graph Oll,'e thl' now aonrce lias been assigned its
required causality and the inertia and eiLlI.H'itUI' haw heen an;ignr;,t their preferred causalities,
None of th('[;(' causalities can be coutiuued thr')H,.~h tho !~I'aph. as the requlremeuts for the
three junction structure elements have not yet 11('',I met,

As there arv Ill) resistors, a hnnd attached to :d.mction Ht.l'llt'llU'" plt'!nput must he HH!;ir;n('(i an
arbltrary causality, Ilond 2 is ,w:;ip;!led it r<UlHai!l,y surh that. the eli~;rt (:.), in the olltPl1'(, from
the transformer (tIH' input to tho (l-junctiun], '1'111' !·;tlll,ality ("Ill nnw 1H' rontiuuod tI~roiit~h
the p;ral'h, completing the ransallty 'W:;ir';ntlH'1lt. The fully H1Ul~m('ntl'd bonrl r;rn,pll il; nhown
in Fignro ·Uk. Fip;ul'l\·tiM depicts tlH' fully ,m~~m('nted l!lllill [;l';l.ph of tho systom had effort
t';,!, 111'('11 th,' Input t(1 tho transfonnor ((,he output from tlw 0 jllll<'tion).

As:nnnint~ that all the roladons :UI'lim ar, tIl(' causnl relations f;f tit!' f;Yflil'IU in Fif~lnl'4.!k,
in a form '"".'i'eptahlp tI" ACSL Inputs an': . .

fl t:; 1"1
f4 a (1.0 I 14) • p4
p''t - ir.-:.og(c4. p4i)
fJY , (1.0 I (7) * (1"
'l<f c intog(f7. ,iii)
fa :;:I m '" :e2

91



1

c

1

"l
c

c
(e)

II '1'10' .=="~"-~-'10 =K'''W'~"C=~
1,)1'

"'''" Ii"'.J

(

I

(tl)

Fi.!';ml' .1.\1: A blind !';i\lPh \ViH'l\~ tho \'amiality is completed once an al'hitrary 1'\t1isaHty it;
a:l:iit~'H'dto a hond.



02 ::;: m * (713

f2 e; ii ~ fS
01 :::! 02
05 ._ 02
06 ., 06 ,~ 07
of£) >A.' £G
f1 ::::: f(j
£6 - ~;f3 + fit
03 ~.06
6'1 "" o{,l

Wb F1 in t.he input function to the

11 is the
p'U in tho value ~!fmomentum, p4 at tlmo t::::O.
C7 ift tht' f'\jlaeiUnn'.
'f'i is th(~ value !If dhW1:u'(\II!fHlt, '17 ,tt time troO.
m is the value of tItp transfunuer modulus.

The numerical values or which would have
form for clarlty,

Ail au algehraic loop exists, II1I8 til OUf' of thl' hOlHL; lwing ;msi,';w·d an arbltrary causallty,
these equations cannot J)I' :mrt.'ti hy ACSI .. It iii neressury to calculate two of the variables
implidtly. As the causality W<ll'i tumpi!'ted hy '1ssi~llin); an arhitrary r;t,m};'lity to bond ~~,
thI' program will make f.ffort 02, and flow :f2, implieit. 'fliP f'lpw,dm18 (l~!::::m * a3 and £2
e:: :f1 - Z5, will hp t,1pla.f('1l hy 02 :;:: impl(Q,Q, 0.0001. bOo of:! .• m * 03, 0.0(1) and
:\,2 !:I impl{O.O, o.nOC)1. :)0, 0';2. 1:1 ~ f5. O.I)()l) l','spl'ctiv··ly(·u.'f'llmingtlwconst:mt
drfault parameters an' chosen].

£1 c Fl
f4 - (1.0 I 14) * p4
p4 = in:teg(c4:. p4l.)
97 =: (1.0 I (;'1) J!< t(l
q7 '= intog(f7. <17i)
:1:3 ~ In * £2
02 =: implCO.D, 0.0001, 50. ofI, m * 03. 0.001)
1'2 CJ :lmpl(O.(}, 0.0001, SO, 01'2. 1'1 ~ f5, o.onO
01 =: p')

4l'1 ..

o~) ~.82
eG :::: (' m 037(i,;>

0 i5 - iEi
f7 .~:1:0
:fG ::> ..£3 ... f1
.;):;} :::: au
114 - 00

r.
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<'I.7.7 Derivative causality

When a sto'l'<lge element is not assigned its preferred causality, it is said to have derivative
causality, because the causal relatlonshlp bJ/; to be 'written in the derlvative form.

The method used to form an ACSL input filt~of a system, with derivative rausallty, is h(l;;l,

illustrated using an example. Consider the system, in Figure 2.22e, redrawn in Figure 4.10.
Inertia 2 and capacitor [, have integral causality assigned to them, but capacitor 6 has deriva-

I Cr 1
SE~' ~!__"i! "~.:;"o) "-- 7 .~ .t

1 1;
(',J

tiv« rausallty a:;:.;it1IlPd to it. CalhlJ'itor 13 has dt'I;<·.l·1VI~ ";mhh,!it,:t because capacitor )} is
assigned inti'gral causality and both raradtol's '<l'l~connected tp the same O,julHtioll.

TIH~liuear eam,d rel ••titJllb heforo :;itI'ILtk.!), in ACSL fmn~~t are:

131 ;: El
f" :::: (1.0 I 12) :.~ p2..
p2 .. intog(02. p2iJ
oS ::II (1.0 I CfJ) * 'IS
q5 ::.: intog(f!J, q5i)
qE'l ~=GO '" "IS
rs == dol'lvt(:fGi. q6)
83 '"' R3 '" f3
f7 ::I (1.0 I R.1) * 07
0<) '" 01 .. 0:3 - r/l..
f1 Q i'2
:f3 := f2
i'! c: :f2
:fS :::l H b 1'6 ~ f'l'

I 0·1 ~ 0[,

06 '" di
0" :::: 05
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The numerical values of w hi ch would have heen entered hy the user, hut aTO h4t in the gBn-era]
form for clarity.

For each of the two storage dements with integral causality thcn' is an into£; (ACSL lnte-
gratlon) statement, hilt for the capacitor with derivative causality there is a, derivt (ACSJ.
derivative) statem-nt, hence the terms Integral and dorivative causality,

It hl important to realize that the ACSL derivt operator, should only he included if absolutdu
necessary, an the derivative operator is a first order approximation and call lead to instability if
used to represent a major loop [1}. Systems with derivative causality were simulated using the
derivt operator, but the results seldom corresponded with those expected. It was therefore
decided to implement the derivative operato: uslng some other method. Tho technique used
is as follows.

The derivative term £6 ::::(le:t'ivt (£61, (1(1)Is rewritten as £6 :.: {l6d, where d represents
the dHfHrl'utial and it is read as either f6 is equal to '16 dot, or Hi i8 ('ljual to the tle1'ivutitl('
of q6. 'I'he program then searches through the list of equations to find an equation with 'Iv
on tho loft hand side of ~h(' equality. '1'11(;equation returned is '16 == (:6 +: 06. The aim it;
then to differentiate both bides of this equation. Differentiating qG gives 'lSd, as required
and diffl,rl'lltiating CO +: e6, assuming that GOis a constant, r,iv('s C6 * sud. The equation
(lod ::: CCi :it o6d is Included in the list of (\~ra'ltinll:i. Tho program then searches through
the right hand side of the latest equation, to ilnd any bond ~~raphvariables ((3, f. P or '1).
TIIP program finds oed, Tim program then searches thrOllt~h all the equations to find an
equation with 06 1111 th« left hand Hid". The equation returned in 00 o:l ()S. DHfcrputiating
both sides giVl'~sOd '" aSci. This equation is ht,~ud'i'd in tho li"it of equatlons. The program
looks at the right hand ~;jdt' for (my horul !~I'aph variables and finds (lSd. The program vhen
searches through the list of equations to find an equation with oS on tIl(' left hand side, The
program returns the equation ~!S= (1. 0 I CS) +: 'lE. DHi'I'fl'lltiatillg both Hid,,:,~~iV('8aSd
t:J (1,0 I (5) * qSd~ assumin; that (:5 is a t'dtwtant. This equation is <Hided to the list
of equations. \Vhl'll searching ihrough the ri~,,;hthand side lIf the Intest equation the bond
!~l':;i,hvarlahle ci!:>dis f01HH.l. Tho program then l:(';),rdl(l~Jt}mmp;h i,h(~list of equationa to find
an equation with \15on tilc' II-it hand sido, The equation returned is qS r.: intag(f5. 'lSi)"
Diffel'('utiating both sides we f;i't q5d 1');1 fS. This equation is lnelnded in the list of equations.
AH an equation for f;, already exists, the procedure is halterl, TIll' equations of the syatem
are now:

Where El
12
1'2i
C5
'lSi
CG

\\

fl

fGi

is the input Iunction to the system.
is the jnertance,
hi the value of momentum, pI! at tlmo n=o.
is the capacitance of capacitor 5.
is the value of displacement, '15 at time t=O.

is the capacitance of capacitor 6.
is the initial value of How, i6.
is tIl(> r('siGtance of resistor a.
is the resistance of resistor 7.

n3
R7

01 ::::I 1:'1
£2 ~ (1.0 I 12) * p2
p~ t'.:l :l."l.t:og{o2. 1'2i)
eS :::1. (1,0 I GS) * qS
q5 ::::intog(H_;, qtii)
1.16 t:: C6 * 06



f6 = q6d
03 0: ItS '" _f,3
f7 :: (1.0 I R'7) * 07
02 '"01 - 03 - 07
it '"f2
ea ::.1 f2
f1 1:7 £2
fS ::.1 £4 - fB - fT
04 ;:::oS
e6 ~. e5
0'/ e: 05
~6d =.: C6 '"oed
o6d :::eSd
oSd ~ (1.0 I C5) * q5d
qSd ;:: tS

In this example flow Gis related to How 5 hy tIw ratio of the capacitances, £(3 ::.1 «.'6 I CS)
~: tS, but fS ::: f4 ~ £6 ~ f7, therefore £5 = £4 - (CG I C5) * fS - '£7. That is, fS is
a h~::<~twnof itself; Therefore, there Is an algebraic loop. To remove the algebraic loop it is
necessary to include an implicit function, as discussed in the prevlous section. The question
that arises is: Which now equation should he calculated Implicltly?

'I'he problem is solved hy considering at another example. Consider tho f1111y ,wgmen~t,'l
bond graph in Figurt" '~.ll.

It

Figure 4.11: A system dlsplaying derivative causality, due to the ronstralnts of the source
and junction structure elements.

The capacitor is <lRsignl'd dorlvativc causality l:('('alw(~ of the constraints of the source and
O·juHetion. A:::lUmint.~all the relt-tions to htl lineal" tho equations of the: system (Including
those equations containlng dorivative terms) ln the ACSL format discussed above are,

o

01 r.: E1
f3 = (1.0 I R3) * 03
(12 ::: C2 * ()2
£2 ::: q2d
f1 :: :f~ '" :(3

02 <!l 01
e3 ::> 01
q2d ::: C2 * o2cl
o2d ::eld
aid = fUel

Be(,;U1SPF:l 1s not a functlon of any bond ~~r:tJlhvariable» {tlWfP is no modulation), Eld i.;
known, ThP!'~.'f(ln' in this example there an' 110 allY,ehrak loops. This system can he simulated
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as it is.
In the iiI'st example, Ute last equation added onto the list of equations was q5d ::;:fS. TIH're~
fore, for any of the artiflcial derivatives (qSd. a5d. e6d or q6d) to be calculated, £5 must
be known. But f5 '" f4 - to ~ f1 and fS is related to is through the artificial derivatives.
Therefore £5 is <1 function of itself,

In th'~ second example, the last equation added was ald ::;:Bid. Because El is a known
function of time, ~tcan be diflerentlatcd tv give E1d, from which q:2d can be calculated. The
second system therefore does not contain an algebraic loop.

A stornge element can he assigned derivative causality for two reasons:

1. Due to SOUf(~('and junction structure constraints.

2. Due to another :.itOf(I~r,'} element b('inf~ assigned preferred causalhy and the junction
structure constraints.

The last equation to he differentiated will therefore always be an equation of a source or it
will contain an ACSL integration. Therefore if the equation to he differentiated contains au
int>:lg operator, it should he made implicit.

Returning to the flrst example, the last term was qS ::::intog(f5. q5i)! difl()nmtiating
both sides and maklng the cquatlon implicit, gives (lSd CJ impl(O .0. 0.0001 SO, afl. f5,
0.001), if the default constants are chosen. This equation is added tl) the list of equations.

The list of equations for the first example art.':
el 1::1 El
f2 = (1.0 I t2) * p2
p2 :;;:intog(02. p2i)
a5 = (1.0 I C5) * q5
qS = integ(f5. q5i)
'16 ::: CO * (16
:£6 == qfjd
a3 lIJ R3 * f3
[:7 :::(1.0 I R7) * 07
02
fl
£3
f4 ::: £2
fS ~ £4 - fO ~ f7
04 ::: of)
cG :.:05
0'1 ::;: oS
q6d ;", C6 >I< eGd
o(\d ~ o5d
05d i':: (1.0 I CS) >I: (15d
qSd:::: impl(O.O. O.O(jOl, £)0, ,)1\1, £5, 0.001)

~ 61 - 03 - 07
c £2
t..i f2

(I
Whkh A(~SL can sort and simulate.

!Ii



4.8 Running ACSIJ

The ACSL simulation packar;e is nih from the bond graph program using the ACSL file, (file-
name.csl), created by the equation formulation routine, an the input. The file filename. cal
is the DOS file obtained from the UNIX fl1... Jilcrwmc.acsl.

ThH program does not create .L file of ACSL runtime commands (Jilerwme.cmd). Instead, the
runtime execution of ACSI. ls left to the user.. It was decided not to include a file of runtime
commands as this would make ACSL less flexible. H(~Cal1Se modelling and simulation are
iterative processes the more the user can interact with the simulation package the better.
For example, the user may want to simulate the system over a different time interval, view
other variables that were perhaps not considered to he important earlier or even change the
values of some of the constants assigned earlier,

The ACSL user manual [11, can he consulted for the use of the runtime commands.

When the user completes the simulation, using the ACSL stop commend, the user will be
returned to the main menu of the bond graph program.

4.9 Program limitations

'I'he limitations of thn bond graph program are:

• If the system contains an al!!,('hrak loop or derivative causality, implicit integration is
used to solve 1.}\(1 algebraic loop. There are occasions, especially when the system is
highly nonllnear, that the integration does not converge, The user is then required to
enter other bond graph dements (usually source or onergy ;tor:ls') clements), or combine
elements logdhel' to remove the algehralc loop or dorivative causality, In addition, the
inclusion of the implicit operator can increase the slmulatlon time drastlcally (1),

• As was seen in Section ,1.'7.7, Dome of the equations (if a system with derlvative causalrty
arc artificially (lilfpnmtia.t(HI, to form the ACSL input file. Hecause the user is required
to dlfferontiate some of the cqnutlons, it is not possible to enter data. in the form of a,
table, If the system has derivative causality.

• If a table is used to store the data of a particular Innctlon, there ca11 lin no mom than
three dependent varlahles, This is a limitation of ACSL, not the muddling package, If
there are 1I1Ol'f' than throe dependent variables, an equation has to be fiJUUU to represent
tho datu,

• H~··f;ddscannot he entered into the bond graph program hecausI) of tho limitations of
tIH' au tomutic causality asslgmnent procedure.



Chapter 5

A.II application example

()

In this chapter; the development and simulation of a bond grapl, model of a coupled tank
system will he presented. The entering of the bond grl\ph structure, the assignment of
causality, tho entering of the equations and the use of ..\CSI. will be shown. However, these
pl'OCeS5() will not be shown ill full as they are repetitive. This example, together with the
three complete examples presented in Apper.dix H, illustrate tile capabilities of the bond
graph program.

The system to IHl modelled is the parallel connected tank system, presented in Section ::.6.5.
The system is redrawn in Figure 5.la. The bond graph structure, developed ill Section 3.6.5,
is shown in Figure 5.1h. As yet, neither the system in Figure 5.la nor the bond graph in
Figure 5.1h have been labelled.

When numbering tho bond graph, it hi necessary to uniquely number each element and each
bond, us discussed in Section 4:3. In Section a.6.!.i, the hydraulic and thermal bonds are
assigned the same numbers. 'I'his is not possible for use with the bond graph program,
because the program t\1;()S the generalized variables etfort and flow and not the variables
speciflc to each domain. In addition, entering tlw bond graph structure, from the keyboard
is shnpllfled hy numbering each bond uniquely.

The fully numbered bond graph, in the form required by the bond graph program, is shown
in 'Figure 5.2. Figure 5.3 shows the two tank system, labelled to correspond with the bond
~1'llph in Fi~I;Uft15.~t

Bonds a and [) are ()nt('l'!~tl into the bond graph program as follows. Two fonts are used to
distinguish imtwel'll tho Jlfof-;ram output. and the user input. The program output is written
using tl.e typowri tel' font and the user input is wrlttcu using the Sans Serif font. It is
assumed that 1ends 1, 2 and 4 have alrcadv been entered.. .
Entol' the bond numbor
3
Enter the number of tho element at 1;11estart o:f the poyor' hali' 0.1:'1'0'11'

.3

(,

This elettmnt has beon pro'/iously defined

Entor the manbcr of thfl al~lnent -'l.t the end of tho pOYor half arroy
5
I~nter the elomont typo
o



\)

(a)

c

R R
--~ n --~ -- -- -,~ 0 -==~ -~SE

1
--~ ....' 0 -""'"'---~ -~Sg

(h)

Figure 5.1: Two para!;:,l connected tanks.

Figur« 5.2: Tho fully numbered bond graph.
(.I
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II
'\

Enter the documentiati.en string for thin eleml3nt ,\
D-junctlon representing the < onservation of mass in the left hand tank

Enter F to finish or any other key to continuo
c

Enter tho bond number
5
En:t;erthe numbl!lr of the element at the cturt of the pOT:el' half arrOT:
5
This e1.eji\ont has boon previously defined

EntoJ:'the number of the clement at; ";110end of the pover half arrOT:
4

Enter the elemont type
c

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

Enter F to finish or any other key to continuo
c

The remainiug bonds are entered in a similar manuel'.

Causality is automatically assigned to the bond graph. The causal implications, WJ deduced
by the program, are

EFFORt SQU1~CE. (ELE:Mmn NUMB1~R13) Ct,tl,;EctED TO
BOND 16

tho caus<llity assignod implies tha1; 016 ltlthE> output

EFFORT SOURCE (l~LEMENT NUMBEH 12) CONNECTED TO
BOND lS
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The causality assdgned implies that is the output

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

The causality assigned implies that
f13 is a function of 013 014 015 a16
f14 in a :function of e13 e14 015 (lHi
flS is a funct Ion of €l13 014 015 e16
fiS is a :function of 013 014 ? 016

CAPACITOR (ELEMENT NmmER 8) Cm4~ECTED TO
BOND 11 BOND 12

Tho causality ~scigned implies ~hat
011 is a functiDn of ql1 q12
012 is a function of q11 q12

RESISTon (ELEMENT rruMBER 7) CONNECTED TO
BOND 7 BOND 8 BOND 9 BOND 10

The causality assigned illlpliJSthat
f"/ lB a function of 07 ..;;.13 09 el0
£8 is a function of s'7 e8 e9 el0
£9 is a function of 07 a8 e9 010
flO is a function of e7 as e9 el0

CAPACITOR (ELEMENT NUMB~.' \4) CONNECTED TO
BOND S BOND 6

The causality assigned implies that
eG is a function OJ; 4.5q6
06 is a fUnctioh of q5 q6

EFFORT SOURCE (ELEHENT NUMn~l\ 2) CONNECTED TO
BOND 2

(

Tho c~usality assigned implies that e2 is tho output

o
RESISTOR (ELEMENT NUUBER 3) CONNECTED TO
BOND 1 BOND 2 BnND 3 BCUD 4

Tho caueal I t,y ass Igned implios that
ai iG a function of f1 02 e3 04
£2 is a function of f1 e2 03 04
f3 is a function of il e2 03 04
f4 is a function of f1 02 13304

now SClt'~CE (ELEMc:NT NmmER 1) CONNECTED 1'1)
BOND i

J.02



\~j:
1he causality c.\,']sigrwct implies that fl is the output

Based on the causal implications ()1" the bond graph structure, which can also btl obtained
from the prp vam, the fully augmented bond graph, shown in Figure 504, is;I~bt.a.iMd.

i

Figure. 5.·~; The fully alIgmcnted bond gr' ph.

If the nW5S flow rate of the fluid flowing into the left hand tank is a. known iuuction ll,[(t} and
the temperature of the rluld flowing into the left hand tank is a known function T(t), then
the eqnations for each bond graph element, using the information in Section 3.5 and noting
tl.l~ causality shown in Figure 5..1 arc:

The' flow source connected to bond 1

Th~ effort source connected to bond 2

12 == T(t)

1.'he R~fleld connected to bonds 1., 2, 3 and 4

1::.1 ::;"0 cui (Ii

It must be noted than)t is not IHH'()Ssa,fHy equal to 1);).hut depends on tho position of
the pipe through which the fluid enters the tank,

Tho C:·Uclil connected to bonds 5 and 6

lU;~



1

n;\'1 ::; sgn(ll\' ." ]1:))11: Ill', "~11111'''''

ntH .:"' fJll;U(P"7 =" lJ[l)K III] - JIB':;

'I') I'N 1117 .c II;)!} .,., T)+ HI +.- '~-'7;--....-,.(ig ,,,, iii
;'"

.1.,

'i'he C-fidd connected to bonds 11 and 12

• • I.
1lt11i ~;~ 11.1'1:'1
• .1.

Ru cD cNlli3'J'u
. "l':w ::::cIt'pralli,!

'rile flow SOUl.'(;(l connected to bond 16

q if: the ,)CI't'il'fatiO!l dlW to I';ravity.
:1} in UH' an'i~Ilf thl' loft hand tank.
ih i:i fll" an'a of tI!I' right hand tank,
A' i:i a constant fOf tit!' pili'" l'Platil!l'; til{' ma:,!, flow rat!.' til UF' ::'111:11'1' nu.t of Hw

PI'P::f;Ur(' \l!U!.'!'I,'un'. Tilt' 1'I'hltion {th' H will II!' r',hpu later.

A:i the hond graph modelllnr; pad;;I(~I' can ,. :\11) an'ppt t ll1' /,I,;'IlI'rali;Wll hond gl'itph Vl...;ahll':"i,
namely t', f, f} awl I', ;·11th" v,lI:iahh,s ahl)\if' must h~' TI'plan,d with .HI e, if tlH'J' af!' ellort
v.••riahlos, an f if tl!Py are flow v<lriah}t'H, a 'i if they ::~n'di::pial't'llwut vari:.hl'·;l IW <1,2'if thl'Y
are momentum varia hlp~'i.

Tho I'qnatiuwl til:.' 11w ~iY:;I(\I!I m n lI.n'!Ilcompatible with th(' bond graph lIwikl!ill~il'admg<'
are tlwrdilk'l'



The effOl't source connected to bond 2

The UAleld eonuoeted to bonds 1, 2, 3 and 4

h ~,;,It
h ::,,:chez
h:.:;"chcz

'I'he C..fleld connected to bonds 5 and 0

\\

1 \
sP'!li f'~ -. enkf( Ie, .~.(''lj:i 1'[\"Co:'o. ('n!'.! ,

fhl ~:~,".'~"'v~"I·'··"~··2···"·~··"·"~·':;···(I'H+. I'HI) +. ".,,.~.,. 2 ._.,"""(t't-\ ,= ('10)

'I'he C~1h.~h:lcounccted ~()bonds 11 and 12

C'I11

'I'he H··HeWeonuected to b011\18 13, 1<1, 15 and 10
t

il:l l( !'iJ;l

), I
\

j
.1
I
i'....... "

I

fl'i ::;It" (' iJ;l
I

f ,. ,~."
,,14 :'.; ('.1 (.l;~lll



The values of the constanta, required for the ~'imulation arc obtained by considering the
details of tho system.

It is assumed that the fluid is water and the density p :::: 1000kg m-:l. The specific heat is
assumed equal 1.0 the specific heat at constant pressure and Independent of temperature. The
specific heat at constant pressure is ('~l= 4180J kg··1K-1 [1:t].
The area. of the left hand tank is known to he Al ::::n.8m2 at:d the area of the tank on the
ril:~ht it> known to be' ,A.l ::;"L8m2•

The acceleration due to gravity in assumed constant and equal to 9 :::;n.8Im s-2.

The flow rate of fluid from a small nrilice into the atmosphere is defined [7], as

W}1(>).'(' Crt is the eoeffleient of discharge and approximately nqual to 0.621 [1],
:1p is the arers of the orifice.
It is the lwight (If the fluid above the ,\!ifi't-'e.

MlIltiplyin!~ both sides by the density, to get a. relation for the mass flow rate

but the pressure ]J at the orifice is pgll, therefore

The constant, K, relating tho mass flow rate to the square root 0',' the pressure difference is
therefore

J\ ::::;CdAll.,f~;;

It hi aesumed that tho pipe is sufllclently short, so that the ah(IVH relations apply, not olliy
for an orifice, hut for the pil)(~itself; TII(' area of the pipe is known to bo A11 ::= 70'j X 1O~t;tiI2,

corresponding to a dlamctor of aOmm. The constant K is therefore K ~" IH.OX lO-·:lkg)m}.

It is known that the Initial height of the water in tank \ is (I.21)mand the initial height of the
water ill tank 2 in O.5m. The temperature of the water in both tanks is tho same and equal
to tile ambient temperature of :3OOK.Therefore

1. TIll' initial man:; (If water in tank 1 is 'Iii. :~::H10kg.

:~. The i.•itiul ma-« uf waIn in tank 2 is fiu, nOOkl~.

At time t 0, the water flowing into tank 1, fl ::.;1k~fl~l. The water entering tank i is at a.
temperature of :t~:m:.
TIlt" equations of the flow source ('o••m-eted ttl bond 1, the capncltor connected to boads J)
and () and tho rr--istor connected to bonds I'! 8, 9 and 10 ,HI' entered as follows

FI.m~ SOURCl:~lELEMgNl' NtT~t,mll. 1) CONNEGn~l) TO
nOND 1

" .._, .....

10e



The documentation for this elElmm)t is:
"Mass :flOY rate into left hand tank!!

Enter the data for :floy source sn.
If the floy input in a stop at teO thon onter only tho hoight of tho ate}).
If the flow input is anything but a stop at t:::Othen ontoI' the ontire
equation~ uoing the form f1= •.••.
If the data is in tho form of a table. entor IItablo"
1.0
CAPACITIJR. (ELEMENT NUMBEH 4) COnNECTED 1'(j
norm 5 BOND 13

Tho do~umontation for thin olamon'\:' is:
lie-field :;:opr8Gonting the oto:,."ago o£ mass ami enorgy in tho left hand tank"

Enter as as a function ()f '15 qG
If tho data it~ in the form of a table. entor 11'\:0.01011

e5=:9.81/0J3*q5
Entar the value of qE; 0.t time t=Q
200.0

(:

Enter 05 as a function of qS q6
If tho data:i in tho :form of a table, ento!' "tabla"
e6:=1.0/41130*q6/q5
Enter the value of q6 at time t~O
250.8e6
RESISTOR (EI.EMi.mT NUMBER '1) CONNECTED ru
BOND 7 BOND 8 BOND \)BOND 10
The doc:umontation :f01' this olement is:
"R··fiold used to ca1culr_\to tho mass flow rata duo 't,) tho p,,'OSfJUre difforonco
and the enorgy flow rato duo to tho tompOl'o.tUt"O and maas flu'W' ratoll

Enter ff as a function of f!:{ 08 09 1310
If the data is in tho form of c. table ontor "t1).l)lo"
i7:;:;:sign(1.O.e7 .e9)*19.6c-3*sqrt( ahs( e7-(9)
Entel' fS as a function at 0'( e8 e9 elO
J:f tho daua in in th.o fOl'm of a table entor IItabloll
f8:::0.5*41BO*sign(1.0,e'lceB)* 19.6e.3"'sqrt( ab5( e7-{!9))*(efH elf) i,O.fi*,nSO*19.6(!,,3* sqrt] clbr,(«t.
(9»*( elJ ,el '-l)
~~nt(Jr :1'9as a f'lmctiu:ll of e" 08 e9 010
!1' tl.n datu in in tho :rOl'm of a 1;u\)l0 antOl.' Iltublotl

f9:;::sign(1.0,c".c9 )*19.6col*sqrt( abs( e·/·(9»
Entor flO 3013 U fum~t;i(m of ",'7 88 09 cro
If tho datu io in tho fO:I:m of u 'Cubic anter 1lt,;).blol1
f10~~O.5*4180"'sign{1.0,e'7.f:9)*19.6t~·3*sqrt( abs( e'(·e9})*( e8 I (10) I 0.5*4180*:i.\).('c<~*sqlt( llbs( e'7"
e9»*(cfl.elO)
The ACSL input fJh' (two··tunk. ac:sl) is I'fratl'd l,y till' hom} !iraph program from the l-und
f~rallhstructure, :3tOI'I.'<1 in t,lw me tW(l~tarok.data and tlw equations i'utl'lvd hy thf' user, 'PIli'
UNIX fill' t~(jnt(1nl'" m:r:l J:; fllll\'I'rt,\;i to til(' DOS me ~:""o'"til.li'k. (!,j))r '1'111' AC:U, input lilt'
is:
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program Two parallol connected tanks
initial
constant poi!lt~1Ql000
eenseanu cca.lc::::f). 0
constant simtim:;oSOOO
Gimend"'simtim~cl!alc
cint~simtim!pointG
nstp=dntl ecake
(~Onl3tilnt £1=1.0
constant 020323.0
constunt qOin25D.8e6
eonot;:'lllt q5io200.0
constant ll1,2i:;::1.12ge9
eonarant ql1i""900. 0
const~Pt o15~O.O
constnnn elG~:300.0
end $1'lnitinl"
dynamic
doriv::l.tivo
f4::.:;41l30*fl":()2
f3:;-:f1
:f.'2~4100*:f1*()2
(11=03
0"::-:05

03=85
f5:::c-:f7+i3
oB=eG
04=06
f61:'l-i$+ftl
o6=1.0!41BO*qG!q5
q6=intog(fGbq6i)
05=9.81/0.8*,ct5
qS:::Jinteg(fS.q5i)
fl(jelO.5*4180*nign.(i. O. (1'(=09)*19, 6o~3*Gqrt(ab1(o'f-o~I)) 01< (08+010)+
O. 6*4180*:1.9 .Go~3*oq:t:t«(\bfl (u'r-oO») *(o8~o10)
:f9r::Dig~l( 1. (;J 01""(19) -is. (10u::H<fH1.l't (::'00 (o'l~o!))
£8120 .G*4HlO*nign(1.0 .\)"""09)*19. 6(la3*oql"t(o.bD (o7~en) )*(08+010)+
0.5*4100*19 ,Go-3*nql':t(avo (0'7'·09» *CO~h",1fi)
f7::1IJign(1. 0 ,,0'7-(9)'1<19. Go~3*tJql't(abn (f)'l'o$)))
o13ooU
09(7;011

f:llCJ~f 13+:1'9
oj,<lt:Jo12
o10,.::ol:~
f1~1o-f14+fl0
oi201.0!4180*q12/ql1
q12otntog(f12,q12i)
011':;,9.81/1.8*'111
ql1~intog(fl1.ql1i)
fH3=,HBO*HI. (lo-a*O\It't (o1.~{)*01'1



flS~19.6o-~*sqrt(e13)
f14~4180*19,6e-3*sq:rt(e13)*e14
f13~19.6o-3*8qrt(013)
tarmt(t.gt, ~'l:imend)
end $"derivativo"
end $"dynamic"
terminal
end $"t-nrminaln
end $"progl'mn"

The equations for fS and f 10 above, span two lines, This has been dOlH1 for clarity only, as
in the ACSL input me, each equatlon is written in ,1, single line.

The coupled tank system is simulated using ACSL.

The pressure at the h'IUom of tank 1, varies with time ,1S shown ill Figure lUi.
8v':·"I-"~'··'"·-'·""""-·--'-·-----·-·4·"--""-"'--H"'~'-'"#-----1

ttJ
(::;;'l "'~~"-"".""''''''.''''"'"''''''''-~''''""

Figure l).l): The pressure at tho hot tom of t~!uk1, oS ;IS a function of time.

TIH~l}!N;mm~at the hottom of tank 2, varies with time as shown in Figmc 6,(;.

Fir;U1'(, 5.1}: Tin" IH'NibUH' at tlH' bottom (if tanh ~~,e11 us a function ef time,

'flop temperature of the water ill tank I, varies with time as shown in ll'i!"m'i~fi:r.
'l'he tmIl1H'ratm',~ of tho water in tank :!, varles with time as shown in Fig;lIf(' 5.1:'1.
The i.);Wti fbw rate lit tIn' water loaving tank I! variP~l wit It tim!' ll;l shown in Fip;nrl' lin.

The i'iH'I'gy HIIW rat-' h'il\'inp; tank 1, \'.nil':: with time :w shown in Fi(~IU'1' !l.lIl.

llH1



Figure 5.7: The temperature of the water in tank 1, (IG as a, function of time,

(J 00

Figure 5.8: TIJ(l temperature of the water in tank 2, e12 as a. Iunetlon of time,

00
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Figure 5.10: The energy flow rate between the two tanks f8 as a function of time.

:1··-'~~-~.--- """-"-'--
rrs;::~::;,>t-'-",~",..'''_'''''' .." _._......•"·f..•..

U:\o

00

Figure 0.11: 'np mass flow rate of the water between tho two tanks, flS as a. fuuction of
time.
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The mass How rate of the wr'.. '!.' leaving tank 2, varies with time as shown ill Figure 5.11.

The energy flow rate leaving tank !~,varies with time as shown in Fig,lr(' 5.12.

Figure 5.12: The energy flow rate leaving tank 2, f14 as a function of time.

('
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Chapter 6

Causality as a modelljng tool

Tog(lther with the bond graph structure, the causality plays a major role in describing the
qualitative behaviour of the elements of a system and the behaviour of the system as a whole.
In this chapter, an example will be presented to show how :1. knowledge of the causality, prior
to writing the equations, can assist in obtaining the bond graph model, Consider a system
consisting of a. -I-way hydraulic valve connected to ram with an inertial load, as shown ill
Figure n.l.

Fit\1ll'tlILl: A system consisting of a, 4-wa.y hydraulic valve, a. ram and a mass.

c 'I'he acausal bond graph, assuming the fluid to IH~Incompressible, is shown in Figure G.2a.
The bond graph is interpreted an follows.
The effort source represents the fluid being supplied to the valve at a known pressure, Ps•
The tank pressure is not included in the bond graph, because it is assumed that the fluid
leaving the valve exits into tho atmosphere (reference pressure).

The leftmost O,jUl!ctiOll constrain" the pressures at entrance to orifices 2 and :i, to be equal to
the Bupply IHPsf;IH'e. Resistors 1,2,3 (Iud <1 represent the fluid flow (the relationship between
tlu~ volumetric flow rate and the pressure rliflerence) at th» ~'.)Hiti(lIlS Iahollod 1, 2, 3 and 4
in Figur« OJ rp1i}wctivdy. The modulating li-tes indica,o that the flow rate is a. function of
tho displacement of the valve rod, ;i:i.
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mass.
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TIle l-junction conn- i -d to bon d 2 constrains flow rate 2 to l~e a function of th , difference
between the supply pressure and the pressure in the cylinder. Likewise t~)r the l-junction
connected to bond 3. Tho O,jum,doll connected to bond -1 constrains the How rate between
the cylinder and the tMlk to hf' " function of the pressure in the cylinder only (the tank is
assumed j,o h~~at zero prcssuve). Likewise for the O-junction attached to bond 1.

The two ,'tr,W4sfomwfs J:I'PI'{~s('nt the conversion of the ,htid energy to mechanical energy on
either sil!e of the piston. Because the piston is 1], solid body, the velocity of the one surface
is equal to the velocity of the "lthl~•. This is tile interpretation of the l-junction attached to
bonds 12, 1:~and 14.

The L-junctlon eould have heml connected directly to the two O-junctlons and a single trans-
former connected between tIw Il-junction and tIt,> inertia" The l-junction would then constrain
the flow rate of the fluid entoring the one side of the cylinder to be equal to the How 'ate of
the fluid lea.ving the other side. Tho eransformer would represent the conversion of the net
iluid energy to mefhani{w.~.' "'gy. Using l ..is configuration, an assumption about the piston
area would have to be n~ /
The Inertia represents the mas" attached to the rod.

The constitutive r.;~Jions of tho bond graph elements are:

Effort source

Ps:::: l~

Resistor 1

Xi > -:1~"

otherwise

Resistor 2

Xi <: Xo

otherwise

Resistor 3
J.

Ka( ;l~o+ :l~t)pd
o

Xi > --X,l

otherwise

Resistor 4'

Trullsformer connected to bonds 10 and 12

qlO ~~ 1111112

l~ansif~:mer connected to bonds 11.and 13

1,'13 ~,: A21)1l

U5



1\

Inertia

Where Ps is the supply pressure.
](1 tc l{<l are orifice flow constants [2].
Xo is the valve underlap, assumed equal fer all four orifices (2],
a~i is the position of the ram. Xi = ~ in central position.
lh is the arm!' of ~he right side of the piston.
ih is the area of the left side of the; piston.
M is the mass of the load.

-Consider the four resistors If the constitutive relations a.e written with the pressure as a
function of the flow rate, the relations hold only when <1" flow exlsts. When dio flow rate ls
zero, the 1 essure cannot 1,)(~calculated. Therefore, the flow must he the oucput from all the
resistors (conductance causality),

Assigning c,at}~!l.lity to the bond graph in Figure 6.2a gives the bond graph in r"igurr: 0.2h.
Two a;igebraic loops exist, if resistor ~~is' assigned conductanc. causality, resistor 4 is fIT zed
to take on resistance causality. Likewhe for resistors 2 and 1. For resistors 1 and 4 to be
assigned conductance causality, additional elements must be added to the bond graph.

If the incompresslbillty assumption is removed, the system can he represented by the bond
graph in Figure .).3a. 'I two capacitors represent the compressibility o~ the fluid on either
sidr of the piston.

The capacitors have the relations

1 V'Pi;:=: .., 1'7
~'1

Capacitor 17

Capacitor 18

where 01 and C2 are the ratio of the mean volumes to the bulk modulus. Instead of
using the mean volumes, the displacement of the rod could 1)(>taken
into account to r~E't the actual volumes, thir would require modulating
the two capacitors hy the derivative of the velocity of the load,

V17 is the volume of the fluid to tl.e left )f the piston.
Vl~ is the volume of tl hid to the right of tlw piston.

Figure 6.:Jh, shows the bond graph after assigning the causallty, Taldllg the compressibllity
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 fluid was incompresslble
and was not aware of causal impl' .tions, it would not 1)1~possible to obtain the «quations
of state for all values of J'i. Also, there would he no dear hfHeation of the reasons for this
modelling error.
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(a)
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(b)

Fi!;un~ ii,a: Thp bond graph of a S::sthll 1'00lHisting (if .1 ,1,W;\~.'hvdraulie volvo, ,1 ram ami (l

m'lY~;j taldnt,~ i:11("fOllllH'p,;sihility iih.') account.
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Tho causality displayed by the bond graph, which is obtained from the structure, gives
the reasons for a svstem's bi aviour. As an example of this, consider the bond graph in
Figure G..H1. The: c( a~"IUty on bond H shows that a force is applied to tlw mass and the mass
therefore tMW€.:S .it d, d.lhir '/eJ~City. Tho force is due to the pressure on the piston, which
arises because d .' (" .11''' .,.; llity oftlw fluid. This is shown by the eansality on bonds 17,
10, 1'd, 18, 11 ;m(~ .~."-;'u t.1HI graph elements to which these bonds all' attached. The
amount of fluid III + II .~, • depends on the differ-mel' betweon the mass How rate of the
fluid next to the pistOl MV; the mass flow rate of the fluid Iea,ving or entering the valve. '1'11:5
is shown hy the Gtu;;;tlity on bonds 15, 175 10) Hi, 18 aMI 11 and the O-junetiollS to whleh
the bomb <LtC' att,« l:cd. The fluid leaving tho piston ls <1 function of the pressure [due to
compf('s~;ihmty) a;~showr hy the causality on bonds 15 and 1(). 'I'he 1'uid enterlng the pistol'
is a funetion of the dlfferenee between the supply pressure and 1,1.(\pressure on the piston
side of the valve (dll(' to the compresslbility], This is SlHI'VII hy the l'l111Sality on bond 5, 6,
:J, 8, 1, 2 aud J null tho () and l-junctions tc which those bonds an' connected,

Bocauce thll hent! gr:!ph consists of :1. number of dementi" p"l'h having a particular meaning
and bp~v, \lSI' the howl graph displays Ow cause-effect rolationships, it constitutes a pOWi'l'flll
modell'ng tOll.
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This dissertation has shown that the bond graph is a powerful tnultidomaiu model represen-
tation. In addition to being able to obtain the state-space equations from the bond graph,
the reasons for a system's bohaviour can he obtained from th(l causality and the implication
of each bond graph element.

It has also h(,(,11 shown that the bond graph iii particularly well suited as a model ropresenta-
tlon lC)A'a computer aided modelling pnckage, Such a package allows rar.id model construction,
validation and modification.

7.1 Bond graph theory

I C

TIU' houd graph is a tuultldomain modelling technique which uses symbols to characterize the
behaviour of a system. Because the l.oud graph is (),ruultldomaln representation, analogical
reasoning playt; an important roll' in deriving and understanding the model, That is, two
systems in different dmnuins can have identlcal bond graphs and will therefore behave in the
same way. If the behaviour of one of cho systems is well understood, the behaviour of the
other system call be exnlainod in terms of it, This allows tlw modeller to construct dynamic
models of systems ill domains which are not familiar.

Boruuse then' aie a limited number of different bond graph elements, the lmpllcation of each
element is well understood. If it number of bond gral)h elements are connected together, to
form a hond f,l'aph frnguwnt, lts behavlour can he cxplnln.xl from aa understanding of Ntd
of tho elements making up tIl(' fragment. If all the fragments are comblned to form the bond
l.t,raph model of the system, the behaviour can he explalued ill terms of the fragments for
which the behaviour if) understood. Therefore, the hOTHl graph is a. tool used to understand
the 1'1'<1$0111{ for a system 'f) behaviour.

Wnon modelling a l'lystclU using a bond graph, the bond graph elements represent the be ..
haviour of a,particular part of a system. A combination of these elements, forming the bond
graph, represents the behaviuur of the system .1B a whole. As a bond graph is constructed
from tho behaviour of tlw lndivid ual parts of r. system, OIl!' may 11('inclined to think that
the bond graph modelling tNhniqlH' is incompatible with modelling for tho purposes of con-
troller design (where the model is not usually VI~I'ycomplex and is not necessarily related to
the structure of the plant). It must hI' noted, however, that the individual part, referred to,
<lops not have to be the smallest PiLI't of the system, hut can he one of Ow major subsystems,
or for that matter, the entire syt,tl'lli. This Implies that a largo subsystem can sorr.etimes be
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represented by a single bond graph element or a. few bond graph elements connected together,
depending on the accuracy required. Therefore, a bond graph model Call be made as simple
01' as complex as desired.

To the author's knowledge, the bond graph, is the only modelling technique to display the
causality prior to writing the equations. As shown ill Section 6, 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.

'I'ln bond graph can he converted to a block diagram (which is the most common repre ..
sentation of a, control system) or to a signal flow graph (which is primarily <1, technique for
representing linear systems). But, because each bond has associated with it two variables,
an effort and a flow, the bond graph is the most compact of the three representations. The
block diagram and the signal now graph are both causal, but unless ~hey have been formed
from a bond graph, the causality is due to the order of the blocks or nodes and docs not
depend on tIw structure of the system, Which is the case for the bond grapb.

Unlike block diagrams ami signal flow graphs, bond graphs do not display the feedback present
in many systems. A tank with fluid entering at the top and leaving through the bottom is
au 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 fluid in the tank,
which is a function of the difference between the inflow and outflow rates, Feedback is 8110',vn
hy block diagrams and signal flow graphs because they depict only signal flow, whereas the
bond graphs shows the cnCtYIY interactions. The feedback in the bond graph is modelled by
() and l-junctions and in some cases Jt·fieldsl together with the direction of power flow. It' 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 thor-
mofluid systems

The pseudo bond graph representation of a compressible thcnnofluid system is valuable,
because, although the consc.tutlve relations of many of the elements, particularly the resis-
tors connecting the fluid lumps, are extr .mely complex, the bond graph representation is
uncluttered and dearly depicts the sysk:r comliolwn~s and their interaetlons,

Although tho pseudo bond graph model does not represent the flow of power, the variables
used, are those traditionally used for modelling control volume ."..(1 heat transfer systems.
However, hy not making the =ffort and flow variables complimentary power variables, nnw
types of elements, often containing modulating lines and block diagram (wgments~ am required
to connected tho pseudo bond graph to a, true bond graph. This is necessary to ensure that
tho energy is conserved. Although these additional elements are required, they are usuaJ,y
very similar. Apart from making the bond gra.ph more complex, the elements do not normally
pose much of a problem. Also, hy not using complimentary power variables, the Maxwell
symmetry cheek for true C-fit'ldn is not available and it is easier to assume constitutive laws
which may not he physically valid,

Because the pseudo bond graph uses standard bond graph elements, bonds and modulatlng
lines, the structure of the system is clearly shown and the modelling process is unchanged.

Karnopp[17] states that despite some potential or actual disadvantages of the compressible
thermofluid pseudo bond graphs when compared to true bond graplls, the importance of
control volume analysis of compresslble thermofluid systems warrants their use ill combination
with true bond graphs.
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7.2 Computer aided modelling using bond graphs

1'1w bond graph is an ideal model representation for a Computer Aided Modelling (CAM)
package because:

• The bond graph is a multldomaln modelllr , technique.

• The bond graph is a graphicel representation of the behavlour of a system and thE!'
structure is therefore easily mp t ",11a ;!d manipulated.

• The cause-effect relationships, (;htalp~:·, t.::m the structure, <n'nshown. AIs(" the as-
signment of causality it; a sequential PW(\. lure, governed hy 'It well defined set of rules.
Such an algorithm is easily implemented tin a computer,

o Most of the state-space equations are obtained from liygten;atie equation substitutions.
This algorithm ls also easily imnlemented,

It is possible to construct a bond graph model of a system by connecting together the bond
graph models of the parts which make UI' the system. This hi because the bond graph models
of the parts have the same fOI ...n as the bond graph model (If the system. Because a, computer
has the ability to StO:l1 and retrieve large amounts of data, the construction of a, bond graph
model from :t number of existing stored bond graph fragments is easily accomplished.

1.2.1 The bond graph program

r

The bond graph IH'ogr '.\IU allows the user to enter each dement :wpatat:.'iy from the keyboard
and include a previously stored bond !~rilph ftl:lgulf'Elt. The program also Includes numerous
routines to manipulate the bond l~raph structure,

The eausnllty is assigned by the program and is complete in that it attempts to resolve all
causal conflicts. If the causality assignment procedure cannot be completed, t~}e bond graph
(,;' ,lystem is structurally incorrect, The causality assignment routine uses ,1 state tr ..msition
table to automate the procedure, Hood, Palmer and Da:ntzig[lO] state that this algorithm is
more efficient and requires less code than conventional if-thcn.clllc programming.

The user is given the causal Implicatlons and is required to enter the causal telatlons ior caeh
clement. If tho equations are linear, only tho linear coctllelents 11('{)d be entered. Also if the
user has only a number of data nolnts describing the relation, these can be entered and the
program crt'att'D an ACSL table from them. The equations entered by the user are stored so
that th"y do not have to re-entered eaeh time the routine is called.

It has h(,Pll stated, that 01"1'(' are oceaslons when the lmplicit integration fails to converge
and the algebraic loop cannot he solved without algebraic manipulatlon. It is then necessary
to include in other bond graph elements (normally BOlU'CI' and storage elements) to f('lUOV\,

the algebralc loop or derivative causality, T'homa[:lO] stu,te'l that the incluslon of these storage
elements, which are usually small in comparison to the major storage elements of the p.ystmn,
can lead to inaccuracles in computation, This is because the dynamics of those elements
an) usually signlflcantly faster than the dynamics of the system as a. w1101(1and hence, tho
iutegration ~tpp length has to l.H'made sufllciently small 80 that these trans.ents are calculated
accurately, Such a system is termed a. ~;tifrsystem.

Tho bond graph program allows rapid stn-ctnral iuodlflcutlon, causality assignment, equation
modification and re-simulation, For these reasons and heta,\UiO the model (.''t'l hn construe' xl
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from a number of stored "building blocks", computer aided bond graph modelling is S111)Ciior

to conventional pen and paper methods.

r.
"
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Chapter 8

I{ecommendations for further work

This ell iter will he divided into two sections, the first section will discuss topics for further
research in h011d graph theory and the second will deal with possible improvements and
additions to the bond graph program.

8.1 Bond graph theory

c

In this dissertation, pseudo bond graphs arc used to model compressible thermofluid sysWms.
As shown ill Section :U;.7, the compressible thermofluid pseudo bond graph cannot be directly
connected to a conventlonal bond graph, where the product of the effort and the-flow variables
is the instantaneous power. It would therefore be advantageous to combine the o.,ouhle. 1,OJl(l
of the psaudo bond graph into the single bond of <L true bond graph.

Le SU('n.1'[10] uses true bond graphs to model compressible therrnofluld systems, hy defining
the effort variable to 1)(~the specific enthalpy and the flow variable to he the mHSS flow rate.
Because the enthalpy is a function of the pressure and temperature, all the elements in the
bond graph must be n-odulated hy either tlw pressure or the temperature so tlmt the other
can be calculated, Le Sueur modulates all the elements by the pressure. it is the author's
opinion that although the product of specific enthalpy and mass flow rate is power, it is as
inconvenient to "carry around" the pressure as it is to use a pseudo bond graph. In addition,
the enthalpy is not a natural modelling variable as it canuot be -lirectly measured, merely
calculated. Tho pressure, temperature and mass flow rates of the compressible thermofluld
pseudo bond graph, however, are tho variables normally used to model such systems.

Other research has been conducted on modelling OI)(>U systems [a,5,2'1], hut the bond graph
models derived are complex and offer little or no insight into the system structure Or be-
haviour. The problem that arises, is that three variables art! needed to model compressible
thermofluid systems, as opposed to the two used in true bond graph models. More research,
into the modelling of compressible thermofluld 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 thermolluids. Research into this area, is required.

Karnoppjl S], 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. Mote research
is required to fully understand the implication of using such au element.



8.2 The bond graph program

B.2.1 The gr phi cal interface

Ill. the author's opinion, a graphical interface is the most important unit that needs to be
included in the bond graph program. What is envisaged, is a graphical editor, where ths user
can position the cursor, using a "mouse" 1 on an element or bond in a side window and ~lace
it where it if; required in the bond graph. TIle user should, in a similar manner, be atl~jtu
move and delete bonds and elements.

The accessibility of information, about the elements, bonds or the system a,:, a whole, can be
improved by including a graphical editor. For example, the user should be able to position
the cursor on an element and request ;}.Uthe information on that element. The user should
be given the element number, the numbers of the bonds attached to the element, the causal-
ity and the causal implications (if the causality has already been assigned), the equations
governing the elements behaviour (if the equations have been entered by the user) and the
documentation for the clement.

At present, modulating Hues 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 interface,
however, the user should be able to enter a modulating line. When entering the equations of
an dement connected to a modulating line, the dependent variables should include the signal
carried by the line.

Once all of the clements haw'. !)een entered, the causality assignment procedure ehould be
invoked from the graphical htterface. 'The causal strokes assigned must he displayed,

The user should have continual access to the graphical editor so that information about the
individual dements can be retrieved and the bond graph structure cak be seen. This is
necessary, so that a particular element can he visualized within the (·.ont~~t of the entire
system. Having the structure in front of the user, when simulating the system, aids the user
h choosing the correct variables for a particular task. The "windows" concept t.~n he used
to implement this, with the simulation or equation input routine in one window and the
graphical interf '(~in another.

It is envisaged that the graphical editor will have the form shown in Figure 8.1.

A graphical interface, clearly displays and simplifies the modification of the bond graph.

8.2.2 Miscellaneous additions

c
A' present, the bond graph program can only UGO the generalized varia} ; effort, flow? dis-
placement and momc-tum, It is envisa 1 that the WEershould he able to enter the equations
using variables natural to tll~ particular domain. For example, when modelling mechanical
systems, the user should he able to use tho variables; force P, velocity v, displacement :r,

and momentum p. For example, consider a 2-port (>J1eld, where 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 <1 to he the voltage, l<~hcurrent, i. and charge,
14 respectively, In a similar manner, the user should be able to define the effort, flow and
displacement on bond 5 to be the force, 1'51velocity, 'Usand displacement, :1::; respectively,

As mentioned previously, the bond graph structure is compatible with the the "building
block" concept, That hi, a large system can be constructed hy connecting together previously
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stored bond graphs of smaller systems and 3U'bSY' .tcms, Because the bond graph of a large
system can be extremely complex: and so big that it becomes difficult to interpret, it is possible
to represent the system using a tlJord bond graph. Each word, will represent a smaller system
or subsystem and will have a bond graph associated with it.

The word bond graph clearly represents the system structure, but the underlying 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 if.!
therefore used at Ifne beginning of the modelling stage, In this context, the word bond graph
is used to remov& the detail, so that the bond graphs of the subsystems are not shown all
the time. That is, the word bond graph shows the prOCCSt1 from a systems viewpoint and
is used throughout the modelling stage. The bond graph model of each subsystem should
however, still he vlslble to the user if desired, perhaps the user could position the cursov, on
one of the words and the subsystem model could he displayed in one of the windows. 'n!~S
type of modelling would he extremely powerful, as the user can get an overview of the sys(~m
or concentrate on the details if desired. In addition, because of the bond graph structure,
It is still easy to modify the models of the subsystems, making them as complex cr simple
as the specifications require. The causality would be assigned as before, b ..ecause the bonds
connecting the subsystems in the word bond graph are the same bonds as those that would
'connect the bond graph fragments. This representation could therefore form the major plant
, data base, as all the individual elements are documented 3.8 well as each word rei! esenting a
system.

Thoma[30]~ deserlbes a procedure for estimating the eigenvalues of a linear system, prior to
formulating the equations for the system. The UGeof this technique, within the modelling
program, should he investigated as it would then l)e possible to estimate t~w integration step
length required to simulate the system accurately,

TecL,.qllcs exist [6J, 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 '1w two bond graphs could be studied separately, depending on whew the emphasis
of the pzoblem lies. In addition, hy separating the system into two bond graphs, simulation,
particularly of stiff systems would be more accurate. Such techniques could be included in
tho modeling package.

A state transition table is used to automate the assignment of eattsa.1ity. Hood, Palmer
and Dant.zig[lO], state that this method is more efllclent, requires less code and is more
easily maintained than conventional iJ-then-cls{} programming. Other methods may prove
to be moreofflcient. Research into other algorithms, possibly using constraint propagation
techniques [:l5], is required,

At present, !teSL is only able to construct numerical, linear state-space equations from the
data entered by the user. It is envisaged that symbolic equations, entered by the user, could
be manipulated b obtain the symbolic state-space equations, Typical packages that could
be used include Mathematica and l",fACSYMA.
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Alt.erat.ion of t.he causality
assignment state transit.ion table

In the state transition table presented by Hood, Palmer and Dantzig]! 0], when state is equal
to ,~ta1't-st(Ltcand the element being considered is either C1 {} of a 1, an error results.

As an. example of why this should not be S0, consider the bond graph in Fignre A.l'~' TIH~
causality assignment proceeds as follows.

Tho required causality is hssignml to the flow SOUl'e", hut because tho O.jllnetion olllY has
OM effort output til(' causality can not lw propag<tted '~ilYfurther, The preferred causality
is assigned to the capacitor, again the eansality can Hot he continued any further as the
l-junction only iHU: one effort input. Tlw preferred I'<tU:},l1ity is Own '1.;:;:jif;lH~d to tho In -rtia,
hut as ill the two previous steps, the causality can not 1)1'extended further as the O.jundioll
only has one effort output. TIll: assignment. of these tllfl~!~(Jau:;aIitiPn is shown in Fi~jl1rpA.1b.
It is l\OW IW(;!': ly to Hwitr,n an arbitrary eam;aIity to ()Ill' of the threo 1>011<182. ,1or 5. Had
the state trail ion table, devised hy Hood, Palmer and Dantzig, been 118('11 a!~ error would
now result, because all the unassigned bonds are connected only to 0 or l-junctions,

Continuing with the causality asslgmnent procedure.

Bond 2 is assigned a causality such that the effort is the input to the left hand O·j1ll11~tion
tthe output from the right hand Il-junetinn] and the causality of the remaining two bonds
follows automatically, The causally oriented bond ~';I'aphis shown In Itli~;hre A.1{', Note that
bond :>. could also havo lH'nn assigned a ('a,lIml1ity80 that the dr'xl h; thn output from th« left
hand (l-juuction (the input to the right hand O'.itwt'tion). Had this IWl'II t1w (':1:;<> the ca.lIlJal!,Y
orlentc.I bond graph would have been that shown ill Fil~llff' A.ld.

Therefore if"a,bond has to have an arbitrary ,:<tlwaIit.y :u;:.;ignrd til it and it is attadwt! only to
o or 1·ju nctlone, it should IH~t'''att'd In the SiUlH' way a:; if it \c 1'(' ('OIUlI'd.t'd to a transformer,
a Iy,yrator or a resistor, TIll' cells corresponding to state lwing siuvt-suite and the element
Ldng either a 0 or a 1, are therefore changed to !Jet-ncxt. Rusiate.

The :wni~~lIm('ntof tausruity to a, bond gl'itph, such as that presented in FiguI'e A.la, using
the corrected state transition tahl« has lH'NI found to lw correct,
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Appendix 13

Fur-ther examples using the bond
gr-aph program

In this appendix, further examples using the bond graph program will be shown, Three
systems will he simulated and the equations found. ~l'lw'mmmple:i do not correspond to any
particular systems but are 'lsefu' to demonstrate the operation of the progeam,

B.l A. system with all the storage clements assigned pre ..
ferred causality and no algebraic loops

The ninl If this example h) to demonstrate tlw ll',e of the j;"ll,.h'llillg program to enter the
bond i~rai,lI from the keyboard, assign tho (~a'!1HdLYIenter tlw equations and run ACSL.

The system eonsidered in this example, will he tJll~t presented in Section 2.10.1, redrawn in
Figure B.1. The difference ween Figure ILl and Figure 2,:~aill Section 2.10.1, is that

1'" 3' 5"SEI ._,,_ ~ 1:.1 -"'.-~,~ 0.... -,-~ R{;

G
ll;

t, t.![i<r

in F!~m:(' B.l, all the elements are numbered so that the system fall ht entered into the
program.

Ii. i-i assumed, that an th(~ elements have the same equations as those presented in S\'(~·
tiou 2.10.1 and tho values of the constants are:

L: :::;:1l(t)
h ::;:;2.\1
C'l :-::4.0
R5:::':: l,i.O



Because the bond graph in Figure H.I does not correspond tc any particular system, no
documentation strings are entered, The examples in Section I} and Appendix G clearly show
the usc of the documentation string.

The execution of tho bond graph program is as follows.

> (load" bond.lisp"]

Lon.di.lg tho noccsaary progl:. runs. tron It be a second

Do you wt'.nt to

A Entar cr modify tho bond graph structure

B Anoign or vio~ tho causality
C Cron.1:o an ACSL input file

D Run /lest
E Qnit tho prog!:am

Press the key corresponding ':;l) your choice and hit entor a

Do Y<IU~ant to

A Enter the bond graph. either by entering each alomant; oeparntoly it'om
the koybC)ard, by reading the bond graph f..>rbond. graph fl.'agmont from a
data. file or by ccnnect mg eXlstlng bond grnphn eloments or fragR(snts.

B Display :'illtho bond~ cnxrently connectod.
C Dolote all the bonds in tho hond liGt.

o Modify the variables of a bond.

E Dolete a bond :from the bond list.

F Undo tht' most recent bond doletion.

GLeave thG bond graph ontoring routine.
ilross the key coercspondfng tl') your ehedco and hit onucr a

Do you tlant to

A n~ntor the bendo and oloments separately fl":.1 the !:oyboard

B Includo an mcisting bond graph

Pros(1 tho dos ' red koy and hit return a

Ent;or the bond number
1

Ent'l!' tho numb01' of tho elmnol1t at the sta.rt of the pO~t)r half art'OW
1

Entor tho olomont typo
se



Enter the docum~ntation string for this el~mant

Enter the number of th~ element at the and of the power half arrow
2
Enter tho tllomctlt typo
!

Ent",r the documentation string :for this element

Entol' F to finir.h or any other key to continuo
c

Entor the bond number'
2

Enter tho number of 'cho cloment o.t tho start of tho power hl.llf Url'OW

2

This elem.m:t has oeen previously dcfined

Enter the number of tva element at tho end of thl~ power half ar1'o'Q'
3

Elltel' t:he elemont type

Entm: the documoc"at;ion string for this al ement

Ental' F to finish or any other key to continuo

}!:ntel' tho bond number
3
Enter tho munber of the oleml:lut at the start (Jf the power ha.lf arrow
2

This cloment hue UG~n previously defined
Enter tho number of the 8lemont at the end of the power half arrow
4

Entor tho alt'lmont 'type
o
Ei1ter tho documentation string for this elomont

En:tol' F to finish or uny other key to continuo
c

Entol' l;hu bond number
4

Enter tho number of tho olemont at the stal't of the povor half arrow
4

Thi,s olomont has boon p:l.'oviouoJ.y dof'Inod

Entor tho numb01' cif tho elemont llt tho end oi' the pover half 3.rro\l'
5



Enter the olement type
c

Entor tho docamentation stl'lng :for this ele!nent
Ent.er 'f to finish or any other key to continue
e

Enter the bond numbor
5

Enter the number' of tho elemont at tho start of the po'Wer half al'roV
4·
This fllomont haa boon provl»lls1y dc:i'inod

Enter thn number of tho olo.."Uel1tat tho end of tho power half Cl.rrov
6

Entel' tho olOinont typo
r

Enter tho documeirsatdon string for thl S element

Entor F to :finioh 01: any other key to continuo
f

FIUISHED

Do you vant to
A Enter tho bond graph J ei.thor by entering ouch element sepat'utoly from
tho keyboard, by reading the bond graph or bond graph .h:ugmel1t 'from a
duta filo or by connecting existing bond graphs elements or frt\gtnents.
B Display all tho bonds currently connected.
C Deloto all tho bonda in the bond liut.
o Modify the variables of a bond.
E Doloto a bond from tho 'bond li::.;t.

F Undo the moot rneont bond dol at ion .

G Leave the bond graph entoring :r:tlutine.

Pl't)OlJ tho kay cor:tosponding to your ella Ice and hit ontoX' g

Enter tho f:i.1onumo in which to s'l;ore nho hash tablos 1

do not include an oxtensionJ it vill be sot to '.data'
egl
Do.ta written to filo /uar/bondgruph/duta/og1. data

Do you ~tnnt to
.\ Entol' or modify the bond graph stl·m~<;l.ll·O

D A:::ll:lignor viuw the ~auMlity
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C Create an ACSLinput fi~e

D Run ACSL
E Quit tho program
Press the koy corresponding to your chodce and hit ent ar b

Do you ~ant 1;0

A Assign causality to a bond graph.

B View the causal implications.

C View' tho bond graph data structure
D Leave the eausality am1ignrnl.mt rout ino ,

Proon tho key ccrxespendfng to your choice and hit oneor a

Do you t.rant to assign or view the causality for the bond graph stored in
the fila EGt. data (Y or N) y

Gotting th~ first 91ement

Assigning causality
Getting tho next element in the stack
Getting the first element

Assigning callcality
Gl)tting the Mxt clement in the stack

Asaigning c~ulJal,ity

Gotting the next element in the stack

Assigning causality

Gett,tng the next eloment in. the otack

1).snigning causality

Gotting t!~(~next olomont in the stack

DONE
Data written to filo lusr/bondgraph/data/eg1.da'ta

Do you want to

A Assign e.ausali:tyto a bond graph,
13View th0 colusal implications.

C View tho bond graph data snructure

D Leavn tho causality assigmnont :l.'CJutina.

PrODS tho kOYcor:t'(l~lp()nding to your choice and hit ontoI' b



Do you want to assign or view the causality for the bond graph stored in the
file EG1.data (Y or U) v

RESIS'1'OR (ELEMENT NUHBER 6) CONNECTED TO
BO~H)5

The causality assignod implies that
is is a function of 05

CAPACITOR. (ELEMENT tJUUBER 5) CONNECTED TO
BlUm 4:

Tho cauaaHty ass rgned implies that
<::)4 is a funcni cn of -14

INERTIA (ELEMc~NT NUMBER 3) C~, ,1l'8CT.1.':DTO
BOND 2

The causal:i:tj assigned implies that
f2 is a function of p2

EFFORT SOURCE (ELEMENT NUMBER 1) CONNECTED TO
BOND 1
The ca.usality assigned implies that a1 is the output
Press ENTER to continue

Do you want to
A Assign causality to a bond graph.
B VieW' the causal implications,
C Vieu the bond graph data structure
o Leave the causality assignment routine.
Press the koy corresponding to YOUI' choice ami hit entar C

Do you want to uGsi.gn or vio>l the causality :for tho bond graph stored in tho
file IW1.data (1 or N) y

Bond 5 is #S(LINE NODE-PAIR (4 6) CAUSAI.!TY !~)
Elemont 4 is #S(NODE TYPE 0 iJOC-STR EQUATIONS NIL)
Element 6 is #S(NODE TYPE R DOC-STR EQUATIONS NIL)

Bond 4: is #3(LINE NODE-PAIR (4 5) CAUSALITY B)
Elemont 4: is #S(NODE TYPE 0 DOC-STR EQUATIONS NIL)
Element 5 is #S(NODE TY1'E C DOC-3TR EQUATIONS NIL)

Bond 3 is #S(LINE NODE-PAIR (2 4) CAUSALITY B)
Rl ()ment 2 is #S (NODE TYPE 1 DOC-STR. EQtiATION~, NIL)
Element 4: is 1¥S(NODE ';:YPE0 nOC~Sl'R EQUATICJN;;NIL)



Bond 2 is is(LINE NODE-PAIR (2 3) CAUSALITY E)
Element 2 is #S(NODE TYPE 1 DOC-STR EQUATI~NS NIL)
Element 3 18 #S(NODE TYPE I DOC-STR EQUATIONS NIL)

Bond 1 is #S(LINE rWOE-PAIR (j 2) CAUSALITY E)
Elem£11t 1 is #S(NODE TYPE SF DOC-STR EQUATIONS N~L)
Element 2 h1 #S(NODE TYPE 1 DOC<,STR EQUATIONS Nt!..)

Press Er~TERto conti~\ue

Do you 'iJilllt to

A Assign cc'.Usality to a bond graph.

B VieR the causal impllc~tions.

C VieR the bond graph data structure

D Leave tho causality assignment routine.
Press the key corresponding to your choice

Do you Ran,t to
A Enter or modify tho bond graph structure
B Assign or vioR the causality

C Create an ACSI. input file
D Run ACSL

E Quit tho program
PreSs the key corresponding to your choico and hit enter c

Do you Rant to get the acsl equations of the bond graph stored in the :file
EG1. data (Y or N) y

Enter the acal, program nans ,
A system without algebraic loops and derivative causality

Ent2r the integration stop GizG.. ccal.c
0.01

Entf)r the duration of the simulation, simtim.
200
RESISTOR (ELE:tENT NUMBER6) CONNECTEDTO
BOND 5
The documentation tor thiG element is:
.. d

Enter the data :for resiator 11.5.
If ttl€! equauton is Ldnear , enter only tho resistance.

138



If the equation is non-linear enter the- entire equation 'With
£5 as a functl.on of as
If the data is in the :form of a table enter "table"
5.0
CAPACITOR (ELEMEtJT NUMBER 5) CONNECTEDro
BOND 4:
The docUIn<lntation :for this element is:
1111

Enter the data for capacitor C4.
If the eq,uatiQ:p j,s linear. en1:er only the capacitance.
If the equat.;.v~. :18 non-linear enter the entire equation with
04 as a function of q4
If the dana is in the form. of a tabla. enter "table"
4.0
Enter the value of q4 at timq t~O
0.0
INERTIA (ELEMENTtJUMBER 3) CONNECtED TO
BOND 2
The documentation for this element is:
1111

Enter th~ data for inertia 12.
If the equati~n is linear, enter only the inertance.
Xf the equation is non-linear enter the entire equation with
£2 as a function of p2
If the data is in tho form of a table. enter "tablell
2.0
Enter th~ value of p2 at time t=O
0.0
EFFORTSOURCE(ELEMENTNUMEI:~R.1) CONNECTEDTO
BOND 1
The documentation for this element is:
1111

Enter the data for effort source SE1.
If the effort input is a step at t=O then enter only the hOliSlit of tho step.
If thl) effort input is anything but a step at t=fl then enter the entire
equation. using the form 01= •••••
If the data Ls in the form of a table enter "tabletl

1.0

Acsl input file dumped to the file /usr/bondgraph' ,;fHfila/eg;1.acsl

Hash table written to fila /usr/bm'dgraph/data/eg1.data

Do you \i'ant to

A En1;or or modify tho bond gt'aph structure



B Assign or view the causality
C Create an ACSL input file
D Run ACSL
E Quit the prcgrnn,

Press th~ key corresponding to your choice and hit ent~r d

Do you want to simulate the system stored in -the filo
E01.acsl (Y or ~J) y

The ACSL input file created by the program is:

program A system uithout algebraic loops and derivative causality
initial
constant points~1000
constant cealc=O.Ol
constant simtim=200
simend=simtim-cealc
cint=simtim!points
nstp=cin~;1 cede
constant 01=1.0
constant i2=2,0
constant p2i=O.O
constant c4=4.0
constant '14i=0.0
constant rS=5.0
end $" illitial II

dynamic
derivath'a
f3=f2
f1=f2
e2=-a3+al
f2=(1.0!i2)*p2
p2=integ(e2,p2i)
051:.':04-
e3"le4
£4=-£5+£3
e4= (1.01 c4) *'1'1
q_4=integ(f4~'14i)
f5:::(1. O!r5)*eS
termt(t.gt.simend)
end $"derivativell
end $1It!ynamicli
terminal
end $"terminal"
end $"programlt

The system is then simulated llsine; ACSL. The momentum p2 varies with time as shown in
Figure B.2 and the displacement q4 varies with time as shown in Figure B.3.
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Figure B.2: Momentum p2 a." a function of time.

l

Fignro B.3: Displacement '14 as a function of time.



The linear state space equations, rou'~ded to three decimal places, as calculated by ACSr. are

[
P2] [0.000 -0.250] r pz] f 1.000 1= + r Cl ]
44 0.500 -0.050 l q4 ;. 0.000 J l

B.2 A system with ~U integral causality, but exhibiting 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, tIH.: er-tering of the equations, including a, ta.!)le of values and the
ACSL output.

The system considered in chis example, is that presented in Section 2.10.2. In this examph ..,
the bond graph is read in from a data file called algelocp. data. The bond and element
numbers are assigned by the modelling package.

The numbered bond graph, previously stored, is shown hl Figure D..i.

R2 Rs

,l l
81.\.... ~ 03 4 .~ 1r,

I
~

6

v
r, c·,

Figure B.4: The bond graph rea<! 'ill by the modelling package.

The causality is assigned as in Section Bil ,

It is assumed, that all the elements, with the exception of capacitor G,have the same equations
as those presented in Section 2.10.1. The values of the cons ants are:

Fl =: t8.0u( t)
h= 3.0
R'J ::: 2.0
Rs :::::51)

Capacitor 6 has the relation shown in Figure B.5. Table Il.L shows the discrete values (·hfi:t".~
from Figure 13.5, to be entered as data for capacitor 6. i

The execution of the bond graph program is as follows:

> (load" bend.lisp")
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Figure lUi: The relation for tht~ capacitor,

Table' It 1: Daaa t~qrapad tor fl.



Loading the nocessary pl'ogrruns. won't be a second

DQ you lJan't to

A Ental' or modify tho bond graph structure

B Ansign. or view tho causality

C Croa.te an ACSL input fila

D Hun ACSL.

II: (Juit th(:) program

['roos tho koy corrospondin!r, 'to your cho iee and hit ont.cr a

!l;~you 'Want to

A Entar tho bond gruph , oithe1 ..• by tlntoring e-ach ole'mont sopu:t.'a.tely f.rom
the keyboard, by reading the bond graph or bond p'apb fragmont :from a
data filo or by connecting >.lxisting bond graphs Olr;1ffi811tS or fragmonts.

13Displ:ly all the bonds currontly connected •.
C Doloto ull tho bonds in the blond liot.
D Modify tho vu:riables of a bond.

E Deleto a bond xl'om tho bond list.

10'Undo tho ml.mt reeont bond dolotion.

G Leauo the bond graph on1;cring routdne ,

Prons tho kay corxoapcnd ing to your choice and hit ent or a

Do you Y:mt to

A Ent(:)l' tho bonds and elements sepurat:oly from tho keyboard

B Include an 8:dnting bond graph

Prons the t1of.lrod lwy and hi1; roturn b

Entor tho filonnmo of tho bond graph you want to ~ncludo
algelocp .data

(1
Do yeu 'W':.rn,tto

to. Enter tho bond graph, eithox' by ontoring oach clament Gopo.ratoly from
tho l:eybo<ll'd. 'by :;:'m~ding the bond graph ox' bond graph :1.'1;agmcnt from a
dncu filo or by connecting oxisting hond graphs elomonts or fragments.
B Diflplay aU the bends currently connected,

C Do:.ot1) ull tho bonds in tho bond liot.

D Modify nhc vn:rio.bltlf:1 of a bond,

g Doloto ; bond :f'1'om tho bond list.



F Undo tho most recont bond deletion.

(j Loave the bend graph ontering routine.

PI'OCS tho key cozrenpcndmg to your choice and hi ~ ant er g

Enter i;ho :f:i1ol'l.mu{)in 'Which to store the hash tables.
do l'lot incluli(J an extonoion, it will be Get to (.datal
eg2

Datu writtCli) to file IUDi'/bo:!ldgraph/data/eg2.data

A E:nto!" o!" lllodify tho bond graph structuro
B Assign or v 5. e'W' the causalit.:y

C Create an ACSL input fUo

D Run ACSL
E Quit the program

Pt'oas tho key corresponding to 1'.;U1' cho:l.cG and hit ental' b

Do JOu WQ.nt to

A Assign cauuali ty to a bond graph.

B ViGW tho cauaaf :impl:i.co.tions.

C View t!i;';; bond graph data structure

D Leavo tho causality assignment Toutino.

Pross tl.e K£IYcorrof)"onding to your choIea and hit enter a

Do you want to assign or Vi0W tho causal tty for the bond gx:aph otored in th(~
fila EG2.data (Y 0,1.' N) y

Getting tho :fi:rDt~lomont
!\os:i.gning c(lU::m.lity

Gott:iilg the noxt; olemont in tho otaek

Gott.i.ng tho first elemont

Asoigning c3.uoality
Getting the next elomont in tho stack

Gotting tho first ol~m(lnt
A(mignint~ ·c.;o.'tIsnli ty

Getting tho lit):)tt gl(~ment in tho stack

qot'ting tho :fil.'r;t elemont



Getting the next element in tho stack

Assigning causality
Assignil~g causal.I ty

Getting tho next element in tho stack
Assigning cauBali ty

Gotthg the next el.emont ill ';;he stack

DOUE
Data writ'con to filo /usr/bondgraph/data!og2.data.

Do yot! want to
A Ascign causality to a bond graph,

13 Viow the causaf implications.

C Vil)i~ the bond graph data structure

D Leave the caUl:lali'ty assignment reut ine ,

Presn the ktiy corresponding to your choico and hit enter b

Do you wa.n't to ::>.lJs:ignor vie"1i the ea'H~a1ity for the bond graph stored in the
fila EO:?.6.::>.ta(Y or xn y

CAPACITOR (ELEMENT ImMBER 7) CmmECTED TO
DOND e
The causality assigned implias that
00 is a f~nctj,on of q6

RESISTOR (El.l~MENT NIJMEEIi. 5) CONNECTE:O TO
BOND 5

Tho (i,lU("1(llity assigned implios th:>,,;
f6 is n function of e~
INERTIA (ELEMENT NUMBEH, 4) CONNIWTED TO
BOND :3
Tho causality assignod implies that
£3 is a function of p3

RE.SISTOR (ELEMENT NUMBEI\ 2) CONNECTED '1'0
BOND 2

The causuli ty asslt~nod implies that
02 is a function of f2
FLOW SOURCE (EU~MENT NUMBER 1) CONNECTED TO
BOND t

Tho cUllsality assigned implios that f1 is tho output

PI'OS:;" ENTER to conninue



Do you vant to
A Assign causality to a bond graph.
B Viow tho causal implications.
C View tho uond graph data stIucturo

D Leave the causality assignment :!routine.
Pror3s the key eorz-espendtng to yom.. choice and hit enter c

Do you want to a:3sign(Jr viow tho .;ausalityfor the bond graph stored in the
file EG2.data (Y or N) y

Bond 6 is ttS(l.INE NODE-PAIR (6 7) CAUSALITY B)
Element (:)is #S(NODE TYPE 1 DCC-STR EQUATIONS NIL)
Elemollt 7 is #5(lWDE TYPE C DOC-STR. EQUATIOnS NtL)

Bond 5 is j5(LINE NODE~PAIR (6 S) CAUSALITY E)
Elemont 6 is #S(NODr~ TYPE 1 DOC-STR EQUATIONS NIL)
Element 5 is #S(NODE TYPE It DOC-STR EQUATIONS NIL)

Bond 4 is #S(LINE NODE-PAIR. (3 6) CAUSALITY E)
Elomont 3 is #S(NODE TYPE 0 DOC-3TR. EQUATIONS NIL)
Eloment 6 is ;'tS(NODETYPE 1 DOC-SrR EQUATIONS NIL)

Bond 3 is #S(LINE NODE-PAIR (3 4) CAUSALITY E)
Element 3 i(~ #S(NODE TYPE 0 DOC-STft EQUATIONS UII.)
Eloment 4 io #SCNODE TYPE I DOC~STR EQUATIONS NIL)
Bond 2 is #S(I.INE NODE-PAIR. (3 2) CAUSALITY B)
Element 3 is #S(NOOE TYP1£0 DOC-STR EQUATIONS NIL)
Element :.1 if. #S(NODE TYPE R DOC-STR EQUATIONS NIL)

Bond 1 is #S(LIN1~NODE-PAIR (1 3) CAUSALITY 11)
Element 1 is #S(NODE TYPE SF DOC-S-rR. EQUATIONS Nn,)
Elomont; :3 is #S(rlODE TYPE 0 DOC-5TR. EQUATIONS ~lJL)

Proas ENTER to rontintle
o

Do you tJD.n i; to

A Ar.:lsign causality to a bond graph.

13 ViOTl the causal implir.ut ms ,

C View tho b.md graph data structuro

D Lcavo tho c;mwality aosignmont routinG.

Pl.'OOS tho koy coxroapondfng to you!' choice and hit ontor d
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Do you want to

A Enter or modify tho bond graph snructur«

B Assign or view the causality

C Create rul ACSLinput file

o Run. ACSL

E Quit the program

Press the Irey corresponding to your ehedeo tmd hit ent ar r.

Do you want to got 'the acsf equations of tho bend graph stored in the file
EG2 •data (Y Ol' N) '1

Enter the acal program name.
A system with an algebraic loop

Entt)l' the integration step fJizoJ ccal.e
0.01
Enter tl19 duration of the SllUulationo aimtim.
25
CilPACITQR (ELEMENT NUMBER. 7) CONNECTED TO
BOND G

Tho documentation for this element is:
1111

En'tG;t' ;he data for capacitor C6.
If the equation is linoar, enter only the capacitance.
If the equation is non-linear enter the ontire equat~")n with
a6 as a fuuction of q6
If the data is in the form of a table. entQr "table"
table

Th6 ta.bla will be named tab1

If tho c:<.\p'l.citor is not modulated the mdependent var i.abl.cs il!,fJ normally q6

Enter tho indopendont vUl'iablos in tho :form of a list og (f3 os rr:
(q6)

Enter tho number of data points :01' q6
21
Enter value 1 fl'l' q6
~10.0

Entol: value 2 :for '16
-9.0

Enter value 3 for q6
-8.0
Ental' value ;} for q(l
·7.0
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Enter value S for q6
-6.0
Entor valuo 6 for q6
Q5.0
Enter '.1'0.1'1..1.0 7 for q6
-4.0

Enter valu~ 8 for q6
~3.0

Enter vo.lue 9 1'e1' q6
~2.0
Enter value 10 fa:' tlG
~1.0

Enter vahle j:i for qG
0.0
En~er v~lue 1~ for '16
1.0

Enter value 13 for ql3
2.0
Entar value 14 for qG
3.0
i~nter valuo 15 for qG
4.0
Enter value 16 for qt)
5.0
Enter value 17 for qG
6.0
Enter value 18 for ",(3

7.Q
Entol' value 19 for q6
8.0
Enter value 20 for qG
9.0
Enter val.ue 21 for qO
10.0

En1:e:: the value 0::: 06 whon qS is -10.0
-8.0

Ente:l~ tho value of 06 whon q(i is ,-~).0
~8.0

Entot' t;he vo.lue uf eO when q6 is .0S.0
-7.8
Entol' 1;ho valuo of eu wlwn '16 j.[l <>" • 0
-7.2
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Enter the val.ua of £16 when q6 is -6.0
n5.9
Enter the valua of 06 uhsn '1.6 is -5.0
-4.5

Entar the value of 06 when q6 is -4.0
-3.1
Enter the value of 06 'IOhen q6 is -3.0
-3.3

Enter tho value of 06 vhcn q6 is -2.0
-3.0
Entor. the valuo of e6 wh,:m q6 is -1.0
d2.4

Enter the valuo of as wh.er. qG is 0.0
0.0
Enter tho value of 06 wh.en q6 is 1.0
2.4
Enter tho v-alue of 06 whorl. q6 is 2.0
3.0
Entor the valua of 136 when '1.6 ~.s3.0
3.3
Enter tIle value of e6 when q6 is 4.0
3.7
Enter the value of a6 when q6 .is S.U
4.5
Entol' tho value of eS when q6 is 6.0
5.9

Enter the value of e6 when q6 is '7.0
7.2
Enter the val.uo of 96 when q6 is 8.0
7.8
Enter tho value of 06 when q6 iH 9.0
8.0
Enter tho valuo of. 06 when <i6 is 10.0
8.0
Enter the value of q6 at time t=O
0.0
RESISTor\. (ELEMI~NT NUMBER 5) CONNECTED TO
BOND S

The do c:;umont n.'!:ion for this elf'}lt.cnt it':!'o.
1111

Ji:ntol." tho dana :for rosiotor 1\5.
If tho cquataon is Lmcar' J o~ltor only the ro:::istance.
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If the equation is non-liMa.r enter the entire equation 'IIith
£5 as a function of eS
If the data is in the form of a '\;ableenter "table"
5.0
INEHTIA (ELEMENT NUl4BER 4) CONrlFCTED TO
BOND 3
The documentation for tMs element:
till

Enter the data for inertia 13.
If the equation is linear. ontar only the inertance.
If the equation is non~linear enter the ontire aquatio&! 'IIith
f3 as a function of p3
If the data is in the fOl'm of a tabla J entol' IItable"
3.0
Enter the value of p3 at time teO
0.0
RESISTOR (ELEMENT NlJMBER 2) CONNECTED T!J
.BOND 2
Tna documentation tor this element is:
1111

)):nter the data for T.esistor It2.
If tho equation is linear. enter only the resistance.
If the equation is l~on-linoar ent(i:t: the entiro equat Lon with
e2 as a function of t2
If tho data is in tho form of a table (Jnter "tabloll
2.0
FI.DW SOURCE (ELE~1F.N'l' NUMBER. 1) CONNt-:CTED TO
BOND 1
The documentatiQn 101' this element is:
1111

Enter the dana for flow source SF1.
If tho :flo'll input is a. stop a.t teO thon enter only tho height of. tho stop.
If the :flow input is anything but a. atop at t"'O then ent.cr the entire
oquat Icn, using the fOl'm fir:::" ••••
If the data is in the form of a tabla, ent.cr "tiabl.e"
28.0

Tha oquation oS~-e6+o4 has to be calculated implicitly

That is it will bo ~ritten in tho form

05 ~ impl(yz, e. m, efl) -06+04. ydl)
..... whore yz io the initi31 gUO:3S
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e is tho error bound
In is the maxdmum numbez of itorations to try
ef1 is the error flag \·ariablo
yell is the value used to increment the initial va'lua to estimate the

derivative

Please enter yz (a constant or expression) default 0.0

Please enter e (a constant or expression) default 0.0001

Ploase enter m (an inl;oger constant) default 50

Please outer ydl (a constant or expression) default 0.001

Acsl input. file dumped to the file /usr/l""ndgraph/acslfile/eg2.aesl

Hash table vritten to fila lusr/bondgraph/data/eg2.data

Do you want to

A Enter or modify the bond graph structure
13Assign or view the causality

C Create an ACSL input file

D Run ACSL
E Quit the program
Press the key corresponding to your choice and hit enter d

Do you want to simulat(1 the ~1ystetn stored in the :file
EG2. acsl (1 or N) y

The ACSl, input file, created by the modelling package from the bond graph structure stored
in the file eg2. data and the equations entered hy the user above is:

(1

program A systom with an algebraic loop
initial
constant points=1000
constant ccalc='=O.Ol
constant simtim=2S
simend=simtim-ccalc
cint::::simtim/points
nstp:::cj.nt/ ccal,c
constnnt f1=28.0
constant r2=2.0
constant i3=3.0
constant p3i~O.O
constant 1'5=5.0
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constant q6i=0.0
end $lIinitialli
dynamic
derivative
e5=impl(O.O ,0.0001 ,50 ,ef1.-06+04,O.001)
04=82
93::::02
01=92
f2;::;-f4-£3+£1
e2""r~*f2
f3= (1. 0/i3) *p3
p3=integ(e3,p3i)
f6e:f5
£4=f5
f5=(1.0/r5)*o5
table tabl,l,21/-10.0,-9.0,-8.0,-7.0.-6.0,-5.0,-4.0.-3,O .•.
,-2.0,-1.0,O.O,1.0,2.0,3.0,4.v,5.0.6.0 .••
,7.0,8.0.9.0,10.0,-8.0,-8.0,-7.8.-7.2,-5.9 ..•
,-4.5.-3.7,-3.3.-3.0,-2.4,0.0,2.4.3.0,3.3 ••.
,3.7,4.5,5.9,7.2,:.8,8.0,8.0/
e6=tab1(q6)
q6=integ(f.6,q6i)
termt.(t .gt ,aimend)
end $"derivative"
end $lIdynamlc"
terminal
end $"tol'minalll
sr d $"progrnm"

'I'he system Is then simulated using ACSL. The momentum, p3 varies with time as shown in
Figure B.G and the displacement, q6 varies with time as shown in Figure H.-,.

s"~r---

en

0_ t~S~.I_. -.~.--- ---. ---

ci-~,,-~---.,----- ---,.co O.[~5 -f~.li 10.7 25.0

Figure n.6: Momentum, p3 as a function of time.

(!
The linear state space equations, rounded to three decimal plates, as calculated by ACSL are

0.086 ] [ P'.3 'j' +[ 1.429] [ it ]
-o.~}!a qn 0.286



Figure 13.7: Displacement, q6 as a function of tim

B.3 A system with derrvative 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 ACSI. output.

The system considered in this example, is that presented in Section 2.10.3, redrawn in Fig-
ure B.f for convlenlence,

7 ~ Rs

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 ILl

It is assumed, that all the elements have the same equations as those presented in Sec-
tlon 2,lO.:i. The values of the constants are chosen to be:

o
lEl ::: u(t)
h =2.0
C5:.: 5.0
Co::: 6.0
lis::: 3.0
R7::: 7.0

Do you want to
A Assign causality to a bond graph.

S View tM' cauaa'l implications.

C Vioy the bond graph data snructure
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D Leave the causality assignment routine.

Press tho key corresponding to Y0ul cho ice and hit ental',' b

Do you want; to assign or viE'w the causality for tee bond gra.ph stored in the
fila EG3. data (Y or U) y

RESISTOR (ELEMENT NUImER 8) CONNECTED TO
BOND "
'rho causality assigned implies that
:h is a funcdon of e7

CAPACITOR (ELEMENT NUMBER 1) CONNECTED TO
BOND 6

'rhe causality assigned implies that
I::i6 is a function of q6

CAPACITOR (ELEMENT NUMBER 5) CONimCTEi Tl
BOND 5

The call s ali ty assigned. implies that
q5 is a tunction of a5
~SI:rOR (ELEMENT m1MBER 4) CONN~CTED TO
BOND 3

The ca'll;',ality assigMd implies tha.t
03 is a iun~tion of i3

INERTI~ (ELEMENT NUMBER 2) CONNECTED r~
BOND :2

The ~ausa1ity ass:if;\).I;ldimplies that
f2 is a function of p2

EFr;'ORT SOURCE (EI.E~iEN1' NUMBEi\ 1) CONNECTED TO
BOND 1

The causality assigned implies that al is the cutput
Press ENTER to continUE:!

o

Do you want to
A Assign c<;un"lity to a bond graph.
S Vhf(.7 tnb causal implica'cions.

C View the bend gra.ph data anructure

D ~.eava the causality assignmrmt routdno ,

PrestJ the key cor-respond.Ing to your chcd ce and hit out.)r c

()

Do you want to a.SSi£Il or \i'ie'W'';':hotlfllifm1.it" Tor tho bond graph stDred in the
file EGS.data (Y or N) y



Bond 7 is #S(UNE NOl)E-PAIR (6 8) CAUSALITY E)
Elomont () 'is #S(NODE 'i'ypg 0 DOC-STR EQUATIONS NIL)
ElomDnt 8 is i~S(NOD1~'rYPE n DOC~f)Trt EQUA'fIONS NIL)

Bond 6 is ~S(IJnm Imm:-:-PAlH (6 '0 CA'JSnLITY B)
El.o!:1ont 6 i::; #SUJflDLi: TYPE 0 DO(;-:31'R EQUATIONS raL)
Eloment 7 i8 #S(NODE TYPE C DOC~S'!Tl. r~QUATIOrlS NIL)

130ml 5 ~.o ffS(LINE rmD~·'PAIR (6 6) CAlJSAt.!TY E)
Eloman;, 13 it') tjS(!JDDE rYPE 0 DOC-8TH m,lUIITIONS rEL)
El,omoir(; S :io #S(mJDE TYPE C ooc-srs EQUATHms NIL)

4 io #SCLINB NOD~-PAIR (3 G) CAUSALITY B)
Elomont 3 i8 #S(NODE TYPE 1 DOC,uBTR EQUATIONS tJH.)
E.!omon:t 6 is ~S (NODE TYPE 0 D()G~Sl'R EQUATION£i NIL)

Bend :.3 ~.s #s(t.nm rmDr~-pJl.:m (~, 4) CAUShE,I'I'Y B)
Elemont 3 io #S(NODE TYPE 1 DOC-STR F:Q'(JATIO!1S NIL)
E;' amant 4 is #S(NODE TYPE It ncc-srn l::QTTflTIONSNIL)

Bond :2 is .#S(LINE UODrH?AIn (3 2) CJ.USALITY E)
Elomont. 3 i(} #BomOE TYPE 1 DOC~'STR EQUA'fIO~rS tlIt)
Elomont 2 in #S(1JODE TVPD~ I DOC-STR r-;QUftTIfH1S }lIL)

Bond 1 is #S(LINE NODE-PAIR (1 3) CAUSALITYE)
Elom.ant 1 io #3 (NODE 1YPE SE DOCb~:)'J,'n I~QU'IITIONStnL)
Element 3 is #S(NODE TYPl~ 1 noc-srn W~tJAl'YONS NIL)

Pzeaa mJT~';:R to continuo

Do you nunt tn

A Assign Co.usuUty to a bond graph,

13Viaw tho causal il" lic:ations.

C View tho bond graph dut.a curucturo

o Loave tho cauoo.lity uGcignmont :routino.
Press tho kay (;clI'rosponding to your cho lee and hi'c orrtcr d

i)o you 'W'ilnt to

A Entor or mod.i.fy tho bend graph cnrueturc

13Asoign or viow tho ~;ausalit;y

C Croato an ACSr. il1put filo

i) Run ACSL
E Quit: tho program

PrODS tho key corrospcnddng to your chefco nne! hit ante:!.' c
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[;

1)0 you ",(mt to got the acst equations of tha bond graph stored In tho file
EG3. dat.a (Y o:r tn y

Ental: the aeDl program name ,
A system with derivative caw;~lity

Enter tho intogl":J.tion atop size, ccalc
o.ei
Enter tho dnrG.t:Lon gf tho cimdation~ Dimtim. 100

RESIS'fOR n~r,EM1WTIJmiDE~, 8) Gmnm:CTED 1'0
snnn 7

'rho dbCl1mml1;,Y;;'ion for 't:hio elomont
1111

Ii:ntol' tho u::l.ta fOl' roointol' f!:{.
~:f tho oquution. i8 linoar. onncr only tho :cosistanl;o.
If 1::hoB'1uation io nen-Ltnear onner tho ontiro oquat ion Ii1ith
'£" 0.0 a function of: 07
If tho data is in tho fo:r.-mof a table ontoI' "table"
1.0
CAPACITOIt WI'~Ji"J:Ni NUHBlJ:R 7) CO~NECl'ED TO
BOND G
'1'ho documon'i:ntion for t.hin olomont ;is:
1111

Entor tho data for capacitor C6.
If tho oquation :i.f~ UnGar. onter only tho eaI,(}.citam:0.
If tho equation is non-linear enncr tho ontiro eq,uation t<i'i~;h
a6 as a function ox q6
1f the data is In tho :form of a tablo, (mtor "tablell

6.0
Entor tho varue of qe at tho t""O
0.0
CAPACI'l'I)n (m.ErmNT NtJHBIm 5) COlJNll:Cl'IW TO
BOND S
Tho documontation for th'; (J olmuont io:
1111

fl l~ntol" tho datu for eapacd 1;0'[' (:5.
If t~ho oquat i.en io linoar. oneor only tho cnpuc ltiancc,
If tho oquation it) ncn-Lmoar ontor tho entiro oquo.tiol1 w:tth,
qS G.iJ a funt:~tion of 05
:(f tho data is in tilo form of a to.ble. on.;{\l:'"to-blaH
5.0
RESISTOlt (ELEMENT NUM13mt4) GONNf:CTIW TC
norm 3

Tho dccumorrtaui.en for thie clement is:
1111
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Enter the data for resistor R3.
If the equation is lin(la:r~ enter only the I'esistanct'l.
If tho equation is non-linear enter the entire equu't:'\on'With
03 as a function of i3
If tho data :t£1 in tho fcn:mof a table CE)''i:Ol.'IItabloll

3.0

IlmB:rIA (ELEMEN'l" NUMBER 2) CONNECTED TO
BOND :2

Tho documentation for t11io oloment io:
1111

En·t.ol': tho dut,\ fmt inertia 12.
If' tho equutio:n is linear. ontnr only tho inertuncc.
If thf;'l equo.tion is nen-Lmear ont or tho ont iro oquat i.on with
£2 as ('I. func1~ion (If p2
If tho UC\i,;a is in tho form of a table, entor Utabloll

2.0
Enter tho val ue of p~ at time t::<:()

0.0
EFFOltT SOUReD: {El.EHENT ImHBEp. 1) CONNEC1'.rmTO
Dmw 1..

Tho documcmtation £01' thin elonlont. is:
1111

Entor tho data :for of fort source Sl~1.
If ~ht) e:ff()rt input is a seep at t:::Otihen entor only t,ho hoight of tho step.
If the (lffo:t:t input is (Ulything but a stop at te:Q thon ontoI' the on~::t:ro
oqutltion. usmg tl~o :form 131:::.••.•
If tho data :ls in the form of a table ontar "tablo"
1.0

Entm:.' tho time ll,)rivativo of tho fUnct:ion r;5*0$
c5*e5d

Entor t;no t:lmo aorivati\rt) of tho function 06
ctid

Entol' tho til~O d(ll'iv:'lt:iV'o of tho fUllc;-tiun (1.0/cG)*<16
{1.0J(6)*q6d

(\

T1;.a'l,;is it Rill bo ill'itten :in tho form

(

WhOl'(l yz is tho initial gUOGS
I') in tho 01'1'01' bound



m is' tho maximum number of itarations to try
ef1 is the error flag varhble
ydl ia 'the vulue UGod '1;0 incremont the initial value to estimato tho

derivativo

Plcaso ontor yz (a constant or o:tpx'ession) default 0.0

PloQ.se entol' 0 (a concuant or expre:::sion) default 0.0001

Ploaso ental' m (an intogo:r constant) dofm.llt 50

PloClso orrtur ydl (a eonat ant or cxproesten) dofault 0.001

Acsl input :file dumped '1;0 tho :;:ilu /h<,r/1.)ondgro.ph/G.colf ilol og3. uc:sl

Hash tub}'o 'lJl'i tton to filo luer !hondgl'aphl datal eg3. data

Do you -Will1:i; to

A Enter or modify tho honll ~~'taph [ltru('t.llre
D Asr.:ign or v.i.I'lW t;llo ea.usa:tity

C Groate an lies!. input fil8

D Hun ACSL
I~Quit tho program

Pross the key cor:rosponding to y':>UI' eho.i.co and hit oneer d

Do you vunt tc sImulate tho system storod in tho :file
EG3.acaI ('{ or N) y

The ACSL input file, created by the modelling package from the bond ~~r~;phstructure stored
in the flle og3. datu :'l1H1the cquatlons entered hy the user above in:

(1

pl'ogl'Q)n A systom 'W'i th dod vuti '170 catl~\!.li ty
initial
censnant po:i.nts=1000
eonot;xnt cculc=O.Ol
c:onstant simtim=1.00
nimond::::oimtim"'ccalc
cint1!:simdm/points
n:::1tp=cint!ccalc
constant 01=1.0
conanarrt i2"2. 0
ccnsnant 1'2i=0, 0
eonst.ant 1'3:::3,0
eonanant c5=!5.0
conn tan t c6::6. 0
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conr,tatlt q6ieO.O
constant 1:'/=7.0
end $Hinitial"
dynamic
derivativo
q6d~iropl(O.O,O.OOOl*50,efl.f6JO.001)
o6d~(1.0/c6)*q,6d
ot:d=e6d
q5d=c5*a6d
£4"'£2
{3""f2
f1=£2
e2:::-o4~e3+o1
f2~(1.0/i2)*p2
p2=integ(e2,p2i)
03=):3*£3
07=e6
05=136
a4=06
f6:::"f7-f5+f4
qf5=c5*e5
:fS=q5d
o$=(LO/c6)*q6
q6=integ(f6,qGi)
f'7J::(1. O/r7) *0',
toxmt(t.gt.simond)
end $"deriva'tive"
and $I!dynamicll
'tax'mim\l
end $lItorminalll
end $lIprogl'amtl

The system is them simulated using ACSL. The momentum, p2 varies with time as shown ia
Figure n.9, the displacement, q6 varies with time as shown in Figttrl: H.I0 and the displace-

( Figllre B.9: .tvI,mHmtl1l!l, p2 as a. function of time.

mont, q5 varies with time as shown in Fi;;lIn, ILl 1.
Rphuning; ttl tlw entering of the II(luati(lllS and I1wJdng lz 10.0

l(JO



Displacement, q6 LS a function of time.

Fig;UH~B.l1: Dlsplacomnnt, q5 as a, function of time.

HH
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c:

Do !"ou va.n'!;to
A Ental' or modify the bond gra.ph structuro
13 Assign or view the causality
C Croato an ACSL input file
D Run ACSL
Ii: Quit tho program
Pr08S tho key eczrospondfng to your choice and hit enter c

Do yO\\ want to got tho acal equt!tioX).sof the bond graph storod in tho :file
ECiS •da.ta (Y or N) y

!£nter tho aesl program name. A system with derivative causality

Enter the integration stop size J ecal,c0,01
Enter 'the duration of the simulation, simtim. 100

RESISTOR (ELEMENT NUMBER 8) CONNECTED TO
DONO 7

The d()cumentation for this element is:
1111

The caunaljty assignod implies that
f'r is a function of e1

The last equations stored ~oro
H=(1.0!:t7)*o7
constant r7=7.0
Do those equations still hal d (Y or N) y

CAPACI'1'OR (ELEMENT NUMBER. 1) CONNECTED TO
BOND 6
Tho documontation for thi~ olONont is:
1111

(1

1'ho causality aaalgnod implies that
06 is a i'tlucti.onof q6

1'he lo.ot equations utcrud wore
06=(1. O/cG)*q6
constant c()=t3.0
q6=intog(fb,q6i)
constant q6i=O.O
Po thes8 oquatiotlns still hold (1 or N) y

CAPACITOR (I~LEMENT rmMBER. 5) CONNECTED TO
BOND 5
The documontation for this element is:

(I

1111
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The causality assigned implies that
q5 is a :function of 05
The last oquations stored wt;)re
q5=c5*aS
conl3tant c5;::5.0
fS=q5d
Do these equat Lona still hold (Y or N) 'Y

RESISTOR (l':LEMENT NUMBER in CONNECTED '1'0
BOND :3

The dccuaerrtat.Lcn fot this eJ.emont is:
1111

The causality assigMd implies that
03 is a function of i3

Tho last oquat Ions stored were
03=:,,"3*£3
constant :r3=3.0

Do those Gquations still hold (Y or N) y

:nmRTIA (Et.EMENT NUMBER 2) CONNECTED TO
BOI:O 2

The documentation for this element is!
1111

o

the causality assigned implies that
£2 is a fl1nction of p2
Tho last equations stored were
:f2=(1.0/i2)*p2
constant i2=2.0
p2=intog(e2.p2i)
constant p2i=O.O
Do those equations still hold (Y or N) n
Enter tho data fo~ inortia 12.
If the oquation is linear. entex: only the inoz'tanco.
If t:he aquani.on is ncn-Lmear enter tho entire equation with
f2 as a funcdon of p2
If the data ~.s in tho form (If a tabla. enter I'tablo"
10.0
I~ntor the valuo of p2 at time '1;:::::0
0.0
EFX"ORT SOURCE (ELEMENT NUMBER 1) CONNECTED TO
!lOND 1 '

( Tho documentation for this eloment is:
1111

Tho ctluGillityassigned implies that 01 is tho output
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The last equations stQ£ed were
constant 01=1.0
1)0 these equations still hold (Y 1)1" N) y

Enter the time derivative of the function c5*e5
c5*e5d
Enter tho tim", derivative of the function eo
e6d

E.,tor zho time der:iva,tivElof tiho i\lUc'!;ion(1.0/c6)*'16
(1.Ojr;6)*q6d

The equ:.J.tionq6d :::fO has to be calculated implicitly
/i
J That is it uill be wr:i.tten in tho form

q6d =:: impl(;r~~ at m, efl, f6. ydl)

whare yz :is the initial guoss
e is the error bound
In is 'tha maximum nmnbar of itarationc tu try
ef! is ~he error flag variable
ydl is the value used to increment the initial value to estimate the

derivative

Please enter yz (a constant or expression) dQf~ult 0.0

Please enter e (a constant or expression) def'-;1..1to. 0001

Please enter m (an integer consta.nt) de:f(\ult 50

Please enter ydl (a censnant or expi easdon) default; 0.001

Acnl input file <:llllflpeUto the filo /usl'/bol1dgraph/acslfi"i.o/eg3.acsl

Hash table writt~n ~o fila /usr/bondgraph/data/og3.data
()

(\

Do you want to
A Enter or mod:ify tho bond graph snructure

B As:dgn or '~iow the causality
C Crea~a an ACSL input fil0
o Bun A(;SL

E Quit tho pl'ogrrun



Press the key corres~,ondin.g to your choice and hit enter d

Do you ~ant to simulate the system stored in the file
EGS •acs l ('{ or N) y

Tho system is again simulated using ACSL. The momentum? p2 now varies with time as
shown in Figure B.l:2, the displacement, q6 now varies with time as shown in Figure B.la

Figure B.12: Momentum, p2 as a function of time.

and the displacement, qS now varies with time as shown in Fi~)Uf{l B.i4.

Figure B.13: Displacement, q6 as a function of time,

The linear statti space equations of tho system, rounded to three decimal p1:t(,::89 as calculated
by ACSL are

[~' 1.
c]ti J [

...,0.300 -0.167] [1)2] [1.000 ],- + [ Cl )
0.055 ,~O.(Ha qt, O.OUO

W5



Figure n.14: Displacement, q5 as a function of time,
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Appendix C

User manual

The bond graph modelling program is designed to allow the user to rapidly construct a bond
graph model of 'L system. The system represented liy the bond graph can be simulated and
the linear equations of state obtained using ACSL.

The program is divided into four parts:

1. A module to enter and modify the structure 'If the bond graph.

2. Au automatic sequential causality assignment procedure.

3. A module that creates an ACSL inpu fhe from the bond graph structure and the
equations either entered by the user or s~of(..d in a data file.

4. A module to automatically run ACSL from the program.

C.l Getting started

Th bond graph pre",. n is contained in the directory lusr/bondgraph. The user is required
1;0move to this t:lrectory, or to have this directory in the path. In addition, the user is
required to ensure that the directory containing LISP is in the path. LISP if invoked by
typing lisp. 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 'W'<.mtto

A Enter or modify the bond graph structure'

B Assign or via'W' the causality

C Create an ACSL input file

o D Run ACSL

E Quit the program

PI'OSS the key corresponding to your choIco and hit enter
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Notes
The directory lusr /bondgraph contains both the LISP code and the compiled code of all mod ..
ules in the bond gr .ph modelling package. There are two subdirectories within lusr/bondgre.ph,
these are /usr/bCl"'.1graph/data and lusr/bor:1.I1grapn/o.lcslfile.The first subdirectory con-
tains all the bond i}'aph data files (bond I~raph structures) and the second, all the ACSL input
files (. acs l files which are converted to •cal 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 pressing return. The menu, controlling the entering and modifying module
is then displayed on the screen:

Do you wan;. to

A Enter the bond graph. either by entering each el~~on~ separatoly from
the keyboard. by reading the bend graph or bond ~raph fragmefl.t from :.. dana
file or by connecting existing bond graphs el~men~s or fragments.

B Di::lplayal.: tho bonds currontly connected.

C Dole ce all the bonds in the bond list.

D Modify the vari~.bles of a bond.

E Delete a bond from the bond list.

F Undo the most recent bond delotion.

G Leave the bond graph entering routino.

Prlil8S the key corresponding to your choice and hit enter

o

Assuming chat the bond gmph ill Figure C.l is to he entered from keyboard, the user would

SElw_..2~ 12

G
Ca

Figure C.1; A bond gl'"'I.phfragment.

r: proceed as follows,

The user would type the letter a followed by retur •.. co , 'licate that a, bond graph is to be
entered. The menu with the choice of whether the bond graph is to be entered from the
keyboard or from a filt~is then displayed.
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Do you >7ant to

A Ent('1:rtho bonds and olotnor.ts 80parately from the koybcard

B Include an oi':inting bond grnph

Pross tlw desired key and hit retut'n

B!'eans!' the bond zraph is to hf' entered from tho keyboard, the user would. type a followed
hy return,

The user is prompted to Enlt'.'l' (1, hOi:,.! number

Enter tho bond lilumbor

The user can enter either bond first. Considering bond i first, tlw user enters 1 and 11l'('tlSCS

return.

'1'11(1 IWE.'!' it; then prompted to enter th~ number of the denw!:~ from which the power leave«,

t::n:tor the nunllr.{l7' \'If tho o:tmnont at 'tho :Jti'\l:t of tho pOYolor half o.I':!-'ow

The lWN' must enter 1 and P,{,DS return Th~ user is now asked to enter the type of element 1

Entol' the 01omont typo
The user enters se and presses return. Next the user ill prompted to outer the documentation
string correspondlng to element 1.

}Znter tbo documonuat.don :Jt:ring :f01' thi:::: elOlliont

The user enters Effort source attac! cd til Ih'HHI L Note that any \h;elmw~lt;'J,!r II iitring could
have hC>OIl entered, in thin exam ph', ,Hi arhltrary string was dll)NI'I1 to deroonutrate tll(\ pro
codure.

Next the user ill prompted to enter til,' number of the elen-ent into wh'kh the power flows.

1~n1;ol'tbe number of tbo olement at tb<'l ond of tho POWOI' balf u.J:row

The user ('nt0I.',; 2. TIll' USI'1' is now a.~l,ellt.o enter the tYPi~of elei.ient 2

gntol' tho olcmont typo

'I'he U:3f\X' ontors 1. Next the uuor itt »'lIompted to enter the doeumeutation :;tring rorrospcndlng
tn pIo~nHllIt 2.

gnt-or tho dOCUll1(1).'tG.tj.on string for thin olomont;

Th(' user (mt(l1'(l I·junction attached to bonds 1 and 2.

The user is thon twkl'd if all tho bonds have h"~'ll (mtpl'Nl

Ental' F tCI. :Lnir..h 01' [my othol' kOY to ~o!l:tinuo

BN',Wf;tl bond 2 must ~till hI' (\lilj ,,'d, the U;)I r must type, any letter, other than f and press
return,

Th'. l)w{,(,:;:Jhi f{\lwatl'tl for bond 2:

Entm: tho bond numbor'
2



Enter the number of the elemont at the start of the power half arro'il
2
This olGm(mt has been previously defined

Because the user has entered the type and documentation string for element 2, it is not
necessary to enter them again

Enter 'tho number' of the olomen'1; at the end of the :po'tJe:;'half arl'OW

3

Entor tho tillOffitlnt type
t

En'ter tho dccU:ll.ontatio!l. Gtrillg :for tnis eloment
Capacitor connected to bond 2

En~:or F to :finish or any oth'J:r Itoy to 1;0n1::in<10

Tho user must now enter f, because the entering of the bond graph is complete, The user
will be returned to the menu controlling the entering and modifying module.

Assume now that the bond graph, shown in Figure C.~~,in stored in the file inc. cla.t~l in
1 '\

01 '-~C2

Figure C.2: The bond graph fragment stored in inc. data.

the directory !\wr!bondgruph/data. '1'0 add the bond graph fragment to tho bond graph
already entered, th~ user proceeds as follows.

The user must now enter a. As before, the US('f if; given the choice of entering the bond
gl.'i.\ph from the lwrhoatd or from a, file. Now the user i" required to enter b. The U6 •.'1' is then
prompted to enter the fllcname of the file where the bond graph is stored

Entol: the filQl1mno of the bond graph you 'ilant to includo

The user must enter ine.data, Centro] is then returned to th~.~main entering and m(l(!i(yin(~
menu. As dlseussed in prevlouslv, w11('1\a bond graph, eontainod in a file is included in au
existing hUilll i';raph structure, the bond and element numbers (If tht~ bond gra.ph in tilt: fll«
.HO fhaIl!"~ed :;0 as not to overlap with existing bond and element numbers, Because of thin it
is necessary to view f' sn entire structure, thin is achieved hy entering the letter b.

The bond gl'aph entered tItU8 far if>:

Ibnd 4 is #S(LUm NOnE~rA!R. (4 6) CAUSUUY NIL)
Elemont 4: is #S(tWDE TYPE 0 DOC~'STn It O~junctiQn EQUATIIJNS NIL)
Elomont 6 :1s #S(NODE 'rypr~I DOC-STI!. An iMl'tia EQUATIONS NIl,)

Bond 3 is #S(UNE: NODE-PAIR (4 S) t~AU8ALITY NII.)
l~lol1lont '1 in #S(NODE TYPE 0 DOCQ:i)',m A Oujunetion l):QUATIOUSNIl,)
Elomon'l; 5 ,is #S(NODE 'rYPr:~C DOC-S'm A cnpp(;i'i;()r EQUA'rWNS NU,)

no



Bond 2 is #S(LINE NODr:~PAlR (2 3) CAUSALITY NIL)
Elem~'I!t 2 Ja .SCHODETYPE 1 DOCwSTR 1-junction attachod to bonds 1 and 2
EQt;ATIONS ;ftIL)
Element 31is #S(NODE TYPE C DOC-STR Capacitor connectod to bond 2
EQUNI'IotSS NI!')

Bond 1 is #S(LINE NODE-PAIR (1 2) CAUSALITY NIL)
Elomont 1 is #S(rWDI~'l'VPE SE DOC-STI!.Effort source attached to bond 1
EQUATIONS NIL)
Elemont ? is #S(rWDE TYPE 1 TJOC-STRi·'junction attachod to bends 1 and 2
EQUATIONS NIL)

TIHl structure b viewed using the UNIX "more" command (26}. The screen can he scrolled
J.iM by line, by pressing the return key, or can he scrolled page hy page by pressing the space
bar, Wlwu the user has completed vlewlng the entire structure, the uaer is required to press
enter to acknowledge this. Control is then transferred tc tllf) main menu,

Assuming that the l-junction (element 2) and Il-junction (element 4) arc to be connected,
the user follows the same procedure for entering the bond graph from the keyboard:

Do you lJl.U1t to

A Enter the bond graph. aitlHn: by ontering each element separately :from
th~ k,)yboard, by reading the bond graph or bond graph fragruent from a
data fila or by eenneendng eXisting bond graphs elements or fragmf)!lts.

B Disl)lay aU th9 bonds eUrI'ently connected,

C Dolate all the bonda in the bond list.

D Modify the variablos of t\ bond.
E Delete a bond from the bond lia1;.

11 Undo tho moat: rocont bond delation

G Loava tho bond graph entering routine.

Pross the k3Y correnponding to y'JUl.' choice and hit enter a

(i

Do you ",ani.: to

A Ent ol' tho bends and olomento oeparatoly :h·(,m tho koyboal':rl

13 :ncludo an ~~xis'ting bond graph

l'roos tho dm.:i.:l.'ecl key and hit: retum a

Entol: the bond number'
5

(i

-V:nter tho number (If the olemont at the stal':t of the POyo:r: half arl.'oY

2
This oloment has been provJ '.'uGly dofinod
Entol' tho mm1bui' of tho elemont at the O!l.Uof tho POW01' half tlrro'lO
4

171



'rIds eloment has bean proviouillly defined

Enter F to· finish or any other key to continue f

Viewing the structure again

Bond 5 .1S #S(tINE NODE-PAIR. (2 4) CAUSALITY NIL)
El~·.€Jnt 2 is #S(NODE TYPE 1 DOC-5TH. :I.-junction attached to bonds 1 and 2
EQUATIONS NIL)
Element 4: is ss nWDE TYPE 0 DOC"STR l! c-junct ron EQUATIONS NIL)

Bond 4 is #S(LINE NODE-PAIR (4 6) CAUSALITY NIL)
Element 4 is #S(rWDE TYPE o OOC~STR. A a-junction EQUATIONS ?l11.)
Elomof!t 6 is #S(rtODE TYPe: I DOC~STRAn inertia EQUAnONS NIr.'

Bond 3 in IS (LINE ROOEriPAIR. (4 S) CAUSALITY NIt.)
Element 4 is #S(NODE TYPE 0 DOC-STll.A O-junction EQUATIONS NIL)
Element 5 is #S(NODE 'tYPE C DOC·-STR. A capacitor EQUATIONS N!L)

Bond 2 in IS (LINE NODE-PAIR (2 3) CAUSALITY NIL)
E1.emer,t 2 is #S(N.I'1DE 'fYPE 1 DOC-STR l~juncti('Jn attac:hed to bond~ 1 and 2
EQUATIONS NIl.)
Elt.'lmont 3 'is #S(llODE TYPE C DOC-STR Capacitcr conncceod to bond 2
EQUATIONS NlL)

Bond 1 is #S(LINE NOPE-PAIR (1 2) CAUSALITY NIL)
Element 1 is #S(1h'JDE TYPE SE DOC-STR Effol't source uttach~d to bond 1
EQUATIONS NIL)
Element 2 is #S(NtJDE TYPE 1 DOC-STR i-junction atto.chod to bonds 1 and :2
EQUATIONS NIL)

The bond graph is therefore that shown in Figure C.3.

,1' 5' 3,SE1--....;>. h -~ 0" ----'" elj

G G
10

FigUfP C.3: The complete bond !;raph.

Assume tlmt for some or other reason, the capacitor attached to bon-i 2, should haw hCWll
a resistor, Bond 2 must be removed (which will fI'lIHWO tho capacitor as well) and 1'€'v1a('PCl
with a bond attached to a resistor (the bond can also he numbered 2) as shown.

Do Y0U w(mt to

f. Enter tho bond graph, e:ithor by (lutering OUI:li ol,()mellt neparo:r.oly fl"om
tho keyboard. by rouding tho bond graph or bond ~;r11.phfragmont from a
data f~lo or by connocting oxinting bond grapho olomontn or fragmont8.
B Tliopluy 0.11 tho bonds cUl"l'ontly eonnoceed,
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C DQleta a.ll the bonds in 'the bond list.
D Modify the variables of a bond.
E Dela'tB a bond fr?m 'Ghe bond list.

F Undo tho most rOcol1t bond deletion,
G !.eave the bond g:~'a;tlhentering routine.
Press the kay cor:NG!,)onding to your chotec and hit en1~ore

Enter the band you 'W'a.utt(> delete [e.g. (6 13)J
(2 3)
Are yem sure ?
y

used~eloments (2 4 e 5 1) start~node 2 end-node 3

1)0 you want ttl

A EnMl' tho bond it:raph. ei'ther by el'tering each element separately from
the keyboard. b:-,rreading 1;he bond graph ot' bond graph fragment from a
data. fil.Q ox>by connecutng exj.sting bond graph$ alemonts 1')1' fragments.
13 Display all the bonds currently (;onll9ctod.
C Delate all tho bondo in the bond list.
D nodify the vrn:ia.blos of a bond.
E Dolata a bond :t'rolUtho bond lint.
F' Undo the' most .'tocont bond dt:llot;i,on.

G J.eave tho bend graph ontoring r!>uti1l9.

P:t.'esB the kay cozraspox ding to your choice and hit entli.i:"a

Do you W1,\l'J,tto
A Enter the bonds and elem(lnts sop<lrat(lly from t':l.ekoyboard
B Includo an oxisting bond graph
Pro~JS tho dosi:t'ed key (In<1hit l'otll'X'll a

(1 Enter' the bond numb01'
2
Enter tho number of tho element at tho start c:f the power half o:rrQW
2

(

This clement hUG boon proviou~11y definod

l~ntel' tho number of the olOluont at tho end of th3 pOlJor half arx'ow
3
J::ntertho elomont typo
r



0' l
Ii

Enter the documentation string :for this elQll\.ent
A resistor, which rei}inces the capadt(',(

Enter F to :finish or any other Itey to cont inue f

Do you TO'unt to

A Enter the bond graph, eithor by entering each element sopal'a:tely from
the keyboard. by reading the bond graph or bond graph :fragment :from a
daua f110 or by connecting existing bond grapho elements or fl:'a;:;monts.

B Display all the bonds c~lr:tently connectied ,

C Delete all the bonds in the bond list,

D Modify the variables of a bond.

E Dehta a bond from tho bond Hat.

F Undo the most recent bond dehl'i:ion.

G Loava the bond graph Gnt~rh'!.g routino.

Presa the kOY corresponding to YOU1' choice and hit orrtcr b

Bond 2 is #S(LINE NODE-PAIR (2 3) CAUSALITY NIt.)
Element 2 is #S(NODE TYPE 1 DO(,-' l i-junction attached to bonds 1 and 2
f~QUATIONS NILi
Eloment 3 is #S(nOI)E TYPE 1\ DOC-8Tft A r(isisto:t'~ which l'EJplaces the capacitor
EO:UA1'IONSNIT..)

Bond 5 is ltS(I.INE NOPl~-PAIR (2 4.) CAUSALITYNIL)
Elmuollt :2 is #S(NODE TYPE 1 DOC-STR i-junction attachod to bonds 'J. land 2
EQUA'rIONSN,rL)
I-:lemont 4: is #S(NODE ',L'YPE0 {lOC-STRA O-junct:i,on EQUATIONSNIL)

Bond 4 is #S(LINE NODEo'PAIl,t (4 6) CAl]SAI,TTY tnL)
Elemont 4 is #S(NODE TYPE 0 nOC-STa A O-junction EQUATIONS NIL)
Elemnnt 6 'is #s(1mD~1 'l'YPF: I DOC-STR An inol't;iaEQUATIONS NIL)

Bond :3 io #S(Lnm Not~l:~-PAIR(4 5) CAUSAL:CTY NU,)
Elomont 4: i.n #S(NOm: tYPE 0 DOC-STIl. A O~junction Z.:QUAUONS Nl:L)
Elemont s is ~S(NODE TYPE C D(W-~)'m A eap3.cito:r: 11:QUATTONSNIL)

Bond 1 io #S(LINE }"ODE=PAIn (1 ;2) CAUSALITY Nn)
Element 1 i.E.: #S(NODE TYFlE SE DOC"STn Effort source at.tached to bond 1
EQUATIONS NIL)
Element :2 is IS{NODF~ 'rYPE i DOC~STn.i-junction attached 'to bonds 1 and :2
EQUATiONS NIL)

(\ Pl.'OSS ENTERto continuo

Control h) then returned t\\ the main ('n't('l'ill~~and modifyill~ menu. The bond r~raph contained
In the data structure ls shown in Fl!;UHI CA.
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Figure C.4: The final acausal 110 tl'! r.;raph.

Assuming that the bond graph is ltv"," correct, the entering and n\,odifying module can he
exited. This is ~Joneby entering the letter g. The user is then prompted to enter tho m~name
in which to store the bond graph structure.

Enter the filemulll.. in which to store t;ho hash tables 0 do not include an e:JI:tansion,
it 'Will be sot to '.data'
The user sho. C4 enter an extension, as this will automatically be set to •data. The
file will he store .n the directory lusr/bondgrapb/data.. To store the structure in the me
/usr!houdgraph/d::l:ta/bgl.data the user must enter bgl. The user will now be returned to
the main menu.

Notes There are a, few other options available in the entering an modifying module, which
will not he demonstrated here as they a-e relatively obvious, they are:

1. The 118(11' can change the start and end element numbers. This is necessary if a bond is
accidenta' 'Meted to the Incorrect element.

elete all the bonds and elements from th,~ bond graph structure.

3. If a, bond is accidentally deleted? the most recently deleted bond ('"l,n be re-inserted in
the structure.

C.3 Assigning causality and viewing the causal implicatlons

. \

'rIte user is able to ontor the causality assignment routine by entering b from the'.main menu.
'nt~user is now given three options, to assign the causality, to view the hash tables in which
the bond graph structure is stored or to view the causal implications:

Do you Wll.nt to

A Asnign causality to a bond graph.

B V;io!.l' tho causak implications.

C View tho bond graph data structl1ro

D LOilVO the causulity assS.gnment rout Ine ,

Press tho key con.'i.h.pbnding to your choice and hit ental'

()

..,....r

Assumtng that tl.e mj(~"wants to aeslgn tIlt:' causality to the bond graph stored in the file
.;''.~i;1:r .::.~;:;,,nh/cla.ta/bg1 .dana, the user proceeds as follows:

'I'}l(' IlSN' enters u from th(~causallty menu and Is ~lll'n asked if the file bgl. data contains the
hond graph structure

(



Do you want to assign or. view the causality f?r the bond graph stored in the file
BG1.data (Y or N)
The user is required to enter y. If the eausaHty is to be assigned to any me 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 h-~ assumed to be .4itta).

The causality is assigned automatically:

Getting the first elemetlt

Assigning ~ausality

Getting the next eloment. in the stack

Getting the first element

Assigning causallty

Gotti.ng the next element 111 the stack

Assigning causality

Getting the next element in the stack

Assigning causality

Getting the :next ellillilant in the star;k

Aosigning causality

Getting the n~xt elomont in tht ~tack

DONE

Data written to file /udr/bondgraph!data!bg1.datn

c'

Control is then returned to the causality llH'UU. 'Io view the implications of the causality
assigned to the bond graph the user must enter b. The causal implications are viewed using
the UNIX "more" command [2(;]. The screen can be scrolled line hy line, by pressing the
return key, or can he scrolled page by page l)y pressing the space bar, When the user has
completed viewing the implications, the user is required to press enter to acknowledge this,

RESISTOR (ELEMr~Nt NmmEn 3) CONNECTEDTO
BOND 2

(, The cC)'1J.sali ty asatgned implies that
f2 is a fUfLction of o~

EI-'!?OR.1'SOURCE Ci::LEMENT rmMl3ER. 1) r.ONNECTED TO
BOND 1

l7n
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The causa.lity assigned implies that at is the output,

CAPACITOR (ELEMENT NUMBEl 5) CONNECTED TO
BOND :3

Tho causality assigned ~.mplieD 'i;hat
03 is a function of q3

IllERTIA (ELEMENT NUMBER 6) CON1lEC'1'EDTO
BOND 4

Tho causality assdgned :i.mplies that
f4 is a function of p4

Once the user has pressed enter when prompted 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 c. This
function is the same as that provided in the entering and modifying module and its output
will not be shown here .. To lea':6! 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 module used to construct the ACSL input file can be invoked from the main menu 1>y
entering c.

This module asks the user to enter whether or not the data flle currently beIng used is the
one for which the ACSIt input file must he formed.

Do you want to get the acs I equations of the bond gruph stored in the fHo
BG1.data (Y or N)

Assuming that the file lusr/bondgraph/data/bg1.data contains the bond graph structure
to be simulated, the user must enter y. If an ACSL input file is to be fonncd from any file
other than the one displayed, the user is required to enter n and will then he prompted to
enter the filename (again an extension must not he entered I it will be assumed to be .data).
The user is required to enter the ACSL program name

Eutor the acsl program nama.

In this example, the ACSl program can he given any arbitrary name for example, A bond
graph model.
The user is then required to enter the Integration step size

Enter the integration ,o:tepsize, ccal.c
It ill assumed that an integ:,uion st()P length equal. to 0.01 seconds is known to be sufliciently
accurate, This is then entered. The user is then required to enter the duration of the
simulation.

Entor tho duration of the simulation, simtim.

it is assumed that the user if' 0111y interested in the behaviour for the first 75 seconds. The
user then enters 75.
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The ueer is then required to enter the data for resistor 2.

RESiSTOR (ELEMEUT NUMBER 3) CONNECTED TO
BOND 2

Tho documontation for this element ls:
IIA rasistol~, which roplaces tho capacd tor"

Enter the data for resistor R2.
If tho equation is linear. onter only the resistance.
If the equation is non-linear c••ter tho entire equation with
f2 as a function of 02
If the data is in tho form of a table onter "table"

Assuming resistor 2 is governed by a linear relation of the form ('2 ;: 2.0h, it is only necessary
to enter the resistanee, 2.0.

The user is then required to enter the data for capacitor 3.

CAPACI'l'OR,(ELEMENT NUMBER 5) CONNECTED TO
BOND 3
The documentation for this element is:
IIA capaci tortl

Enter tna data for capacitor CS.
If the equation is linear, enter only the capacitance.
If the equation 5$ non-linear enter tho entiro equation with
a3 as a tunction C'f q3
If the data is in the form of a table. imto:t~ "tabla"

o

Assuming capacitor 3 is governed by a non-linear relation of the form e3 :::: ~~~fJ5,it is
necessary to enter the entire relation, e3::::::1.0/3.0*q3*q3.
The user is requited to enter the initial value of the energy variable for each storage element
with integral call~a1ity. For the capacitor:

Enter the valUE! of q3 at time t::::Q

Assuming the the initial value of ci3, q3i to be zero, the user enters 0.0.

The remaining elements are entered in the same way.

EFFORT SOURCE (ELEMENT NUMBER 1) CONNECTED TO
BOND 1
The documo:atation for this olemont is:
llEffOl't source"

(I

Enter tho data for e'ffox't source SE1.
If the effort input ;i s a ':;<'()Pat t=O then ontel' only tho height of the step.
If the offort inpt~t :1.0 .mythir,'\ but a step at t::.::Othen onter the entiro
o(lllUt ion , usil,g the :f1)rJn 010:, ..••
If the dana is in the form of a tt\bl0 01tel" "tat\le"
1.0
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INER.TIA (ELEMENT NUMBER 6) CONNECTEEJ TO
BOND 4
The documentation for this element is:
uAn inertia"
Enter the data for inortia 14.
If the equation is linear. enter only the inertance.
If tho equation is non-lineal' enter the entire equation with
f4 as a function of p4
!f the data is in the form of a table. enter "tablell
4.0
Enter tho value of p4 at time t~O
0.0
Acsl input file dumped to the file !usr/hondgrapl1!acslfile/bgi.acsl
Hash table written to fila /usr!bondgraph!data/bg1.data
The ACSL input file created is:

program A bond graph model
initial
constiant; ~)Cjin'l:;:3=1000
constant ccalc=O.Ol
conseant sirr, ',\1=75
simend;:simt Im-ccafc
cint=simtim!points
nSi;p=cint/ ccal,e
constant i4=4.0
constant p4i=O.O
consnant q3i=-0.0
constant 91=1.0
constant r2:::2.0
and $Hinitia~1l
dynamic
d'lrivative
f4=(1.0/i4)*p4
p4=integ(04,p4i)
e3=1.0/3.0*q3*q3
q3=integ(:f3,<l3i)
05:::03
134=03
£3:::+£5-£4
£5=£2
£j::::f2
02=-e5+e1
f2=(1.0/r2)*o2
termt(t .gc , sdmend)
end $"derivative"
ond $ltdynamic"
terminal
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If" 'j!'
()

end $lIte:rminal"
and $lIprogram"

Notes
If the ('quat/ion")of the had IH~()nentered previously, the user would he given the opQon
of spedfYhi~~whether the equations are still valid) if they are, it is not necessary to re-enter
them. The US()l' also has the option of entering the data for each element hi tho form of
a table, Neither of these two Ol)tions are demonstrated here as they are clearly shown in
Appendix H.

c.s Running ACSL

The module used to fun ("'1 ->, from the meuelllng package, can be invoked from the main
menu hy entering d: "
This module prompts the user to enter whether the ACSL input file, just created, must be
used as the input tc \CEaJ.

Do you 'WMt .. ) ::linlt1a'" \ t?I'" systom stored in the :fila
BG1. acsl (Y or ,N)

The input file is compiled and then executed. The modelling package does not construct
It ACSL command file, hut instead the Uf)('1' is required to enter the commands from the
command line. This is clearly shown in the ACS1 manual [11.
The ACSL plot of effort 2 as It function of time is S]'OWli in Figure C.5.

It

Figure C.Ii: Effort 2 as a. funetion of time.

o The ACSL plot of displacement a as ;t function of time is shown in Figure C.O.

The ACSL plot 01 momentum 4 as a function of time is shown in l"jf~llro C.'I.

"'--"I
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Figure G.G: Displacement 3 as a function of time.

8":,--',---- -~~.-
I

8Jm-1---
I

()

Fibure C.7: Momentum 4 as <I, function of time.
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Appendix D

D.l 'rho bond graph progrnm coutrolling module (bond. lisp)

(de:fun run-bond-grapn-pregracs 0
(load "bol1d~'[71n.ph-programs)
(loop
(tonmlt t II 'Ino YOlt \l,mt to~V.-Y.A Enter or modify tlle 'bond ~l'aph at:r:'uc1;urQ-

-Y.-~~B Assign 07;' violl the eau5a1ity·Y.~~C Create rut !CSt. input file~
-%-XD noun !CSt. ·%"~:B Quit tho p:r;·ogram-y,-Xr:·Mil the koy ~
Ctll·X'Mpc.'ndillg to yOUl' choice and hit enter ")

(satt ans (road)
(cend «flqU~11 ana J a)

( ent er- bond - e;rv.ph) )
«(equal ane 'b)
(I':a.usal:i.ty~·main·~f·tlv.;:tion) )

({equal ana 'e)
(dmnp-acsl-equ.ltious) ~

( (equal anI:) I d)
(run-acs'r) )
(t (foX'l\\:.lt t "~y'''y.'rhanks 'for uaing t:ha prog:r:qll1")

(rCiturn»»)

(do'lull lon.ll'~110nd··grt\1)11-p,:ogl:·ams0
(tol'mat t "-II,onding the !lecoSlJnx'y l,)l'ograxna I \ton 't be a 3"cond~%")
(lJud ~Dnter.l~Dp")
(loud "shell.liop")
(10::\<1"c·).t\sal.1isp")
(load "bcndacs l..'lio1''')
(10m! .... \lll··aco1.li:;p"»



D.2 'I'he entering and modifying module (enter .lisp)

;-------""'--"""--------------, ....... ------, ......., --...-------_ ... '"; ,...__ ........ ........_.Ii<. .....,. __ ...... ..."' ..., ... _ .....,..,_ ....._'" ~ ......... ..... ""' ...,.,__ ........_.__ ..... ....._m>_ .....,.. ....-__ ""'"

Bond Graph ~ntl::..:ing l' ",".('
j --------- ...._..,,,--------------------- ..~.,..~...-.~ _.
• _ ..... ""... _""' ... ~.. _ .....O,><,_" . .,..-, ... .... _ .... ~ "'" .. ,'~. II'· 'Writtm. by: l.L. :;)'';''NHl

Modified and added I,,, '; c:. J. HartmtUUl
Modified and nddo,l tc t..: G,B. Grobbel0.0.r
Last modified on: 07!Of.'91

....."'-""'-- .........----"".~"'.--------- ....---- ...--....---- .... , ~,---------_....__ .....------------------------•• ""'\t<o ..... _.., ........... __ ..... ""' ..... '"'.. ... ~<r>"""_.....__ .,,~...._, ..... .... .",._ ............,~_,

- ....., Tho aim of this modQle is to allow t11e user to enner or 1'.lodity the bond
graph structure. 'fho IJ,:;eX' is abl.:J tc 8l1tel' the bond graph either tX'om the
keyboard (,,,' tho bond graph can 'le read in :from a :filo" It is also possible
to use a combination of both llleU.ods~ this is l,;u:,t:icula:rly useful and
nocessary if the systom \odel is constructed ot numerous bond graph
building bl(l~:k3. The Ul;>~:talso hets tIle ability to move. bonds around and.
to d~lete bonda and elements. A function also exists ~hich allo~s the
user to view 1'.l\etv" hash t<lhles •

,..•• •
:;;
, ..·"·..•• •,..•• •
i:;.. .." .
...
'" Tho data file that io 'Written by this module is of the :fol'm:

Tho first line contains the sta.teroent 'causality-not=uaoigned. stating
the the caus~lity ic not u5signed by thi.a module, and the causality that
wall acs igned J.1rnv:iou::;:1,yis probably not correct 11.uYlllore,
The SCCOlld line contains the global variable *line""hnllll-keys*
The next couple 01. .dnes contain the hash table *lines*. "'lJulls* takQ!J
up one l.ine tor each bond in t1l6 11ash tabla.
1,'ollolling the haah table *l1no$* is the global vnriable *nod(j~llaslt-keya"" •
Tho noxt couple ot linos contain tlhl hash table *nodes*, *notio3* takes
up O1\e U!\e for "lach bond g:t'llph element in the hash table •

....,.

....
;;;..." ,...•• •,..,......,,...,. »...
'"
(tlefvn:i: *filename. nil) A gJ/lbal variable containing the

fi.1.(nnmo,'Without the path. ot the
most recently read bond graph data
'tilo.
The hanh tnbla of the bonds. :contains
the element numbers at either end of
tlHI bond and the causality assj.g:1(l(l
to the bond.
Tlu!! liut of bond numl>er~ by which tho
hnsh table is referenced.
The hash to.l>:te contuinillg all the
bond gt'apll elements. contains the
element type. the doctll'nontation
string and the equations fo:t" tht\t
element.
A list of element numbers. used to
l'e:fe:nmee the hash ta.bla *node.l*.
Tllia global 'a1'1,ab1'<)ill: thG SallIe as
*line'"hal'ltt-lteys*. but is used when
tlle dat~ is read in from a 'file.
once the elements and bonds llave
been. rtmumbered. thi::: i03 added on

... 1



Thb licp otructul'e is referencecl by the list *line"hash ..1tf,lYs*.Tho hash
tt'.ola contains the two elements tl\tlt the bond joins in Mde-po.ir, Tho
:firnt eletllent in node-pair is the elemcnt at the erld ot the bond without
the polter half n:r:rowand tl.e second elelllent in node-pair is tho elelllent
thai; the t,oYer is ente:r;.ng. The causality can either be nil, e or b. It :t.,
til io 1\0 c:uu::m.lityhas been assigMd, e is the causal stroke is at the
tltU\\C end as the powor half arz'olJ or b i:f the cauM.l stroke :is at tbe
oppoo it e end to the poyer h,).l:t' an:olJ.

Thin list structure contains the daM. tor each bond graph element o.nd is
reference". b~ *noda-hnsh-keys*, The hash table contains three ent.s.ioe •
the element type, the documentation Gtring fOT th"'lbt'uci graph element and
the equations :fot'the element. TIm equaticM slot is nil if no equations
have yet been obtaillCd •

(defvar $temp-noie~hash-keys* nil)

(defvar *temp-lines* nil)

(de.fntl.·uctliM

;;;.....,
...,.,
;;;...,.,
;: ;
" J

(nodo-pair 1(0 0»)
(G~usality nil))

{detatruct t~~de

...
I J I...
II J..." ,
;:;..." ,

(typo nil)
(doc~otr nil)
(oquations nil)

(cle:fUil reset"enter 0
(clrlluch *lineo*)
(clrll::u::ll *nodes*»

(dO£Ull init~~mte:r 0
~I

to *line-hash-keys*.
This global variable is the same as
*node-hash-keY$*. b~t is used when
the data is read in trom a tile,
once th" elelllents and bond1:! have
been renumbered, this is added on
to *node-haroh-heys*.
This hash table ill the same as
*lines*, but is uGed when
t1te data i6 read in from a :file,
once tha 611:)~\entsand bonds have
been rtll.1.u!l\'bered. this is added on
to *lines*_
This 1w.31\ table is tlte same as
*ncdes*. but is used ~hen
the data is read in front a file,
once the elements and bonds have
been rellUlllba:red.this is a.dded on
to *!lodes*.

i.;; Both tl\e Inoh. tn.ble Is will be cloared and a new one c:ren.ted

184



(uatq *lines* (mnke-'hash-table»
(oetq *nodec* (maka-lmsh-tabh»
(reset-enter)
(setq *line-hash~kcys* nil

*node-l,ash-koyn>t' nil
*c1ireet(jd-li:nc~~ ;;;1,1)}

{dotun read-a~line ()

....,, Thin function is called by add-new-line and prompts the user to enter tho
bond number, and the two elcTnontf.l to Yhich the bond is connected, ':rne
elements are 6.1+;0%'Ou in t.he ordor Df the direction of pouor :low. i.e. the
first; element number ent ozed corzeaponds to the element that the power ;;'s
leaving and the second element eozresponds to the element o;;he pO'l1er is
entering.

; j ;

;;;...,.......,
: ; j

(let «(line-number nil)
(thio-!ine-struc nil)
(s-a-n nil)
I.a-n-n nil)

t t'
.:Jrmat t "~X-Y.Ent(3rth~ bond number "'Y.")

(sotq line-number (read»)
(if (member line-number *line-hash-keys*)

(follllat t "w~;This bond already exists. please rett'entor-y,")
(return»))

(aetiq tlLis"line-struc: line~'ntU\\ber)
(setq this-line~strue (l':o.ke-1ine»
(tClr:n(!.t t ""Y.E:nter thE: r',unl)(lr of 'the element at the start ot the 1'0'11'1:11' ..

halt :;).rrow~y.")
(setq s'·n-n (read»
(node-information-read 5-n-n)
(to:nnat t "-Y.Enter 'the number of the element at the end of the pOwer •

halt nrrov"Yo")
(setq e-no'n (rend»
(nodo-in:forllliltion-r(b.d o-n-11)
(satt (line"node-pa:~r this-line-ctruc)

(Ust s-n-n I!'l;';'!).-n).)
(vn.luo3 liuo-'lluml)or thi:3-lillo"struc:»)

(do:fu:n node-:i.nformation-rea,<l (node)

Tbis :function is called by :read-a~'line and prompts the user to enter
tile element type and the documentation string tor the alelnel'l:. The
:Nnc:tion 1l:L'ites this i11.form(.\tion to tl.e hash table *11011(1$*. It the clemant
ho.::>been defined previously. it is not neces$nry to re"enter tIle data •...

, , J

(lot «al.lolo1ed··nod(l~typos J (ae at i c r tt gy 1 0»)
(it (member node .node~hatjh-keyn*)

(tormat til-ronda elemellt haa been previously dof!ner1·Y,")
(let «(this~node~otluct (make"l\Ode))

(seU *node-h:.1.sll-keys* (cons node *node-hnsll,nkeYG*»
(1001'
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(tormat t "~%ElLterthe element type-lI,lI)
(satt (noda-typo thia-n(lde,wstru(~t) (read»)
(if (not (member (node-type tllis-node~l3truct) allowed··nodc··tnHlJs»

(format t II-~~This is not a valid bond graph elelt'ent, planse -
re-enteX'''%")

(return»)
(tox'mat t tlu%Enter tIle documentation string tor t~lia elOl.nen't"'};")
(sott (node~doe-str this-node-st~uct) (vead-lino)
(Gott (gethash nude :1<nodes*) this-node-atrttc'\;J))

(vtl.luas»)

(dcfun ada-nG~ ·line ()

j :.j 'fhis tunction adds oJ nen bond to the hanh tal>lG *linell* and adds the bond
i i; t:o the variable *1ino-!lo.::h-kays*

(multiple-value-bind (lina~'number Mlil-line) (read-a-line)
(satt >i<UM-hash-keys* (cons lino"nu.mber *line-hash-keys*» ;a LIFO list.
(act.f (gathash line-number HiMs*) now-line»

(values»

(defun viev~nodt)ll 0

i i; Thi3 functi:.m lrints each entry in the hMl! tnble *nodM* to tho sC::;'eeZt

(do1ist (node-ntuuber *noc1e-hash-1I:l'lY(1*)
(tont\'\t t ""'%Element "a is . aqy''' nede-numbez (gethash ncdc-uumbez *nodes*)))

(vuluas»

(detun vieu-linos ()

i j i This function print!! each entry in tIle hash t;ablG *lines* t~,tho scre'!)n

(UIJ1iot (line-number *liM'"haah-keys*)
(;fo:nnat t "};Bond "a is "a" line-number (gethash lino"nwnber *Hnes*))

(values))

(do:fun \fiav 0

,..
, II

This tunction l,rints the content:s o£ the hash tnblM *nodes* alld
*linoo* to the screen, The contents of 'both hash tables is 'Written to a
'file, then the contents (If tlie tile is displayetl on tlte screen uudng the
uuix. command "more", "more" is used to COr.tl·ol. 'the scrolling ot the file
contents.

i i;....,,
..." ,
;;;

(w:i.th-open-fil.e (o.~strea'll "/usr!bondgraph!data!vielt. output"
: directio1\ : output : it-exists : .snpe'rfHlde)

(d,olist (lino-numbe:r *line~hash ...)teys*)
(leu «node··pair (line-node"pair

(gethasli lino-nt~mber (aiuoa"'))
(start-noile ('first noJe-pa:i.z'})
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(end-node (second node-pair»)
(:format. a-stream "-%~Y.Bond"a is "a"

line-number (gothasll line-number *lillec*»
(format a-otrerun u-r,El.emcnt "a in "a"

start-node (gethash start-node *nodes*)
(if (aq star'l:;"node end-node)

(format ll-strea1l1 "-%End elelllent is the same as ..
stro:t element")

(format a-stream u-r,Element "a is "a" end-node
(gethash end-node *nodes*»»»

(run-unxx-prcgraa "more" ~input "/usr/bo:r.dg:i."nph/dn.tahrioV1. output")
(format t "~%-%Presr, ENTERto continue~Y.")
(reud~chro: )
("alMa»

(dafnn urite-hash-table-to-:fila-entor (:filename)

;;i TIds :function writes the hash tables ljllines* and *nodes* to a file
; i j *filename*.data. In addit10n to the hash tables, *line-hash-ke~~,," and
iii *node-hash-keys*, which reference the hash tables are also tlrittan to the
ii, tile, as is a !'!tatement. into:lming the modult?s that the causality has not
j ;; been assigned.

(aetq 'filename (concutenatft 'atring "/usr/bondgraph/data/"
(string-do'llncaae filenamE) ".dnta")

(format t (concatenate 'string u-Y,Data vritten to tile II :filenaI'l'e "~y'II»
('Ilith~op(m-:file (line-stream 'filename

:directicn :output)
(print 'causality-not-assigned line-stream)
(print *lina-llash-keys* line-strI!H).m)
(dolist (lino-number ~line~hash~keys*)

(print (geth;).Sll line-ll\UllbeX' *lines*) line-stream»
(print *node-huuh-keys* line-stream)
(dolist (node *node-h~sh-keys*)
(print (gethash node *nodes*) line-stremn»))

(defun reo.d-in-bond-graplt 0

...
" .

Thin function is called when the 11001" !Jonts to include a bond graph thr~t
has previou~11y been written to a tile. The bond gr:),ph Gtrueture :i.s read
in by the :function retl.d-data~:from-:fi1e~ente.:. which setz the tW'oglobal
lists *temp-lille-llasll-k(J)ls* and *temp"'node-hash-keys* and reads the. tvo 110.011
tablea into *temIl-linesoio and *temp-nodes*. I:f *line-hash"keYfl* :i'll not nil
i. e. part of a bond graph has already been e.ntered then tho tWlctions
gr(latest-line and gre1.ltcst~lIode are called, Ilhich :fillu th~ ~!reatest bond
number in *line-hanh-koysl!< and the gr0ate1.lt elemEmt number in
*node-hash-koys* l'ospeetively. These t~" number are both i~'eremel\ted by
one ao that none o:f tl1() new bond and element numbers win ovorlap with the
oXisting bond nnd element numbers. All thG nell bonis and elemonts ro:a not,
ronumbex'od Goquontially 1.e. it there are toux noW'bonds and the la'tgast
number in *lino-hash··kays* is 7, then the nell' bonds '\till be lUllI\borocl8. 9,
10 and 11. The now hash tables are then included. in the existing hash
tableG and tho newly renumber.ed bond and element ll'I1ltIIHll'S are included in
*line-haoh~key <1* and *bond"llnsh-ke~a* r03peetively. The \fariabl(l node-pair

...
• , J...
III...
J' J...
" t

o ;;;.....,
;;;...
'"...
" ,..., ..

(! ;;;
j; ;
• ., t-
,. I

,..
;;;

187



,.. in the atru<:t'tr6 *lines'" i 1 then changed to take into account the nell
elemsnt nambers. It o:r:il;inaUy *l~.ne-hasl\-keys'" had the value nil, i.6.
Aone ot the bond graph had aIz-andy been ente:t'1ld.then *line-hash-keys* •
*nodl?-hash-lteys*. *lines* and *nodes* take on tho values ot
*temp-line-hash-koyr.*. *temp-node-hash-keys*» *tel.p-lines* and
*tomp-nudes* respectively.

... ." ...,
•••
" ,
(let «great~st-line 1)

(greatest-node 1)
(replace-temp'-noda nil)
(replace-temp-line nil»)

(:format t 1I-1Enter the fi1enrune of the bond glaph you want to includEl"'%")
(read-d'ata-frcm··tilo-anter (read»
(if *line-hash-keys*

(prcgn (set:! greatest-line C~ 1

...
• ., II

(tind-greatest··number-in-list
*line-lu:u;h-keys*» )

(setf grentest-ncde {+ 1 (find-great&st-numbor-in-list
*noae"hash-keys*» )

(dolif-t. (anu, t.temp-1ine-hash-koys*)
(sett replace-tamp-line (con~ greatest-line replace-tamp-line»
(sotf greatest-line (+ 1 greatest-line))

(dolist (anum *temp-nodlll-hasll ..keY9*)
(acti replace~temp-nod8 (cons greatest-node replace-tamp-node»
(utt great!!',ut-node(+ 1 greatest-node»)

(dotimes (pos (length *t~'~p-line-hash'~keys*»
(sett (gethasll (nth pos replace-tC'mp-line) *Unes*)

(getha~h (nth p09 *telilp-lil.e-llash~keys*) *tamp-1ines.»)
(dotimes (PfJS (length *temp-node"hash-keys*»

(sett (gethash (nth pos 4eplace-temp-node) *nodes*)
(gethash (nth pos *hmp-node-hash-keys*) "'temp-nodes"'))

(S(lt'f >i<liAe-hash-kays* (append roplace-tamp-line
*line"h~sh-keys*»

(setf *node-hash~k~ys* (append replace~temp-nude
*nod£~hl'l.sh-kays*»)

(dolist (a-key replace-tllll"p-J.ine)
(sett s~n-n (nth (position (first (line-node-pnir

(~etllash a-key *linllls*))
*temp-node-'hash-keys* )

replace-temp-node»
(sett e-n-.l (nth (position (second {line-node-pair

(gotllash a"k01 *liIles*»)
*temp-node~ha8h-keis*)

replace-temp~node»
These bat: r.'IlO statfll118nts find the lJOsition 0'1 the old node number in
the old liot of node numbers. The tunction thon replaces the old nod$ number '!lith
the nev node number from the new list of nodes (th~y occur in th, same
place in the list) i.e •
It one enters a bond graph. it completely rem.tmben it so that the node
and bond numbers do not coineide, but the hash table *lines* conta.ins
the node pah'. This node pair has tt' be renumbered. a-n-n is t11.l.\ noW'
3tart·~node-number. e-n-n is the ne'llend-:-:node"'number

(satt a-strut':a.-key) ,.
(sett a~strue (make-line»
(sett (line-nods-paix' a-str\.te)

(list a-n-n ,,"'n-n)}
(set! (gatha.sh a-key *lines*) a~'st::r.uc»)

.. "" ,...
" t....) ,
;;;
;.; ;.....,...
• , I
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(prcgn (setf *lille-hash-keys'" *t'llIp-line·lu...sh-keY$*)
(r;etf *node-hash-keys'" *tclllp-noda-hash-keys*)
(dolist (a-lirt9~·nll..A'."i ·Hne-hash-keys*)

(setf (gethash a-line~numbor *lines*)
(ganhasha-l:!' )-numQor *temp-lines*»)

(dolist (a-node"number *node-hash-keys*)
(sett (getha.* a-Mde-number *nodes*)

(getht',sha-node-number *tolllp·'nodes*»»»)

(dofun find-groatoGt-number-in-list (a-list)
......." , This function I'lenrchesthrough a li8t and finds tho largoGt number

contained in it.;:;

(let (greatest-number (first ~-list»)
(doliot (a-numbex a-list)
(if (> a-number greate9t-number)

(setf greatest-number a-number)})
(valuos greatest-numbor»))

(deiun reeet-temp-hash~tables ()

;:i Thi~ fUnction r~sets the hash tables *temp-linos* and *temp-nodes*

(senq *tflmp··Hn6s* (tnake-hash-talJle)
(setq *temp"nodes* (,lIake-llash-table»
(clrhash *temp-l:lnos*)
(clrh~sh*temp-nodes*»

(de:fun read-data-:irom-tile-ente:r. (ti.lellanle)

;; ; Thit! funl.':tionreads in a bond graph p.to):'ed in a :tile. The tva ll::l.shtables
rea.d in are assigned to *temp-l';HI)S* and *telllp-nodos*, the bond and
elem.ent numbers which reterenco ,;118 two hach tables are also reM in, they
are 3.Soignedito *temp-line-hash-keys* and *temp-nodo-haoh-keys*
respective11' •

.,., "
;;i
i ;;
; ; i

(res ot~t emp'·!msh-tables)
(senq :filon::lll\e(concatenate •string "/u!lr/bondgrnph/data/H

(stril\g~'downct\8e filename) j
(with-opon-:Ule (line-stream filename :direction :input)

(seU causality-ass:i.gne~'? (r~ad lino-stY'eam)
(se'~f *temp-J.ino-hash-lI''lYs* (read lina~ rerun»
(satt line-keys *temp-line-httsh-keys*)
(dolist (a-line-number line~k9ys)
(setf (gethMh a-line-nUlllbur *temp-lines*)

(read line-stream))
(set:! *temp-node-hash-bys* (read linG-stream»
(sott Mde-keys *tamp-node ..hash-keyn*)
(dolist (a-node~number node-kAya)

(sett (gethasll a~node-nUlllber *temp··nodes*)
(read lina-stream»)
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(valu(lIJ»

(defun delete-line ()

,; I This function allows 'l;he 1l5~r to remove a bend frClm the hach table
*1ines*. The bond 1$ then "ritten to a file line-del. data $0 that it can
he "undone" it necessary. !t thr,ra are elements. which are no longer
connected to other bonds. then these too are removed and placed in a tile
node-del-data.

"" J..." ....
J , ,

;;;

{fClrmat t "-Yo Enter the bond you ..ant to delete [e.g. (6 13)J~Y.")
(let «lill.( ·r.,-be-delated (read»)
(fol'rnat 'i_; ';~y. Are you sure 1"%")
(when (eq (read) 'y)
(multiple-value-bind (lina-hash-key position)

(get-line-hash-key-from-node-pair linc-to-be-delOl:lld)
«lambda 0

.,," ..,. Wx;i.tElthe bond to a tile tor latar "undoing" .
(with-apan-tile (del-stream. "/usr/bondgraph!data/line-del.tlatalt

:direction :output)
(print line-hash-key del-s~r~am)
(p'~'lnt (gathash line-hash-key "'lines*) d"l-stream))

(relilhasll line-hash-key *J hes*)
(se'~:f *line-hash-keys*

(delete (get-ntb-e"!.ement position *line-1H.l.sh-keys*)
*line-;',aah 'keys* :test #' equal»»»

...
" "

(get-directed-linos)
Now we Inust test if the nodes a:re still used by other lines. It both the
nodes are not used by other liMS than the ini'ormation tor both n.odes is
written into on tile, preceded by the number two, while if only Gne ot the
nodes is not used it is vrittan into the file the first entry will be 1-
(let «(used-nodes (get-number-list *directed-linGs*»

(start-noJa (first line-to-be-deleted»
(end-'J.ode (second line-to-be-delohd»)

(:format t "used-elelllents Mil start-node -a end-node -:;.,"used-nodes
\ '

start-node end-node) \:
(if (subsetp line-to-be-deleted uti"d-nodes)

The :file containing the a previous node in:formati,on must he deleted to
prevent thl;l l'eading of spul.'ious node data vith the next tunction call. of
undo.

(l::unbda 0
(it (prob\l"file II/usr/bondgraph/data!node-del. data")

(delete-file "/llsr/bondgraph!data/.lode~del. data"»»
oth~rvise data lIlust be written to the file node·del.data

(ll:i.th~open-filfl :del-streu ../usr/bondgraph/data/node-del. data"
:direction :output)

....,,
; i ;...•• •

.....,
;;;
;;;

....,,
(cond
«(not (intf.lX'Seetic-n line-to-bo-deleted used-npdes»
(print '2 del-stre~)
(print-de1e\>~~nod" star" node del-stx'6rut1)
(p:r:int-delete<~node end-node del-ntream»)

«not (member start-node uaed-ncdes)
(print '1 del-str'sam)
(print-delete-node start-'node del-stream»)
«not (member find-node used-nodes»

190



(print '1 del-utre~) .
(print-delate-node end-node del-,.tre:;(m))))

(values»)

(dofUl1 print-delete-node (node del-strea."!I)

;;;
;;;

Thin function prints the node information to the stream del-stream and
removes the information from the hash table *nodes* and remOVes the node
number- from the =node-haeh ~ke1s* •• ••

(print node del-stream)
(p:r:int(g19tha::;ltnod", *nodes*) del-stream)
(remhar.;hnode *nodes*)
(nct'! *node-ltasw-keys* (set-difterence *node'-hMh-kI9Yo* (list node))))

ldefun undo 0

..• This -function undoea the most recflnt bond deletion. It there is
Ili information about the nod~s that vere deleted, then this is also read into
;i; tho i...sh table.

(let (del-stream nil»
(vith-open-t ile (del-stl\,eam"lusr Ibondgraphl data/liM-del. data"

:direction :input)
(le~ «l£~e-k~y (read del-stream»

(the-line (read del-stronm»)
(:format t "-%line-kay is ~aU line-key)
(:fermat t "-Y.the-bond is ~a" the-line)
(set..,*line-hash-keys* (cons line-key *li~l(l-hash-keys*»
(to .\t t "~Y.*line-hash-keys* is aa" *Hue-hash-keys*)
(sett (gethash line-key *lines*) the-Hne)

j : j Puts the line back in the table.
(get-directed-lines»)

information t;o be entered then \1evill have to retl.dthe!f there is noue
itr£ ormation.
('!lith-open-file
(del-stream. "/usr/bolldgraph/data/nocle-del.data"

:d~rection :input
:i:f-does-not-exi~t nil)

(let «(nodes (read del-stream»
(noda:t-key (:road del.-~?trerun»
(node1-in:fo (read del-stream»)

...
, II

(:format t "Ny' elements -a" nodes)
(uenq *node-hash-keys* (cons ~1ou()1-kcy*node-lt;:;.sh-keys*»
(format til-Yo element1-key "a hash "a" node1-kQY *node-hash-k!:qs*)
(natt (getltaslLnodo1-key "'nodes*) noeld-into)

i ;i It there is the node information ot tvo nodes tho second node info:rmatit)ll
; ;; ;,s read.

(it (eq 12 nodos)
(let {(node2-key (read del-stream»

(node2~i~fo (read del-stream»))
(sotq *node-hash-kol * (cons nodo2-key *node-hash-keys*)
(sott (gothash nouc2-key *nodes*) node2-info)
(:format t II-¥, hello"»
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,0»»
(values»

(defun modify-line ()

•• •
This 'function allows the user to connect tha bond to another element or
elemcmts •

;;;

(forma'j; t "~%Enter the bond you ~lish to modify [a.g. (6 13)]~%")
(leU «(l.ine-munber (get~'line-hash-key-frol'!l-node-pair (read»)

(print line-numbsl')
(the-line-being-changed (gcthasll line-number *lines*))
(print lina-llumbar)
(desjred-chunge nil)
(us ed-nedes (get-nUlllber-list *directed~linas*»
(node-pair (line~node-pair the-line-bning-changad»
(s-n-n (first node-pair»
(e-n-~l(second l\ode-pair»)

(tonnat t 1I~Y.Whn.t do you ~ant to ehrulge?"'y''')
(:format t "-y'En.ters-n, e-n, tor start-Glement, end-element respectively~y'II)
(setq desired-change (read»
(case desired-change

(e-n (format t ""':!.Enter the new 8tart-el.emont-~;:.:iIl\er"'Y.")
(setq s-n··n (read)
(if (member s-n-n used-nodes)

o
(nod~-intoI1llation-raad ",-no'n»)

(e-n (format t II-Y.Enterthe :neV'end-element~number-Ir.")
(setq e-n-l\ (read»
(it (momber e-n-l\ used-nodes)

o
(node-intor:mt"ltion-read 8-n~n»)

(otherwise (format t u-Y,Option not underanood , try again! "Yo"»)
(SGtt (line-node-pair the-line-being-changed)

(list s-n-n e-n-n»
(values»)

(defun enter-band-graph ()

::; Thin :function otn.:r.tsand controls tho entoring and modifying of the bond
;;; graph snrucnure ,
(init-enter)
(loop
(options)
(set! ana (read»
(cond « equal. ens J a)

(connect»
«equal ans 'b)
(view»

((equal ans J c)
(reoet-enter) )

(equal ana )d)
(modifY"line) )«equal ana Ie)
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(delate-line»)
«equal ans 'f)
(undo»
(t (goodbye)

(return»»
(val's»

(defun ~~~dbye ()
(foT'" 't 11

0 IEnter the filename in which to store the hash tableG. ·%do not -
include an extension, it will be set to I .data' -Yo")

(set! *filename* (string (read»))
(TJri ta-nash··table-to ....fih-enter *f.ilenajl\e*)}

(defun connect ()

,., This function gives the user the option of ante:dn% the bond graph trom
the keyboard or trom a tile that already exists.

. '...,.
(format t "-IDo you \l'ant to

-%-%.4. Enter the bonds and elements sepazately trom the keyboard
-Y,-%B Include an existing bO.1dgraph
-%":~Pressthe desired key and hit return II)

(ii (equal (read) ;b)
(read-in-'bond-S:t'1.ph)
(loop (add-ne'll-liue)

(:format t II-XEnter F to f~.nish or any other key to continue-Yo")
(when Ceq 't (read»
(return (print 'finished»»)

(get-direeted-lines)
(values))

(detun get-directed-lines ()

..." ,
~lds :function forms a list of all the node pairs in the hash table
*l:i.nes>l<•

...I. _

(setq *directed-lines* nil)
iPorho.ps ue could do tids better using MAPHASlI!(see paige 285)
(dolist (line-key *line-hasn-keYb*

(sett *dire<.:ted-lines* (reverse *direr.ted-lines*»)
(setq ¥directed-lines* (cons (line-node-pair (gethash l~ne-key *lines*»

*di=3cted-lines*»»

(t!e:fun get-line-hash-key-from-node-pair (node-pa.~.r)

; j; Given the noG:' pair (e.g. 1(2 3), this :function returns the cO-t'responding
bond's hash tabla key trom *line-hash-keys* •...

" t

(leU «poai (first (get-positiolls-of-occurrenee node-pair
*directed-lines*»)

(!ine-has!\-key (get-nth-element posi *line-hash-koys*»)



...,,, The or".et.of valu13a ~a8 chosen to avoiJ ul1ing .-v-b's vhen en1y the
line-ba::;h~k~v is requirod .
(valu.as lint'! '!lash-key posi»))

...
• I •

(defun get~posJ,tio:'la-o:f-Clccurrence(chosen-element L)

...·., This function returns a. list, positions-of-occurrence. containing the
positions ot chosen-element in the list L•

" D

(let «positiol:l.s~of-occurrence nil)
(n 0»)

(dolist (temp L (reverse positions-of-occur1'ence»
(setf n (,~ n 1»
(when (equal temp chosen-element)

(sett posi.'ti.cns-of-occllrrsnce
(C('i'\Vl~ n podtions-ot-occncrence»)))))

I,

...·,. This function geta the nth element of a list. Where n=1 corresponds to the
first eleme.nt.

(defun get-nt1l.-elenMu;:, (n L)

(nth (- n i) LJ)

J' ,

(defun get-number' l.:;:t (L taux number~list)
(dolist (temp L (»w,:e.erse nm,1ber-list»

Csetq numhur-list
(remove~dup).iCa.t6s (append (reversE! "i~II.F) number-list) :test #1:::»))

iI-

I.

(:format t u- I Do you want to·%")
(:format t "*Y. A Enter the bond graph, either bi' entering each ..

element separately from-Yo the ~eyboard. by reading the bond ~
graph or bond graph fragment froll\ a data~Y. file (}r by,-
connecting !:Ixisi;ing bond graphs elements or tragments."y''')

(format t u-y, B Displt\y all the bonds currently connecned. -X")
(format t II-Y, C Delete all! the bonds in the bond liS1:.*%")
(format t "~y. D Modity the variables ot a bond. -Y.")
(:format t "*~;E Delete a bond :froll\ the bond l.ist. -Y,")
(forpt:'"it t "-y, F IIndo the most recent l)ond deletion. *Y.")
(fo:t~>1,i\> ;; ,,-% GLeave thl'l h ~nd graph entering routine. -Yo")
(form~t. t c"-y, Press the key corresponding to your choice and hit enter ~»

\.

(defun options ()

j;; This function displays the options available in this :nodule. The output is
;;i :formatted f()r the 80 col vga screen.
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D.S The automatic causality assignment module (ca.usal.lisp)
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This progxul\\ assigM the causality t(l an nnaugl1lented heml graph. The
module usea the eequcntiaJ. cJ.utlal:i;ty proced1.t:I:'o PI'opose 1 'by Hood I Palmer
and D(Li!.t~i'b. \lith al;t;erationa and 'J'tl.riatioll$ making it In01'*) I]uttnble for
liD1'" (o.ud computer) implementation by G:robbelanr. The f:lt(\te t~·::nit:ion
table is implomonted using Winston I s to:t'llaxd cbaining rule~btl[J,

'fhe data :file that is 'Ilritten by thio module is of tI,e :form!
".('ho:first line contains the statement '~~,lUoa1ity-;l$signed.stating
t1113the eau.r;iJ.li'i:y is assigned by this module and is ~o:rrect. Tho secead
line 1::0)1tains the glob:'.l va:dahb *line··haslt-keys*. The noxt couple ot
liMS conto.in the ha~h table *Unes*. *lines* trutss up one line tor each
bond in t1\e hUDh table. FoJ.loving the h,Ulh tabla "'lines* is the g101)31
va:dable *nodo-hasl\~'lteys*. Tite next couple (If lines contain tile hash
tuhle "'xwdes•• *Mdos* takes up one l.int! for eac;li. 1)0"11grapl\ ill6mtmt iAt}tho
Imsh tabl.:). FolloW'ine. this. threo lists are \l'ritten, *r-a.lg6bl·aic··:~oop*1
*bond-ulgobrll.i.c-looll* and *de:r:iv-causaUty* .

·..•• •·..J' •....,.
~;;

...
I"
;;;
00.

J ,t:a

,,,
•• 0

" I...,.....J' ,...
" I

;;...." ,

itO!)

(defvar *r~aJ,gel:bl'.·a:i.t:··loQP* nil) A global Hut with il1to:r.mation
about vhich bonds attached to
X'tlsistor.s lIad the caunality assigned
3rbit:rat'ily. it is nil it tIler", are
ItO <11gebraie loops.
1 global list with information
"bout which \)ond::: !'~1;t;C\clledjunction
st:ruct:ilre df1merrMl had the C1l.UI'l;,'\Uty

assigned ~rbitra~ily.it io nil it
ther.fI llT.e uo a.lg,~bra:i,c loops.
A global list with :hrfo:unn.titln ,,1)011t
bonds attached to st\)X'age al.eI11611t;n
that have dorivative cnu:'HI.l:i,ty
assignad ~;o them.
Tllill global. vn:.tiable b not nil
tha ""us:l.lityhns already been
alU'.ig1l()d to tlte bond gr<.\ph
It there is an algeill'Clic loop or
deriv;\ti.,e cau.sa,lilly. then an ACSr.
implicit statement (IMPt.) i9
required. W1t1dn thi13 stat~mont i3
,\\1 fll:r0:t' :!l.ag I so tlmt tl,e tIng
varlall!e lS not repMted, it i.:l
indexed. Tli~ vn.:J:'inlll.o il' at anti
*el·ro:r.'''tlag'''~lmvl' is tli6
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(de£v~r *lines* nil)

(do:fv:l.r *linc··hasl\-knys* nil)

incie:;;, \,,If
As tor the error t~~g.~f t~e data
is ilt the :font ot a: table, thfcltr.\ble
if llued tab and indexed vith the
var:l able *table-vo.-r*.
This is a. global list;. vhi·;h is
initially created and remai~s
unaltsJ:su. It contains til'll numher., ot
-.::achbond graph element. More
in:formation on *list-of-nodes* can
he ;fo<1ndin tho introduction to the
fUllction get"l.od;3~dati1"causd.
Con'espcnding to each element numboe
in *1:i.st··o:f-nodas*. is the element
type in *liet-o:f-nodo-types*.
corraspondiflg to the n1llllber. More
information on *list~of-nade-types*
can be :found in the intr(lduction
to tho function
get-node··dn.ta.-causal.
CorresponcUng to ea.ch element nu;n'bol;'
in *Uat-o;l:' 'nodes* are aU tho bends

I connecttld. to 't;Iw,t o1611umt and axe
stored in *lillt-o:t-connMted··lincs*.
More informa~ion on
*1 ist-of~conMetetl-l:i.nEIIJ* ean
be :found in the int:roducti()n to the
function get~no<.\a~data-e,).usal.
1. global va:riable containing th~
tihnalll8, vitho\it the panh , of the
lIIC)tltrocantly x'ead bond graph dat3.
file.
The hash t~ble o~ th~ bonds, contains
the eltlllentnlU1lbon at either end of
the bond and tho causality assigned
to the bOlld.
Th~ list Qf bond numbers by which the
hash table i$ referenced.
The hash table containing all the
l)ond gzapl'. elements. contaiM tho
el(lllellt type. th0 documentation
string and I;lLe cqunt:i.ons fG¢ that
~lelllf'lut.
A list; ot elemont :numbers. used no
refer~~c~ tha hash table *nodes* •
..erxo1"~:nngl(t is aet equal to J a:i:':t'or
it there is an error ill the 'l:1\)l)d
graph st;tuctUl·(I. Tl~(\ a:migrunent
procedure is halted and the uaer
is .I:equb:edto (!orract the bond
graph.
The gl~bal v01'iabl~ ..stack. is ~
U8t of all the bonds to vhh~h
c::au3~iitl' has been assigned, 01" is
in the precess e,f be i.-,S asoigucd to
s:I.M;e the l11st tima *stata* vas



(dofvar *atate* 'start-state)

'start-state. The exact tor~ of
"'stack* vill be slLownlater.
This list has the aams tormat as
*liat-of-nodes*. except that
*unnsed-nodea* ia a lis~ of all the
bond graph ele:uento that have not
yILt had a causality assigned to all
tlH~bond a eennecusd theM.•
'thia list has the sane format as
¥li8t-o:f'~nod6-typi.'lS"'. O~C(!pt tltat
"'unufHld-nodo-tYPMlf< is a list of
the eJ.emellt types c{l:rraaponding to
tha bond graph element!! in
*unused-nodes"'.
Tlli3 list has the 8at:\e format as
*l.ist-of-connected··linea*. Elltcept
that *unused-connect~d-J,ine8*
contaim., a list of ull the bond(J
attachod to an element that have
not hu\t a causality MsigMd to
thelll yet.
The gl~ba1 vn:ciab10 *ctate* is the
cnrrent state as defined by Uood,
?all11or and Dantzig.

(dotvuX' *unuoed-Ilodes* nil)

(defv<lr "'unused.-no(to-typos* nil)

(detstruct line

..." ,

This li(l1' structure is rof e:cenced by the lilt *line-hash-k6YS*. The han!
tuhlo contains the t'110 'l.mrwnts that the bond joins in node"pr.ir. Tne
til'ct element in node"p.:,i;.." is ths el(ltlent at the \'Ind ot. thG bo:n1 without
the powor hal:f n.rrO\l and the second t.!lelllent in Mtle~pa.iX' ia 1he el,ell'lont
thn.t the power is entering. The ctl.tlsality can eithl'lr he nile ~ or h. It is
nil i.) 1\0 c('!.usality has been assigned, tI :\.:.:,.he causal stroke is at the
same end as 1;1\e power halt a.. :0\7 or b i1 tk. causaj, stl"olte .lI,SI\t the
oppodtE.l end to the poyer llalt urrOTl •

.....,..·,.·~..·,.

... ," .·,.,.,...
• • I...·"

(node~p~ir'<0 0»
(causo.lity nH)

(dofotruct; node

i; t
Thin liot otructuZ'e (lonttd1l3 tIle dati). 'fol' each bond graph el.emont and is
reforencod 1'1 *llOde-llO,Sll.-lteys*. There hash table contain three entrieo J

tho ol.or.\(lnt typo. tl:.1) do\:'Uttlcntt\tion atring t~r the bond tiraph element and
tho t1quo.tions :for tho element. The eqUo.tioM slot is nil it no equations
have y()t boon (lbt'l.~.ned.

....,.

...
" I..." ,·...,.
(type nil)
(doC-c.1tr nil)
(oqllatiolls I'll))
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(clrhash "'1.ines*)
(clrhnsh *nodes*»

(def'un init-c(lusn.l. 0

;i; Doth hash tnbles aT-O cleared and now ones createa.

(setq "'linM'" (tnakO"hlsh-table»
(Dotq *nod6s* (tno.ke-1tar;h~tt~lJle»
(XODot-Cr.l'l:::al)
(aete:;. *li:1El'-lu:u)h-keya* nil

*nor;\o-hanl\-ke)'s* nil
*directod-liMs* un
*l'-algerbraic-loop* nil
*bond~ulgeI'lrruic-loop* nil
*eu:or"1:lag* nil»

(defun get-~irst ()

;;; This fun~tion is called whenever "'state'" is Ista~t-stat$. The tunction
resetn *stack*. and calls the :function update~unused··listB, vhiclt
updattls the lists *unus ed-nodes *, *unused-·node-types* and
*um ..sed-connected ..lines*. so tllilt the TI\ost recent causal assigmnonts are
excluded. 'rIle :function thell gets an unassigned bond and the bond graph
alol'llent to yl1.ich it is eonr.eetied , The eletnGnts ha.ve the usual priQritieo
(:first se , then st, c, i, tt, g~'. 0 and finally 1). If a :t;'esistor ill
returned by the ;t\.mction, a list of tho tom
(elcr\cnt-type elel'll(lnt~number bend-number') is eonsad onto the list
*r-algel)l'aic'·loop*. If the function retuI'nl.1 any of the junction st:ructuro
elemelLts (t:f, gy, o. 1), a list of the forlU
(element-type element-number bond~number) is consed onto the list
*bond-algebraic-loop*. Finally "'stack* is set equal to
({ elem<)nt-nmnber eletnent-type bord··nunlber».

..." ....,.,
f> ,.,

I ••.. ,
• • I...,.;...
• t I:

;;;...,.,...,.,...
I , •....,,...,..·..", ,

(tortnr ..t t "~Y.G6t"illg the til ot element .~;,,)
(nett *stack* (li3t nil»

: ;; t'pd3.te~\lllUoed··lists does not work if *atn.ck* i:3 0 au *sta.ck* mU:it be of
;:: tho form (»

(updata-unuood-list.:l)
: :; c"nu 'Il<l.S chosen us it only eva.luo:ces the 'first :form found. that nauehes ,
i:i Therefore wa ca.n implement the correct priorities

(cond «member 'S(I *unuscd-nocie-types*)
(seU elemont-type )se)
(sett nlcment-nur.lber (get~Mde-numbe:r-frolllrt'type 'se»
(setf bend-nusber (get-umwsignou-bond )3(;»)

C (monlbol 'of *unused-llodc- "YP()~l*)
(sett elenlent-typo )sf)
(sEltf elell'lont-numl)o:t' (got-nodo-munber-from··type ISf})
(S6tt bond-number (get-unassigned-bond 'sf}»

«membor 'e *Ulmsed-node=type(i*)
(sett ol'lmont-type 'c)
(sett elEltnent;~'numb6r (3et~l\Ode~numbe:r~froll\ ..type Ic)
(actt bcmdwnttmbol' (get-unassigned ..bond Ic»)

«meml)or 'i *ulltloed··no,la-types*)
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(s~tt element-type 'i)
(satt element-number (e;et-ll~'-;'l.IlJIIber-f:rol:l~type I i»
(soti bond-numbar (gat-~:r.(l.Ssigv3fl~bond•i»)

«membor 'r *ur.llSed-l1Ode··types* J
(setf element-type 'r)
(satt elmucnt-nurnbol: (get-node-nnnlbel'-:from-type ;r»
(;.,etf bond-number (get-un<;l.ssigned-bonn ':e»
(s~tt *r-algerbrnic~ ..oop* (eens (list element-type element-number

bond-number)
*r-nlgerbraic-loop*»))

«membor 'tf *unused-node-types*)
(sett el.omont-type 'tt)
(seti' elelllent-number (get":wde-number-from ..type 'tt»
(sett bonci-uumb.:T.'(gen-unaasdgned-bond Itf-»
(sst:f *bourl-alge;rbraic-loop* (cons (liot element-type element-number

bond-nuabar)
*bond-algo::b:r: ..dc:-loop*) i)

«mcmbez J 81' *unu:led-:nocle~typIC3*)
(setf element-typo 'gy)
(sett element-number (get-node-numb$r-f~om-type 'gy»
(set! bend-nunboz (ges-unasargned-bond Igy»
(sett *bond-algorbrnic··loop* (cons (Ust elowmt-type eleme:nt-nmnber

bond-number)
*bondMalge:.:'bra.ic-loop*) )

«rnclIIbol' J 0 *unusod-uode-t:ypos*)
(sstf el.(lment~type 10)
(sett elelltent~nul1lber (get-nodp .number-trom-type 10»
(actt bond-number. (get-unassigned-bond I~])
(satt *bond-a.lgerl:l':':a.:i.c:'~looF* (cons (list element-type elemont-uurnbel.'

bend-nnmbez)
*bond-algorbraic~loop*»)

«melllbex '1 *unused-nod~-types*)
(sett element-type '1)
(08tt Glemellt-numbe~: (get-node-numbel·-trolll~tipe~1»
(satt bond-number (get-una.ssigned-bond '1))
(Gett *bond-nlgerbraic-loop* (cons (list Glement-type el~ment-number

bond-number)
*bond-algerbrnic-loop*»»

(nett *stllck* (list (list element-number element-type bond-numbel'»)
(I1nlllos)

(dof4R get-nodo-numbo;r-frorn-tvpe (type)

..." ,
Tl1itl function, given the eleme:\t type gets thlJ Ellement number of the first
0I:C1.11'%'01\Oe ot type in *uml$6d~nod.e-tYI)es*,

..." ,

(nth (position type *t1Uty;od-node-types*) *unusod-nodes*»

(dofun get-una.ssigned-bond (type)

;;; (il,votl. the elelnont type, this function gets an ullaesigMd bond attached
to tl\o element 'tIl" cmrreoponds to the firat occurrence ot typo in
*tllmcmi-node-typos* •

..." ,...,,.



(sett unasaigried.-bond (tirot ('first
(nth (position type *unused-node-typelJ*)

*unnsed-connected-lines*)))

(do:fun -;pdate-unuscd-lists 0

...,~, This :function forms a 1i:lt *ullnsoad-co:nnected-linos*. vldch has the same
:fo);'r.l1.13*'list-o:f-c:onnaete!l'~lina:l* e:r;eapt that all tile bonds tl'tat have
a co.ut1ality rHlGigned to them or axe contained in *stack* a3:O removed. It
all the bends attached to a bond grt\ph element h<l.vt'lcausality assdgned
to them or if they are contained in *stack*, then tl;is element ~lUmbel'3.1J.d
element type axe removed trom *li3t-of-'nodes* and *list-of-node-types* to
'form *\mnoed-nodes* and *unused-node-tyt>es* respectlvcly.

;;;

·,.,1-#

;:;.. ', , I

;i ;
,. >·,,
(lot «temp-connectod=linoa nil)

(count=1ist nll)
( CCJUllt er 0»

(doliot (node-bonds *list-of"conneet6d-lines*)
(dolist (a-bond node-bonds)
(doliat (stack-var *stack*)

(:i,;t (oX' (not (equal (third a-bond) Jnor(~»
(equal. (third stack~var) (ti:t'st'll-b;)nd»)

(soU node-bonds (remo'll) a-bond MdiI-bonds :tC$t #'oqut1.1)))
{nat! tamp-conMcted~lines (coniS neda-bonda ,itemp~c:onnec:tod'~lines»)

(ootf *unusadwconnocted··1iMS* (:reverse temp-C6~nQcted-line3»
(do:Ust (node-bends *unur.ell-conneeted-lines*)

(it (aqual node-bonds nil)
(soU count··list (eons counter count-list»)

(oeU ccunuar (+ 1 co\mteJ;')))
(remove-elemallts":from-*unus"d-nodes*-alld-*unuslJld-node-type13* count-list)

NotEl that hun the Hap :tunction position cannou be used, because it the:t't\
are multiple occurrences ot nil, posit jon only linds the first one.

(satt *unused-connected-linvs*
(remQve nil *unuBod"connected-linea* :tellt #Iequal/)

(values) »

, ..
" , T11io :function is culled by llFd:lte-unused··liots and it) :lent a liut 01

pl)oitions of elemouts to :r.emoll'e.The elements corrMponding to every
positiou in count-list are removed trom *li:st"o:f-notles* t!.nd
*liat<·ot"node-types* to io:rm *Ull'l.lS6d~nod6s* and *tUlUsed-nodo-typo.s*
respectively.

\;;:·.." ,
:;i
,.." ,

(lot «temp-list-nodoa nil)
(1;emp-J.ist··ty,)OS nil)
(count 0)

(dolist (110(16 *l.ist-ot-nodes*)
(it (not (mentbol: count count-list»

(progn (sv1;f temp-list~'ll.l)des (COIlS nede temp-lillt··llOl1es»
(sett temp"'li~t-tYlles (com~ \tl.'th (position node

*li6t~of·nodes*)
*lii\ltc'of~node~types* )

t~mp~li$t~types»)
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~S6tt count (+ 1 count»)
(satt *unused-nodes. (reverse temp~list-nodes»
(sett *unused-node··typOl.* (reverse teltlp'~list..typ6S»
(val~\es»))

..." .

The :functio~ get-naxt looks at the :first list in *stack'" and gets tha most
:r.f.lcentlyconsidered bond number (last-bond-nmnber) and element number
(last-elemont-nurnber). The :function then searches tllrough
*:i.ist-o:f-coxmected-lineo*. to :find the '1;\10occurrences of last-band-number •
tho··l)cndtion is the position of the bond graph eleltl(lnt t attached to
last-bond-number whore this element numbs);' is not: equal. to
lnst-elol:\ont-llUmber. in *list-ai-nodes* .
Tllat is the tunctiO.l gets th(; element attached to tIle other end of the
bond preoently being considQred. The tun~tion then goes through all the
bonds eonnecued to this element. It the causal,i ty on any bond is
un~osigned and tho bond is not the same on~ being consinb~od at pr~seut •
than th'is bond is chosen. A list at the tom
(eJ.el1',ent~n\Ullbe:r:el.elllsnt-type bend-nuaber) if! eonaad onto *ataclt*, If no
bOlld is \:i~osllnthe :function reversal is ca.lled.

(defun get~naxt ()
.....,
....,,...
" t...,.,
" I.....,...
•• J...
~I •...J. ,...,..
..., 'J
;~;

(let «la8t-bond~nu~ber (third (first *stack*»)
(last'~"lement-nul!l.ber(:first (fi:Cllt *stack*))
(tunction-ca~,l 'r8'lersal»

(:format t 1I·,%Gettil\,~tIle next element in thtJ stack"~II)
(dolist (node~bond *list-of-connected-lines*)
(doli~4t (a-bond node-bond)

(if (and (memb'!!l.:'last-band'"number a-bond)
{not (equal (nth (position node~bond *list-o:f-connected-lines*)

*list-of-nodoG*) last-element-number»)
(utf the-pooition (p()sition nodo-ool1.d

*list-o~-conn8ctud-lines*»»)
(dolist (a~bond (nth the-positioP *list-of-connectod-linos*»
(if (and (not (lIu)l\\ber lo.st-bond-n~be;r a-bond» (llIember 'noue n-bond)

(progn (ut:t :func'll{Jou-call nil)
(se~t element-number (nth the-position *list~of-nodes*»
(sel~t element~typ8 (nth tl\(I~posi tion *list-of-node-types*»
(satt ~)o:nd-niUllber(tirot a-bond»
(sett *stack*

(cons (list el.ement-number eleltl(ln.t~t.ypo bend-number)
*Atack*))

(l'eturn) )
(if (llOt (nul::' :function-call».

(reversal)
(values) )

..." , This function assigM the causal stroke away from the current bond g:t"(l.ph
elemont (hilt-eloment-number) on tIle current bond (l,\Clct-bond-number). It
sets *state* eq't;al to o:U():t't~'state and cll.lls the fun4tion get-next •

...
'"...,..

(lot (lnst~bond-n\lmbe:r (third (first *st:u::k*»)
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(last-element-number (:first (first *stack*»»
(foz-mat t ""Y,Asaigning c<lusality-%")
(dolist (nede-bond *li~t-of-eonnected-lines*)

(aett list-a.-bond nil)
(doli"st (a-bond node-bond)

(it (member last-bond-number a-bond)
(it (equal (nth (po~ttion node-bond *list-of-connected-lines*)

*li'.'I; 'of--uodes*) last-ele~ent-nul!lbe:J:')
(octt a-bond (list (first a-bond) (second a-bond) tout»
(satt ~-bond (list (first a-bond) (second u-bond) 'in»)

(sott list~a-bond (COUD a-bond liot-a-bond»)
(satt *li3t~ot-connocted-lines* (substitute

(r~verse list-a.-bond) node-bond
*list-ot-cormected-lines*») )

(sot! *state* letfo~t-Btate)
(updato-\Inused~:\'i3ts)
(get-next)
(values»)

(derun next-next·-tlov 0

...
'" This twtction assigns the causal stroke next to the current bond graph

element (last-element-number) oa the current bond (last-bond-nun\ber). It
seta *state* equal to :flow-state and calla the function get-next •

...
I , J....,,

(let «(last-bond-n~be~ (third (first *stack*))
(last··elelllent-n~ber (first (first *stack"'»)))

(tOrl\I:lt t "~r.Assigning causality·%")
(dolist (node-bend *list-ot-c,onnected··lines*)

(aott list-a-bond nil)
(dolin1; (a-bond node-bond)

(it (mernbe~ last-bond-number a-bond)
(it (equal (nth (podtion node-bend *list-of-connected-lines*)

*list-of-nodes*) last-element-number)
(Gett a-bond (list (tir~t a-bond) (second a-bond) lin»
(setf a-hond (list (tint a.-bond) (second a-bond) lout»))

(sett list-a.-bonet (cons a-bond list-a.-bond»)
(:lett *list-of-connected-lines* (3ubstituta (reverse list-a-bond)

node-bond
*list-of-connected-lines*»))

(setf *state* 'flow-state)
(updato-unused-lista)
(got-naxt)
(values»)

(dofun erro;-$top ()
..." , It there is an error in the bo~d graph structure, thi~ function is called •

The function seta *erxor-flagllt to 'error•• I.~,,
(format t "-IThere is an ERROR in the bond graph stru.ctul'e. NY,_

The error oc:cuxred wlum dealing with bond "a, -y,.
connected to element "a , C}'f type "a-X" (third (tirnt '''stack*»
(:first (first ,*otack*» (second (first *stack*))



(format t ""Y.Pleas(l re<:tify this error~y'II)
(loop
(it (y-or-n-p "~Y.Pres3 y to continue")

(return»)
(satf *error-flag* 'error»

(dofttnavay-prflvious-effvrt ()
...
• I • This :function assigns the causal stroke away :from the previous bond graph

element (previous-element-number) on the previous bond
(previoas-bond-number). The function then sets *state* equal to
effort··state .

;:;..." ,...,.,
(let «previous-band-number (third (second ~:stack*»)

(previoun-eleroent-number (first (socond *stack*»»
(:fonnat t "-Y,Aslfigning causality'Yo")
(doUst (node-bond *1iBt-of-connacted-lin<l'1!*)

(setf liet-a-bond n:.l)
(dolist (a-bond node-bond)

(if (member p:revi,ous-bond-number a-bond)
(if (equal (nth (position node-bond '*list-ot-connected"lines*)

*list-ot-nodes*) previous-element-num'lH' .
(!letf a-bond (list (tirst a-bond) (second a-bo4d) '., ,I)
(satt a-bond (list (:firsta-bond) (second a~bcnd) 'in»»

(sott list-a.-bond (cons a-bond list-a··bond»)
(sett *list-of-connected-lines* (substitute (reverse lint-a-bond)

node-bond
*list-of-c,onnected-lines*))

(setf *state* 'etfort-state)
(update-unuBed-lists)
(values»)

(detun ne~t-pr6vious-flov ()

; j: This tunction assigns the causal stroKElMxt to the pre tious bond graph
::; element; (previous-element-number) on the previous bond
q~ (prOVi(lllS-bond·-number). The function then sets *state* equo,l to
; ;; flo'W'-stata.

(let (pl·evioui~·bcnd-nllmber (third (aeeond *atack*))
(previoua-element··number (first. (second *otack*»»

(:fol1llatt "~Y.AsGigning causalitydy''')
(rlo1ist (node-bond *liat-ot-connected-l.inea*)

(setf list-a.-bond nil)
(dolist (a-bond node-bond)

(it (moir.ber p:rl:lvious-bond-ltUlllber a-bond)
(if (equal (nbh (position node-bond *1ist-of-connected-lines*)

*list-of-nodes*) pre'l(iouB-eloment-number)
(:lett a-bond (list. (tirst a-bond) (se(.onJ. u-bond) Iin»)
(sett a-bond (list (first a-bond) (second a~bond) lout»)~)

(sett list~a-band (cons a-bond. list-a-bond»)
(oat:! *list~of-eonnected.-lil1es* (substitute (l'everse list~a"'llond)

node-bond
*li$t-ot-connected~'1ines*}) )
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(satt $stato* Bilow-state)
(updato-unused-lists)
(values»)

(defun next-r ()
..." . This function sets *state* equal to 'r-stata and calls the function

get-next...." .
(set! *stm;u* 'r-state)
(get-next)
(va.lues)

(defun wonk-i ()

...,. ,
This tllnction counts hov nany unaasdgned bonds are attached to .e'current
element and chor.ks to sea 'ilhetherthere is a flow :floYing into the element
on any ot the bonds. If there is a floy, flowing into the element the
function next-next~flov is called. It there is no tlow into the element,
but thora is one unassigned bond attached then the function
avay-next-effort is called, otherwise the function reversal is called .

;;;
,. ,..,...,.,

(let* «lastuelement-number (first (first *otack*»)
(the-posit:i.on(position l<'.st~element-number *list-ot'-nodell*»
(flo~~in? 'no-flow-in)
(number-unassigned 0)

(dclist (a-bond (nth the-pOSition *list~o£-connected-lines*»)
(if (equnl (third a-bond) 'out)

(set! flow-in? Jtlo~-in)
(if (member 'none a-bond)

(~ett number-unassigned (+ 1 number-unassigned»»)
(it (equal flow-ill? 'flow-in)

(next-next-tlow)
(if (equal number-unassigned i)

(away-next-ettort)
(rev6:rsd)))))

(de£un veuk-D ()

...,.,

This function count$ how many unassigned bonds are attachea to the current
elem~nt and checks to see whethe~ there is an effort flowing into the
element on any bond. It there :i.san effort flowing into the element thE)
'function away-noxt-eftort ie called, It then is no effort floYing int'J
the junction but there is one unassigned bond attached to the element,
then the function next-next-flow is called, othervis') the
function reversal is called .

....,,..." ,....." ,
;;;.... ,,...,,.

(let* «last"element-number ('first (first *stack*»))
(the-position (position last~elernent-number *list-ot-nodes*))
{effort-in? 'no-effort-in)
(number-unnssigned 0)

{dolist \a.-bond (nth the"position *list-of-connoctea-linea*)
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(if (equal (t}drd a~bond) lin)
(setf effort-in? leffort-in)
(if (member 'none a-bond)

(setf nu~ber-unas8igned (+ 1 number-unas~igned»))
(i~(equal effort-in? 'effort-in)

(a~ay-no~t-effort)
(if (oqual nUlllhl'>r-unassigMd1)

(next-next-tlow)
(1' {fersal)))))

(defun reversal ()
(if (causal-con:flict)

(progn (undo-causality)
(remove-all-'bllt-last-t'llo-elements-froll\-*stack*)
(updatb-unused-lists)
(sett ~state* Jr-opposite)

(progn (find-Q-'Ilith-strong-~ausality)
(if (equal *state* 'start-state)

(find-1-'Ilith~strong-causality)))
(values»

(defun causal"cl)nflict 0

" .

This iunction is called by rev6rsal to ass whether there is a causal
conflict. The function counts the number of 0'ffOI"ts en'tering and leaving
each bond. If the element is a i-junction and tl\ln,'eis more thaI. 0:'16

effort loaving. then conflict is Bet true. rf the element is a O-junction
and there if..More than one etfort entedng, then conflict is set trul. If
the element is a transtormer and there is more than one effort ente1 ng or
morn than ona effort leaving. then eontliet is set true. If the elen ~t is
a gyrator and the number' of e:f:fortsentering is equal to the numba. ,t
efforts leaving. then conflict is set true.

...,......,.....,,...•• •

....,.
»i j

(let «conflict nil)
(nUlllber-inQ)
(number-ou'!;Q»

(dolist (node-bond *li~t-of~connected-lines*)
(setf number-in 0)
(satt nuro.ber·oout0)
(dol:i.st(a-bond node-bond)

(if (equ~l (third a-bond) 'in)
(satt numb~r-in (+ number-in 1»)

(if (equal (third a-bond) 'out)
(setf nun,bor-Qut (+ number-out i»»

(if (and (equal (nth <r)osition node-bond *list-ot-connected-;t,iuGs*)
*list-ot~node-types*) Ii)

(> nUmber-out 1»
(sett conflict 't»

(it (and (equnl (nth (posit-ion node-bond *1ist-of-connected-lines*)
*list-o:f-l1ode-types*) '0)

(> number-in 1»
(setf conflict 't)

(if (and (equal (nth (position node-bond *lisc-of-connccted-lin6s*)
*li$t-of-node~types*) I
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(or (> :itumber-out1)
(> number-in 1»)

(satt contlict 't)
(if (and (equal (nth (positiou node-bond *1ist-of-eonnected-lincs*)

*lic'C'"o:Z-l'.Odc-types*)1gy)
(:::number-out ll'!.'.mbor.-in»

(satt conflict 't»)
(values conflict»)

(dofun undo-causality ()

...,., Thi~ :functioIL is called by reversal, it takes ~ach list in *staek* and
seto Ute causality on that bond in *list-o:f-connected-linos* to Inone •

tI ....• • •

(:format t "-Y,Undoing contlicting causality-Yo")
(dolist (stack-vax *stack*)

(dolist (node-bond *1ist-of-connechd-linas*)
(sett list-a.-bond nil)
(dolist (a-bond node-bond)
(if (I'lEllllber(third stack-vax) a-bond)

(prcgn (satf a-bond (list (first a-bond) (second a-bond) 'none»
(satt a-bond (list (first a-hond) (aec~nd a-bond) 'none»»)

(sett list-a-bond (cons a-bQnd list-a.-bond»)
(sotf ;(l;i.~t-o:f-connectod-linEls*(substitute (r&VQ;rsa list-a-bond)

node-bond
*list-ot-counected-lines*»»

(values»

(dofun rth';tove-all-'but-last-two-elclIIents-frolll-*atack*0
(dotimes (count (- (length *stack*) 2)

(pop *stack*»)
(valuer;))

(defun find-O-with-strong-c~usality ()

.~.." ,

This function is eall~d b~ reversal, it checks to see Whether any
O-junctions in *stack* have a strong causality assigned to thellland have
at least one unassigned bond attached (calls the function
strrJl\g-O-and-unMsign>id). It there at'e such O-jul'rctions,the function
gat-the-bond conses that bond onto *stack* and *state* is set to
lI'eak-O.It there axe no such O"jllnc'Cio1\s*state* is set to start'·stata•

...
I • ,....,,
....,'
'* ...
J' ,...,..

(dolist (stack-var *atack*)
(it (and (equal (second stack-var) 10)

(strong-O-and-llnassigned? (first stack-var»))
;i i It in !UI. "and" clause such as that above it the first thing does not
," succeed then the others are never triad i. e. it the elelllelltis not a
i ;; O-jllnct:i.ol~it will not call the function strong-O-and-ttnassigned?

(progn (get-the-llond (first stack-va!.»)
(satt *state* 'weak-O)
(return»

(sott *stata* ~start-state»))
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(defun tind~1-with-$trong-causality ()

...,.,
This function in called by reversal, it checks 'Gt'I see whether any
I-junction.s in .::stack* have a strong causality M..~ "tad to th'3m and have
at least one U1.!assignadbond attached (calls .-;hefunction
strong-I-ar.tl-UllO,ssigned). If there are such i-junctions. the function
get-tho-bo).!cL censes that bond onto >i<ctack*and >;estate'" is set to
weak-1. It thero .. EI no such O-jih"1ctiollS *state* is sot to start-state.

..." .
;;;
;;;

....,,
;; ;

(dolist (stack~vaI *stack*)
(it (and (equa.l (second. seaek-var) '1)

(strong-I-and-unassigned? (first ~tack-var)))
; ; j See cOlb!)lentin previous function tor discussion at. "and"

,~n (get-tho-bond (tirst stack-var»
(sott *state* Jweak-l)
(return»

(aett ""'state* I start-state»»

(de:fun stx'ong-l-and-unassigned? (element-number)

..." .
This :function is called 1.1 find-i-with-strong-·causality. it checks to 13M
whother there is a flow entering tha junction. if so, strong? is s~t equal
to stl~ng. The numbar ot unassigned bonds attached to thB junction are
then counted. I:l strong? i8 strong and :there. are more than 1 unass:igned:
bonds then strong-nud-unasslgned is set true.

.... ".,,...I.'
;i;
; r;

(let «number-unassiciU0d 0)
(strong? 'weak)
(strol.lg-and.-unasdgned nil»

(dolist (a~bond (nth (position element-numbor *list-o:f-nodes*)
*list-o:f-eonnected-liul',....:;

(it (equal (thi:t'd a-bond) J out)
(sett s~rong? 'strong»

(if (:'<1mber 'none " ...bond)
(lJt.tt nUll\ber-u; signed (+ :I. number-unassi&ned»»

(it (and (equu st:rone;'{ 'strong) o number-unas~iign.Jd 0»
(slItf s·trong-and-'massigned 't»»

(defun snrong-u-and-unass igned? (elemant~'muuber)

...,., This functioll. is called by tind-O~'Ilitll-strong-caunllli.ty. it checks to seo
whether there is un etfort entering the junction, it so. strong? ~.s set
equal to strong. 1'l.e :all.'Ub(lrof unassigned bonds attached to the junction
are then cOl'.'"ted. If 13trong1 is strong and there are more than 1
unass igned oonds then s'l;rong-and-unassigned .i(l set true .

...
'"..." ,..." ,...,.,

(let «number-unassigned 0)
(strong? 'weak)
(strong-and-unassigned nil»)

(dolist (a-bond (nth (position element-number *list-ot-nodos*)
.li3t-of-con.~ected-lines*)

(i£ (equal (third a-bond) 'in)
(oet£ strong? 'atrong)

(it (member 'none a.-bond)
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{SElt! !ltUl,bor-unaasigned (of- 1 nUll1ber-ullassignod»»
(if {and (equal strong? 'strong) ~>number-unaasign6d 0»

(set! strong-and-unasnignad It»))

(defun got-the·,bond (clemant-numbor)

• 11_:, Ii

TIds functiolt is called by ·lind-Q-it:l.th-st:rong-ctluoulity r·nd
find-i-witll.-st:r:ong-co.usnlity. if eitlto:r tho O-junction f)];' i--junction 1W,3a
atY)ilg cU~lOulity mid at l.O<J.3t one Ul1Moigncd bond. This function ge1.G the
\m~\coigned bond. nt'l.:n.c:lled to tho junction vith nt:tong cauQul~ty and connoa
a Hat of tlw tOl'ill (eleltlont:~numbcr elernont-typohond-rflUtlbor) onto "'stuck* •

:;;

..." ,...•• •....,,
(elolist (a-bond (nth (positi,.n eloment.~n!}.mbGl:*1int-(J:!:-"lodm::*)

*list-of··{'.onnoetod-liues*) )
(it (mcmbe:r 'none ,,-bond)

(progn (oett *stac:~* (cons (lint "31IlmEmt=numbor
(nth (p::Hlit': on elem(l11t-numb'~r

*liot-of-nodGG*)
*list-of-node-types*)

(first a-bond» *stack*»
(retur~~») )

; ; i The cons t'unatruct i3 used because that'e 11\~y be ,)tho;r 0 or 1-junetione
i ; j in * ata ~k* Which are &t:t'ong and hnve ul'l::1Suigl\8Qbonds , so "9 l~arllLot just
;;i <::lour "stack*.

(v~'\luoo) )

(dofU2\ ~aul'lAlity~mt\in-funetion 0

..." . 'Chis if.! the controlling fUllction in the c:aunality Moigtllllent l!Iodule. it
diopl.ayll thl) Clpi;iona Ilvailn.ble to the user and depending en tILe \\IHlr'11
choice calla one of three ::f\metions

; j j...,. ,

o

(init-cau::;oJ.)
(loop
(causal-options)
(sott am. (:rend»)
( cend «( e 1uaJ. ana Ia)

(assign-cauoality»
«equal nna 'll)
('iTifj'll~Cal104l.1-impliGutions)
«oqual nno 'c)
(~iev"b()nd-g:r;'Ullh~!'itX'uetu:t:e) )
(t (rotlll'n»))))

(do£un (\[wign-cauaality 0

;;i

C' i Ii...• ••·....,
;;i·..,.•

Tllio :function controls thc ",s31g!nr)ut of tale co.usality. The l:u!1.ction (;a11G
rou(l~'data~enunrtl, Yhi<::h:r:Mds tIlo haGh tab],,,,!'! from t\ tile. 'fhe function
got-l1otic"c'luso.l is then culled, \Thich eOI"tV01"ts the kwh tables into throe
global lists *list-ot~nf/doD*. *liot-o·g·'llOde~tYI}eo* t.md
*liDt~o:f~connoct(ld-liuo:]I;t. *otat.o* in set: to 3tru:t, \,ilte and
*UlluOed"~n\)t1o(l*»*unused=uodo=typ, utld "'mms(ld<>connected~J. ines* are sot



...
Q fI'

equal to *liat-of-nodell*. *list'~of-node~'typea* and
$1ist-of-connected-3.ines* respectively. Th~ xuaction then ent~:rs a loop •
whi~h is exited if lihel'" is ('1 el"ror in t,\'e 'bo'l~ graph strtl"i.llX'e Qr it
*{')1;ate. is start-state and *Ul~"sed-n(lde8* is nil. If *<atate* is 81.1UIl,1
to staz't··I1It.ate and *unused-nodes* is not n:i.1 then the funct;i,on get-first
is called. The function invokes tnf'l rule-baso, eendtng it *state* r,nd
the elemont type. 'The function response returned is then 6\'atuated. Also
it *8tate* in equal to \l(lJ:.'lk~ithe tUMtion weak~t is callod and it the
state is ve.lk-O, the function '5i6nk'~Ois caU.ad. On"f\ the causality
(lSllignmbnt pxoeet!ure is completecl, the stO:rilgil!l elm:;),' .. ru:a cneckod fOl'
derivative caMtllity (f:i,:rld~'llerivat:!.ve-caugul.ity) and the :fUtlctiO~l
l.\pd,,:ta'~::u!d·~:rito-har,h-tk\ble is callerl.

....,
•• •....,....,..." ,..." ...." ,....,,...,..
,,.
" ,

(r.e~d~Jata~caU8al)
(get'''l\ode''d,\ta-ct\uIl1ll)
(u8t-cauijality·uto~none)
(l(it «*5ttlt~* 'stat";',';~tate»

($OItt *unuud~r.oden'" *l:i.st·~():f~nodes*)
($et:f *u.n1,l8od~node-typea* IIllist"ot-node-typae*)
(set: *unuMd~con:ne~te,l.-lin(ls* *list-o:!u·c;onnecte:i ..ti,p.es*)
(loop "
{it (equal *.:r:4:)1'-fl~g* 'errol')

(ntU,l:'n) )
(it (and (equal *ullused-nod.es* nil) (equal *state'" start'~eltate»)

(ret'Ul'n»)
(:if (and (equal *state* 'staI'i;-state) (not (equal *unused-nodes* nil»)

(get'~ti:rat) )
(€Ival. (run (li.rl; *state*) (list (lUlcond (tirllt "'"tack"'»»)
(if. (equa] "'stat&'" 'wenk-1)

tr.onk' .1»
(it (equal "'stat.* 'waak-O)

(weak-O»)
(:i.t (not (,qual "'f.lx'X'or-:flag'" •err,)!:»

(progn (tel'mat t "-Y.DONE 'Yo") "
(t ind"deri vaU ve~'causaiity)
(update-and~writ.-hash,~table» )

(vo,lU6:3» }

...
'"

'Chis ,function takes the list *l:i.st~o't~'conn(jetedc>lirlOlJ. and makes nll tho
causalities equal to 'none

;i;

(dolist (node='bo.,d *liat~o'l-('!o~ine(:ted-Hne3*)
(<\loti li$t'"a~bond nil)
(dolist; (a"hond node-bond)
(set: a-bond (list (first a-bond) (ueccnd a-bond) Jnono»
(sett list;-a"bond (COM a-bond list~(.\-l)ond»)

(sett *list~ot~ct)n!le(:t(ld'''HnEH;;*(substitute
(:roval'se li:st-a··bond) node=bend
*list-ot"connocted··1i:nes*») )



...&, , This '!uncf:iOll :linds lifhich file thEl bond grl).pll to be assigned causality
.is ato7;'od in...~..

(if *filol1lli1lC*
(it (not (y-·or·-l.l-p ..~IDo you va.nt t.O assign or view t1u~ causality tor ~

i;he bond graph !!lto:t:'edin tho -~~fileba.data"
*:filel\arMl*))

(progn (foI'lt'a1; t "~%b%Enter the file name of the tile to read f:rom, n

don't include an el!:tl)nilion~}~it Il'lll be taken to be -
token to 'be t data.' fl%")

(netf *:filen::uue* (read»»
(progn (:torl1t:1.t t "~IEnter the tile name ot tIle file to l'oad :from, ..

don't h'ell'de an extclll!ionu~~it w:ill be taken to be -
tak,)n to be ' datn.' ft'l.")

(sett *tilaname* (read»»
(:l;'Md~d"'ta~:h:olll~file-cr,usnl *filen.:nne*)
(val.lles»

..." , 'rltis :function takes the datn atored in the ,two hash tables and COnV131ts
~.t:into a form that is 1I\0X"1'I 1110:0.'8suited. tt;l this l'l'0Sl'U, This "function
(~r.aates thIOO global. list., *list-'ot-nodafl'lI, *l.ist-I)t-nodo-types* <mel.
~·li3t-of-connected-l 'I.!UIS*. *list-af-nodes* it the sallie as *n(lde"hnsh~'keys*
i .e. it contains a. list~ of all tho bond graph elelllertt nUllIbers •
nist"'(lf~·.node-type!J* contaiits a Hst of all element tYl,es, 'rhe fix'st
(Jlemont in >i<HBt"of-no(\(t-tYPM* corresponds to the fil'st elel1lent in
*:),illt-of-node:3*. The seccnd eloI1umt in *l:i.stwo:t'~node..types'" cOrl'a:;ponds to
the second element in "'list·~o:t-nodes'" and so on.
*1ist~()f"connected~'.i.in(ls* cOll.tai:'ls a list Qt all tIle bonds attached ti() 8Mh
bond ,gI'aph t'tl')l\Iunt. *list-of-connect(,d-linss* has the following tOlllla1: ~
(( •• ( •• ) •• ) ••• ( ••. (bond-m'rubox' po~ersdirectil)n c:ausality-dinction) •• ,), •• )
*+ist-ot~connect(ld-lint)s,p thel:.'dcre ~ COMinta ¢~ a J.ist of lists. Th!) first
Hilt in *Ust~of-conntlcted-linflU'" co:tre!l ~~-:i1S to the first element in
*list~ot"Mdes.*. Tho second list in *lis' )fqccnnec.ted-lines*
correapoads to tho second elemeat in *list-ol-nod~s* and so on. In each
of these listl arlt :numerous otlllu: l.:istO!l. Each of t!lo~H.Iliata cClX1'(jsponds
t(' a bond :;l.tta()lled t", tlu~ el.ement. it t:.ere a:rG t\to bonds a.ttaehed to the
bond graph elelllant. thE!X'e axe t,w li.flt8, it t:h6rt is one bond attachod,
tact'a io OM lint. I~ each of th.,se lists corresp0J,lding to a bond thel~1)
uro tlu'()6 ele'l)(,llts. tlle fix'st is tho bond numlllolr. the second is th~ pOIl!.lr
~iix'oction and th~ third ie the <:ausa1ity dirMtion (thEl direction of tho
e:l:f'ort) •
Considat an exmtlpla

1
$e(1)--'---"-\ I :1.(2)

I
I 3
I
I

: ....,....,,....
" I...'J'...., ,·..,! •
j: ;
;;;...
" J

;; -...,.,...
J. ,

...
• ' J·....,
....,,...
a II

iii...,.....·,.
' .." , ;a

I---~~---\r(3)...
'"...·.,...
I , •...
J, ,...
I , ,

i; i
;:: i(4)
;i j Tl1.e thl:e.e listu tll"'e therefore
;i i *list-of=node3* i~l(:1 2 3 ·1)

210



...
• b'

*list-ot-node-types* is (se 1 r i)
*list-of-connected~lines* is «(1 out out»(i in in)(2 out in)(3 out out)

«(2 in out»(3 in in))
That is the tirst element in *list~ot~nodes* is number one, it is of type
SOl (the fir:lt elElmE':ntin *list-of-node-types*) and has one bond connected
(the first list in *list-ot-connected-linas*). the bond is nu.~bcr i, the
power is !loving out of the effort seuree and the e:f!ort i3 also 'flo'iling
out of the effort source etc. Th~ second element in *list-ot-nodes* is
nu~ber 2, it is of type 1 and has three banda connectedt bond 1. bond 2
and bond 3. The po~el' and the eUort is the input to tll~ i-junction en
bond 1~ the power is leaving and tIle ef;to:rt entering on, bond 2 and both
the powel' and tl!9 O:ffOl't arc loa,ring on bond 3, And 00 on tor the remaining
2 clements.

...,..
j; ;

;;;..., r'...
• , I

;;;..." ....
.~.,..., "
j ; ;...".
;i;

(let «curl'en'l;~nodo nil)
(current-node-type nil)
(node~lines nil»

(eett *list-o:f~'nodes*nil)
(sott *liat~ot-node-types* nil)
(met! *list-~f-conn~cted-line~* nil)
(ssU *list"'of-Mdes* *nods··hash-lteYfI*)
(dolist (n011e -nuaber *node-hash-kayo"')
(sed *lirJt"'o:f"'nodo-typos~' (cens (llode-typ\'!

(g&thallh node-number "'nodes*»
*li~t-of-node-types*)))

(neU *J.ist-of-node-types* (revl'Z'se *Iist-of-node-types*»
(dolint (node-nUlllber*node-haRh-ker3(')

(dolillt (line-n1Ullber*line-hash-keYll*)
(it (member node-number (line-node-pair (getha~h line=number *lines*»))

(sott lwde-lines
(cons (list line-number

(powe1:-direction-c'ausal
(position nodf)-mlmber (HM-node~pair

(getlul,sh line"nUlUber
*lines*»»

(causality-di:,:eption-causal
(po::litionnode~nUlUber (line-node-pair

(gethash line-mmber
*linell*»)

(line-cau$tllity (gothllGh li,\tl-number
*lines*»»

node-lines») )
(oat:!. *list~'ot~c;onnected-lines*

(cons node-lines *list.-of ~conMcted"·l:i.nes*»
(setf node··lines nil»)

(satf *lir;t-o:S;Mconneeted-lines* (reverse *list··of~connectod-lines*)
(values»;

..." ,·...,,..,.',
) ...

" I..., "

This ~~unction is ca11ed by get-no(te-d;;.ta-causa.l, wherE) nua is the pOSition
of thl} node in line~node-pair. If num i,S zero i.e. the first node j,s being
considel'ed then the 1'0\76:( is flowing oue of that node, othorliise (if
nUlllcl i.e. the second node is being considered) the pow or is tloviug into
the node•
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;;; Thi$ function l'eads the data atol'sd in tIle :file filename.data, ti1.Q :fotlllat
at the data :file :is discussed at the beginning ot the tile enter.li$p •
A portion ot tlw fUllction lias originally written by C. Rartlllann. The
:function was mouitied and a<!ded.to by G. Grobbeba:r

(it (= num 0)
(30~;f poW'or-diro<:tion 'out)
(sed fl0tlex-direction 'in))

(detm1 causality-di:t~ction··co.ulja1 (nUll dirac:)

...
• • I

tIds tunction is called t'1 get-node-data··cauaal, 'll'hal'O num is the position
of. the node in line-no(ie-pai:r :.mddirec is linc,.,causali ty. If nn.l!lis zero
th.e firot: node is iY'"'')''g consadered and therefore power is flo'O'ing Qut
o:t the ncde , it (li':'oG is )e i.e. tl.e causal stroke is at the same end
as the power halt nrrolJ. then 'tlle causality is ~c:;ut. but :i:l direc is 'b
i.e. th" causal 13tl':okeis at the opposite end to the pO\Jer h;;,l:t arl.'(fll then
cQ1.l.sality is 'in -, If nun is :1 the poyer ia :flolling into the nede , t;hen if
dirtH: is 'e the c<1.ilsaHty is )in othel"lliu6 j:f. dirac is 'b the causality is
'(!ut

..." .
". t" ,
...
• , I...,,.
... It•••

; i i

(cond «and (equal num 0)
(equal dirac 'e»

(set'! causali ty-dj,nct;ion lout)
«and (equal ~um O)

(equal direc 'b»
(satt causality-direction 'in»

«und (equal nUIII 1)
(oqual dirac 'e»

(set'! caus:l.1.i ty~'direction ' in)
{(and «Iqual nun 1)

(equal dirac 'b»
(satt causru.if;y-dil'ectioll 'out»»

(defun rd3.chiJ.ta-trom-fi1,e-caullal (filenus)

...
"I

(nott tilemun6 (coneaneaaee 'string "/usr/bondgl'aph/datai"
(8tri.Ilg~downcatle tilenama) ".data"»)

(witll~open-fiJ.e (lil16,#stx'6LUlI:filename :direction :input)
(oett' eausality~a::lsigned,? (te~d lineu'stream»
(Got;! *line"}msh"lceys,," (read lille-otream)
(sett line"lceys *line»'ha.ch'·keys*)
(dolist (a-lina-number li:l1l)~'lceys)

(3et:f (gethash a-line-mllllber *linas*)
(read line ..'stream).I)

(satt *node'"nash"kays* (re<1d line-stream»
(sett nede-kays *nod,e-llash'"keys*l
{dolist (a"node-number nodl-keys'

(setl (getllash a-nodo-nmlber *nodes~)
(read lin' ··strf.lalk) ) )

(values»
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(detun f1nd-derivative-causality ()

...,.. This fUllct:ion GCardl,BS through *l:ist-of-connectad-linas* and
*li::;t-ot-node-typo9/A< to :Und .all storage elem(311tswith derivatbe
CUUS!l1ity assigneJ1 to them. It there are such elements. a. list of the :fo:l:I!l
(olemOl.lt-type 81oment-numoer 110nd·-number) is consed onto the global list
*deriv-causnlity*

;;:

;;;
;; j...,,,

(lot «counter 0»
(sett *deriv-eausalHy* nil)
(dalint (a-node *list-()t-node-types*J
(it (equaf a-node 'e)

(dolist (a-bond (nth counter *list-of-connectecl-J.ines*»
i; i Note 'IleM'lst use a counter. va cannot use posit:l.on. because if the element
i ;; appears more than once in the liot wo tnay get the incol'rect one uning
;;i tlle lisp function position because
I•• (position Ie t(1 2 c 3 c» is 2

(if (equa.l (third a-bend) sin)
(satt *doriv-causality*

(cons (list 'e (nth counter *list-of-nodes*)
(:first a-bond) *deriv-causality*»))

..." ,

(if Ceqrcal a-node ~i)
(doUst (a-bond (nth ctlunter *lis:t-of-coffi"l6cted-lines*»

Note lie 1IIt:,st \186 a counser , ue cannot use position, because it the element
appe::u's II'II;,r6 tIlan once in the list W6 lila), g&t the incorrect one using
tho lisp iunction position becaua~
(position 'e 1(1 2 e 3 e» is 2

(:it (equal (tIlird a-bond) $out)
(sett *deriv-causality*

(eono (list 'i (nth counter *list-of-nodes*)
(fil'st a-bond) >l<deriv-eo.usality*)))

(seti coun;:'e:t' (+ 1 (I,.mnter)))

;;;
;~.....,,

(de:fu.l update··and~writ.-ha.!.lh-tab1e 0
(add-causnlity-to-hagh-t~ble)
('Write··luulh-table-to-:file-causal "':filename"'»

...
II'

1'bis function takos the causality llseignmenta in the list
*list-o:l-colmec:t!.ldu·lines* ami trMshrs thelll to the hash table *linea*
using tho prodetinod formnt. i.e. if the cuuaal stroke j,s a'l: tl~o same
end as tho pO'IJer halt o.rrov, the ca.usality is 'e, o'Glurt"wiso i'l; is 'b •

• II

...
•• I...
"1

.)

(let ((list~of-l)onds-uflod nil)
(current-node nil)
('lirst-element-in"'line-pllir nil)
(socond-element-in-line-pa.:ir nil))

(doli.l3t (node-bonds *list-ot-connected-l:i.nes*)
(satt CUrl'ent"node (1\th (posit~.on node-bonds *list-of-conll6cl:ed-lilles*)

*list~of~nodes*»)
(dolist (a~'bondnode-bends)
(oatf fi:r8t-elelt\(lnt~in-lil\e~p3.ir ('lb:at (lino-node-pai'r

(gethucll (ti:rst a-bond)
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*linea*»»)
(set:{ sacol1d-element....in-line-pair (81~cond (line-node-pair

(gethash (first a~bond)
*lines*»»

(if (not (member (:first a.-bond) list-of-bonds-used»
(prcgn
(cond «and (equal (third a-bond) 'out)

(equal eurrent~node first~element-in-lina-p~ir»)
(set;! (J.ine-causality (gethaslt (:first a-bond) "'linoa*» 'e»
«:md {equal (third a-bond) 'in}

(oqual cUl'.r.cnt-noue :tirst-elemelit=in~1inEl-pail"»
(soU (line-e;:l.Usa.1i't~r «(.,.,ltlw.sll ('lirat a-bond) *lines*» Ib)
«(and (equal (third a-bond) 'out)

(equal cU£l'ant-ncde second-olement-in ..Une-pair»
<"ott (line-causality (gethash (first a-bond) *linoa*» 'b»
(:'.l1d (equal (third a-bond) ~:in)

(equal eUTrant-Mda aecond-element-in-line-pair»
(seU (Une-cansali ty (gatllasll (1irst a-bond} *lines*»)

'e»)
. (sett li8t~()t~bonds-uBed (cens (:first a-bond)

list-ot~bonds-used»»))))

...
III Thi;'.l :function writes tile line and the node hash to.bles to a tile

*filennmo*.data. Xn addition to the hash tables, *line~hnsh-keys* and
*node-hash-keys*, I01hic1l:re:t-eX'ence tho uns}. tables are a100 lIritten to the
:file, as 3.);,'8 *t'-;).lge:rbraic-loop*, *bond-algerbraie-J.oop* ana
*deX'iv-cnusality*. A statement, informing the modules that the causality
has been assigned is also included in the tile •

;;;...
" I
•• It•••...
, It.. .
'"
(sotq :filename («oncatenat<<l 'atring "/uar/bondgraph/da:ta/"

(s~ring-do'imease :filenruue) ". data."n
(:format t (concanenatie 'st:t'ing ""Y.Data wr.itten to :tile" :filenallle "-YoU))
(with"open-tile (liM-strerua tihname

:direction :output)
(print 'causality-assigned line-str~am)
(print *line-hash-keys* 1ine~tltre;,un)
«(lolist (line-number HitHl"h~\Gh-keys*)

(print (gstihash linew·mu!lber *J.ines*) linoQstream»
(print *uode-haah~}':oys* lillO··stl'aam)
(uoliot (node *node~ha.$h-keys*)
(pl'int (gethaoh :lodG *nod~!S*) 1ine-ctraa..'n»

(print *l'-algel'b~ai(!-loop* 1ine~'streal!')
(print *bond-'alg(1rbraic-loop* line-streru:n)
(print *cieriv-causali ty* line··stream»))

(dcfun view-causnl-implicatinns 0
...,,I , TIds :function :.lllOIlS uhe UMX' to view tho causal im}llications of all the

elemonts on the sereen. All the data. is 'W:r:itten to a file and tho :file
io vi owed using th1!' uv,ix eOlrJn::mtl "more". becanse "more" c'Jntrols tIu,
::lCrol1illg •

..., "...J. ,..." ,

214



(read-data-causal)
(geti-ncde-datia-eausaf)
(witll-open-file (a-stro1.U4 "/usr/bondgraph/~t\ta!vio'll.output"

:direction :output :if-exists :supersede)
(c;;;1l-oach-node-1;ype a-stream»

(xun-unix-progrlllll "more" :input "!us:r!bondgraph/data/view.output")
(fonnat t "-Y.~%Press ENTERto continue~%")
(read"'cha.r)
(values) )

(derun vlew-boud-g'raph-structuro 0

;:; This :tunl~tioll alloll's the user to viaw the t'll'O hash tables *Unes* and
; ;; *nodes*. All the data is vritten to a file and the file ill viewed using
; ;: the unix command "more", because "1Il0l'ii'l" controls tIle scrolling.

(read-data-causal)
(with-open-file (a"'strealll. "/usr/bondgraph/vi",,,·.output"

:direction :output :it-exists lsupersede)
(dolist (liM-nUlllber *1ine-ha,sh-bys*)
(let* «node-pair (l.inft-node-lla ..t:

(gethash line-number *lines*»)
(start-1\ode (tirst node"pair»
(end-node (second ncde~pair»))

(format a-st:"'eam "*X-}!Bond"a is ~a"
line-number (gethash line-number *lines*»

(format a··stream "-Y.Elelllent "a 1s "a"
start-node (gethash start-node *nodes*»

(it (eq ata:rt-node end-Mde)
(format a-stream. "-Y.End element is the sanla au ..

start elelllentli)
(to%1llat a-strealll n-%Element ~a is "a" end ..node

(gethash end-node *node.a"'»»»
(run-undx-prcgran "more" 1input "/usr/bondgraph/data/vi6''II'. outpU'li")
(format,,!: 1I-Y,-Y,PressEUTBRto continue"Y,")
(read-ch~4)
(value::-.) )

i;; This :function di:.:playn the options available in this module,

(:tormo.tt "-I Do you ~ant toU%,,)
(formr.t t ,,-% A Assign causalit~r to a bond gt·aph. -'loft)
('format t "~y. B Vie'll the causal implications,"Yo")
(:fol"ma.t t. 11-:4 (' Viev the bond graph data stracturo-r,")
(:fol'mat t 11-% D Leav. the causality ass::'glUllen.t l'cutille, ~y',,)
(torm at t 11-% PreGs the key corresponding to YOU1' choice and hit Eln'l.~er "»)

(defun enlJ.-e::v;h-node··type (a-strealll)

: ;; This :function is calle(! by view-cansal-implica.tiono and sends each eltllllent
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,., in *list-oi-node6* to get-a-particular-node.

(let «pos '0»
(dolist (node *list-ot··nodes*)

(get-a-particular-nodQ nod6 (nth pos *list-o:f-node-types*)
(nth pas *list-o:f-connected-lines*) a-Gtre~~)

(sott po~ (+ 1 pas»»
(valuos»

(dofun get-a-p:trticular-node (nedo-number' nodo,-type connected-line-data
a-otreatn)

·..
II' This :function is called by call-euch-node-type. Depending of the node

type, node~type being considered one o:fnine :fullctions is called •...., ,
(case Mde~type
<'r (r-element node-number connected-lino-data a-stream»)
(. c (c-elel\\ell.t node-number connt'lctlld-line-data a-stream»
(I i (i-olemtmt node-nuabez connocted-lino-data a-stream»
('tf (t:t-elemolltnode-number connected-lina-data a-stream»
('gy (gy-elemont node~number connected-line-data a-stream»
(I.se (sc-element node-number cOlmectod-line-data a-stream»
('sf (sf-element node-number connected-line-data a-stream»)

(values»

(detun r-eloment (ncda-nuabar line-dl.'.ta a-stroum)

...
" I

It the olenumt currently being considered ill a resistor, this 'function is
called. The data for the element is vritten to tho file as well as the
independent and dependant variabloo.

;;i·..III

(;for!llat a·'stream n-r,-r,RESISTOn. (ELEMENT NUMBER-a) CONNECTEDTO -r,"
node-number)

(dolist (a-line lino-data)
(format a-stream "BOND -3, II (first a-line»)

(format a'";3tream"-y.~'l.'rll1~caur:mlity assigned implies that")
(dolist (current-line line-data)
(if (equal (':hird current-lino) 'in)

(seU e-f-out "t")
(::lott a-i-out "e"))

(format a.-stream "-%"3,-a is a :function of " (!~f-out (first cur".'ent-lino))
(dolist (a~lin8 line-data)
(if (equal (third a-line) 'in)

(seU e-f-in "e")
(setf e-f-in "!"»

(:fornm.t a-strerun "-li.-a " a-i-in (t.i.rst a-line))}))

(de:fun se-elemont (node-number lint'l"data a-strea'll)

,
)

...
" I

If tho elcmont currently being considered is an effort source, this
function is colled. The data for the element is ~:ritten to the :file no
well 110 tM dependent variable .

• IJ·.~ .~t...
" .
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(let ({connected-line (tirst line-data»)
(:f(lrll'ata-strea!ll"~%·%EFFORT SOURCE (ELEMENT lUMBER. ~a) CONNECTED TO -y,"

node-number)
(:format a-stream "BOND-a " (:first connected-line»
(:format a-stream "-Y,°%Tl16 causality assigned implies that e"a is the -

cubpuc" (:fir3t connected~1ine»)

(detun $f'~elemont (node-nuabez line-data a-stream)
.,.
t p, If the element eurrently boing considered is a flow source, this

1.unetion ia called. The data for the element is 'Ilritten to tho 'tile as
tlell as tlle dependent variable •

i ;;...•• •
(let «connected~line (:first line-data»)

('format.a-stream 1I~y'QY.FLOWSOURCE (ELEMENT NUMBER -a) CONNECTED TO "%"
node-number)

(format a~'st::oam"BOliD -3, " (first connected-line»
(:format a-stream u-Y,-%The causality assigned implies that f*a is the -

output" (first connected-line»»

(detun c;-element (node-number line~'data a-streant)

..." . It the element currently being consideTsd is a capacitor, this function is
called. The data for the element is written to the file as '!leU as the
independen't and dependent vn:riables•

,..,..
.,.,. J•••

(:format a~st:r6ant,j-%-Y,CAPAl!ITOR. (StEMEN'!' NUMBER "a) CONNECTED TO -Yo"
node-number)

(dolist (a-line line-data)
(tormat a-stream "BOND "a It (:first a-line))

(format a-stream "-y,.-%Tlle causality asoigned implies that")
(dolist (curr\lnt-liue lino-data)

(if (equal (third current-line) 'cut)
(sett e-t-Ollt "e")
(sett e-:f~ollt "'1")

(tox'1I\at·a-stream ""%~a"a ill a tunctiol). of " e-:f-out (first current-lin<'<~)
(dol:i.ot (a-line line-data)

(it (equal (third a-line) 'out)
(oett e-t~in"q")
(oett e-t-in "e"»

(format a-strealn "-a-a" e··:r-in (first a-line»»))
o

(dofun i-element (node-number line-data a-stream)
..." , It tho element currently lHling considerod is au inertia, thin :function is

co.lled. The data for the element is written to the tile as '!Jellas the
independent and dependent variables •

;;;

(I
....,'

(format a-atream "~y.·y.nmRTIA (ELEMENTNUMBER-a) CONNECTED TO ~y'u
node-number)

(dolist (a-line line-data.)
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(:format a-stream "BOMD "a " (tirst ",-line»)
(tormat a-stream u-Y,-Y.Thecausality assigned implies '1::hat")
(dolist (current-line line-data)

(if (equal (third current-line) 'in)
(sett !)~f-out IIflO)
(soU e-t-out "p")}

(:fonnat a-strean "-r.~a-<.\ is a function of ..e-i-out (tirst current-line))
(aolist (a-line lino-data)

(if (equal (third a-line) 5in)
(sed a-i-in "p")
(oott e-:f-in "f"»

('format a-s+reaa "-a"a " a-i-in (first a-line)))))

(defun tt-olcment (node-number line-data a~stream)

j i i It the element r,urrently being considered is a transformer. tho : function
;;i is called. The data tor the element is writtan to the :file as well as the
;i' independent and dependent variables.

(format a-stream n-r.-%TRAHSFORMEll (ELEMENT NUMBER -a) CONNECTED TO '"%"
node-numbei')

(dolist (a-line line-data)
(format a-stream "BOHD -a " (first a-line»)

(format ..-stream "-%'"y,Thecausality assigned implies tht\i.")
(if (equal (second (first line-data» 'out)

(progn (sett pout '0)
(soU pin '1»

(progn (sett pout '1)
(sett pin '0»)

(if (equal (third (first liAe~data» lout)
(progn (satt cout '0)

(set! cin '1»
{progn (sett cout '1)

(setf cdn '0»)
(format a-stream ""%e"a :: 1:1\ e~a wherll lI\ is the lIIodulus-Y."

(first (nth pin line-'data» (tirst lnth pout line-data»»

(dofun gy"'element (ncde-number line-(ia.tu.a-stream)

...
'1 ' , I

;:i
; . ;,

J::f the element currently being considered io a gyrator, this tunction is
called. 'i'lu~data tor the element is Y:rittslI to the file as well as the
indopElndvnt and dependent variablos.

(tormt\t a-stream II-~I,~Y.GYRATOR.(ELEMENT HUMBER -a) CONNECTI-:D TO -y,"
node-nUl\\ber)

(~olist (a-lin~ line-data)
(to':ilIata-strenm "BONO "a " (first a-line»)

(:format ....-stl·eo..ttI "'·Y,-Y,Tlle causality assigned implies tho.t")
(if (equal (second (:first line-data» lout)

(progn (setf pout '0)
(satt pin 11»

(progn (satt peut '1)
(soU pi11 '0»)

(format Il.~stre::uuII-Yeo-a ::;;r f~(l where )."is the rnodulucQ'Y."
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(firat (nth pin line-data») (first (nth pout line-data»»

;bott

...
j, , NOTE'WEI can use! the li.sp tunction position vh~n dealing 'With *list"'of-node:'l*

or *lifJt"'ot-c~mectGd~linaM because thll elements in the list are never
repeat all. which is Mt the ease with *1ist-ot-node-types*

..., )/,
j ; ;
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D.4 'I'he module that controls the forward chaining algo-
rithm (snell. lisp)

j jtop.... ,. TIlOmoduke ..hid. contl"ols the for.,ard chai!1';"J algoritlur .
Wrjtton by A.t. Stevens
Modified by G.B. Grobbelaar

" .
;; ;

(de:fvar *rules* Jempty-stream)
(defvar *assertions* Jempty-strea~)
(de:fvar *rul~s-fired* nil)
(sott file-i "!usr!bondglaph/asserts.data"

hle-2 "/usr/b:>ndgraph/re:mlts. data")
(:fo:::mat 1: 1I~r.Ll)ading :nl1e interpreter .•. ")
(load "/usr/i:lol.ldgraph/:tchain.3binlt)
(f.)rmat t It -r,Loading :r11les••. ")
(It)ad "/uer /bondgraph/rules .lisp" )

(de:fun run (fact-1 fact-2)
i-.----------- ...--------------- ....-.-----------------------...., ...-----
"This runs Winston' s r\~le-based torward chaining program. 0'
;_il .. ""'!!' ... .. ~ --------------- ... ---

(Otltt *collsequent-list* nil)
(rns et-rule I a)
(r(lmel\\ber~assertion :fact-i)
(nlllember-asserti ,,'" tact- 2)
(forva:.:d-chain)
(values (:first *consaquent-list*))

(deJ:unasserts? (kaux (counter 0»)
;_ ..... ............ ......... ..... ..... .... tno _

"This is a tunction which 'Ilrit(ls out '.;he contents ot a stream
t:) the tile asserts .dana, It can be moc!ified to process any stream."._.,._---------_ ....-------_ ...._"' .._ ..._---_ ................ ---- ....-_.,,,. ...._--- ....--_ ..._---------------,

'(whh-opon-tile (asserts-used file-i
:d:i,reetion :output)

(tej'mat asserts-used "; jtop")
(:fol'mat asserts-used 1I-Y,Thefollowing a.l;sertionn wex'o uaed in the run:-y,")
(st:t'oam··trans:form #' (lar.\bda (tho-assertion)
(format asserts-used "-Yo "a'' tho-assertion)
(il\Cf counter)) lM.soertions*)

(to:rmat ansert13-"Jsed "·y,There lI'ora "a assertions altog )ther. -y." rounter)
(f,:lrmat asserna-uaed ": jbott"»
(od 'file-i)

(def'un results? 0

o

;_."-------------------------------,,,.,_."'-------_ .. -- ..-..._----------- --------
(whh-open-:file (conaeq tile-2
:d;l,rection :output)

(fo:t'mat conseq ":; top")
(fo:t'mltteonseq u·r,The 'following conaequenns oec.:rred. in tho run: ~y'II)
(dolist (tho-caRscCi *consequent-Hst*)
(:fclrmat conseq II*%-a" the-eonsoq))
(format eonseq "u%: :bott"))
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(do:tun rules'? ()

(:format t "
1'he fvllot;i!lg rules \leX'1!l18.'~U in the run:
-0." lI:ruleo'-:fi1ed*) (vo.luos))

• _...,.""' .... ""'* __ """"'''''''''~,'''_ ..1) <.,.._""~__ ~,.._.,,,_,,,,,, .......,,,.~t;.,.:;. __ ... <,,,,_o;;;' "" "'''''''_~_''''.''_'''''_''''''''''''''fI,,.~,,,,,,,,,,,,",,,,,",,_,,,,,,,,,,~=_~,,_,,,,,,,,,.,,,,,,. __ ,,,,,",,,__,
(:i,t (not silitch)
(p:.:ogn
(tolTlQt t "

Enter. a t;o rooot (,:;:!H'jI";:;;~0no0 't,' ,;0 :i'eoot :rulen t\,;· b to ~;Elnet bfJ'&h")
(case
('ll (30tt *o.s;)('l'tiot1u'" i(lt:l!,'tV'"st;;'"OUl'I»

(~r (sotf. """uIcs* )ompt:rstreQ'l\»
(11; (set:." "';;'1l$'~1'1;icmJ* J empty' 3t!'con "'~.uloo;: J ('t~ptyuetro(1:n»)))
il}'fHERWnm ••
(case 3'Witch
(j a (soU *a331.:1!'tiI)1l13* ~emptY··l.1tl'onm)
(J r (oe-;:.f *:t"ll(\G'~ I emptY-Gt1."O<1l:o»)
{lb {(iet! *asllitu,tions* )Elmo(;y~t>,~;/;'ca;n*r':les* 'emp1;Y"'ot;rEKu;;)))

;;bott.



D.5 'I'he forward chaining algor-ithm (fchain .lisp)

; j i***************:fchtlin .lisp*****'~************
;;;.o*.*********.** •••• *******.************.****.*~***** •• 00••••••• 0••••*••**
;;: Winston':! :fo:t'\Jard. clw.iuing nlgoritlllll. written Jy A.L. Stevens

;: ;t:op
(dotvnl' >lor.onsequont-li3t* nil)
(dO:fVU1' 1't11.:l -eounuor 0) ; FOD. TESTS ONLY!
(dotvul' *xuloc~t:h:od* nil) jFOR TESTS ONLY!

(oahu 3t:reUU1~0&1dl) (otl:en.m)
(oq stl Gum J €lmpty··ntrenm»

(da:f!un Sh·EHl1I\·~:f:i.rnt (otx'enm)
(:firGt: st:r:Mm)

(dotun straorn"rest (ntronm)
(uecond ot:cenm»

(de'fun ot:!'(lum'~COnt3 (obj act otl'e:un)
(liot object stream)

«lettln tH::u'!r..m-uppond (strout,l lJtY'e:\.'t\2)
(if (9tt'onm~(illdp tltreami) strorun2
((1:tream,·t~ons (st:ranla~til:6t strerud)
(31;"<);:UU'><lppend (11tl':enm-rest stream1)
D tl'orun2) ) ) )

(detul\ f.l"ll.'6an\~llIe~\ber(object Iltrerun)
(cowl ((stl'M,ltt'-endp stz'orun) nil)

«equa.l o1>joct (3trerun~:first IltrOtm'» ;)
(t (Iltraa.ru~ltIember obj ret (stx'erul\-rost stl:erun)))

(do!nmc:ro ntl':Q:1111"'romembor (Obj6(;t variuuJ.f3)
I (unleilll (Llt:t"IlUlll':membl):t' ,object J v.:\'l'.'ial)l<l)
(f).~tt •vn:rinbla
(Dtr(lull'lonppond •vnriahle (stl"(it\lI\"Cons • (Ii; j act 'empt;y"stl:em\\))
,objoct»

(<.1.0£1.':11otrenm"concatouG.to (ntl'(Jt1mo)
(if (otro.:llll'·ondp st:rOD,nlO) I cmpcy"'(;trcam

(ntro,:ur.-appond (ot.t'r"nln.cfilfct ot1'0,)I1IS)
(fJtl."O(1m"'concaton(J.te (nt:s:eam=x'oot Gtl'Cmnn)))))

(

{dMun otl"(lo.lU"trnn:.l:forlll (procedure stl'earn)
Ut (stl.'onm<'endp otrmllll) D empty-st;X(lUll\
(stream~cona (funco.ll proe8du~e (streua-tirst strcum))
(tlt:renlU'~t:r:ansforlU p:t'ocQdure (streUll\"':l;'t'l3t stI'etl.l1I»»)

)

I~)
iJ\~~'•
..... ,;1<.'



(defun a.dd-bbding (pat1;el'n'·'fal':La.blo-exp:ression datum bindings)
(it (eq ,_ (3xt:r;;:"ct-variable patterA-varial)le-exp:r.ession)}
b.l.ndil\g~
(cona (,a,\};;I"binding

(o:tt:ract~'v3riabl(l patte:m~vuri<:l.bl('j~'ex'PrcDsion)
datum)
bindingn»)

(dofuu axtt;}.r;t'-v:u.·iable (l,atto7:n-vuriable-oxpl'OMi(m)
(oocond pattern-variD.bll3-oxp~epsi()n)

(ll{tr['\I;t~koy (bin~1ing)
(:fire:: binding»)

(dcfun ext;r.D.,:t~v".ltte (bil.Hling)
(second 1:Ii1\([ine;)

(defuu make~)indil\g (val"iable datu,a)
(list va~iable datum»

(d'ilfl1TL find·,binding (patta:rn-vari:lble~expl:ession binding)
(U111030 (6fl 1_

(extl'.i),C1;·'vuriable pa:l;tt1:t:n-variable-exp:t'ost1iol')
(aGSM (extrn{~t~'V"ll'ia.blo l}atte:rn-varillble"nxproo~iol.')
binding»)

(du'tun lIIat,~h-atomn (1' 1) bindingJ)
(it (6q1 ? D) bind~.!lge 'tail»

(da;fun Itlo.tch-val'iable (P tl bindinga'
(lat «bi.mlirg (findc·binding r l>indingt;»)
(it billdil\~;

(mi).t,~l\ (elti:ract-value hindin$) D bindings)
(add-bin,ling P D bindings»)

(daten lUat(:h~'pi&eIHi {P D bindings)
(lot «teljult (1IlO,tell (:tirot P) ('first D) bindinga»))
(if (eq 'fail result) 'tail (match (rent P) (rest il) l'ooult»»

(dottln rOG'Il'f.'Iive~p (P D)
(and (liatp P) (listp D»)

(! (uctun vt\'(.iuble~p (p)
(and (listp P) (eq '? (first P»»

(de'fUl\ e1elll()ntlJ~p (p D)
(and (atom p) (atom D}»

(defun match (P D loptional bindings)
(coud «(elemfmtf)"p P D) (ltIa.tch'~atolllst-' D hillcUngs))

«val'iable"p p) (n\atch~'vnrini)1e P D hindinga»)
«,:e 'Ul"'$ive~p P D) (mQ.1;ch'·piec~t'l I' D hintiings))
(t ':tail»)



(do'fun try-assertion (pattern asscrtion bindings)
(let «1'6sult (matl:h pattern atHlortion bi:ndings»)
(it (oq 'tail rosult) 'empty-strerua
(strorut\-cons rosu1 t J omptY-'stl'Orut\))

(do:fUl1lUatc:h-pllttarn-to~t\as(jl'tions (patter'; bmddngo)
(.strel'llll-concatenat6
(s1;roam-trans:form #' (lo.rnbda (assortion)

(try~'asflertion pattorn afJnortion bindinss» *assortiollo*»)

(defun filt0t""1'.linding-'o'(;;t'orua (patto!'l! nt ream)
(stream-concatenate
lstreUl"l=t:ransiol'ln i' (lambda (bindings)
(matcll"~)attel'Il-to-assortiollS patte:cn binding!')) ot~'oam))

(dofun ilpplY~:filters (pattel:'ns initial-input-stream)
(if (ondp patterns) il1itial-inpllt"l;1tream
{appl/-:tilters (rest pat:terllo) ,"l(\xt '] 'ineo n.ddcd by f,LS.
(i£ baclt'-c1lain-flag
(i'il.to:r~billding-stream-ba.ck (:fi:cst ptta:.tl.s) initial-inpilt-Dtroam)
(filto;r-binding-stremll (first patterns) inhlnl l.nput-:;+.ro<uu) »))

{do:fun i1\3t,U1ti<tte"'variable~ (nat cezn a-liot;
(cend «atom llatte",n) po.ttOl:ll:

(feq ''':' {'fi:r.st pn'iitern»
(,lxtr.ar.t-value (:fin-i-binding pat.te:r:n (l.··lict»))
(t (cons (in&t:':llltittto-variublo3 (tix:st ratten'''! "-::'l,iJt)
(instanti'O.te-vn.riubleo (reot pattern) ,,-Ii H; j »))}

(defun l'ollUllllber-assortiol1. (assa:rtion)
(ntx enm-rellloillber assort ion "'assertions*»

(detun r.txle-rW.l\Hl (rulo) (tirot l'u16»

(de:fun );'u1e-i£8 (rule)
(but:lnst; (rnst rule))

(aotua rule'~thell (l'ule)
(first (lust ~ule»)

(dotun ne'j(~rul6 (l'u16) ;; ;WU:! x'l.lInember-l':ule.
(ntreUl1\~X'em(lmberrule "'ru16~J"'»

(

(do:t'uu une-:;:ule (1::u1e)
(let ((binding-stl'tdl.Ull !dpply-til t(lxn (rulo"its rule)
(stream-'cons nil. J empty-strMnl»»

(do «binding~Gt:r.oQl!'l bin<iiug-strl.lo.m (si:reuzn-rest bindil~g~strerun)
(sucr:(;os'~Glo)itch nil»)

«stnnm-endp b;"ndiilg-atre::\l!\) Gut:;cess-s'Ilitcll)
(let ((reslllt

(if \)ucl~~chni1\-flng
(insttlntiate~vu:rinblas~back (l'ule-tllen :nlle)



• •

(stream-:first b~llding'·streum))
(inst.lntiate-variables (rule~tnen l'ulo) .

(stre3l'll-tirot hindi~6··strerun»)))
(when (remember~assertion result)
(tol'llat t "-'l.R.ule "'1 han tired" (ru16~I!mn6 :rule» : :AUDEDBY ALS.

i: THE LIME ABOVETAKEN' OUT BY AtS FOR Tf~STS.
(fox.at; t "P~~Rlllf.l•A indicates - ,\." (:t'ule"nallle rule) result)

(inc! rulo-counter) ;FOR rBSTS ONLY.
(sotq *:r;\lleG~fired* (eons (rub-name rule) *:rules-tired*))

(satq $eonaequel:\t~J.ist* ("!OlIS :l:E.lsult *consequcnt"J,ist*)
; ; ***~I*TiiE ABOVE LIll'E ADDED BY ALt'J. *******************

(sett success-switch t)))

;;

(do:fun :tor"urd~chain 0
(sett baek··chai.p_.-tlag nil)
(do «-:ul!ll'''streu *rules'" (~tream~::cest rule,qatl'e;un)

(npeat·-switcl\ uU» .
( st:r:erua-endp :rule-stream)
(if repeat~a~itch
(fo"lllU'l;h::hain» )

(when (use~:tul.. (stream-first X"ule~stre::Uil»
(let! repeat-switch t»)

(set:!: *:t'u.ltIs-tir;'l.J(i* (nmove-dul'licater,; *rules~ti:red* :test #J equal»))

i i ibot

\\



D.6 The state transition table rules (rules .lisp)

;i**"'***!l.nles to be uoed with "fcha:i.n.li$p"****"'****
:; Rules written by 0.!3, Grobbclaax'

; itoP

(llOw .. :rule J (caus-:r;ule-l
(1l1;:u:t-otate)
(sa)
(away~next-eftort»)

(now-rule '(c::au:'l~rule-2
(o:f:fort-ctate)
(S(.)
(e:t'ror-stop») )

(ne'il-rnle '(l.:o.u8-1'u1,,"'3
(flow-stat>!! )
tse)
(..:twersal» )

(nev-rule '(c:llls-rule-4
(r-state)
(S8)
(ftrro~:~stop» )

(now··rule ) (cal1s~r111e~5
(x-oppo Et it e )
(!Ie)
(enor-stflp»)

Cnew·.ruh I (causMl'ul8~6
(atart-stQ.te)
(st)
(next-next~flow))

(new·,rule I (calls·°:t:ule",7
(efto:;;t"'state)
(Elt)
(reversal» )

(.

(ncwc>rule I (Co.us-x'lllewS
(nov-sta.te)
(sf)
(e:r:ror~st\lp)»

(nev-ruke I (c:uuo-rule-iJ
(r~state)
(r;;t)
(error-stop) »



(new-rule t(caus~xul~-10
(r-oppcs·~t8)
(s:f)
(orror-stop)»

(lU~lJ-ru1.e I (caus-rul,)-l1
(st.,.l"t-state)
(0)
(next;-:r»)

{nov-rulo I (caus"rule-12
(effort-state)
(1'»
(avay~next-ettort»)

(nev-zul.e t {cnus-l'ule"1;;!
(tlotl~state)
(0)
(wet1k-O»)

(nell":rulo t (cauc":r:uh"14
(r-atat6)
(0)
(avay~p:r:evious~atfoxt»)

(new-rule '(enua-rule"15
(r-opposite)
(0)
(next-previous-:flov»)

(new-rU).ll '(eaus-rule-16
(st:1't"t··statu)
(1)
(next-r»)

~neil-r\1ltl ,( Ctl.l1a··1·ul~,u17
(dfo:r:t·'st"te)
(1)
(vMh:'~l»)

{.I

(l1ow~'rul() '(cnu3~rU16-1a
(tlov'-state)
(1)
(lllllxt-nell:t-1'lov»)

(1\OW~'l'UlfJ I (cQ.us·':r:ul,e-19
(r-sto.ta)
(1)
(next-p:r:~viou$-flow))

\ .' (uollo'rule I (caus "'X'1ll.e·"20
(l'-OPPos:i. te)
(1)
(a'ilay-p:t'twious~effort) )J
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(new-rule '(caus-rula-21
(liltart-3tato)
(i)
(n$~t-ne%t-flov»)

(now-rule '(caus-rule-22
(d:fo:r:t~·st3.te)
(i)
(reversal.»)

(new-rule '(cau3-rule-23
(now-sta.te)
(i)
(rEivllrsal»)

(ne~-rule l(eaus~rule-24
(r-:1tate)
(i)
(orror-atop))

(new··rule ' (caus~rule-2S
(r'"ol,posite)
(i)
(on:or-stop») )

(new-rule )(caus-rubw·26
(ItU·t-sta.u)
(c)
(away-next-effort»)

(new-rule J (ct\us-rulfl··27
(eftort~ltate)
(c)
(1'6v6raa.1»)

(Mw-rule I (caus-rule"28
(:flow-state)
(c.)
(reversal»)

(new-rule '(cauo-rule-29
(r-state)
(c)
(error-atop»)

(no\J"l~ulo -, (e::\1l9-rule~30
(r-opposite)
(c~
(error-stop»)

(new-rule l(c3.us-rule~31
(sta.:r:t..state)
(1')
(ne:'i>;"":r»)
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(n~w-ru1e J(c3.ui'!-rule-32
('lftOl't-state)
(r)
(reversal»)

(new-rule ' (caus-rule"33
('flow-state)
(x)
(revsrsal» )

(new-rule '(caus-ru.le-34
(r-state)
(r)
(error-stop» )

(new-rule I (eaus-rule-35
(r-opposite)
(r)
(error-stop»)

(new-rule '(caus-rule-36
(start-state)
(tt)
(next-r»)

(nell-rule ' (ca.ua-ru10-37
(o:!fol't-stat6)
(t.t)
(allay-next-effort»)

(nsll~l:'ule'(eaus-rule-38
(nOll-stat,,)
(tt)
(next-next-noll'» )

(now-rule '(eaus-rule-39
(r-state)
(tt)
(away-previous-ettort»)

(now-:t:ule '(cans-rulo-40
(r-opposite)
(tf)

c (ne:l;t-previo\1o-tlow}»

(nev-zul,e l(eaus~rull'1~41
('lItart~state)
(gy)
(ne,~t-r)) )

(! (now-rule I (cnus,wz'ule •.•12
(effort-state)
(gy)

" (next-next-flow»)

229



D

(neY-rul~ '(caus-rule-43
(flow-state)
(gy)
(avay-next-ef:fort»)

(:.1EfW-I·Ule I (caus~rille-44
(x-state)
(gy)
(any-preyious-ef:fort»)

(new-l'1l.1e I (C\lus··rule-15
(:r-opposite)
(gy)
(next-p>:6violls-tloy) ) )

;;~-. tt

(,

(
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D.T The ACSL input file creation module (bondacsl.lisp)

.~_.....,.-----..".-- .....---------- ..-_ ...----_ ....._---_._-_ ....-_ ............_----- ..- ....._-------_ .....-_-,...__._-""*---•
j .....--------.... - ....---- ....-------""' .....-----------..,...".. ....------ ....------ ....-- ....~........~----...- .•_ ....._------ ...."""--

Bond Graph Equation Formulation Module
; ...... "' ... ..... 10 •. "". ._ ..... __ _.. _

.. ..... ...._ .... "". t....... ...·• ..... "'._ .... ..... ..,.__ il..... __ .....

•
Written by: G:t'ant Grobbelaar
Lust moditied on: 07/06/91·....--------- .......--- .....".-~--------..,----- ...--....--- ....---.""--"""----_ ...._-_ ...._-------- ....-.....--- ....---•

;-~...--..,.------,,' ....-..~-----------------------------'".---------------_._--------------- .....

...,.. This tunction obtainfl the bond graph structure. gets the equations tor
eaeh element in the bond graph and produces <Inacsl input 1.ile •...•• •

...•• • This function reads the bond graph dtructure fron, a file., included in the
tile is a list ot all the bonds a.ttaclted to l.·osistors.which have an
arbitrary causality assigned to them, a J-lllt ot an the bonds attached to
jUllC'cion structure elar.(:Il.";s, '.hieh had an arbitrary catlsality assigned to
them and a list ot a13. tile bendn attaGlled to storage element::: 'Whichha'18
derivative causality as:'lignad to them. Also included in tIle :file is a
variable that is set it the causality has boon assigned to the bond graph
by the causality l'Is8igmnent l·outine. If tho equations :for an element have
previously been entered, then these an displayed on the screen and the
user i. prompted to enter ilh6ther the!!l(tequations still hold. t:t i;hey do
they no included in the equations eontai:p.ed in the aesl input file.
It the eqc.ations are no langex valid. then the user is required to enter
them f':ol\\ the leeyboard. The equations can be entered in one of three
fo:rll1s~ It the constituti'le reh,tion is'linear, the user need only enter
the 1i..rear eoe:tficient (the redstance, capacit3.Xlce or inertallCe). If the
causal relation is non linear, the user has to enter tha entire relation
in the speci'fied causal orientatiou. The user may also enter the data tor
each elem'3nt in th'\ tom ot a. ta.ble. It there are any algebraic loop' one
or more equations an written in a. :lom that enables thellt to be calculated
implicitly. If there are any storage element's '!lith darivati'.re causality,
U8('r ditterentia.tCld and possibly implicitly ditferentiated equations arc
included in tho list at equations. Finally tne acsl input tile
(~ilename.acsl) is ~ritten.

...• ••....,... ,
; ; .....,,...a, ,

,..
;;;...•• •
;i ;
;;;
" .e ••.....
t, •...
'J'...
,. I...,,;
;;:...• ••
: i ;
; j ;....,.
;;;·..I ••

;top

(de:fvnr *r-alg(l.:braic~loop* nil) A global list: \ol'ith information
about 'I111ichbonds a.tt3ehed to
resistors had tho causality aasiguod
arbitrarily. it is nil. if tltero m:o
no algebraic loops.

• A global list with in'.t:ormatioI'.
about llhich bonds attached junct;ion
structure elements had tha causality
as$~glled arbitrarily. it is nil if
thete are no algebraic loops.
A global list 'll'ith intormation atlout
bonds attachod to stor\lge elements
that have derivative causaHty
asslgnsd tc them.
This global variable is not nil it

(detvt\r *bolld-algerbraic-loop* nil)

(defvar *deriv-caucnlity* nil)



(defvar .orror-tlag-nurr~ 1)

(defvar *list-ot-noues* nil)

(dctvar *li:Jt-o:f-connected-Unes* nil)

(defvar *tilennme* nil)

(dofvat' *lincs'~ nil)

(!

(dohar *nodes* nil)

the causality has already been
assigned to th$ bond graph
It ther~ i8 an algebraic loop or
derivativu causality. thon an lest
implicit l'li:atomont (IliPI.) is
required. lJithin this statement is
all er!'or flng, so that the nag
variable is not repeated, it is
indexed. Tho variable is ot and
*error-flag-num* is the
.tudex.
As tor the error flas. it the data
is in the fo~ Qf a table, the tabla
is lIamed tab and indexed vith the
variable *table-var*.
This is a global list, vhi~h is
initially created and remains
unal~eled. It contains the numbers of
each bond gt'~ph element. More
information I)n *liat-o:f-uodes* can
be found in the introdu';tion to the
function get-nodG~data~d'U.)llp.
Corresponding to each, .!IentnUlllb('l'
i~ *list-of-nodos*, is tho ele~ent
type in *list-of-·node-types*.
corresponding to thl) mllllber.More
information on *liat-of-node-types*
can be found h the antrroduetdcn
to the function get-node-data-dump.
Correspo'lldingto each element number
in *list-of-nodas* are all the bonds
connectod to that element and are
stored in *list-ot-connected-lines*.
More infol"'.lIati....n on
*list-of~connected-lines* can
be found in 'the in'troduction to the
function get-node-data-dump.
1. global variable containing the
filename. without the path, of the
most recetttly read bond graph data
!lile.'
The hash tablo of the bond~, contains
the element number:. :'\t f'i,tlu'r IJ:ml of
the bond and tho causality assigned
to the bond.
The list ot bond ntunberG by which the
hash table is ratel'enced.
The h~sh table containing all the
bond graph elements, contains th&
element type. the d.o(';1UIe\ltation
st.ring and the equations tor tha.t
element.
i Hat of element number" 'Used to
roference the hash table *nodes*.
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(defst:ruet line

·..
• • I

I,

This 1~3p stru~ture is reterenc8d by th.a lis;t *line~hash-!tYYll*. The hasb
table contains the two elements tha.t th!! bond joina in node-pair. The
:first element in node-pair is the clement at the end ot thE! bond wit'lout
the l'OW.1"""'a1£ arr.ow and the soccnd clement in .lilode-pair is the el':lment
'that ~t1()ris en.terilig, Tht: cauoa1.ity can e~\rher be nil. iii or b. It is
nil ; eaueality han been C'.'Jsign...,d. (1 is the ',ausa:" stroke is a:t ;;he
name end us the power huH arrO\i or b it the caUi..l.l struke io at the
opposite Gnd 'to the pOwer 11alf a:rrow•

....·.,

...• ••

...•• •.....,...
J , ,

(nodo-pair 1(0 0))
(causality nil»)

(de:fstruct node

...,..
This list struetu~. contains the da~a for each bond graph element and is
referenced PI *node-hash-keya*. There hash table coneadn +.hree entries,
ths element type. the documentation Btl'ing tOl.· tho bond graph ell3ment and
tils equations 'for the element. 'fhe equations slot is nil if no equations
have yet been ob·t:a::'ned•

" •. it
., II •....•• •
., _ ..,....,,,
(type ni,'1~
(doc-strnil)
-......uationsnil»)

(aotnn reset-htI.Gh-dump 0
(c1:!:hash *1ines*)
(clrhash *nodes*»

(dofun init-equ-dump ()

;;; Both tll.e hash table's will be cleared and a neil one created

(setq *lines* (make-haah··table)
(aenq *nodes* (mako"hash-talJle))
(reset-hash-dump)
(sotq *line-hash ~eys* nil

*node-hash-lteY3>1tnil
*directed-lines* nil)

(values) )

(defun read-data-from-file-dump (filename)

...
• I •

This fUllction re:.\ds t'\e data stored ..n the tile t::'lename.da.ta. The :format
of the data 'file ts discusced at the beginning ot the tile enter.Hsp .
A portion of the tunctior, vas originaUy ",:ritten by C. Ha:t-l.:l\al\n.The
function 'Qua mOdified and added to by G. f.lrobbelaar

....,..
;;;...•• •

(setq 'filename (eoncanenane 'string "/usr/bondg:ro.ph/data/"
(string-downcase filemunc) II •data"))



(with~Ol)N,-:Cil" (line'~fJt~~eum :filename :di:roction. :input)
(SGU' *ca'lG(.\Uty-as~:igneL?* (l-ead lin8-strear.l»
(~ot:f litline-llilsh-keys* (:;;ead lirHl-Stl'f1ar.t»
(oot:!! lino"'iteY3 *1ino-luulh"keya*)
(doUst CJ.-·line~numt(lr line-keys)

(set! (gethaoh l1'''lino-'ntil1lber: *lines"')
(read lino-ot:ream»)

(seU *lwde··h[lGh-~keys* (road line-ntroam»
(sett noaa-koys *nodo-hasil-koys*)
(d(tlio t (o.-n()(le~:numbcrMd(,.-}coyo)

(:;(\'(;1: (gothafJll a-nedo-nuaber *nod03*)
(rond li:no"r.Jtrorun»)

(sotf *r-ulgorbruic-loop* (road lin0~:Jtrl.mm»
(sott *bonti~",lg!l"~ll"oi(,~~loop'"(:t:end lino-atronm»
(tJot:f *c.o:r;i.'1"'cuu:J~lity'" (:.-oad lillo-st:r:'otun))

(vnluoo»)

...•• • 'ltd.s :function t,\iI;JG 't.:hQdc.ta G1;o:>;'odin tho tli'O huoh tabloD nnd converts
it into' a to:l"lil that irl more t:\I)X'13 suited to thin program. Tllia tuul:tion
Cl:on.teo tllree globC!.l listt.l, *list-ot-nodes., *Ust-of-noda-types'l< and
*lint-o:i-c:onnecto(l··linoll*. *list-of-nodes* it! the sane as "node"llaoh-koya*
i.6, j.t contain" a list of aU the bond graph 6lemont numbel'll.
*list .. ,~t-node-t1p03* eeneams .,. lil1t of .,".1 el.emeu'l; types. The '£irot
oleln~.t.t in ,!'list-o;t'-nocle-types* eOl'roapon.ds to 1;he ti1:ot elemont in
*1into o:i:-nodco*. The second element in *li5t-of~llo1e=typefl* CO,,'l"!HlpOnUIl to
tho (\t"emld tl:;'oment in *liGt··o:i'··nodoo* and 30 on.
*1intr"of-l~olmoctod-lin(Ja* contn:J, fIG a Ust of all t;116 bonds uttaellod to each
bond ~;r;),plinlol"ent. *list-01!··CQmlOGf;od··li:nes* has tho foUoW'ing tOX!\i":t:
« " . ( , • ) •• ) ... ( .•• (bend-numbez- POw61'"',!iroction cauonli tY"dil'()ction) ••• ) ••• )
*J.bt'·ot-connccted-linelJ* therdol'.e. e0nl35,ats of t\ list of liats. 'filO firot
liat, in *1it3t~of'~conn(JGt{Jd-lines* corresponds to the :(i"'l}t el~l\\en'" in
*li::t.t"!;:t~Mdo::J*. The secoad list itl *list-of-:;:onuected.,liMr.*
cOl'l:eop'mds to tlh) III)C011.d el.emont in *li8t"of~nodol.J'" and :'10 em. In each
of tlllJol'. :Until are nUlnorous 01.11181'1I.i1)~,s.Ii'm:h of the3e lists eorresl)(mc!a
to '" bone, n.tt, (hod to the (llemolrl;. it thore ar~ t\l'O bonds ll.ttaelud to tho
bond g:r.\\pb. eJ.GJont, the,,'., aX'~ two li~i;l3. it there ill one bond {).tto.cl.o')
tll(ll;'(l io Oi' 'I illt. In 6Mh af theso liots cOl!':r.e81~(}ll.ding to a boml thoru
:1:1:0 throo 0; omenta. tlle :first is the 'mm(l number. tho O(H!Ol1d is tho t'O'WOl
<li:l:oction mt.j the, tIlird is thu ,.,mw::ll·i.ty di:l'(J"'tion (tho d:i.)'fection 01. tho
o:ffort).
l':onniuor un (lx~pll)

:!.
Bo(l)------~\1 1(2)

I
I :3
I
I

...,..

.. ,. .• ••
;;;...,,.
;;;...., ,
;;;...,..
II .. II.,,·..II....,.,
;;,..,,,,
...
II JD
'II ...,I......,
;i;...,t......,
II ••" ....,.,
;;;.....,
.. ,II"» ••

;;;·..a".,.
• 8'·..• , I...... , , i(4)

'n,J three liats are t ol'ofo3:e
*list~o:f-nodea* is (1 2 '\4)
*l.tat-ofo·ll.odo",tYPOfJ* is (00 1 :r i)
*li[Jt~of=c,.·,ml(lcted'~linoG* in ( (i "ut O\1t»( (1 in :in)(2 O\\i; in)(3 o~t out»

...
" J....,,
II 0.'" ,....,.



c) ()

It" •
I ••

({2 in out»«3 in in»)
Thllt is the :first element in *liGt~of-nodfls* ill nWllber one, it is of type
IHI (the fint; olemellt in *1ist-ot-nol~8-types*) and hu one bond ccm.ne~ted
(the first list in *liat"of-eonnected-lines*). the hond is number 1, th,
powex' is tlowing ont of tl1lJ effort source alit! the 8f:1'021: i. also tlo'lling'\
out of the effort source etc. the second d61llent in *J.if.l't:-ot-nodl:'lll* is
n~nnber 2. it is of type 1 and hus three bonds conn~~teu. bond 1. bond 2
and bond 3. The poyer tL'1dtho effort ill the input to tho 1-junction on
bond 1, the p~1ver is leaving and the effort ento:r:illg on bonti 2 and both
the pOll61.' and tho ettort are leaving on bond 3. And so on tor the %emaining
2 elmllllll.ts •

;;,·..• ••..." ,...•• •...·.,...
" I

;;;...I,,
;;;...
II'

(let «r.urrent-node nil)
(cux'reli.,,;-node-typll nil)
(nod(j'-lines nil»

~S()tf. *list-I):t-n<;des'l< *node<'hush,,,lteys:I<)
(dolist (node~nUl'lIber *notl""·llo.sh~keyG*)
(not! *list-ctn'uode-typoa* (eens (node-type

(gethash nod~-number *nodes*»
*list-of~node·~typ(ls*) »

(Gett *li8t~(lf~uode-types* (l'overse *1.ist-o:!-ncc!o-typtH.1*»
(dolist (node-lLUmber *nod6-h::\sh~keys*)
('l()lis~:(liI1u-nulll'l:HlI'*liM-hash-keys*)
(if (mo~her nOdO-m.llnber (li.le·~Ilode·~pair (getha.sh line-number *lj:nes*»)

(sett node-lines
(COliS. {lia·t; line-number

(power~directiun-d~p
(position nodEt-nUlllber (line"nod6~pair

(gethnsh line-nu1'lbi:lr
*liMs*»)))

(ea.unality-direction-dump
(position node-number (line-node-pair

(getha~h 1in6-numbe~
*liMS*»)

(lina-causality (getha.ah line-numbor
*Hnell*»»

node-11M3))
(.aot:!! *liat-of-connected~l~.nea*

(eone Mde~'U:iles *1ist-()f~c(lnnticted-lin~s*»
(sett not16~liMI:'Inil))

(sett *liflt~ot·~comltJehd'·lim.H.'I* (revillxu *lillt"ot'~c()nn~cted~'linel::"'»
(",alUM) »

.:i
'l'll:i.s :function i.'J caJ.l.ed by get-node'~dQ.t",-dtllIlPI uhero f,Unt is tl1() posit;ion
of the nod,) in lino~node¢·Im.ir. If llUlll is :'::01.'0 i.e. the first node is bo:1ng
cO!uddc:r:<ld then the power :i.e tlow:i,ng .')ut of that node, otb.erwiS<l (it
nUn\<::li.e. the second node i3 beil\g considored) the Ilover is 'flowing into

...; r.,

; ; i...,I.
: ;; thti node,

(if (:;:nun 0)
(sett llOV61'.,·,Hrection 'out)
Cl1ett pm;or<·dir.oct:i(m J in»)
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(dofun causality-direction-dump (num direc),
...
It. 'l'h~l~ :"t\ctii.4:!.is called by get-node-data.-d'illllp, where num is the position ot

t!ur •node iI!(iline-nodo-pair and diro!lc i8 liM-causality. It nUIII il! zero
the 'first ~pde ilS being cOMidered and therofore paver is :flolling out
ot the node, if dirac is '0 i.e. the causal stroke is at the same end
as the poyer halt ;.u'ro'll. tillm the eaucali ty is 'out. but it dix'ec is Ib
i.e. the causal stroke is at the opposite end to the po~er hnlt 3rrow then
causality is 'ill. It num is 1 the power is floving into the node. then if
dirac is 'e the causality is 'in otherviae if direc is ~b the causality io
'out

·..• ••
:::...,.,....,....·,.
;; i
;; :
;;;

•(cond «:l!l.d (oqual una 0)
(equal dirac 'e»

(seU causali ty··direction 'out)
«rutd (6qual num 0)

(equ~ld~roe 'b»)
(8e~f caullaH ty-di:t'8!:tion 'in)

«and (equaln~ 1)
(equal direc 'e»

(satt causali ty-direetion I in»)
«(and (equal Dum 1)

(equal direc 'b»)
(Dati CmllHl.lity-tii:rec~~io~ 'out»»

"

(de:flln dU)l\p-aesl-e~uationa 0

This function is used to bt\sin the 4Iquation tOl'mulation routiM. Initially
tho hash tables a.a reset and the data i. read from a tile
(init-aud-read-data). The :function tIlen checks to see it the causal.i·::y han
been astligne(l. it not the USer is prompted to run the causalitj ;u;signmmtt
X'outina. It the causality has baen Msign."d to the bond graph, this
function obta.ins the d;:.tll.needed tor the aesl input file (it c':\118
tunction3 get-init-da.ta, get-inter~data. ~at-l\Od6-equati(lns and
gfjt"cnd"'flquations). If there are any algehl;"aic loops, the function
calJ.8 either r-element-alge-loop or bonu-alge-loop depending on llhethsl*
nhe algebraic loop wa.s eauasd by aSQigning all arbitrary cauaali'.:y to a
resistot" or a junction structure ehment. It there is it storage olemont
,,1t1\ de:t'ivntive (i:\us~lity, the :function derivative~ca.usality is called.
Ul tIlree o:f these :hnetion!J lIodify and add 6quationn to those equations
o~\tet(ld by th~ I!OeX'. If any of the equa.tions entered contain t!lO ucsl
otntement "eonacanu", thou tlUHHI equations l3l.'e relllovedtrolllthe liot and
placed in a sepru.'ate lint so that tll0y can be put in the "initial" section
in the ACSLinput tile. Fin"lly all the. lists are cOllIbilLEldint(l one and
Gont to the function durop=acsl-cl.\1;put. Once tlut A.CSLillput fila has been
\lritten, the hash tables are roe-written to tIle data :file. This is so
that the oquations entered by tho user are stored vith the rest ot the
structural ,iata.

(let «*1illt-ot'~nodes* nil)
(*1ist-o:f-node-types* nil)
(*list-ot-ccmnected~lilHls* nil)
(~iflt1 nil)
(1~:lt2 nil)
(li"1ta nil)



(list4 nil)
(listS nil)
(equ-list nil)
(output"'list nil)
(pes '0»

(init-and~r~ad-data)
(it (eqt?;ll ""caulla1ityQ'~8Signed?* 'causality-assigned)

(pr~gn (gat-node~data-d~~p)
(sett list1 (get~init-data»
(sett list3 (get-inter-data»)
(dolist (node *li::l't...o:hnodeG* (value3 lint2))
(sett 6qU-li.St (append (get-node-aquations

noc1e
(nth pM *list-o:t'~node-'typea*)
(nth pos *lis.t.··ot-co:nnect;ed~line3.»

equ-list)
(sett p08 (+ 1 pos»)

(if *r-algElx'b:caie-1Qop*
(sett equ-list (r-ele_ent-alger-loop equ-list»)}

(it *bond-algex'braic-loop*
(set! equ-list (bond~alger-loop equ-list))

(if *del'iv-causali'ty*
(.lett equ-li&t (der.~va.tive-causality t'lt],u-liat»)

(sett eC'11-list (reverse equ-lilllt»
(dolist (equ-8tring equ-list)
(it (search "constant" I)qli~Btrint:)

(sett li~t2 (cons equ-string list2»)
(sett lisb4 (eons equ-string list4»»

(Bett listS (get-end-data)J
(sett Qutuu't-lisi; (append list! list2 list3 list4 listS»
(dump-acsl-output output-list) .
(write-hash-table-to~fil.-dump *f11ename*»

(progn (:format t "~IThe ca.usality has not yet been assigned, pleal:Hl .'
run the causality :uusiglUlumt·~l}l'Oc<!l(hln 'from the ..
lIIi.\inmenu.-%")

(loop
(if (Y-Ol'-ll,-P ""%Havtl you finished reading the mossage")

(l'eturn)))
Cvillues) »

(do'fun init·~,m(l-rft:ld-data. 0

(I

...,,,...
" J

'fhe function il\it'~and-:t:ail<l~'dt\t" calls tIltl function init-"lqu-dump, which
reaots the hash tu.blos and then reads in the data. stored in the tile
*:filenruna*.data. 11\(\user has the opt5t'll of rotaining or. chnngiltg...• • •

:;j *filenama*.
(init~equ-dump)
(if *:filennme*

(if (not (y-cr-n-p "-IDc you yant to get the ...c81 equations of the bond"
graph stored in th.e :fila~%"a.dato.lf *filen::une*»

(progn (tOI';,n;;ttt u"%~Y.£n\:er the '.tile name of the '''i1*1 to l'4H\,i from, ~
don~t include an (lXhnsion~lt;it "'il.l 'be tUllln to lHI q

tuken to ba 'dat;:\'-%")
(nett *filen~me* (rend»»



(progn (fo~$at t ..~tEnter th~ til. na.e of the tilo to read tro~, -
don't include an flxtenaion-'I,:i,t will be taken to be M

ttUten to be Idata I~r.")
(setf *filename* (read))

(:r:'(.md·"dat .I.-t:rom-tile"dump *filemll11e*»)

(dofun g(lt")lodo-equationn (node-number nci~3dtype connected-lille-dat.u)

...•• • Thill fuuction i$ c;.(1.10d by dUll\p·acsl-equatioM. Depending ot 'the node
+.y1'o,nolto-type. boing ccnoidered one of nine :functions is called •...., .

(let ((equation-list nil»
(ease nmie-type
('r (Dett equ~\tion-liat (;t'QsJ.emant-aquationc nedc-numbez

connected-lino-data»)
( 'e. (satf equation-Ust (e-elument-equntionc nou""number

conneeto<l-line-da.ta» )
( I~t (sett fH1U3.tio!.i""'list (i-alement~equation8 nocle~num1)er

connected-line-dat~»)
(11 (sett oaquatiG!l-1:i.3t (l-elament-s'1u"titms node-number

conneeted-lin6~data))
(10 (setf equation-list

('tt hatt eql!Cltj,on-list

( 'SY (aatt equutiol1-1ist

( ~S~ (setf l!IIluD.tion-list

(1st (Stitt equD.tion-list

(O··el,()llIent'~6qua.tions node-number
C(lllMcted-lillG-do.ttJ.»))

(tt~~lement-equations node-number
connected-line-dnta.»)

(gy-element-equations node-number
cQnnecteti··li.ne~da.ta.» )

(se-element-equa.tions nodd~numbe~
COllnected-l:!.no-do.ta.»))

(s:f-element~eqlla.t~i)nsnode-numb or
conn 'ed-lina-data»))

.....,

Bec,\\\lIe it is necessary to :",\,,'s paroutheSflG in the element 6quat:i,onu,
a method must bo used to '!mtol' tiulCie 'ilitholltcauning a lisp errOl'.
The only \lily a. parenthesl.S in Mt d\1tected i8 it it is inside a tltring,
preceded by a baGk~slash or it it is enclosed by vortical lines II.
The last two o!)tiona are not viable a.s thel;o will have to be remove,l
botore w:dting the acal tile, which is clumsy and dIll<'. A string v;:u"
thel.'Eifore chor..sn, It is occasionally noc<ilssary to clulck if thl:l
ntring contains only nunlbers. this can be accOIRplished by converting
the 8tl'i1!g to an objeet using read'·:fl·om~strillg •

j j i
,. " ..,....,.,
;;;...•• •
;;;

...,,, ,

n

....,'
(dofm\ r~al-ement~equ::l.tionll (node-number li1\o-d",ta)

....,,
This tunct:t,on i~ callod by tiet~node-6qu().tions it the eJ.cmoltt ct1l'rentlv
boing comddered is a resistor. '1'1\e :function intormo the user to}: 'Qll.ich
d(,I1\Gnt tl\f) aquatio.,s are bll:i.ng entered. It equations have p:reViO\Ully
been enhl'ed for the ele~ent. these and the cu:r:rent causal impJ.icati,ons
arc output to the 8(;1'1161\. The tlser il;t then required to enter vhether
tl\SJ8 eq1,l.t\ti0n8 aze still valid. If they ate, the equations in tl\e htl.oh
t::l.1Jla are t\$sigx.o<1 to :fint\l~equt\tiQll. It thtl equations stQl:ed in the haeh
table ura no l.('me;er valid ox' it thel'l) VIlX'Sno tJqlla.tions stox'od, tIh' user
is pNmpted to enter the data fo);' tliO :resiotor. It tXle reBistox' is 0.

:;;
;::...•• •...•• •
:: j
,.." ,..., "...t" ,



i;;

1-port the data can b~ written in one of three tor.$: If the cQnstitutive
relation i3 linear, jv~t the resistance need be.enterod. If the
causal :t:alation is n9il.-linear, tb, enUre non-l.l:ne&.r eqll.atioJ)"i.n the
correct causa,l :lorm;/(tlle user is given the required causal form) lI!ust be
ental'ad. Finally thl~ dat;;l for the resistor can be entered in the t011l1 of
a tabla. If a only a. ¥!.Ull'baris entered (tlul resistance) equation2 is
IlsBigned the value ("ecnatant 1''' •• ":::" 1J.UllI) vhere •. repr(ls(l.nts the bond
number and num. the number entered by the user. equationi is assigned tha
value (tie" .• ""'1.''' •• "*f" .• ) or ("f" •• "=(1.0!l.,11 •• ")*8" •• )
depending on the causality. If an equation is entered a liot is tormed of
tilt! eqUa1;ion and aa:,,:igned to oquationL It the UI:!6r enters the lJo:rd
"table". :::equeoting that the data be entered in the 'form ot a table,
:tinal~equation is an:i,gned the output of thl.l fUnction mako-acsl-table. If
the resistor is a multipart the d:.>.ta can be written in one of tvo tOI'ms:
Eitlla:r: each equation is written out in :tuU. when prompted ox' the data
for each equation can be written in the tom 1)£ a tablA. The variable
aSSignments and function calls aT. lUI for th4 I·port CIl~8. Each equa'i,iou
is converted to & string. The equaticma are ent.,rtld :i:a thtl hash table and
all empty strings are removed.

...'.,...,,,...
• II I·.., II..." ....•• •
;;.·~..
••• t·..• ••·..I,,·..•• •..." .
·..
" .!I...,......,.
., .,..
• It.,..·..,,.

(let «(final-equation nil»
(fQX1iIat t "-IRESISTOR. (EI.EHEWT JiUMHER."il) COJUrBCTED TO -Yo" node~I'1ll!lb(lr)
(dolist (a~line line-data)

(format t "BONO -a " (tirllt a.-linG»)
(print-doe-atr node-number)
(if (node-equaUons (geth ...sh ncde-nUlllber "'Md.. ",»

(progn (torlllat t n"y.-%The cau,.;a (,''1 auigned illlplies that")
(do1ist (current-line lin.'~data)

(it (equal (third current~line) 'in)
(sett e-f~out "tn)
(setf 6-f-01.1t "e")

(:to1'mat t "-r."aMa il a :fllIlct.ion ot f' e"<ff.·~'out
(first current-line»

(dolist (a-line lineMda.ta)
(it (equal (tt.i:'d a-line) 'in)

(set1 .-f-in "e")
(ut:t e··f··in"t"»

(:format t ""a-& .. e..t-,Ln (tirll1o...~line»»
(f(l:t'mo.tt ntir.-Y,The last equations stoNd WEll'e")
(doliut (an-ilquati,on (node-aquations (gethash node-munber

*nodtll*»)
('lorl'll...t 't; "-y.-a." <u\"eq"l3.t:ion» .

(if (y-or<>n~p ""%M%Do these equt\ti<?n8 otilJ. hold II)
(prog1\ (sett ~:\nnl··fHl.ui\tion (node~l'Iquations

(gethasb ncde~numb6:r *nodcs*»))
(cret:t ans 'y&&»

(ustt ans Ino)})
(it (or (not (umte-t'Hluntious (g~thash node-numbez *Mdes*»))

(equal (l:1S 'no)
(p:rogll (Ut)liRt (currant-line line'"'lata)

(:;,f (eq\\al (l.ex;gth line-data) 1)
(pro,l!;Jl (fQ;nr.<l,c t 1I~Y.":'~En\:£i:rthe <lata fOl' "esistrlll,ce a-a. II

(fi:r.lt (,llrrellt-line»
(t(lx~at t ""Y.U the ~qm\tion is lineat.. enter .•

only the t'esiatr.tll::e Co(!i':i;'icient. II)
(:fonat t ,\"·%11'the equation is ll,m-linear entol ~



the entire Elquation llith-W'»
(format t U-}~..%tnte): "»

(it (equal (third curl'eht-line) I in)
(set! e-f-(lut "til)
(soU e-t-out "e"»

(format to "-a-a as a :function ot If e-f-oRc U';,;l;st
~;"·l'(nt-line) )

., ..,,

(dolist (a-line lins-data)
(if (equal (thix-l a=line) lin)

(satt e-i-in "e")
(set! e~f-in tIt,,')

(format t ""'a:a " e-f-in (first a-line»)
(2ol'mat t "~-yoU the data. is in the form ot a table enter

\"tabl$\"-%")
(sett 1ationi (r6::td'~line»

NOTE read~line reads i~ a string not an object. the~efo~~
a lett or :right OT both parenthes('ls lIay be 1'8<\(1in

'equal uquation1 "table")
(!o:emat t 1I-ITh. table vill be named tab"a-%"

*table-var*)
Ve wi'U call tho tables taM, tab2, tllb3 etc, inc:rexnent1nga counter
every time, so tnat the tabl •• are unique •

(tormat t "-Y.!t the resistor ia not modula.ted the ~
illdependant .IIa.riablea are no:ntlally-Y,")

(dolist (a-line line-data)
(it (equal (thixd, a-line) 'in)

(ltett .-:t-in "ell)
(.ott .-i-in "til»

(format t II-a-a " a-i-in (firat a-line»)
(setf tinal-equ'1.til)n(make-acsl-table a-t'-out

node-nUlllbor
('first
current-line}»

:;;

i; j...
J J ,

...,..
(satf *tablo-var. (+ i *table-var~~J)
«ulllllberp (rea(.-frol1l-st~ing equation1»

NOTE :read-from-string COllvort. II. atring to an ot')ject
(utt equation2 (liat "constant 1""

(:(iXllt current"line)
equation1»

(it (equi\l (thhd (mrrent-line) 'out)
(sett equationi (list "e"

(tix'st cmrrent-line) "=:r"
(firct cu:r:nntwline) ">1<t"
(first currant-line»)

(aatt equation! (list "t" (t:irat cur:rel~,t~l:i.n<')
"=(1.0/r"
(first
current-line)
").0"
(tirllt current-line»))

(~:!i1 :final"equation (append (list
. (fol:lIl"string equation1)

(~or~-stringequation2»
tinal-oquation»)

(t (s~tf eqll:\tion1(list equationi»
(:i~V( :fi!lal,-aqu;'tiolt (ar,p6nJ (list;



(fora-string equationi»)
final-'lquation»»»)

(sett (node-equations (g~thash node-number *nodes*)) final~equation)
(sett final"equation (:relllc\f8 .." final-equation :test #' equal»
(values final-equation»)

(de:fun se-element-equations (node-number line-data.)

...
'"

Tllis :function is called by gat-node-equations it tIle elemant ctU"rently
being cOIl:Jidered is an aftort source. The function in:torl:ls the User tor
whir.h elelnent the eq,uation,s are being 3ntex'ed. If equations hav", previously
bean entered tor tho elemeJlt, these and the current causal ll'lplications
are output: to t;he sereen, The user is then required to enter whether
these equations are still valid. if tney are, the equations in 'the hash
table ar9 assigned to final-equation. If the equation3 Btored in the ll~,ah
table are no l()!lger valid or it then"vere no equations stored, the uaer
is prompted to enter the data tor the effort souree. The data can be
91'i tten in one at three 10111'18: If the input is a. step at time t::.O,only
the magnitude ot the step need be .entered. If the lI\pllt is not a atep at
time t;O, the user is required to anter the entire equation. In addition,
the d3.t,a tor the seuree IIII1Ybe lI'rithn in the tora ot a table. :tt a number
is ente:.od. equation is set equa.l to ("consta.nt eft .• II",1t num) lI'here••
represents the bond .uMber and nwa the number entered by tht), :Jlur. If an
equation i..l entexod, a lillt i. fo:nud at the input and assigned to
equa:!;,ion. If the user enters the 'liord "tablo". requestivg that tbe data be
enter'.,.din the tor. of a. table, 'lind-equation i. assignd the output of
the function ll'aklli-acsl-table. Finally the equations al;'~ 4>nterod in th.e
hash table •

" .,. t.,.J' •
" .,.,
i ; ;..,
" .
;;;...
'"'" ..'J,
.. , ..
, • J

i;:
Ct ......,.. -" .
:;;
;; i
:;;
;;.

...
J J....
" ,0...
J .,

(let «c{lllneeted-1ine (first liM-data»)
(formt\t t II

W IF.FFOR.T SOURCE (EI.EME'N1· HUMBER -a) CO!HiECTED TO -%"
node-number)

(forttlat t "BOND -3. II (fix'.t conneoted-line»
{prll\t"doc-str node-number)
(if (ncde-eqqationl (gethash node ,~ber *nodel*)

(p:rogn (format t ""%"Y.The causality assigned implies tha.t e~a b,the -
O\\tl>ut" (first cOl)nElcted-l~'p.U»

(format t '·-y'''Y.The last equa.ti.:::.... stored w\'lt'e")
(dolist (an-equation (node-eq1.1aticms (gethaah node-number

"'nod&3*»)
(tormat t ""Yo-a" an-equation»)

(if (y-or-n-p "~%~Y.DQthen oqua.tions still hold ")
(progn (sett tin3.l-equat~on (Mde-equations

(gethash node-number *nodes*))
(set! ans 'yes)

(nett CIlU! lno»»
(if (cr (n Jt (node-equations (gethasl~ nod..~nul!\ber*nodes*»)

(equal ans ~no»
(progn (f~I'l;I\at t u-'l.w¥,Enter the data tor ;)'lfort neuzce Sg"'a. II

(first connected-line)
(format, t IIQY.If the effo:('t input is a . ',ep at t=:Othen ~

ent.er only the height ot t.he atop.")
(tol'mat t "~Y.U the effort input i$ anythillg but II. l'tep •

at t.;O then enter tll.· 6l\t:lroil)
(:format t OldY-equation; using the :fol:1Il e-a::::,.,. "
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;: ;...
•• J

;;;
;;;·.." ,...,..." ...,
;;;
" ,
;;:...I, ,
:i;·,.,.
; j j

(I ..., "
;;;
;;;
j ..,,
•• a, ......•• •

·..,.,

(first con2octed-line»
(:format t "-rolf tE.,;Odata is in the form of a ta\110 en.ter W

\"table\""'1.")
(sett equation (read-line)
;i; NOTEread-line ret\ds in a string not an obj e.::t, !;}lere1.orea
;i; left or l."ight or both p:n-enthesos Illaybe read in
(cond «equal equation "table")

(:fo:rw.at t liN !The tab16 will be namet1 'GtJ.hQa-Y."
.table-vax.)

Wevill call the tables tab1, tab2, tab3 etc, incrementing a counter
overy time, so that the tables are unique •

(format t "~Y.lf the effort source is not modula~ed the -
independant '/ariable is normally tillleV%(t)")

(satt :final-equation (dlake-acsl.-table lie"
node-number
(first
connected~lino»))

....,,

; i;

(satt *tabl e"'v3!.'* (+ 1 *tabla-var*»)
(numberp (read-tro~-string equation»

NOTE road-frem-string conv8rts a string to an object
(sctt equa1;ion (list "cenatrant; e" (first connected-lina)

"::" equation»
(sQt1 final-~quation (liot (form-ntring oquation»»)
(t (sett equation (list equation»

(sett final-equation (list (form-string equation»)))
(sot! (node-equations (gethash node-number *nodea*) final-equation)
(values final-equation»)

(dafun Dt-elament-equationa (node-nlllllbtar lille-data)

Thill 'function is called by get~node-l!I:quationDit the element currently
being (;onsi(lerod is an tlol seuxce , The function intorllls the user for
which element the equations are being enterod. It equations have previously
been entered for the element, these a~4 the current causal implications
are output to the sereGn. ThE!user is t, ~tl required to enter whether
these equations axa still Valid, it th~;i are, the aqua'tions ill the hash
table are assigned to final-equation. If ';116equations stored in tile hash
table are no longer val.id or it theta vel',1 no equations stored, tho user
is promIJted to enter the data for the :flo,. aour ~e. The data can be
writton in one of three torms: If th!) input is a step nt time t::;O, only
the mu[Snitude ot the step ne~d be entered. If. the input ill not 3. atop at
time '1;=0. th'3user is req.uired to enter tAle entire equation. Xn addition,
the data for the source .o.y be vritton in the f01'111 of a t<l.ble.!:f a number
is entel:ed. equation is as',:equal to ("constant til •• ..~"nua) "here ••
represent;s the bond nUIll')er and nUll the number entered by the U9.:4r. It an
equa.tion is entered, a list is t.ormed of tlu~ input and assigned to
equa.tion. It the user enterB tho word "table", :t'Qquestingthnt tho data
be entered in th~' form of a tabb. final.-equation is ll.s$ignedthe output
of the function m'l.ke-acsl-table. Finally the equations Il:':f) entered in the
hash table •

(let «eonn~cted-line. (first line-data))
(:fox-mat t IIU IFLOW SOURCE (ELEMENT JlUMBER -a) COIUlSCTED TO -%11 node-nnmbex)
(format t "DONO "a " (first connected-lip,e»
(prdnti-dcc-atrr node-muxiber)
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(if (node-equations (gethash node-numbar *nodes.»
(progn (:format t "~r."r.The causality assigned illl~lie$ that 'ra is the ~

output" (first connected-line»
(ft,:rmatt "-%"%T1I6 last equat iOnll stored vere")
(dolist (an-equation (noda-~quationB (gethash nod6-n~ber

*nodes.»}
(format t "-Yo-a" an-equ'1tion)

{if (y-or-n-p "-%~%no these equations still hold It)
(progn (sett final-equation (node-equations

(gethash node-number *nodes*»))

...
J , ~

(sett ana 'yes»
(sett ans 'no»»

(it (or (not (node-equations (getllash node-number *nodos*»)
(equal ans 'no»

(prcgn (format t "~~~-%Enter the data tor flow source SF~a."
(:first connec.ted-line»

(form:it t "-Yen the :flow input is a step at t::O then anto"" -
only the height ot 'ehe step. tI)

(format t "~Y.I:f the :flov input is anything but a step at t=O W

then en'i;er the ent:ir(l")
(torlllat t "~%equatioll~ using the fon t~a""•• , "II

(tirst connected-line» ,
('foX1l\a,1;t II-roIl the da.ta itS in the tOB ot a table, entex' .'

\"table\"-%")
(sett equation (read-line»)
l j; NOTEread-line reads in 3. string not an object, 'theretore a
iii lett or right or both parenthesos may be read in
(cond ((equal equation "ta.blelt)

(torma'l: t II-I The ta.ble "'ill btl named tab-a"%"
, *table·'var*)

We 'Jill call the tables tab1, tab2. tab3 etc, incrementing a c~)'unter
eV"i.:y timo. so ~hat the tables are unique.

{torlllat t ""%J:f thl1l flov source is no'!: l1lodlllaUd the •
independant variable ia normally tilllo-%(t)-%")

tilltf :final-equation (lIlake~acsl-table "t"
node'~nl1mb(lr
(:tir&t
connected-line»)

;;;

(sett *table-var* (+ 1 *tabl~-var*))
«numbatp (read-froJll-st:ting equation»

j;; HOtE r\)ad~trQfl-t:ltring converts a strin6 to an object
(set! eqllatif>U {lizt "constant f" (tir3t c:onnected~li11.o)

"::::11 equation»)
(sett final-equation .(list, (torm-string equation))))
(t (Batt equation (list equation»

{sett final.-equation (list (form"atring equc.tion»))))
(nott (nodo-0'luat:iono (getl\(lsu node-number *noden*» tino.1~equation)
(valuos :final-equation))

(do:fun c-elemont~equations (node-number' line~datil.)

..,
•• I

This :ttInction is call.d by get-node-equations it the aleman'!: c'J.rr.ently
boing considered i. a ··apacit;or. The function informs the User tor 'I1hich
(,lemont the equatic.,nn nre being 6'flte:red. It equations have previoualy
been mitered tor the element, these tmd the current eau2;;u' :lmplieations

..,•••...J' ,
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...t, J axe output to tho sct'een. ·th~ '!!.le:ri", than required to enter ,"'hethel"
these equat:ions ;,<,!;,Olii;ill valid. It til.ey are , the ~quation6 in the h:::\oh
table ~..:!:~ assigned to :tinal~o('ruatior" :Ef thea equatio:na stored in the hash
table are no longer valid or it tl.ere \l'e1::&no 3quations stored, the user
is prompted to enter the data tor the capacitor. If the capacitor is a
i-port tIle data can be lI'ritten in one of threa forms: l.f the constitutive
relation is linear. just the capacitance need be entered. If the
causal relation is non-linear, the entire non-linear equation. in the
correct causal :for. (the user i8 givGn the required causal fOl'lll) must be
entered. Finally tll~ data for the capacitor can be fjntercd in the torm crI
a. tabla. If a only a number is entered (the capacitance) equation2 is
assigned the value (tlcou3tant e" •• II:::" num) vhElre •• represents the bond
l'lulI'berand nlL>Ilthe number entered by the uSllr. equation1 is aIlsi.:;ned the
value (lie" •• ":::>(1.0/e" •• "J*q" .. ) or ("q" .. u=c" •• "*e" •• )
dependi!lg on the causality. It an equation is entered a list is to:rmed of
the equation and assigned to equation1. If the user enters tlte ,"ore!
"table" J requesting that the data be entered in the form ot a table,
final-oquation is assigned the o~tput of the function make-acsl-table. If
the capacitor has integral ca'lsality a8sign$~ to it, the user is required
to enter the initial value ot the displacement (at time t:::>O).If the user
ente:r:n only a n1llllber, equation4 is set equal to ("constant q" .. "i:::" num)
and Clquation3 is t\et equal to ("q" .. It=integ(:t" •• ",q" •. "i) II), vhere
•• represents the bond nu~ber and num the nl~ber entered by the .U8e%'.It
the user enters an expres.ion for the initial displacement equation3 is
set flqual to ("q" •. ""'integ(t" •• "s " expr It) II). vhere •• represents the
bond numbeT and expr tl~e expr$saion .nt.~ed by the user, equation4 is set
equal to til lIJ:\ptyatring. It the capacitor has derivative causality
as&igned to it, equationS is *et equal to (":til •• "=q" •• lid"), vhe:.:'e
rep:r6Sltnts tll bond number and d l:he ded'll'tl.tivfI (noto the acsl deri'Jative
function is not used, instead th~ ~quatiou i. differentiated implicitly),
equation4 is set equal. to the eltipty Iltring. If the capaciT.or is a
mul'tipOl·t the data. can be written in one of tvo forms: Either each
equation is vritten out in full, when proapt.d or the data for each
equation can be vritten in the fora ot .. table. The varia~le assiglunents,
~,nitial displacement assignlllent and function calls are as for the 1··PQrt
case , Each equation 11 converted to a string. The equations are (lnteretl
in the Imsh table rud all ompty strings iSl"eremoved .

....,.
;; i
;;;
,., ....,...
•• J

;;;
,....
• • I

:;;
;:;·..,,·...,,...,..·..I ••.....,...• ••...,.,·..•• •·.." .
.,.,..
· ".....,·."" ,
;;;...,.,.., ..,.....·,,
;:;...•• •..,•••
." .".' ,·... , ... "
0' •

;;;...•• •...
J ••

(J.ot «tinal-equation nil»
(tollllat t ..-,CAPACITOR.(ELEMEH~troMBER-a) CONHECTEDTO ~~~"node-nUlllber)
(do1iat· (a.~line l1r1e"dl\t3.)
(fonlat t "BOND "a. ., (first a~'lin.»)

(print·'doc,·str nod6~nulllber)
(if (node-ecl'uatiolls (gGthasl\ Mde-nlUtber *nodoll*»

(progn (foraat t "-Y.-YoTha causality assigned i!l1pli~8 tllat")
(dolist (cUl."rel1t~lina line-data)
(if (equal (third current-line) 'out)

(sett e-t"out "e")
(seU e-f-out "qlt))

(form3.t t "~y"'a~a is a function ot " e·~f·'out
(tirst current-line»

(doUst (a-liM line-data)
(if (equal (third 3,"line) 'out)

(setf .-f~in "q")
(set:! e-f-in "e"»

(foxmat t "-a-a" e-f-in (first a-line»»



(format t 1f~~"Y.Tllelaat equa.t.iona .tored vere")
(i!o1ist (u n_v,q_ua.tion (node-equations (gotbnsh ntlJI)-n1!!llbet:

*nodes*»)
(format t "~%-..." an~(l(luatioll»'

(i! (y-or-n-p 1I~Y.~%Dothese equations still hold. II)
(progn (Got:!: t'c,li'.Zll'·equatioID. (node-equation"

(gethash node-nnmber *nod.es*)})

.... "

(sot:;: ans 'yes»)
(setf ana '40»)

(or ('not (node-equat i<>ns (getha.nh ¥-1ode-:nUl::\oer*nodes*»)
(equal nus 'no»)

(progn (dolist (cur.cent-line line-data)
(if (equal (length line-data) 1)

(progn (fol1ll~t t ""%·~Enter the data tor ea..,acitancc C~o.."
(t irst curre.p.t··Une»

(format t 11-%;);,[ th~ equatdon is linear, ental" ~
only the capaci'i:anee coefficient. II)

.'' C.... '",t t "-Y.If • ,0 9quation is non-linear onter ..
. the enti:rl! equation vith-Y,"»

(:fOJ:1llG.tt tI"'Y.~'l.Enter")
(if (oqual (third current-line) iout)

( ,t1: .,-{-out "eli)
( " .~ e-t-I)ut "qll»

:orllla1:t .~-*'< I a tunction of .. IS-i-out
{..'.ut c:'Ut'rent-liu»

(do list (a~line line-data)
(it (equal (third a-line) JOtlt)

($ott $-1-i:l1 "q")
{set:f 8-t-in "3"»

(:format t "-a~a " e-:f-in (:first a-line»)
(format t U-%It the d",ta is in th:l :forlll ot a table, enter -

\"table\"Ny''')
(se.tt equation1 (read-J' .I.e»
;ii IOTE read-line rea~ in a ~tring n~t aD object, th~r.:fore
:;: a left or right or bvth parenthes9S may be read in
(eend «equal equation1 "table")

(foX1llat t "-1'111" table Tlill be named tab~a"%"
*table-var*)

Wewill call the tables tab1, tab2, tabS etc, i:;tcrementillg a count\er
over.y timo. so that the tables are uniqae.

(:format t n-y.I:r the C;apadtor is not modulated the ..
independant variables are no;nnall.y~%")

(<lolist (a.-line line-data)
(if (equal (third a.-::'in\.) ';)

(sot'! e·':f~in "ql.)
(sett 8-1-1n "eli»

(tormat t H"a~a II 8-1-in (tirst ~"'line»)
(satt equationi (mak~-acsl-t~ble e-f-out

(
"0(1J. ..

;i;

node-number
('first
cU:tTflnt ..Une»))

(set~ equation2 (list""»
(aatt *table-var* (+ 1 *table-var*»)

«nlllll'Jorp (tead-!ro.u-st:t'ing equation1»)
;i; 50££ read-f)."olJ-stringconverts a s'trillS to an ohjoct

(sett equation2 (list "COllstnnt c"



(first CUlrent-li1e)
"ell cquation1»

(if (equal (third curr6n't-line) 'out)
{sott equatio1i1 (list (toJ:llI-stdng (lizl;

"e" (tirst current-line)
"=(1.0/c"
(-fir;.it ~ul'<:(m.t-lin(l) ")*q"
(first currant-line»))

(IHlt': ~quut:ion1(list (ton string (list
"q" (:first curnnt-line)

(fit'l3t current-line) ":;<&'1

(first clU"rent-line»»»)
(t (~ett equation1 (list equation1»

(flett equation2 (list ''''))))
(it (equal (thi::d curreat-line) l(lut)

(progn (:format t "~Y.Enter the value of q-a at time t:::O-%"
(first current-line)

(sett initial-value (read-line»
(it (numberp (read-tro.~~trins initial-value»

{progn (set! equation4 (list "constant q"
(first
~-axte1XJ;-line)

o

initial-value»
(sott aquaticn3 (list "'I"

('first
cn:rrfJllt-lintl )

"=intog(fll
(:first
cur:K;'ont-U~~)

u ,'lu
(:fi::tI'J:
curren't-litla)
"i)"»)

(progn (setf 8quati~m4 (list flU»
(St3t:t eqnation3 (Est "q"

(first
current-·li.M)

"=inter.(f"
(first
cus..:r(lnt~line)
It." initial-Value
")IO»»)

C:,):t:ogn(sott equntion4 (list ""»
(sett equ3.tion'3(Hst tlftl (first current-line) 1I~.qH

(first cuzrent-line) "dll}»))
(sett finnl-eauation (cPF6nd equation!

(list (torm-st~~ng equation2»
(list (form-s~ring equati~n3»
{liat (form-string ..'luQ.\_ion4)
tinal-aquation»)))

(sott (noda-equut Icna (geth.s.shnode-number *r.odes*» final~*,quatioll)
(sett final-oquntion (remove ttU final-equation :test #) equa.L)
(values, tinal-equatioll»)
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(do:fUil i·~(llel!lont·equations (node-m.1l1lcJl.' lin$~data)

.;i Tllis tunetion is called by get-'ncd(l~eqtiationn if the eli)1II6nt curx'ontly
being Gousidereu is an inerti;).. The functioll. informs the user tor \ihich
elem6!lt the eq,uations <1:tebeing entered. It oquu.tions have previously
been er,t(;red for the element. these und the Gllrrsnt c<l;,sul itllplic:ativns
aro output to the screen. The user is then req,uired to enter llhether
thsG8 Oq1lJ.tiollS ara still v",J.id. :;:t thOly are, the equations in the hash
tal;:J.o ,11:6acdgned tQ tinaJ."oquatiall. If the equatiolls stored. in the hash
tu'ble (U'e no lengel' valid er if thEIl'a \lere ;'10 equations st()t.'~d. 'i;!lU user
is lil'crnptSld to en,:61: the data :tor tIle imil,'tl.a. :U the inertia is a
r-pere tlie data. can be vl':i.\ten in !:1M of thriHI fot'las: If th. const~.tutive
relation ii$ linea,,:. ~iutlt th¥ 'l118:t.'f;nnGo need be ente:t'6tl. If tlll.l
e,luf)(\l rclo.ti.;;n :ie lllf;n··liua;;,l,'. th3 ent:l.l:e non-·linear 'i.Hluntion. in tha
c,{n:roct causu'l tOlm. (the user is given the :required causal. fOZ'Q) must be
entered. F'in\\ll~ the data t')r the iuol'ti3. ll\a.y be entered if! t;ho fo'nl ot
a table, If a only a. lIumbur is entel:ed (the ii.lertance) eqnat;ien2 is
assigno'd the v;.\lua ("constant i" •. "e" nuv.) where , • .re:p't'osents the bond
n-.:mbel' and nUll! the ntilI\\)or entupd by til." "lASt):;;. tlquation1 is a8llligne ~ tilo
volue (tlf" •• ""'(1.0/:." ... ")*p" •• ) I):t' (lip" ., "~i" ., ".f" .. )
depending on the causalit) Xf Ill. equation i8 ente:r~d a Hst is fortlled of
thu aquatic·a and IUlsigned tv equation1. I:t th. uur ontGt"I'thl!l vord
"tableN• l'(w,uestillg that ttl" data be ente:r.sd in ths tor1ll of a table,
:final-equation is assigned tM output of the :function lIIt\t4l-acl'll~table. tt
tll.1;! inertia. h(13 intogx'al causality a.. :i.gned to it. t;}1e U;(l~l' :1..J :x:equi:rod
to fllltO:;: 1;he illiti{\l value of the molll«mtu.'I.(at ti•• teO). It the uaer
enters only a Immbel', equation4 b set equaJ. to ("constant p" •• Ui;~" 1I'tUl1)
and IJIql1o.tiolt3 ia Mt actual. to ("p" •. ":::integ(0" •• ",p" ". "i) II) , lIhere
•• repl·o5ent. the bond nIDllber and nUIIItlul nUlllber entered by tho tLJ(ll~, It
tll.8 user Ilnter. ail exprelfllion for the initial mO!lI.entUt16quation3 ill
Silt oqua.l to (lip" " U"'lnteg(." .• "," .xpr 11)11), where •• :repr~uHmts the
pond nllmb.r "11Uexpr the tI::tpr&8.i~n entered by the U8cr. equation4 ilJ lJot
equal to thu ml!pty string. !l the int)rUa haa ciedvative causality
I1ssigned to it, aquation3 i.s 8~t .qual to ("e" • lI::p" •• lid"), "her ••
nprt1lJenta the bond number anet d the dariv<\Uve (note the acd derivMivo
:function is not: used; instElad the aq_uatl.on b di'threntiated iltIplieit;tyl) •
equation4 i8 set equal to the ('mpt)' atl'ing. If the inertia is a
lI1tll.tipox't tlu; data ccn be vrithn in one ot two :!O":IIlC: Eitllor each
tlqu:ition is vdtten out ill full, IoIhOXlprompted OX'the dt\ta f(lr each
cqUt\tiOlt can be vr.i.ttEln :in the f(ltm of a table. 'l'he va.:l.'io.bloasaiglUllonts,
initial momentum J.s3:iglllnent Ilnd :tllnGtion c:\lls are all for thti l;~po:rt
caae , EMh equ(\tion in converted to a lltring. The equati.ol).11 are .antlered
i'. tho hash tahle nnd aU eml,ty l'Jt:r:inglll are l"emOvefl.
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(let «fiMl"'equatio!l nil»
(ttmllut t II~ IINERTIA (EI,EMf;lI'f MUMBER "a) (:OIl1lECTED TO ~y'" node-nIDlloer)
(dolist (n-'line line~dat;:\)

(format t "BOND«a " (f'h:s;; a'~lil~e»)
(prillt-d(}(;~str noue"l1U!11bt),,)
(if (nodil~equatioxn (r~etha.th nodl!l~nu.btlr *nCldu*»

(progn (fox'mat ,~~"~~~~%'rhecausality a.uignetl illllllies tltatH)
(tlolist (clu::t:'t'lnt'''J.ino lina~dl1ta.)

(:it (equal (third current-line) ~in)
(:leU e-f'''(lut "t")
(sed ('l"i"'out "pn»

(toIIII:lt. t "-~ta"a is a :function Qf n 6'"t"OUt



(firtt ~urrent-lin~»
(dolist (a.·-line line-d!!.ta)
(it (equal (third a lin.) 'in)

(satt e-f-in ",;t",
(set! a-f-i.n ,,:~,~) '/

(fOX1i\3.t ~ II-a"a " a-t-~" (t.il"~·" a'-line»))
(format t II·'l.~%The l,sf. 'flU&' ~t,t.. f!': 'ed "!!Ire")
(dolist (an..:Jquation ("I':d:' '''l-...:bo ~ ~gethaoh ll.odo~numbar

*nodes*»)
(format t "~%.,,,."an-equ3.ti"ir,,, '5

(it (y-l)r~n"F "-:';-%Do tIwse eOUll.'..;iQZlS stiJl llOld II)
(proga (satt final-e~u~tion (node-equations

(gethash noda-nuabez *nodes*»)

....,.

(seti an8 'yes»
(getf. ana Ina»»)

(it (or (nos (n",u6"'eq'tl.ationa (gethush node-nuaber "'nodes*»)
(equ(!.]. ans 'no)}

(progn ~deliat (current-line line-data)
hi (equal (length line-d3.ta) i)

(P:<'Qgl"1.i;J.' ':mat t II-:';-Y,Enter the data for ;i.nartianc.e ra."
(first current-line»

(fonat t ""%It the equ&.tion i'l linea.r, enter -
only the inert'an!.':e c(Jotticient. Ii)

(1?l1IIat t IIHY.It the; equation is non-linear ental' -
the entire tiquation Ilitl't-%"))

(forlllat t "-Y,-%Entu II»
(it (equal (third curnnt-lin.) 'in)

(a"U .-f-out "t")
(satt e~f~'out "p"»

(format t liMa-a as a. :fullt:tion ot If e-f-out
(:first Gurx'{tnt~line»)

(doli.st (a-lint'!line-'data)
(i1 (equal (third a-line) Jin)

(setf e-f"in "p")
(utf .~f-in "f"»

(:foX"lllat to 1I~a.- .. " fI-:f-i~;;.I,.:tirst l\-line»)
(:forltlat t "-%11 tl.e da.ta. i. lon the :fot-a of a table, enter -

\"table\"-%")
(set! eq~ationl (read-line»
:i; HaTe read-lin. l'ead. rn a $txing not an Objtflt. ther-dore
i,l a left or right or both parentheses may be r~ad in
(cend «oqunl equation1 "table")

(forma.t t "-!The table will. he named tab-a~%"
*tahle-11atilt)

We \lill call the tables taM, 1.;o.b2. t:iba etc. incrementi.1g a count ez'
()v0'1!Ytime, so that th8 tahj,6~ an unique.

(foxmat. t ,,~Y.It tlte bertia is not modu1o.ted the ~
indepondant n.t:iablotl ar~) n(ll1t\(ll1y~%")

(dolist (a-line line~data)
(it (equal (thix-d a-·liM) 'in)

(seU e~f..dn lip")
(iSet:f'-i-in ";t"»

(:Co:rmat t ."-3,'"& " !)-i-in (tirat a-Un«}»
(set:!: -squationl (lAake-acsl,·table e,·:t~ou.t

node-number
(first

" .•• •



current-line»)

(if

(utt equation2 (list 1111»
(setf *table-var* (+ 1 *table-var*»)

«xm1l!be:rp (rillad.-'l:r:olll-Bt:ringtlquationl»
• ;; IOTE reild-trolll~Btrillg conVlIll'ta a :::t:r.iYtgto an Qbj ec':;

(sett equo.tion2 (lis't "cl.nst<l.llt i"
(t:\:rst current-line) to:;"

aqt.at:i,onl»
(if (equn.l (t1d:r:d curunt-liM) Jin)

(!'lett l.iql·ationl (liat (farm"i"'string(list
"f" (ti?:'st eur:;:mt-line)
"<~(1.0/i"
(:first ;;u:t'l"ont-line)")*p"
(first current"line»))

(80t:f equation! (list (to:rlil'~Stri11g (liet
"ph (first current-line)
lI:::i" (tirst eurl'ent-line)
"*f"
(first cuxrent-line»»»)

(t (set:! .,quation2 (list ""»
(utf equation1 \;(list equation1»»

(equal (third cUX'rl!lnt\~\line),,'in) "
(progn (:lonnat t "~Y.F.n~ierthe value ot pe,). ~tttilUe 1,;:-:0-%"

(tirst ~rrent-lin&»
(sett initial-Y~iue (read-liM» ,
(if {nulllbe,fp (read-:frcIII-.tringinitial-value»)

(p:rog~ (ut'! t'quation4 (list "constant I,ll
(:tirst
current-line) "i:::"

illitial-v",lue»)
(set! ~quation3 (list "1')"(i'int

cUl:rellt-lino)
"=integ(e"
(:first
<:url:'ent~linfl)

".p"
(fint
cllr:r:'lmt-line)
-o-i»

(p:r.ogn (lSett equati.,n4 (list ""»
(set! equatiQn3 (liat "p" (l:':'''::Jt

C'lll'~l't-line)
u::;integ(e"
(iiI"at
cur:reut-line)

"." initial-value»-»:»
(progn (set'! equation4 (lint It It) )

(satt i.\quation3 (list "411'1 (tirst current-line)
IIl:p" (:first current-line)
lid"»»)

(set'! tinal-6(luation (append equation1
(liot (to%ll\~stri1\g eqllatio1l2»
(liDt (!ox~tistring equation3)
(list (torm=stxing e~uation4»
final~6quation»))))



(:Hlt:f (node-eq,uations (gethash node-nuaber *nodoill*» :final-equation)
(nett :final-situation (remove "" :final-equation :test #'equal»
(values tiIllll-equation»)

(dofun tf-elolllOnt-equations (node-number line-data)

...
" I)

This tux, :tion is calleo. by get-nuae-equations if the elOlllent cUrrentl;,
being (;ollsidered is a transformer, The function i~lforms the user tor vhich
element the equations tI'J;'6 being entered. It equations hcwo praviously been
enteral! tor the slemo It. these :me:. the current causal inlplications
are output to the screen. The user is then Tequired to entar ~hether
tllOSEI equaticns are still Valid. It they are, tho equations in the hash
1:able al:'e assigned tCJ :final-equation. If the equations stored in the hash
table are no longsr valid or if thtll'e vel'lI no equations stored. the user
is prompted to '.Inter th" data tor the transfOI'mer modulus. The user is
informer!, based on 'Ilhich port thEl pover is enterinr,. at the deti,1it:i,on of
tho modulus in tellllS at t'~e t'110 eftortll. The! data for the transformer
modulull ean be written ill """,neot three torms: It the tram:l!ormer is not
moduldteci. the user W1ledso~'ly to enter the values of the modalus. It -;;.1(1
transformer is mcdu1at~d. ~he user ha. to enter the exp~ession for to
modu1u:l. The data for the.>~odulus can I'lso be vritten in the form of 3;

;l i t~, • It only a nUlllber ds entered 8-luation3 is asdgned the value
i ;: .(It, .•1Gtant III" •• ":::" nwrtj ,,1119:1."0 •• rapresenta the node> numbel' and mUll

fi'$ number entered by the user. equation1 and equation2 are the two
eOlUJtitutive xelations, the ~orlll they t,i.l.'ite. ,being dependent on the pover
and causality direction. If an expression is entered equation3 is ~et
oqual to tho empty string. equation1 and t!tquation2 a:u as boatb'j;'&.If tllo
user enters the word "table". equation3 is set equal to the output from
the fUnction lIlL\kQ-IH~1 ';L-tabl"", equation1 and equation2 are again tho srune.
E:).ch equation is converl;o 1 'te_) a string. The equarions are entere'i in the
hash (;ahla and :>,1). empty strings are removed.

....,,

..."....•• •
; 1 ;..., ........,...." .
;;:
;;;

;i;
;; ;
,. ,.,.
...•• •..." ,...,.,. c.,..... ,.
" I

; j i
;;;

(forll\at t "-I 'fR.AMSFOR.MER. (ELEME)iT J4l1MBER. -a) COInmCTED 1'0 -Yo" node-number)
(dolist (a-line line-data)

(tonat t "BOND "a " (first <l~line»)
(print-c.'\'()c-str node~'nUillber)
(5.:1: (node-equations (getllash nodo-nWtlber *nodes*»

(progn (fO):lllat 'C tlwY,-Y,'l'he causality ass:ig1\ed iJaplies that")
(it (equal (second (first line-data» 'out)

(progn (oett pout '0)
(Gett pin '1))

(})X'ogn (seti' pout '1)
(sett pin I())))

(if (oq'ilal (tllix'd (fil"st line"du.ta) 'out)
(progn (liett eout, '0)

(sott cin '1»
(progn (nett e04t '1)

(ntt cin 10»)
(to:nnat t "-~:e·t.:::Dl a-a, "here. ;i.1'l the llIodulusq%"

(tirut (nth pin line-data) (tirst (nth pout line-data»)
(format t 1I~Y.~%Tholast aquationa stored were")
(dolist (un-equation (no(.l,e-equations (gethllsh Mete-number

*nodes*»)
(:form3.t t "'%~a" an-equation»

(if (y-or-n-p "~Y.~~:Dothese equa.tions still hold II)
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(pregn (sett final-equa.tion (node-equations
(gethash node-number *nodes*»)

(sett aIlS IfElS»
(sett ans Ino»»

(it (or (n~t (nod.~equation8 (g.thaoh node-number *nod~8*}»
(equal ans 'no»

(progn (if (equal (second (tir~t line-data» ~out)
(prugn (neU pout: '0)

(set.t pin '1»
(progn (set! pout '1)

(SE>t£ pin '0»)
(if (oqual (thizd (:firstUna-data» 'Qut)

(progn (sett ceut 'OJ
(::let'! cin '1»

(progn (S6U CO\\t )1)
(ut! ci.. '0»)

(torlllat t ..-y,"%Enter the .odulua If. "f the t:t'anBtol"!ll.Elr bet1illion ..
line!:! -a a.nli waif (tirst (first line~data»
(first (second liL~-data»)

(tol'm3.t t "-%Th. Ilodulus m is flet'\ned such that a-a'" III .-a-Yo"
(first (nth pin line-data» (first (11th pout line-data»))

\'f()rr\~\tt u-r,lt the data for the modulus is in the :fOl'1tl of a ..
table. entll)r \"tab1e\"~r.")

(tuftt modulus (read-linfl»
;;: llO'tE read-line r;''lds in t, string :Jot an object, therefore a
; ; t left or .ight or both pannthelU'l8 llIay be read iJ.\
(cend t (aqu.a1.lIodu:tus "tabb")

(fonat t ""fIt the tr.anstorrUlr in lIlodulated, only the -
.adulu can 'hI{) entered in the fOXll M

Cit a. '~abl.. tbia is to en&lU"ethat tIle transtol'lX\Or ~
:remains energy eonserving.-Y.") i

(toI'l'CIatt ""y'The table will bo named ·tah-",''''X''
*tab1,9-11.a.t"'" )

i: i we will call the tabl .. tab1:~' t~b~,. hb3 etr.. in ..~relllen.tinga counter
j ; 1, every time. so that tho tables ar~ uni'l1l0,

(soU equation3 (1Ila.'\t.··a(a"l~tabli!l "III" node'-nUlll'ber
nod e-uwr.ber) )

(sett "'table-vax'* (:. 1 ~table-vlU'*) ~
(it (equal (second ('first line-data:.)

(third (brat line-c:\ata)))
(progu {utt equationl (list "t"

(ti~st (nth cin lineffidata)
It",(1. O/m" n()de'~I1umbf)r.
")*:t"
(tirst (nth cout

line··da.ta.») )
(nett equa.t.ion2 (list "e"

(fil'st (nth c;out .
line-data»

11:;(1.0/14" node-n'l1lllber
")*e"
(first (nt!t ern

line-data)}»)
(progn (llett oquationl (lilh; "t"

(:tit'st (nth qin
liM-dat:t) )
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"==Ill" node-number "*t"
('first
(nth cout l.i.,'lfl-data))

(set-! equation2 (list Ole"
(first (nth cout

line-data) )
"::::r.t"nodE)~number ":I<e"
(first
(nth ein

line-data»»»)
«numbarp (road-:frow·st:ring !Uodulus»
(set! equation3 (list (form-string

(list "constant f.tJlnode-nuabar'
"::" l,I1odulm.»)

(ii (equal (aacona. (fint iine-,iata»
(third (:first lilla-data»)

(progn (£lett equation:!, (list ":f"
(tirst (nth em line-data)
":::(1.0/m" llode-number
")*t"
(:first (nth cout

line-data»))
(setf equation2 (list "e"

(tirst (nth ceut
line-t!.\ta) )

11::(1.0/%11" llodEl"'numbor
"}*e"
(first ~nth em

liM~data»»))
(prega (sott equation1, (list "t"

(S6t~' equation2 (list

(first (nth cil~
line-data) )

"::IIl" node-nUlllber ,,*t"
(ti:rat
(nth cout line-data»»

lie"
(firat (nth cout

liM-data»)
"=m" node-number "*8"
('first
(nth <:in

linn··data) »: ))
(t; (satt equ3.tion3 (list ""»

(it (equal (~econd (ti):'stline-data»
(tldtd (t:1,rst line-·data»))

(progn (sett equ~tion1 (list "t"
(brat (nth ein

line-d3.ta»)
":::(:1.0/("llIodulus
"j)*f"
(first (nth cout

line-data»»)

I (80tt (lquation2 (Ust "e"
(first
{nth cout line-·data»

"={:t. 0/(" modulus



II) )*e"
(first
(nth cin line-data»))

(progn (satf equat:i.on1(list lit"
(first (nth cin

line-data) )
HoC" modulus "}*ttl
(first
(nth coue lino-data»»

(sett equation:a (l:i3t "e"
(:first
(nth cout liltE'l~data»

"e(1I modulus ")*e"
(:first
(nth cin

line-data»»»)
(set'! :final-equation (append (list (form··stdng equation1»

(list (form~string squation2»
equation3»))

(sett (ncde-equandens (gethash nede-nuabar *nodes*» :final-equation)
(.~ot:f :final-equation (removo '"' :final-equation :test #''9qua-.»
{valu~s final-equation»

(detun gy-element-equations (node-number line-data)

..." , r::.~ t,ul'Ictionis called by gat-nude-equations 11 the element cnrrell.tly
being d~\~idored is a gyrator. The tunction jntorms the user :for which
element t~"equations are being enterGd. !l equations have previously bean
entored. to~\the element, these and the current causal implications
aro out~ut \9 the screen. The user is then required to enter ~h~ther
those equations are still valid. It they are. the equations in tha hash
table are assigned to finaJ.··equation. It the equations stored in tha hash
table ure no longer valid or it there vere no equations stored, the user
is prompted to enter the data for the gyrator modulus. The 11ser is
:in'lormed,based 01\ llhich p"lrt the pOV{ir is entel"illg. of the de:finition 01 the
modulus' in tel,'lI\Sof the two ettorts. The data to)';' thE! gyrator lIIodU1Ua
can be written in one of three :torms: It the g:trator is not l1Iodulatad
the user needs only to enter the values ot the modulus. If the gyrator
is Il.\o(lulated, tIle UGeJ:'lta.s t'O enter Jb.e eJ'tlression for to modulus. The
datia :for tile modulus can also be 'Ilr:;"t,:hen in the torm of a table. It a
only a number i$ ontered equation3 ill l!.,;signod the value
("constant r" •• "",II num) whGre •• ropresents thE! node number and ..Ul\\
the number enner ed by the user , tlquation1 and equt1.tion2 axe t:he tvo
constitutive relations, the form they take, being dependent on the pOller
and causality direction. If an Gxpression is entered equation~ is .set
()qll.al to the empty string. (lquation1 and Gquatiol~2 are as before. If the
user enters the 'Word"table". equationS is set equal to the output :from
the fUllction m:1ke-acd-table, equation! and equation2 are again the camo .
Each equation is cOllverted to a. atrinr;. The equations are entered in the
hush table alld aU empty strings are r&moved •

.,._.t •" ,
t I·,
1 11 1....,....J' •
;: »
:;:
;;;.. ,•••...
" ,....,,..,
'i I..." ,...,.,...,.,
;i;
;;;..." ..,,...•••
;:;...,I'
.. " ",.,...,..

(:ff.n:mu'l; t ""'I GYf~A'rOR (ELF.MEIiT lUMBER Ha) CONNECTEDTO -%" nod8~numbcr)
(dolist (a.-lino line-data)

(tonuat t "B1lND "a " (:first a.-line»)
(print-doi\:-st.r nOd'l-nllmber)



·..
'"

(nett ans ly(8»
(Stitt ans 'no»»

(it (or (not (node-oquations (gathash nOJltll-nUIllber*nodes*»)
(equal a."l.S ' no))

(pX-Ogll (if (11qual (uco~)i (fi't'rt lim'l-data» Jout{
(progn (sett pout '0)

(IH\tt pin 'j,»
{progn (setf pout ~1)

(set! pin ~(»»
('tol"Ai.at t 1J·%~Y.Enter the .0111'1uI r of tv,a gYXll.to,r t,tween lines f

"a and ~l.\" (tb.-at (:tint liut ....data» ,
(first (aecond .Line-data)) \

(tormat t "-roTh. llodulu8 r i. de:tined such that f\~a '" I.' f-a-%"
(:Ursl; (nth pin liM-data.}) (ti:ut (ntll pout line-data»)

(format t "-YoU the data for t~(t lIIociulus is in th(, fQ:ull of :a. -
table. enter \"tab1e\""~~")

(setf lIIodulua (read-line»
i j; HOTErsad-liue reads in a atring not a# obj ece , thel'i!ltorc a
; ;; ).elt or right Or both parentheses Ilay:ibe rea.d in
(cond «.ci'!al modulus "tabl.")

(:format t "-11 t the gyrator is Ilodulated, on',' tIle ~
1l0dublS ("'.'.1. be .ntered in the tOl'llt '"
ot a tal.l,j,eJ, thia is to enSt,re that thtl gyrator -
remains energy conserving. ~'l.")

(format t "~IThe tab),. vill be nalllod tab~a·%"
*hbl.....,a:r.)

Wewill ca.]l the tables taul, tab2, tab3 etl~. inculIlenting a counter
every time, so tllat the tables are unique •

(sett equationS (l1Ia.ko-a';fll~tahle "J:"

...
,. tJ

node-numl~e:t'
nodo-):Iumber»

(seU *tnbllt-va.r* (+ 1 *tallle-va.r"'»
(if (equaf {third (first liM-data» I it')

(pz'ogn (setf equatioXf1 (lilt "f"
(first (nth pill line-data»
"=(1.O/r" nod~-nUlll'ber
")*6"
(tirst
(nth pout line-data»))

(oet:t equa.tion2 (list ,,:t"
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(first (nth pout
line-data) )

"=Cl.O/r" nod6~nUlllber
U)*~lI
(-firnt
(nth pin line-data».H)

Jprogn. (sett 4Iqllationl {list "e"
(flsllt (nth pill

line-data) :
"=1'" node-nUll1ber "*tH
(first
(l"th pout Iln,a-data ~)e)}

(sott equation2 (list lie"
(first (nth pout

line-data»
"=r" ncde-nuntl)er "*:1."
(first
(nth pin line-data»~»»)

«numbe:r.p (read-:frolll-string modulus»
(sett equa:tion3(list (form-string ~

(liot "constant r" nod6~nUlllb~r
"::" lI\odulus»»

(it (equal (third (t irst line-data» 'in)
(p:t'ogn(satt equation1 (list "itl

(first (nth pin line-data))
";;(1.0/r" nade-nulliber
")*~II
(first .
(nth pout liM-data»))

(~ett equation2 (list ,,:t"
(first (nth pout

l;'n9-<lata»
"::(1.0/rll no«e-nUlllber
")*e"
(fi:cst
(ntb pin line-data»»)

(pregn (set:i' equation1 (l.i~t "e"
(first ('1th'ipin

f line-dat9))
lI:;;r" nOde1~ulllli~r"*t"
(first., II .:
(rAtl1 l'lOl!( lJ.ne-data) )»

"e""' ,\)(first (nth'l":,ut
line~data) )

"=r" noda-numbar "*:f"
{first
(uth pin line-data)))))))

(t (sett equation3 (list ""»
(if (equal (third (first liM-data») 'in)

{progn (setf 6CJ,uationl (list "t"
(:first (nth pin

line-data»)
"=(1.0/(" lII.odul.u$
"»*e"
(tir~1t
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(nth pout line-data»»
(satt equation2 (list "t"

(til"at (u\:h p~u'l:
line-date..) )

"=(LC/(" modulus
"»*L"
(:first
(nth.pin litle-datu»»)

(Frogn (sctt equation! (list ".,"
(first (nth pin

line-data»
"=(" modulus ")*f"
(first
(nth pout line-data»)

(s..atfequatiou2 (list "{I"

«(
(tirst (nth pout

liM~data»
It:::(" modulus ")*:f"
(fix'st
(nth pin

line-data»)))
(sott :final-equation (append (list (form-string equationl)~

(list .(:fo~-string equation2»)
equation3») )

(sett (node-equation:; (gethash node'number *nodes*» final-oquation)
(soU fillal-'.lquation (remove 1111 fj.l~3.l-equ3.tion ~test #1 eqUal»
(values tinal~equat1 ~)

(defun 1~elemont-eq".l.ations(node-number liM-data)

·.i• •
i i ;·;;•
z; ;
i I j
:;i
; I •
;·., I
; j ;
·I II
j ·;,<;\ ·.." ,
i·;•...".

0 ;:;
j; ;

If the elemel.1.tbeing co "idered is ot type 1 this function is callel'! by
get-nodo-equations. Th lUnction takes the list passed to it and finds
w!dcll list in it has the e:ttort as the output. This annez liatjis removed
and conaed onto the front ot t~e list. All the 1i~ts but the tirst in
line-dnca are considered in tu~n. It the po~er diroction ot the list
being considered i3 the same as the pOOler direction of the first lint then
the sign is set tl) "_" othe:r:visethe sign is sot to "+". The sign, tie"
and the bond nmnb3r corresponding to each liat but the first in line-data
is caused onto tl'o list equation. F.tnillly":". the bond number of the
:firnt lint in .;.:,be-da.I;~ and "e" are conaed Or-~IO equation. e~uation is
convGX'ted into ~.string and conaed onto final~equation. Each list b}f~

the tirst in li~le-data is again considered. equation is assigned the
value ("f" .a. "::::flt •b.) whe:r\' •a. is the bond numbel' in list being
conl'lide:redand .b. of the bond in the first list. A string is fonted of
equation and it is cansed onto final-equation. The equations are then
added into tho hash table.

(let «equation nil)
(final-equation nil»

(flolist (single-linOl lino-data)
(it \'equal (t;hird single-line) tout)

(satf pos (position single-line lino-data»)
(sett liM-data (eens (nth pos liM-data)

(remG<va~nth poo lino·,data) line-data»))
(dolist (a-line (rect line-data»
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(if (equttl (second (first lino-data» (second a-line»
{se";! sign "':..,,)
(set~ situ "+"»

(satt equation (COliS sign (cons "e" (cone (first a-line) equation»»)
(sett oquation (cons "e" (cons (:first (first line-data»

(cons ":::"aqtiation»»
(sutf ~inal-equation (cons (for.-string tiquation) final-equation»
(dolist (a-line (rest line-data) (va.lues final-oquation»
(soU equation (list "t" (first a-line) "::f" (first (tirst line-data»»
(satt final-equation (cons (torm-string equation) final-e(.i o.tion»)

(setf (node-equations (genhash nodc-nnmbez- *nodes*») final-equation)
(values final-equation»)

o,

(clefttnO-element-equations (nodc-m n1:'lr 1:i.nc-data)

III

::';'t the ..lament being considered is of type !) tlds functi ...n is called by
g6t~node-equations. The function takes the list passed to it and finds
which list in it has the effort as the input. This ll>J'terli~t is reOll()'Ved
and consed onto the front of the list. All the lists "nt the tirst in
lina~dat~ are considered in turn. If the pover directio~ of the list
being considered is the same as the pOller direction ot the first list then
the ai3n is set to "_" other.r.riseth( sign is set to "+". The sign, lit"
and the bond number corresponding tc each list but the first in line-data
is consed onto the liat equation. F',nal1y "=", the bond number of the
first list in line-data and II!" ax!! ccnaed onto equati(m. equation is
converted into a. string and consed onv final-equation. Each list but
the first in lintl··clata.is again considered. 'equa.ti.on is assigned the
value ("e" ,..."=e" .b.) where .a. is the bond >lUlriberin li.t being
considered and •b. of the bond it; the first list. t.• tring is foxmed ot
equation and it is consed ~nto final-equation. The equations are then
added to the hash t~ble.

....,....
J "

j; ;...
, • tt...J' •..,
" I
1> ••,. ,...\" ,

"i; ;
, ..,. t,

.....
'";;;...
" t

;, ;

(let «equation nil)
(tinal-equation nil)

(dolist (single-line line-data)
(if (equal (third single-line) 'in)

(setf pos (position single~line line-data»»
(sett line-data (cons (nth pes line~''data)

. (re,,\ove (nth pes line~da.ta) lille#'data»)
(doliat (a-line (rest line-data.)

(if (aq:ua1 (second (first line~data.» (second t\pline»
(set! sign "-")
(SEltt sign "+"»

(sett oquation (cons sign (cons "t" (cons (:first a-line) e'lua.tion»))
('lett equation (cons "f " (COliS (tirst (tint line-data)~

(COliS "=" equation»»
(aott 'final-equa.tion (<:01011 (fo:rm-stdng equation) t inal-oC!ua.tioll»
(doUst {a-lino (rest line-data) (valuM final-equation».
(saU equation (list lie" (first a-line) "=0" (first (first line-data)))
(:lett :tinal-'3quation (cons (:form-string equation) final-equation»)

(sott (node-equaUons (gethash node-number *nodes*» :final-equation)
(values final-equation»)

-,
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;;; This function is called by the function lIake'd.cal-table. the aim is
divide acsl··ta-:'leinto a nU!!1berof portior.s no that each portion fits
onto one fortran line. Th~ lines are terminat~d after the tenth
occurrence of a c0roma. Each portion i3 placed in a separate list ~ithin
a 1 t called sized-table. Eacq list in siZed-table, vith exception of
the ~a$t im tez~inated with three dots indicating that the aesl statemont
continues oa tho follo~ing line .

.....,,...,J'
;;;
J' ,.....,....,,

(let (f ~ed-table nil)
_,,':lIt-count0)

(sttlX't-count20)
(halt-var i go)
(pod 0)
(final-table nil)

(loop
(if (equal halt-vax ~stop)

(return»
(setf start-count (I)
(dotimes (a-count 10)
(it (not (> star1;-cQunt (length acsl-table))

(!Settposi (l)osition #\. acsl-table :start start-count»)
(if posi

'(sett start-count (-I- 1~o3i 1»
(sett halt-var 'stop»))

(it posi
(.etf ond-count2 posi)
(setf end-count2 (length neal-tablv»))

(Silt:!!.\1Ii,zad-table(COM (subseq acsl-table sta:rt-count2 end-count2)
sized-tablG) )

(satt acal-table (subseq acsl-table end-count2)j
(sett aizel!.-ta1.Jle(reverse sized-table»
(dolist (table-part s:i.zeo.-table)
(it (not (equal (list table-part) (last sized-table»)

(set! tinal-table (cons (concanenat e 'string ta.ble-part ", ••")
final-ta.'lJle))

(satt final-table (cons table-part final-table»»)
(..etf :final.-table (roverse :final-table»»

(dei'unmake-acsl-tai.Jle,(e-:f-outnode-nUlllberbond-nu:nber)

o

:;: This function is called "him the user wants to enter tho data for a

..,
" .

particular elemont :in the :form 01. a table. Thrae variables are passed to
the func'tion, the output ';ariab).ename, the number of the elom(mt and tllo
bond min-ber. The user is promptei\ to enter th: independent variables in
the :form at a list. Naxt the user iA req.; ..a,\to enter the nUlllberof data
points :for each iIl,d(Jpendentvariable. The 'User then enters all tho data
points tor each independent variable. The valuo of the dependent
variable (a-i-out nedcnumber) for each combination of.independent variable
d~ta is then entered. The :function then forms a list, called table-list
~ldch contains the acsl statement "table", the table name, ~he number of
independent variables, the number of data pointa :for each independent
variable, the data points of.eae:h independent variable and the values
of the dupendent variable corresponding to each combina.tiolLof.
independent variable. Another list called equation1 is then formed. it

;; ;..." ,
;;.
,.." ,
;;;

....~....
J ,:I,.,
" J

(,I ...
" I.,.,I'.,,
.; ;
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(l

·..
• • v

has the f.o~'lIt(dep6ndent val'iabl. :: table nMl_ ( independent va't'iables
separahd 11Y COll\I1las ). '!'he tlln<:tion lIIake-table~the~right-size is then
called, tll:l.s1.; llction divides table-list into portions that vil1 :tit
onto o~~ t~z~ran line. TIle two lista are then appended together •

...
, II

" •. 11'·,,...·,.

'. "' ..I ! .f

«(dimlist nil)
(tableliet t,;i.l)
(one-in1~list nil)
(ind~varnil)
(ind-dim nil)
(dims nU)
(ind-list xliI)
(data-l:i.st!''1il)
(;ind-var-co'T.ma nil)
(dill\count: 0»

.. , Ii. i h' hI"d:l.Il'tJ.ut i8 a _li.~!t ot the d111lens011.S ot t e varl.ables and ta el::i.st 18. a
list containing all the tablo data
(fomat t "~%-'~'Ii;uter the mdependane nria.blas in the tom 01. a list ~

ag (1.3 l.t; ~1)"r.")
(satt ;\.nd-nr C~"~!t'vl})
(dolist (an-ind-;',";'l:J~ind-var)

(let

·.." ,

(forllua.t t "-':En'~o:r the llwnber of data points tor Na.-Y."
{fl't;r:ing~o'llncaseall-ind-vu},

(ut! ind-(JiJ~ (1":1>.nS (:uad) .,ind-dilll»))
(set'f ind-dim (r" IEIr3e ind-dim»
(liolist (an-ind-dilll, ind~dim)
Cutt ind.-liat-up rd.l)
(de «a-count 1 ( .. 1 a··count») «~ a-count (.~ 1;. an-ind-dim»)

(1.0l'!llat t "~%En't,eL'value "a t.or -3:%" a-ccunn (string-dovncase
(nth dimcount ind-var»))

(se'tf ind··l:i.~,~t-sep(cons (:r£1ad)incl~list-sep»)
(sett .ind~li.t (cons (reverse ind-list-sap) ind-list»)
(IIU:tt dilllCOU1tt (+ 1 dilllccunt»)

(setf ind-list (reverse :i.nd-litot»
(casu (length ind~var)

(1 (doliat (i-vax (first ind-list»
(t':>l'IIlt';tt "-%Enter the vl).lue of -a-a when ~a is -a~%"

e-t-out boud-nulllber
(string-downcase (first ind-var» t-var)

(sett data-lint (append (list (read) 1(". If) ~.ata.-list»»
(2 (dolist (s-var (second ind-list» .

(doliat (:t-var (first ind-liot)
(format t "~%Enter the value of ~a-a when qa is -a and "a is -a-%"

e-t-ollt bond-nUlllber
(string-downcase (first ind"va:t'» t-v;:u-
(string~downcase (second ind-var») s-var)

(sett da.ta-li$t {i:!.ppend(list (read» 1(11, II) data-list)))))
(3 (dolist (t'~var (tllird ind-list»

(dolist (s-var (accond ind-list»
(dolist (t~'var (1.irst ind-list»
(fm:rnatt "-%Enter the valu~ ot "a-a when "a is "a, "a is -~ ~

and "a is -a-Y." e-t-ollt bond-nullIber
(string-dqwncaae (first ind-var» f~var
(string-dt;ilncase (s<9condind-var) s-val:
(string-dovncase (third ind-var» t-v~,i)

(setf dat;),-list (app611U(Hat (read») )(",") data-list»»»))
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Cdolilt (f-var (first ind-list»
(setf tine-iud-list (append (lie\; f-var) 1(". ") one"ind-li .t»)

(doliat (a-var (second ind-list»)
(sett one~ind-lisl; (append (liot s-var) '(",") one"i!ld-list»)

(dolist (t-var (third ind-list»
(set:f on8"'ind-list (append (lis'!; t-var) 1(". ") one-ind-·list))

(ged data-Hat (list (strinS~le:ft-tria ","
(form-string
(append (reverse one-ind-list)

(roverse data-list»»»
(set:! tn.blo-nama (~oncn.tena.te 'string "table tab" (pr.inc-to-string

*tablc-vaz*» )
(dolist (an-iud-diu ind-dim)
(satt dims (append (list an-iml-d:irn) '(H. Of) dims)))

(Gett dims (reVGrS6 dims»
(setf t ..blo~:L';.dt (:torm-st:t'ing (append (liot table-none) '(". ")

(list (length ind-var)
(limB '("/") data-list '("I"»)

(dolist (au-dnd-vaz i:'ld~va.r I
(set:f ind-var-COl:'oIIIR (append (list (string-downcuse an-dnd-var) 1(11,11)

ind-var-c:ollUl\a.»)
(s~tf equation1 (fol:lIl-at:ring (Ust e-t-(mt bond-nu'llber ";tt\bll *table-va:t'*

"(II (string-left-trim ","
(torll1-string
(roverse
ind-vtU'-conuna
»: -i-i»

(sett t;.tblG-list (lI1uke*>table-the-right-si:z:e table-list»
(sott final-equation (append ta.ble-list (list equation1»»)

(de:fun print-'doc-str (uode-ntUllber)

;:i Thin :function pl'i.'nts the docUll1ent,,,ion string

(:format t "-r.N%'i1.le documentation t.or thir. clement is: II)
(~~int (n~de-doc-st:r (gethash node-number *nodeu*»))

..." , This :function is ca.lled by dump~:icsl-equations. This prograltl IIl'ltn tip 'l:,h.~
:first part of the acsl :f;j.le, prompts :tor the progl't\l'4name. the integration
step length [ln~ t:.e siJl4l\la;"lon time and setn up the necessary equations
involving t.}-,E)se•

.....,...,e,

o
..." ,

(let «roaul tinga'list nil)
(a-list nil))

(to:nnat t ""~;"%Enter the nesl p:r:ogram name. "Yo")
(satt <i-list (eona "p);'ogram" (cons (I'end-lino) a-list))
(sett resultillf,-liot (cons (:torn\~Gtring a-list) resulting-list»
(oott :r~sultin(;-list (cons "illitial" resulting-list))
(sett reGultb~~-list (cons "constant pointflt::1000" result;.ng~list»)
(sr,t1a-list ~il)
(format t "Ay.~~~El\tel·the integration step size. ccnlc"Y,")
(I:l(lt:f a-list (Mns "eonotant ccnlct::11 (cons (:rend-line) a-list»)
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(sett ruulting-list (cons (:forJll-etringa-lict) resl1ltillg-list».
(set! a-list nil)
(toX"ll'.att 1I°y"··%Ellte:r. the duration of the simulatioll, simtim. -Yo")
(set·t a-list (cons "eonstrans simtim::" (cons (:read-line) a-list»)
(seU l'o:tulting-ltst (cons (tom-string a-list) resulting-list)
(Botf r£lculting-list (cons "OilnOlld::sillltim-c("alc" resulting-list»
(sett resulting-list (cons "dnt::simtim/points" resulting-list))
(setf resulting-list (cons "nstp=cint!ecalc" r;}3ulting-list»
(sett rosulting·~jist (raverse resultinb:-list))))

(dafun get-inter-data 0

...•• • This function is call.ed by dump-uc3l-eqllationtl. 'fhiD function forms a liot
containing the end of the initial section and the start of the dynumic
and deriv.-.t:iC-'Jsections.

...•• •
'~ ..•••
(let (resulting-list nil»
(set:f l'6sulting-list (cona "end ~\"ini'(l~al\"" resulting-list»
(:lett reBulting-list (cone "dynronic" :resulting-list»
(utt resulting-list (cons "derivativ~" :t'esultjng-list»
(...tt resulting-list (reverse resulting-list»»

(defun get-and-data ()

...
J •• This 'function is called by d1lIl\p-ac:Jl-equt\tions. Thin :!!uuc::tiontOI'l'uS a

list of the statements to tcrttlinate the simulation and end the sections .... ,., ,
(let «resulting-list nil»
(sett :o;e8u.l..Ung-Ut;t (cons lit61'lllt(t .gt •simend)" re!lul ting-J,ist) )
(setf l:.bultiJ\g-lis~ ('.:ons "end *\Udttrivative\"" resulting-list»
(utf ruulting-list (con", "end $\"dynamic\'''' resalting-list,J
(lOett :-:'"sulti.ng-liat (cons "teninal" resulting-list»
(utf reilulting-list (cons "ond $\"teminal\"" resulting-list})
(natt resulting"'Ust (cons "end $\"progrn.lll\"" resulting~list)
(sett relJultiXlg~1ist(reverse reauJ..:ing-list»»

(clof'll!! :form-string (:.my··list)

...,,. 1hin tU:lctioll is called by nUllt£ll.·OUSother 'functions. It ttl.kes all its input
o,l1.Y lifl'~.The function for q a Iltring of aa..~ll element in the list and
coneate:laha thom all together to :for. one st:rillg i.e. If the input is
(lit" 5 '·:.::(LO/l''' 5 ")*6" 5) tho output will be 1I£5",(1.0/:r5)*a5" •

...
J • J

; i ;.....,
(let (resulting"string ."'»
(rlo1.ist (al.o (:reveroo an.yo'list) (vo.luoll reoulting-st:ring»
(*H~tf rOf:!ulting-st'dng (concatenate. Istring (princ-to~st:!."ing ole)

(princ~t~ string
:l:'e~l\llting~stl'ing»») )

r, ..." ,i ...
,)

.,....•• •
'"

P.l.11t~-to-stringtakes any object and converts it to string, nate tIle
',function ut:t'ing on~.y converts stxingc and symbol;! to st:dngs not other
~ata typos eg nlli~b~rs•
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(defun dump-ac'.iIl-ontp1lt (r.ru:i;put-liGt)

.,.
•I' This functi(m is called by dU\'!Ip-aesl-eclull.tions. It opens a tile

*:filanamo*.acal and dumps each element (a string) ill tha list
output-list to tIle :file•

,i j...,.,
(S<:ltf :l!ilonmua (concatenate "st:l:ing "/usr/bondgrnph/acslfile/"

(string-dl~!Jnease *filenruue*) ".a.csl"»
(with-ob1I'lu-tile (output-stream tilenrute :diroc:tion :output)

(dol:i.at (a-string output-list)
(format output-st:::-oam"~%~a" a-string»)

(format t lid IAceJ. input file dumped to the file ~a~%":filomlillo)
(vtlluflu»

(defun get~lhs (a-string)

...
" I

ntis :function t'lkes a string input for example u:f2 '" sqrt (1 - 5:1:(2)"
::mdreturns all the character t() tho left of the equal sign. It also
removes all the spaceo, Consider the string above the :function would
return ":f2" ,

..." ,...
I ••

;;;

(remoYe #\space (aubseq a-string 0 (poaition #\~a~string :toat #~equal»)
:tMt #'equal»

(detun get-rho (a-atring)

:;: This function takes a string input tor example ":f2 :::eqrt (1 - 5*e2'"
aHd :;:eturllS all the chaxact to the right of the equal sign. Consjd.er the
string above the :fUnction would return" aqrt (1 - 5*e2)",

...,t I..., "
(suhaeq a-string (+ 1 (position #\::: i\-tttring :test t}l equal»»)

(do:fun r'-elF!lmcnt-alger-lo;)p (list-ot-equations)

..." ,

It the causality had to be coltlpleted by assigning rut arbitra:t'y c~\usulity
ue a resi.tol' then this tunctiml is called, thin CCCUl"1Jwhen the global
va~iable *r-algerbraic-loop* has a value, This :function gets the dat~ to
tl'e left I)t the equal sign (calls tun::t;ton get-lhs) at each stritlg III

li:::t-of~equtl.tions. If it is E:.f!ualto .~ st:ting of "e" •• \lhere .. is the
bond to yh:l.chthe cauo:l1ity 'IlM ass:i.gaod arbitrarily then this string in
nssigned to rem-s·..;r and 0,.now string now-str is torlned. nt:l'll-str conoisto
of an aeal implicit :function replacin~ rOIll'·str. rem-~1tl' is romoved from
1ist-ot-equ::.tions and no~1~str inserte:i into it. *error-:f1ag-n'lm* is t~~
index of tho error :flag variablo in tile :lesl ilnplicit ataternnnt I so tho.i:
oaeh flag var.i.able is undquo, *el"Z'or-Uag-num* is incremented by one
every til'l1e it is US(l(1 Constnnt default values for each variable found in
the aesl implicit S't;,' ,cement are given, but the use ....has i;,1,8 oIlti(lnot
specifying the value of s,,"'h v,,'f":i.able or the expr-3:..;;:;.onuaed to
calculate it .

...
III...,,,...
III

• o.,,,...,......,,..., "...
, II...
III..." ....J' ,

;;;
." ..,.,...
'"
(do1ist (Dll-r-alger··Joop *r-algc:rbraic-1Mp*)
(dolist (ofl'u=atr list-ot-equt\t1.ontl)
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...•• •

(if (equal (get-lhm Gqa-atr)
(concatenate Joltring "e" (prin-e-to-string

(third an-r-algcr-loop»»
I'f 3Jl R element is used to cOll:lplet&tIle callsalitr it doesn't
matter it the dio];+- or the flow is mude imI'licit, in this program
the efto~~t is alvays !ll3.deilnplidt for convenience only

(progn (format t lib l'llt6 6q.zation "a has to be calculated ,.
imp1icitly~Y." equ-.str)

(:format t II-%'l'llat is it \1ill be written in tho tiol'm"%")
(fo:tmat t "u%~a ::: impl(yz, e, m. &twa, -3., ycil)"V."

(got-1hs eq!l-atr) *erl'o:r-tlag-num* (ge':;-rlls '~qu-:.Jtr»)
(format t "-y,Wl\ere yz is the initial guess")
(:format t ""% e is the eXTOl' bound")
(format t u«% ~ is the lIIaxilllUllluUlI\ber of iterations -

to try")
(format t "..~{ f.l:t~a il'l the error flag variable"

*f;lrro:r.-flag··nUlll* )
(format t II~% ydl is the value used to increma~.t tho ~

initial value to estimate the
deriva,tiva~%")

(format t "-%"%P1eas6 entor yz (" constant Or oxpr.(I~,Bion) -
detault 0.0 II)

(sett y7. (rand-line»
(it (oqual yz ",,)

(setf yz "0.0 II»
(format t "-%Ploase entu e (a constiant or oxpression) -

default 0.0001 ")
(30t1 e (read~line»
(if (equal e '1It)

(setf e "0.0001 II»
(format t II-Y,l?lease enter 111. (an :lll.t~gar eeneeane) ..

default 50 ")
(setf m (read-line»)
(it (equal mil")

(sett m "SO II»
(:format t n-%Please enter ydl (a consnenu or exp:tGssion) -

def.auU 0.(,101 II)
(a ott ydl (read-l:be»
(it (equal ydl to,,)

(aatt ydl "0.00'''»)
(sett r~mqsty.equ-str)
(eetf ne"""ctz- (list (get-J.hll e'l.u-str)

":.:impl(" yz "." e"," III ",ef"
*orrcr-llag-num* "," (get-rhs dqU-st:.r)
"," ydl ")"»»)

(:1etf ~law~3tr (tor.u~stdn~; new-str)
(setf list-at-equations (l:emCivere:u.-str list-ot-equatiolls : test 1t Ien ,~J)
(setf list-oi-equations (cone new-at); list-o!"equatioM»
(setf *!.lrX'or-:flag··num*(+ 1 >i<error-f lag-num*»)

(vatues J.isr.-o:f-equations»

...
J i.
; i;

(detull bond"alger··loop (list-o:t-equlltio:iI~) ,

...
I ••

I ; ;
If the causalitv had to h3 completed l'y assigning an a:t'bitrary c'l.t\sality
no a bond attached only t" junction st:r:UctUl6 elements, then thirJ :function
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..., .~ ..

is called, this 0(;(:U%'8 when the global variable *bond-aJ.ge:rbraie-loop*
has a value aosigne,::l to it. This function gets the data to the 16ft (It the
equal.s sign (Ct11.111 'function get-lhs) r.:. ach string in list-ot"'e'luntions,,\
If the string is equal to a string of "e" .. lihers ,. is the bond to llldclt
l-he cau::-ality va.:! assigned arbitl'adly than this string is assigned to
rem-stri and a. new .string nev-ntri is torllled. neW"str1 concista of an acal,
implicit tunctid)n, replncing :rom-str1. If the lo:ft hand side ot the string
:'0 equal to "t" .. whore ., in 1;lle bend to 'Il!l.ich the causality was
i'lssigned arbit:l:arily then this s-r.ring i. as::signe:l to l:'flm-Btr2 and a n6~
8trin~ nev-str2 i3 tormed. nev-str2 consists at un at:sl implicit function .
rOlU-ct:ri and rem-stx2 are removed :fl~o\'ll.li:n.-of~equatiolia and nsv-:::t:;:1 and
nsw-str2 are insorted into it. Because tIler_ are ttJo inplicit t'lUlctions
*e:n:o.c-tlag-Iuull* is :incremento(ld twice. Constant ddalll;; values for each
variablo :found in the MGl implicit statencnt are. givan, but th6 USCI' bas
tlle option of specifying the value of Qilch vari'lbla or an expression used
to calculate it.

;i;
, ..
I , •..., "

.... 11<" ....A' •...
W D....,..
., ." ....•• •...
J J'...
'";;,
;;:...•• •
;;;

(dolist (awbonel"alg"lr-loo!' *b,wd-algerbra:l.c-loop*)
(dolist (equ-str li8t-Cif~'equat:ions)
(if (equal (get-lhs equ-anr) (concatonate IS'cr:lng "e"

(prine-to-string
(third a-bond.-alger-loop))

(progn (:1ormat t II~ l'l'he equation "a has to be calculated •
implicitly-!!''' equ-str)

(:format 1; "NY-That is it \till bo written in the :fer!ll·~~II)
(tol"lllat t II-Y.~a r:: impl(y:z:. e , m, at-a, "a , ydl.)-%"

(get-lns equ-str) *erYor-:flag-llluu* (get-rhs equ-str»
(format t ""':t,uhere yz is tr,. initial guoss")
(:fo:t'mat t "-Yo e i.e th~ "!':t:,,~ hN'ld')
(forlllat t ""'% II ia the ~13.ximUllUlll11berot iterations -

1;0 try")
(format t "-y, e:!~1\ is t1.e error :flag variable1!

*error-:flag-aum*)
(10l'mat t "-Y. yd.l in thf;l value user! to increment the ~

initial vnlue to estimate th~
del'ivative-Y,II)

(format t "-Y.~Y.Please (I'Iter yz (3. constant ox· eXl)X'eBs:.i.on) ~
detault 0.0 ")

(set! yz (~oad-line)
(it (equal yz ",,)

($etf yz "0.0"»
(forz:lat. t "-Y,Please (mtt1X' • (a constant oX' expression) ..

default O.OO{)1 Ii)
(sett ill (re,ld-line»
(it (equal 0. "")

(Batf e "0.0001"»)
(fotm:l.t t "-%Ple(l.se enter III (an integer constant) -

de:fault 50 ")
(f~ett III (read ..,jne»<~f (equal 111 '''')

I (sett III "SO")
l"forlllat t IIwY.Please en'!;er ydl (a. Cvllstant or exp:rMsion) "

default 0.001 ")
(S6tt ydl (read-line»
(i1 (t'qual yell "")

(set! ydl "O,OO~."»
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(Bati r3m-stri equ-str)
(seU ne;.r-stri (Hst (ge':;-lhaequ-aer)

"=ill'lpl(" yz ";" a"." rn ",ef"
*erlror-flag-num* ", " (gct-rhs equ-str)
"," ydl "'"»»

(if (equal (get-Us eq\1~\lt:i:')(concatenate 'string "f"
(princ-to-string
(third a-bond-alger-loop»»

(progn (fomat t "-IThe equat Icn "a has to be CalC(ll.ated d

implicitly-Yo" equ-str)
(:format t "-%'1'11<).t is it will be writton in tho ~orm-%")
(format t "-%-0. '" irnpl(yz, 6. m, ef-at -n, ydl)-%"

(get-lhs equ-str) (+ 1 *error-flag-num*)
(get-rIta equ-cez)

(iormat t "-Y,'OThert)yz in the initial guess")
(fortuat t ,,~% e ie the error bound")
(fo:t'lIIat t "-Yo III is the lIlaximuIl nmuber at iterations ..

to try")
(tornm.t t ,,-% at-a is the 01'1'01' flag variable"

(+ 1 *er:ror-tlag-n\ll!l*»
('f.ormatt 11-% ydl is the value used to incrflment the -

initial value to estimate the
derivative~y'II) ,

(format t ""y.-¥,Please enter yz (a constant or expression) ~
default 0.0 II)

(sott yz (read-line»
Ut (equal y';i'. 'm)

(satf yz "0.0"»
(format t II-Y.Ple::l.seenter " (a cO:l\ntantor expXe3sl,on) "

defaul't O. 0001 ")
(set;!0 (read~line»
(it (equal e "")

(setf e "0.0001"»
(:format t u-Y.Plealle enter l'A (an integer constant) ..

defalllt SO II)
(sett 11\ (read-line»)
(if (equal m "")

(sett lit "50"n
(:format t "-YoPlan::!., entClr ydl (:1. constant or expression) -

default 0.001 It)
(~etf ydl (road-line»
(it (oqu<.\lydl ..,.)

(3etf ydl "O.OJ1"»
(nett l:·om'·utr2 aqu-strr)
(sott MW-l~t.t'2 (lint (got-lhs equ-utrr)

"=impl(" yz "," e "," m ",ett!
(+ 1 *error-tlag-nuln'tc) ", II
(get-rho o'1u-3tr) "." ydl ")"»»)

(sett now-strl (:form-string new-str1)
(set£ now~str2 (fox~-string now-str2»
(sett list-o:f-oq';,n.tionn(remove rom~stl'1 list-ot-eq11ationa :taat #Iequal»
(nett list-of-aquations (remove :rem-str2 l:ist~ot-equations :test #'equal»
(sotf list-(>l:-equations (cons Mll-str1 list-of-equatio::\s»
(oett l~st-of-equat;ions (cons Mu"'str2 list-o:f-aquations»)
(set! *Qr~~r-tlag-n~~* (+ 2 *error-flag-num*»)

(values list-ot-oquations»

fl
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(de:!.'unrhs-nearch (rho-at:r)

...
1#'

'rhlO :fllnet:ton given the r:i.ghthand side ot an equation gats a. Ust (It
all the bond graph variables in that equation, for example it
:rll(J-stl' is "e1+eg'-f8+q23>!>(p34+o1)"
it ~ould returA (a1 e9 fO q23 p34) •
The :fuMtj,on tincts tha pollition of each bond graph variable nrutle(e. :t •
P. (1) where it is follOlirsdby a :number in rlw-atr. The :i'unctiongat-vOX'
in called to got each variable nrune.

; t ;...
" I.....,
...
'" tt.,,
;;;

(let «pos-list nil)
(var-liat nil)
(find-list: nil»

(~ett rna-str (subatitute #\[ t.\( rhs-etr»)
(sett :r.lm-str (substitute #\J ,,\) rhs-str»

(setf rha-str (substitute #\t #\, rhs-str»
i ;; ThiB substitution is done so tltat.a parenthesis is nevar read v;'"its OloTn
iii to determine if it is a number.

(do «nlUll 0 (+ nUlll1»)) «(::: nua (•. (length rhlol-str)1»)
(if (and \u.t' (equal (p:dnc-to-string (elt .rh3-atr num» "f")

(equal (pI'inc-to-6tring (elt rhs-atr num» "e")
«(ilqual(princ-to-string (elt rhs-str num» "q")
(equal (pr.ille-to-string (elt rhs"str nun) "p"»

(ntmberp (read-from-string (prine-to-stxing
(elt rns-otr (+ 1 num)))

(sett pos-l:bst (cons num pas-list»»
(dolist {pos-n p05-1i$t)

(satf var-l:i.st(cons (get-var rhs-.tr pos-n) var-list))
(s~tf vax-list (~ever.6 var-list»
(dolist (each-ale vax-list)
(it (not (melllber each-&l$ :final-list :tust #'eq1.l.a.l,»

(uti fillal.~list(elm. each-ele final-list»»
iii Makes sure that there i. only one of each variable in th8 list

(values final-list»)

(dofun get-vQX (r"'st:ring pea)

i ·;I
;i ;

'1 ·I. I·j ·• •
i;;

D ··., • •·;·I •·.i, ,
;·."...
f J t

This tunction iIt called by rhll~search and is pasaed as p',ratl\t)ters,the
string 'and the ata:rt:i.ngposition of ill. bond &,rnph variable nane, Tile
function :l'irstremoves the bond graph variabl~ lotter and increments the
position by one. The function then checks to aee whether tho end of the
string has be~n re~ched. if so, all the variables that were romoved are
placed into one string and this is the resulting bond graph ,rari.able. 1:1'
the end of the string has not been reached the function checks to sec
whether the next element is a number, if so it is l.emoved, the position
counter is incremented by one and tIle process repeats itself. If the
element is not a number, tllt\loop is exited •

...._.

(set:!'a-var (list (princ-to~string (elt r~8tring pos»»)
(aetf pos (+ ! pos»
(lOOp
(if (~= pos (length r-atring»)

(return) )
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(if (nlunberp (read-trom-string (princ-to-atring (elt r-string pos»»
(Sf)tt a-vax (cons (p:rinc-to-string Celt r-string poe» a-va:r»
(return)

(sett pos (+ 1 pos)))
(Getf a-var (raverse (form-string a-vax»))

(defun derivativo-causality (list-at-equations)
...
J •• If On$ or more storag~ (lleme~ts have derivative causality assigned to them

the this function is called, this occurs vhen the global variable
*deriv-cnusality* ha~ a value a:ll1ignacito it. This ftll\(,tiontakes the
displacement or momentum corresponding +'0 the storage element with
derivatiVe causality and se;u'choa tht'ough the list 01. all the oquatlo:p;s
to get the equation wA16re the momentum or displacement is the output.
The function then tUM the right hana side 01. the e~,·~tion and if it
contains tho word "intag", in:forlllUthe user that thc' :~r.:l.vative01. th~
equation has to be calc:ulnted implicitly. Constant ci~l~ult valu(\s :for each
variable :found in the aeal implicit statement are given, but th~ user has
the option o:fspec:i:tyingthe value of each varl.able or an expression used
to calculate it. For exrunple, :if the equaticn ~aa "q3=>intag(f3,q3i)". then
the new equation to be added to the list of equations vouid be
"q3d=impl{ yz. e, Ill, efx, :f3, ydl)", vhera yz, e, III and ydl are the
variables the user has the o}>tion of aGsigning a value to, x is the
error :nag index. Where q3d is tile derivative of q3. If the word "integ"
is not in the equation :for Which the .~lIlont~ or displacemont is the
output; then the user is prompted to enter the time derivative of the
right hand side of the eqllation. For example, if the equation was IIq3::S.0*a3+e5",
the user would be prompted to en~er the time derivative at S.O*a3+e5 •
The users response would be 5.0*e3d+eSd where s3d and a5d is the
termirtology used to represent the derivative of 03 tULd as respectively •
The nov equation included in tlUl list of equations would be
"q3d=5. O*e3d+e5d". The user dit:hrentiated right hand side is sent to
the tunetion rhs-8earch~ which remove. th. bond graph variables t~om the
string. In this example the tunetion rh.·••arch vould r&turn (e3 as),
The proeesa is now repeated with aacll ot the vadables returned by
:rhs-March. This l-.:rOC('lSS is complete when thex'e are no more bond graph
va:dables lett in the list las-batch. ThilS list contains all thG
bond graph clementI:)raturnad by rhs-searr.l1•

." .
II'..." ....,.,...
• '.e'

i;;
;;;...
" I

II'....
~ ,. t...
I. ,

i;;..,.,,..." ,..,
III...
I. ~ !...•• •..." ,...
~ J ,...J.' ,....,....., ,
; j;
;;;...
if'.....,....,~...
I ••...•I....,..

(let C(o-var ligon))
(do:tist (n-deriv-cau$ *dal."iv'-eaulla1ity*)

(if (equ~l (first a-deriv-caus) 'e)
(aaU lhs-bateh (list (to:uu-string (list "q" (third a-deI'i\'-caus»»)
(setf lhs-bateh (list ('lon-litX'ing(list "p" (third a.-deriv-caus))))

{loop
(if (not Ihs-batch)

(:return»
(set'!lhs-strings .';Lha-batch)
(sett lhs~batch ni~)
(dolist (lhs-str lhs-s·trings)

(dolist (an-equa list-of-equations)
(it (equal (forlll-s-~ring(list lh&-str lid")) (got-lhs an-equa))

(seU s-var "d~-nothing"»)
(if (not (equal s"var "do-nothingll»)

(progn (dolist (an-equ~ list-af-equations)
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(it (oqual lhs'-:str(get-Ills' an-oqua»
(sett rna-str (get-l'hs OU\-equa»))

(if (search "iI\teg" r.hs-strJ
(progn (forma.t t "u!The equation -ad :::~a has to ':)8 -

calculated implicitly-%" Ihs-at;!:'
(first (rna-search rhe-atr»)

(forma.t t "-Y,That is ::t will be 'Ilrittenin -
the :fonu-'l.")

('!orl1latt "-Yo-ad ::: illlpl(yz. 0, III,e:fQa, -
-a, ydl)-Y," ilia-stl:'
*error-flag-'num*
(:first (rhs-search rhs"str»)

(format t "-?'vhere '/Z is the initial guess")
(:forma.tt "-y, e i8 the error bound")
(format t u-% 111is the llIa"(imulil number of ~

itel"ations to try")
(:forma.tt ""% e:f-a is the error :flag -

variable" *ettor-:flag-num*)
(format t ,,~% ydl is the value, used to -

increment tne initial value to -
estimate the
derbative-%")

(tormat t U-%-Y,Plaase enter yz (a constant or -
expreasiol!) default 0.0 II)

(sett yz (read-line»
(if (equal yz 1111)

(se\,;1yz "0,0"»
(torJl<.l.tt lI-%Please enter a (a constant or -

expression) detault 0.0001 ,,)
(satt e (read-lino»
(it (equal e "")

(sett e "0.0001")
(tormat t ""%Pleas8 enter III(an integer w

COllstant) default 50 ")
(Bctt m (read-line»
(if (equal _ ....)

(sett lit "SO"»
(format t "-YoP1ease enter ydl (a (;'Jllstant or -

expression) detauJ.t 0.0(;1 II)
(sett ydl (read-line)
(if (equal ydl "")

(set::! yell "0.001"))
(sett ne~-s1;r {list lhsqstr

"d=impl(" yz "." e "," Il\

".at" >lIerror-flag-nu.lll*
II," (tirst (rhs-search

rns-stl'»
"," ydl ")"))

(satt *er:ror-nag-nUlll* (+ 1 *error":flag-nUll\*»
(sot:t' new-equation (form-string new··str»
(setf list"'ot·,quations (cons

nell-equation
list-ot-equations»))

(progn (format t "-iEnter the tillle derivative ot the ~
:function -a~%" rhS--13tl')

(setf nev-rhs-str. (read-line»
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(sott nell-.qua.tion (form-string
(list lhs-str lid::"

new-rha-str))
(sott l;i.st-o'f""equat:ions

(roons now-equation list-ot-equations»
(setf Ihs-batch

(appoRd (rhs-search nell-rhs-str)
Ihs-batch»»»»)

(values list-ot-equations»)

{detnu write-hasl>-table-t()~:file-dumf'(:filename)

.. " ..
III

This fun<.-tion'll'ritesthe line and tge node hash tables to a :tile
*filenrune*.data. In addition to ~~:" b.sh tables, *line-hash-keys* and
*node-hash-keys*. which reference tho hash tables are also 'II':tittento the
file, as are *r-algorbra:i..::-loop*• *bond-algerbraic-i.oop* and
*deriv-.causality*. A statement. intoning the modules that the caus~1 ity
has been assigned i~ also includod in the file •

,..
'" ....."
..." .
• OJ...
'"

(setq 'filename (concatenate 'string "/usr/bondgraph/data/"
(string-do'll'ncMefilename) ".data."»

(format t (concatenate 'atring "-%Rash table vritten to file" filename "~%"»
(vith-open-filill (lill6-lltr·6amfilename

:direction :o~~~ut)
(print 'causality-assigned line-ctream)
(print *line-hash-keya* line-stream)
(dolist (line-number *line-haah-keys*)

(print (gethar.h line-number .lines*) line~stream)
(print *node-hash-keys* line-stream)
(dolist (node *ncde-hash-keys*)

(print (getllasl.1. node *nodea*) line-stl.·o:1l!l»)
(print *r-algerbraic-loop* line-stream)
(print *bond-algerbraic-loop* line-stream)
(print *deriv-causality* line-stream»)

ibot
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D.B The ACSL execution module (run-acsl.lisp)

(defvar *filen:ame* nil)

(dofun run-acsl ()
(if *filemme*

(if (not (y-o:r-n-p "-Il~'OcIC)u vant to simulat I the system stored in the ~
~i1e,,:~-a.l!Icsl"*:fibnamo*J)

(progn (t<lxmat t i'''%-Y.F.;ntar the tile name of the tile to simulate, ..
don't include an extension-Y.it will be taken to be -
taken to be 'a.::01'-%")

(sott *tj.lename* (read»»
(progn (format t 11- !Entel" the :tile llame of the :fileto simulate, -

don't inc1uo.e an extension-Xit '(li11 be taken to be ~
taken to be t O1C31'-%")

(sett *tilellrune* (read))))
(sett filename1 (concatenate 'string "/usr/bondg:raph/acsl:tile/"

Cstring~do'lmcase *f ilenaroe*) ",acsl") )
(sett tilename2 (concatenate 'string "/usr/bondgraph/aesltile/"

(string-do'lmcau :~filename*) ",csl"»
(rlln-unix-progrmn "adder" :input filena1!1ei :outPllt filenallle2

:if-output-exista :supersede :vait nil)
(write~run~ac$l.bat)
(run-unix-progr1l.ll "vpix")
(remove-c"'onteni:s-of-run-acIJ1. bat)
(valuE;s»

{detun write-run-acsl.bat ()
(with-open-:file (line-stream "/usr/bondgraph/run-acBl.ba.t"

:direction :output)
(:formatline~stream "key-fake \"acslexec\"+chr(13)+~

\"acslclg -a\"+chr(i3)" (atring-downcase *tilenarn~\' )}

(defun l"emove-contents-of-run-acsl. bat 0 ,
(with-open-:file (liM-stream "/usr!bondgraph/run-a::al.bat"

:direction : outpu'c»)

1

J
270



o



o

(1



Author: Grobbelaar Grant Bruce.
Name of thesis: Bond Graph Theory And Its Application To Computer Aided Modelling.

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2015

LEGALNOTICES:

Copyright Notice: All materials on the Un ive rs ity of th e Witwa te rs ra nd, J0 han nesb u rg Li b ra ry website
are protected by South African copyright law and may not be distributed, transmitted, displayed or otherwise published
in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (one machine readable copy and one print copy per page)for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.


