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1. INTRODUCTION

Many programs for simulation of dynamical systems on digital
computers were developed during the sixties. The first
languages were designed around concepts that were familiar
to wusers of analog computers. Such languages are called

block diagram languages. They used concepts such as

integrators, summers and potentiometers. The user had to
convert his model to a block diagram of these elementary
subsystems. It was then simple to input the model in this
form to the computer. Some of the advantages with this
technique compared to analog simulation was that there was
no need to scale the problem with respect to time and
amplitude. The security against badly specified models was
increased because the model was not specified as connections
on a patch board as for analog computers. The documentation

was also better.

The transformation of the model to block diagram form was
not necessary. Programs were developed which accepted
differential equations directly. Such languages are called

equation oriented languages. One of these languages was

MIMIC which was widely used. The Simulation Councils in the
USA proposed another language in 1967 (Strauss, 1967).
Their language was called CSSL (Continuous System Simulation
Language) and has been implemented on many computers. The
program CSMP-360 (Continuous System Modelling Program) was

developed at about the same time.

In equation oriented languages the model 1is specified as
assignment statements of FORTRAN type. A special
integration operator is wused for differential equations.
The equations do not have be given in any special order
because they are sorted by the programs. It 1is a problem
for the modeler that the equations have to be given as
assignment statements because it is sometimes difficult to
determine which variable to solve for in an equation. This

problem is further discussed in chapter 2.



In equation oriented languages submodels can be handled by

using a Macro concept. Examples are given in chapter 2.

An other commonly used way to specify models is to write a
subroutine or procedure in an algoritmic language, which

computes the derivatives of the state variables.

After 1967 progress has essentialy been made in two areas:

interactive programs and combined continuous - discrete

simulation.

Simulation is a good example of the need for interactive
computing. The most well known interactive programs are the
DARE programs. The program SIMNON has been developed by the
author (Elmgvist, 1975,1977). Other examples of interactive
programs are ISIS, BEDSOCS and SIM.

The interest for simulation of systems modelled by both
ordinary differential equations and discrete events has
increased, see Fahrland (1978). One reason for this is the
desire to simulate processes controlled by digital
computers. Several programs have been developed, e.g.
GASP-1V, GSL and CADSIM. Models described by ordinary
differential equations and difference equations can be used
in SIMNON. Simulation of systems described by ordinary
differential equations, partial differential equations and

discrete events can be done in GASP-V.

It seems that the development of programs for digital
simulation have been much influenced by the available
software technology. This has implied that little has been
done with model languages. The time has now come to use the
advances of computer science in programs which recognizes

the demands by the user.

The situation for the modeller can vary widely. A difficult
case 1is when trying to obtain an accurate model for a large

complex system for which no prior model exists. The



modeller first has to find the structure of the system and
then split it up into modules with simple connections. This
is necessary because it is practically impossible for a
single person to grasp a large system at the same time as
the details are described. It must also be decided which
phenomena that are interesting for the model and which

guantities to be included in the model.

In presently available languages the connections between
subsystems are done with variables. There are no concepts
which correspond to the much more complex connection
mechanisms that occur in physical systems such as shafts,
pipes, electrical wires, etc. The connections of submodels
would be much simplified if such mechanisms were available.
The details of the connection mechanisms, such as the
variables involved, do not have to be considered at the time
the structure of the system is described. This is an
important consequence for the modeller who has models
available for the included subsystems. If it is known that
the models are compatible with respect to the included
phenomena, the degree of complexity and the connections then
the model building is reduced to a description of the
structure of the system. One example of this situation 1is
the engineer who selects available modules to form a complex
system. If there are models for the modules then it is a

simple matter to check the performance of the system.

This report contains a proposal for a model 1language for

continuous dynamical systems. The characteristics of this
language are the following. The differential equations and
the algebraic equations can be introduced as they are. They
need not be converted to assignment statements. There is a

concept, cut, which correponds to connection mechanisms of

complex type and there is also a simple way of describing
the connection structure of a system.

The connections between submodels introduces constraints on

the variables in the cuts. This can in same cases lead to a



reduction of the number of states for the system. The

parallel connection of two capacitors is a typical example.
Each capacitor 1is separately described by one state
variable. However, the total system will have only one
state. Many of the available integration algorithms require
that the derivatives of the states can be computed as a
function of the states. This 1is not possible for such
systems wusing the basic equations. In many cases it is
possible if the model is augmented by some of the equations

differentiated.

An other way of attacking this problem 1is to develop
integration methods that can handle such systems directly.
Such methods are available, see chapter 5. For electrical
networks and mechanical systems there are special methods to
obtain the model in state space form. Such transformations

are not needed if integration methods of this type are used.

An important characteristic of the 1language 1is that the
model is independent of the operations to be done. It could
e.g be simulation or different types of static computations.
The equations are transformed in different ways depending on
what is unknown. The transformation can frequently be done
in a way that the variables can be solved one at the time
from the equations. When systems of equations occur, which
have to be solved simultaneously, they are often small and

in many cases linear. There are methods to £find in which

order the variables should be solved and from which
equations. These methods also indicates systems of
equations. They only use the structure of the equations,

i.e. 1if a variable appears in an equation or not.

If an equation is linear in the unknown variable it is easy
to get the corresponding assignment statement by formula
manipulation. Linear systems of equations can also be

solved by formula manipulations. Nonlinear equations

generally have to be solved by iterative technique.



When solving systems of equations by iterative technique the
Jacobian 1is often needed. The computations may be speeded

up if it is computed by symbolic differentiation.

The methods for sorting and manipulation of the equations
have consequences not only for the numerical computations.
The resulting assignment statements and systems of equations
can be shown to the user in symbolic form. This is very
interesting because it shows the cause-effect relationship
between variables. It also has a positive psycological
effect to see exactely the eguations that were generated
from the model in the high level language.

Gear and Runge at University of Illinois have developed a
program for simulation of dynamical systems (see Gear (1972)
and Runge (1975)). Their program accepts the model equations
as they are without convertion to assignment statements.
Cuts or terminals can be introduced as a set of variables
describing a connection mechanism. The model structure can
be entered using a display and a light pen. A figure can be
associated with each submodel. When a submodel is
incorporated its figure is placed at a specified point on
the display. The connections of the submodels are done by
drawing lines between the terminals of the submodels. It is
also possible to connect the submodels using alphanumeric
instructions. The integration of the equations is done with
an implicit routine for differential-algebraic systems (see
Brown and Gear (1973)).

The use of equations instead of assignment statemets have
been discussed for analysis of static systems. Many of the
algorithms for transformation of the equations have been
developed for chemical computations. Design computations on
thermal power plants (Volgin et.al., 1975) 1is an other
example. The corresponding problem for models of economical
systems with difference equations is discussed by Drud
(1975) . Aarna (1976) has a theoretical discussion of

transformation of the equations.



Chapter 2 illustrates some of the problems with present
model languages 1like CSSL, CSMP, DARE and SIMNON. The
drawbacks discussed has served as a motivation for the
proposed model language. This language is described in
chapter 3. Chapter 4 discusses different types of
operations on the model. Methods for doing these operations
are given in chapter 5. Chapter 6 illustrates the wuse of
the model 1language to describe some different types of
systems. The appendix contains a description of the syntax

notation used and the syntax of the language.



2. SOME PROPERTIES OF PRESENT SIMULATION LANGUAGES

To use a language of the CSSL-type the model equations must
be rewritten as assignment statements. When a model is
derived from physical principles it is frequently not
trivial to know what variables should be solved for. The
assignment statement is also a worse form of documentation.
In some cases the equations have to be transformed in

different ways depending on the environment of a subsystem.

This chapter contains two examples which illustrates the
advantedges of describing a model with equations.

Example 2.1

Consider the network in Fig. 2.1,

Ry

Sy, BN

Iy in

eT(: i ivi
TR

Fig 2.1

A model for this system is

V1 1
Cavp = i,
e = Ry(ij+iy) + Rji| + v,
e = R3(i;+iy)) + Ryiy + v,
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To enter the model into a simulation language like CSSL the
linear system of equations involving i1 and i, must be
solved by hand. This is necessary 1in order to use CSSL
effectively because CSSL only has facilities for solving

systems of equations by iterative technique.

An algorithm for finding the derivatives is shown below.

e IT s
i) ** g R 7 qu T Rr. (Rpe = (Ry*#R3)vy + Ryv,)
13 1Ry, T Rglty

. 1

1, := (Rye + R,v, = (R,+R,)V,)
2 R, * R R, * R,Ry 1 3V =LA
1 ez 3

vy oG 11/Cl

It can be observed that the original model is easy to write
down and easy to check. The transformed model on the
contrary is not at all as easy to check and not as easily
readable. A small change in the equations may also imply
large changes in the assignment statements. It is, however,
possible to make a computer discover systems of equations
and solve them by formula manipulations. These manipulated
equations can then be used for computations and also be

printed for the user.

(1

Example 2.2

This example shows the problem that the needed manipulations

of the equations may depend on the environment.
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Suppose that the low pass filter in Fig 2.2 is a component

of a system.

— il
lhT C== Tuz
e ®
Fig 2.2

A model is

The output gate is assumed to be open. Using the Macro
facility of CSSL this system can be modelled as

MACRO FILTER [U2,I = Ul,R,C]
I=(U1l-02)/R
U2=INTEG[1/C, 0]

END

Assume that the low pass filter is used in the <circuit in
Fig 2.3.

i
O © 1 I —0
eT Tu1 C= TUZ
0 O

Fig 2.3

i

The driving voltage 1is
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e=sin(t)
The system can then be described as

E=SIN(T)
u2,I1=FILTERI[E,R,C]

This system description is expanded to the equations
E=SIN(T)
I=(E-U2)/R
U2=INTEG[I/C, 8]

which describes the system correctly.

Consider now the system in Fiqg 2.4.

R

ol B

Fig 2.4
The aditional equation is

= e Lo |
u1 e L1

A description of this system could be
E=SIN(T)
I=INTEG[ (E-Ul) /L, 9]

U2,I=FILTER([Ul,R,C]

The expansion of the Macro gives
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E=SIN(T)

I=INTEG[ (E-Ul) /L, 0]
I=(Ul-U2) /R
U2=INTEG[I/C, 0]

Two equations have I in their left hand part. This is not
allowed 1in CSSL. However, if the statements are considered
as equations they are correct. The Macro FILTER can not be
used in this case. It has to be modified as

MACRO FILTER2[U1l,0U2 = I,R,C]
Ul=U2+R*1
U2=INTEG[I/C,0]

END

The system description can now be done as
E=SIN (T)
Ul,U2=FILTER2[I,R,C]
I=INTEG[ (E-Ul)/L,0]
which is expanded to
E=SIN(T)
Ul=U2+R*I
U2=INTEG[I/C, 9]
I=INTEG[ (E-Ul) /L, 0]

These statements constitute a legal model in CSSL.

The third case to be studied is the circuit in Fig 2.5.
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R

1 ﬁ L,

o . ]

Fig. 2.5

The aditional eguation is

Using the Macro FILTER the system description becomes.

E=SIN(T)
Ul=E-RI*I
U2,I=FILTER[Ul,R,C]

This is expanded to

E=SIN(T)
Ul=E-RI*I
I=(U1-U2)/R
U2=INTEG[I/C, 9]

These equations can not be sorted for sequential execution.
In the second equation Ul is a function of I and in the
third equation I is a function of Ul. These two equations
have to be solved simultanuously. There is an iteration
operator in CSSL which can be used. 1In this case, however,

the system of equations are linear and the solution is
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[]

The examples show some benefits with using equations instead
of assignment statements when modeling. It is required that
the equations can be manipulated into different forms.
Linear systems of equations frequently occurs. These could

in some cases be solved before computations are performed.
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3. MODEL LANGUAGE

This chapter contains a description of a proposed model
language. The first six sections describes the basic
elements of the language such as submodels, equations, cuts,
paths and connection statements. Section seven is devoted
to a discussion of some additional features of the language
such as conditional statements, indexed elements, 1loop
statements, difference equations, discrete events and model

validity.

The description of the language is done as a combination of
discussion, examples and syntax description. The syntax is
successivly improved. The syntax notation used is described
in the appendix. The complete syntax of the language is

also given in the appendix.

3.1 Submodels

When developing models for large systems it is advisable to
split the system up into a set of well defined subsystems.
This subdivision is often done according to the physical
structure of the system. Examples of such subsystems are
pumps, valves, heat exchangers, tanks, pipes, reactors,
destillation columns, motors, denerators, transistors,

amplifiers, filters, etc.

When a subsystem is isolated the boundaries of the subsystem
are first determined. Such a boundary is in fact inherent
when defining the basic physical laws. Compare for example
the wuse of "control surfaces" in continum mechanics. To
describe the interaction of the subsystem with its
environment it 1s necessary to introduce variables which
describes what happens at the boundaries. Such wvariables
are called cut-variables or terminal variables. A typical
example from rigid body mechanics is the necessity of

introducing reaction forces as cut variables when a part of
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the rigid body is considered. To describe the model it is
also necessary to introduce variables which account for
storage of mass energy and momentum in each subsystem. Such
variables are called local variables. The cut-variables and
local variables are used in the equations describing the

subsystem.

The development of the model 1is greatly simplified by
splitting up the system into subsystems. Each subsystem can
then be developed separately. It is sufficient to consider
the internal behavior of the subsystem and the interaction
with its environment. A clear subdivision of the system is
also necessary when different persons develop models for
different subsystems. The subdivision also increases the
possibilities for verifying the models separately and makes

the submodels more self-documented.

The language for model description should make it ©vossible
to represent the structure of the system in a simple way.
There should also be a way to replace a submodel depending
on the model-complexity that is wanted. One of the most
important advantages with the submodel-concept is the

possibility to create model-libraries.

The division of a system into subsystems is done with
succesive refinement until all subsystems are so simple that
they can be described by equations. The system thus has a

hierarchical structure (tree structure) of subsystems.

Example 3.1

A system S1 is considered as composed by three subsystems
52, S3 and S4. The system S3 is split up into S5 and Sé6.
The situation is pictured in Fig 3.1.
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S1

S3
S2 S5 S6 Sé

Fig 3.1

This structure can be represented as a tree as shown in Fig

3.2.

Fig 3.2
[]
The description of a model must include
- the hierarchical structure of the submodels
- the connection structure of the submodels
~ the equations

It should be possible to use a submodel when modelling
different systems. This implies that each submodel should
include a description of its internal structure. The
hierarchical structure can be described in the same way as
the block structure of Algol.

Example 3.1 (continued)

one way of describing the hierarchical structure of S1 is

shown below.
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model S1
model S2
end
model S3
model S5

end

model S6

model S4

(1
The following pattern for a model is proposed.

model <model identifier>

declaration of submodels
declaration of variables and connection mechanisms

equations and description of connection structure

end

This way of describing the model hierarchy has two serious

If two subsystems have the same model it must be
The other problem is that a submodel could be a

drawbacks.

duplicated.
part of a completly different model as well and perhaps be a

member of a library.

A way of avoiding these problems is to declare a model type

which can be used to generate several models with a submodel
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statement.

Example 3.1 (continued)

Assume that the systems S2 and S5 have the same model M. A
way to simplify the description of S1 is shown below.

model type M

end
model S1
submodel (M) S2
model S3
submodel (M) S5
model S6

end

end

model S4

end

- e

end

[]

The model type declaration has the same structure as a

model declaration.
The submodel statement has the following form.

submodel [(<model type identifier>)] {<model identifier>
[ (<parameter list>)]}*
<parameter list>::={<number>}*/{<parameter>=<number>}*

Ex.
submodel Tank Pipe
submodel Tank (A=5 H=10)
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submodel (Tank) Tankl(A=5) Tank2(A=20)
submodel (resistor) R1(5.6) R2(100) (]

The <model type identifier> 1is given within parentheses
followed by the <model identifier>'s. If no <model type
identifier> is given it is assumed that it is the same as
the <model identifier>.

A parameter list can follow after the <model identifier>.
This 1list is wused to set or change default-values for
parameters. The parameter list has two forms. The values
of the parameters can be given together with the
corresponding name of the parameters or they can be given
alone in the same order as they are declered 1in the
submodel.

It should be possible to reference submodels (and their
variables) on all lower levels. Since it is possible that
several models have the same <model identifier> there must
be a way to distinguish them. One way of doing this is to
follow the path in the submodel tree down to the actual
submodel. For this purpose there is a ::-notion which can
is used in the following way.

<model identifier> {:: <model identifier> }*
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3.2 Interdependence between submodels

It is possible to distinguish between two types of influence

on a submodel from the environment.

In the first case the influence from the invironment comes
through distinct mechanisms as e.q. shafts, wires and
pipes. It is then practical +to introduce variables that
describes the coupling through the mechanisms. Such

variables are «called terminal variables. The coupling

between different submodels can then be described by giving
relations between the terminal variables in a superior
model. This type of coupling is called explicit coupling.

The other case of influence can be thought of as coming from
a higher level. Examples of this type of influence are the
temperature and pressure of the athmosphere and the
temperature of an amplifier influencing all its components.
The gravitation field and electrical fields are also
examples of this type of coupling. This type of influence
can in some cases be described by letting the submodels use
common variables declared in the superior model. This type
of coupling is called implicit.
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3.3 Variables

The behavior of a system is often conceived as the variation
of certain gquantities. When a model is developed a number
of quantities are selected to appear in the model. This
selection depends on the complexity of the model. The model
contains variables which have correspondance with these
quantities. A variable is a function of the time and has an

associated name.
Some variables are constant under each computational
operation and are called parameters. These are declared in

the model by the statement

parameter {<variable> [=<number>] }*

Parameters can be assigned from superior models or
interactivly. They can also be computed by static
computations or by optimization. If a parameter 1is not

assigned from the outside the default value in the

declaration is assumed.

It is also possible to declare variables whose values can

not be changed, constants, by the statement
constant {<variab1e>=<number>}*

The time varying variables are divided into two categories:
local variables and terminal variables. The terminal
variables describe the interdependence between a submodel
and its environment. These types of variables are declared

by:

local {<variable>}*

terminal {<variab1e>}*

There are two special types of terminal variables: input-

and output-variables. The value of an input-variable must
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be given from an equation not included in the same submodel
as the declaration. The converse is true for an output-
variable. These two types of variables has been introduced
to increase the security against bad incorporation of
submodels. The declaration of these variables is done with

the statements:

input {<variab1e>}*
output {<variable>}*

Terminal variables are implicitly declared when declaring

cuts (see section 3.5).

Models are often developed in a way that it should be
possible to use them in different environments. It may then
occur that some connection mechanisms are not used. For
that reason there is a possibility to give default values to
terminal variables. The default value 1is used if the

terminal variable is not externally referenced.
default {<variable> = <number>}*

Submodels can be implicitly connected if they use the same
variables. This is accomplished by declaring these
variables as internal in a superior model. For security
reasons the variables must be declared as external in the

submodels themselves.

internal {<variable>}*

external {<variable>}*

A way of connecting submodels is to give equations relating
terminal variables in the submodels from a superior model.
Since different variables in different submodels can have
the same identifier there must be a mechanism to reference
them. A suitable mechanism for that is the dot-notation:

<model identifier>.<variable>
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3.4 Eguations

When developing a model for a physical system one wuses
fundamental 1laws such as mass balance equations, energy
balance equations and fenomenological equations. These are
either algebraic- or differential-equations which relates

certain variables to each other.

There are often conditions in the equations which can be
easily entered with the if-then-else construction of Algol.

The following form is thus proposed for equations.
<expression> = <expression>

The syntax of the expression is the same as in Algol. The
equations can contain ordinary function procedures written

in some algoritmic languagde.

It is also useful to be able to use ordinary procedures
written in algoritmic language. In order to allow
manipulation of the equations it must Dbe known which
variables that are input and which are output for the
procedure. A suitable notation for procedure calls is the
one used in CSSL and CSMP:

{<variable>}* = <procedure identifier> ({<varible>}*)
Ex. vyl y2 y3 = Proc( ul u2 )

A notation for time derivatives 1is required to enter
differential equations. The following notations are

proposed:

first derivative: x' , der(x) , der(x,x9)
second derivative: x'' , der2(x) , der2(x,x0) ,
der2(x,x0,dx0)

etc.
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3.5 Cuts and connections

When connecting submodels it is natural to 1look at the
submodel in the same way as the corresponding subsystem.
One then wants to work with the physically existent
mechanisms that connect the subsystems. Every such
mechanism have associated certain variables which are used
internally in the egquations and which describes the
interdependence with other submodels.

Examples of such mechanisms and their associated variables

are:

shaft: angle, momentum
pipe: flow-rate, pressure, temperature

electrical line: voltage, current
For the reasons given above there should be a way to name
groups of variables in order to simplify the connections.
Such groups of variables are composed when defining the
boundaries of subsystems by introducing cuts between them.
Cuts are declared in the following way (compare above):

cut shaft(angle, momentum)

The basic concepts are introduced by means of an example.

Example 3.2

Suppose there are two subsystems S1 and S2 which are
connected by a pipe with a flow of some liquid, see Fig 3.3.
In order to be able to describe the systems separately a cut
is defined somewhere along the pipe. The relevant variables
to introduce in the cut can e.g. be flow rate (Q) , pressure
(P) and temperature (T).
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QRT| |QRT
S1 - —= S2
Fig 3.3

The two submodels will contain the cut-declarations:

cut outlet(Q ,P, T)

cut inlet(Q, P, T)

The variables Q, P and T are terminal variables in both of
the submodels. The submodels can then be connected from a

superior model in the following way.

51.Q = 52.0Q
51.Pp = 52.°p
S51.T = S2.T

Terminal variables are often defined in such a way that
connection of subsystems means setting the corresvonding
variables equal. For this reason there 1is a special
operator, called at, which operates on cuts and which can be

used in the following way.

Sl:outlet at S2:inlet
This statement has the same effect as the equations above.
Note that S1.Q is defined as the flow out of S1 but S2.Q 1is

the flow into S2. This problem with reference directions

will be solved later.

[1
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The discussion 1in example 3.2 is now summarized. An

elementary way to declare a cut is with the statement:
cut <cut identifier> ( {<variable>}* )

Submodels can then be connected via the cuts with the
connection statement.

<model identifier>:<cut identifier>
{ at <model identifier>:<cut identifier> }*

The corresponding variables in all cuts are set equal in
this way. The same cut can appear in several connection
statements. A colon-notation is used when referencing the

cuts.

In some cases the connection of submodels do not imply that

the cut variables are set equal. This is examplified below.

Example

Consider the electrical circuit in Fig 3.4.

Fig 3.4

The constraints at the connection node are

V1l = v2 = V3
I1 + I2 + 13 = 9@

Only the first equation is of the type discussed earlier.
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In order to handle the connection one could of course define
a small subsystem with three cuts containing the second
equation. This is, however, cumbersome since the number of
connected components can vary. A better way is to introduce
a new type of wvariables. The sum of such variables is

defined to be zero at a connection point.

Suppose that in all the submodels R, L and C there |is

defined a cut wirel as

cut wirel (V / 1)

The / has been used to indicate that I is a variable of the

second type. The connection statement
R:wirel at L:wirel at C:wirel
then would be equivalent to the following equations
R.V = L.V
L.v = C.V
R.I + L.I + C.I =20

[]

Example 3.4

A number of levers are connected as shown in Fig 3.5.

Fig 3.5
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If all the levers have a cut endl declared as

cut endl (X,Y,2 / Fx,Fy,Fz, Mx,My,Mz)

then the connection can be expressed as

Ll:endl at L2:endl at L3:endl

This statement is equivalent to

L1.X = L2.X ; L2.X = L3.X
L1.Y = L2.Y ; L2.Y = L3.Y
L1.Z2 = L2.Z ; L2.Z2 = L3.%Z

L1.Fx + L2.Fx + L3.Fx = 0
L1.Fy L2.Fy L3,.Fy = 0
L1.Fz + L2.Fz + L3.Fz = 0

+
<+

L1.Mx + L2.Mx + L3.Mx = 0
L1.My + L2.My + L3.My = 0
Ll1.Mz + L2.Mz + L3.Mz = 0

+

[]

The examples show that it is practical to introduce two

types of cut wvariables. The notation across variable is

sometimes used in the litterature for the variables that are
equal in the <cuts. The variables that are summed to zero

are called through variables.

If the / -sign is used to separate these two types of
variables the cut declaration gets the form:

cut <cut identifier> ( [<variable>1” / [<variable>]* )

The connection statement is the same, only its
interpretation is changed.
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By introducing through variables there will be a way of
handling reference directions. An adequate way is to define

a common reference direction for all through variables in
all cuts. If some variable has the opposite direction it is

proceeded by a minus sign in the cut declaration.

Special care must be taken not to introduce redundant
eguations relating through variables. For example one of
the node equations for current is redundant when connecting
electrical components. One way of solving this problem when
modelling is of course to introduce a dummy through variable
in one of the submodels. The language permits that this
dummy variable is replaced by a dot in the cut declaration.
When that cut is connected no equation is generated for the

corresponding through variables.
Ex. cut A(Va / I) B(Vb / .)
Across variables can also be replaced by a dot in the cut
declaration. This is sometimes practical when wusing
standardized cuts to show that a submodel is independent of
some variable in a cut.
It is sometimes useful to declare cuts without variable
specification. If e.g. a model contains submodels and some
cuts in the submodels should be available as cuts on the
higher level then a cut can be declared as

cut <cut identifier>
This cut can then be connected as

<cut identifier> at <model identifier>:<cut identifier>

This notation is a way of avoiding cut references in several

model levels.
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This type of cut is used to make connections between
submodels on different hierarchical 1levels. It is also
useful to introduce cuts to simpilify the connection of
submodels on the same level. When connecting electrical
components the concept node is used. The connection points
or nodes are given names or numbers and each component is

connected between a number of nodes.
A node is declared as
node <node identifier>

The only difference from a cut is that a node can not be

referenced from the outside of the model.

Hierarchical cuts are sometimes useful. When a number of

submodels are joined together in a superior model it may be
natural to join the externally available cuts into 1larger
cuts. Another form of the declaration statement for cuts is
thus

cut <cut identifier> ( {<cut identifier> /

<node identifier>}* )

This declaration is further generalized in the syntax in

appendix.

It is possible to wuse temporary cuts in the connection

statement. These are formed in the same way as in the
declarations. In this way one gets a natural way to connect
components between nodes. This 1is demonstrated in the

following example.

Example 3.5

Suppose there is a resistor defined as
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model resistor
cut wirel(Vl / I) wire2(V2 / -I)

cut conn(wirel, wire2)

parameter R
R*I = V1-V2

end
Such resistors can be incorporated in a network as
model network
submodel (resistor) Rl R2
node N1 N2 N3

Rl:conn at (N1,N2)
R2:conn at (N2,N3)

[l

It is also possible to use temporary cuts to connect a

submodel between other specified submodels.

Example 3.5 (continued)

Specifying a resistance in a network can be done as

Rl:conn at (Cl:wire2, Ll:wirel)

[1

The concept main cut is introduced to simplify the
connection statements. The main cut of a model is specified
by prefixing the cut declaration with the word main. When
referencing the main cut only the <model identifier> need to

be given.

Example 3.5 (continued)




The declaration of the cut conn in
modified as

main cut conn (wirel,wire2)

The statement

Rl at (N1,N2)

then becomes equivalent to

Rl:conn at (N1,N2)

model

resistor

34

is

[l
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3.6 Description of structures

The previous sections have shown how the relations between
var iables in different submodels can be given either
directly via the dot-notation or by using cuts and the
at-operator. The at-operator allows models to be connected
in arbitrary structures. The connection statements,
however, often becomes hard to read and do not contain the
structure of the model themselves. This section treats an
alternative way of describing the coupling between

submodels.

It is often natural to say that a number of systems are
coupled after each other in some sence. This is e.g. the
case when something flows through several systems. Such a

structure is naturally described as
Systeml to System2 to System3

There can be several paths through a system which one should

be able to follow separately as e.g.

connect (water) S1 to S5 to S7
connect (steam) S2 to S5 to S9 to S3

Only simple paths through a system are considered since
there is only a left hand side and a right hand side of a
model identifier written on a line. In order to wuse the
to-operator there must be declared paths through the
systems. This is done as

path <path identifier> (<cut> = <cut>)
Ex. path water (inlet - outlet)
If a path is branched or if several paths are joined

together in a model this can be expressed using hierarchical

cuts. Several paths can be declared in a model. To
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reference them from the outside it is possible to use the

notation
<{system identifier>..<path>

It is possible to introduce a main path through a model in
the same way as main cuts. The main path is specified by
prefixing the path declaration by the word main. The
reference to a main path can be done by just using the model
identifier. Cuts and paths can have the same identifier.
The path reference is chosen if both a cut- and
path-reference is legal and just the model identifier is

given.

Description of a stucture is naturally done by following
paths through the models one at a time. This is simplified

if the connection statement is preceeded by
connect (<path identifier>)

Path references in the connect statement which are done with
just the model identifier do not refer to the main paths in
this case. They refer to the named path. The same holds
for cut references.

Ex,

connect (water) Tankl to Pipe to Tank2
is equivalent to

Tankl..water to Pipe..water to Tank2..water

Generally the connection of the submodels is done with a
connection statement. This statement can be compared with
an ordinary arithmetic expression. The operands in the
statement are cuts and paths which are specified according
to the rules given before. The operators are at, reversed,
to, from, par and loop. The operators are illustrated in
Fig 3.6 - 3.11.

[]
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Note that the operator loop is eguivalent to par reversed.

The evaluation of the connection statement is done from left

to right if not otherwise stated by parantheses. A simple
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way of explaining the connection statement is to show how it
will be treated. The statement can be evaluated using a
stack. The operations delivers values, either cuts or
paths. The actual coupling between submodels occurs as side
effects which can be described as at-operations. The value
of a connection statement is not used. Table 1 describes
the operators. The notations Cl, C2, etc. has been used
for cuts and the notations (Cl - C2), etc. has been used

for paths.

In order to shorten the connection statements e.g. when
describing electrical networks the following alternative

notations are proposed.

-a_E =
reversed \
_t_o- -
from <

par //



Table 3.1. Evaluation rules

U
*

6

Operation
Cl at C2
(Cl - C2)

reversed

(Cl - C2) to (C3 - C4)
Cl to (C2 - C3)
(Cl - C2) to C3

({Cl - C2) from (C3 - C4)
Cl from (C2 = C3)

(Cl - C2) from C3

Cl from C2

(C1 - C2) par (C3 - C4)

Cl par C2

(Cl - C2) loogp (C3 - C4)

Example 3.6

for connection operators

Result Effect
Cc2 Cl at C2
(C2 - C1) none
(Cl1 - C4) C2 at C3
C3 Cl at c?2
C1l C2 at C3
(C3 - C2) Cl at C4
Cc2 Cl at C3
Cc2 Cl at C3
none Cl at C2
(C1 - C2) Cl at C3
C2 at C4
Cl Cl at C2
(C1 - C2) Cl at C4
C2 at C3

Consider the electrical network in Fig 3.12.

R, R
| === | —— |
Uq T E C f: R3 TUz
Fig 3.12
For this system it is easy to write down the
directly. One model is the following.

39

equations
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model network

inout u
—_— l

output u2
local i 12 Vo

parameter R1 R2 R3 C

U =Ry *iy v,

VC=R2*i2+R3*i2

Up=Rq*i,
* ] .
CHve'=iy-iy
end

An other approach when modelling the network is to develop a
library of electrical components which is then connected
together. This system contains three different components:
resistors, a capacitor and a voltage source.

The following library of models would then be useful.

model resistor
cut A(Va / I) B(Vb / -I)
main path P (A - B)
local Vv

par ameter R

V = Va-Vb
R*I =V

end

model capacitor
cut A(Va / I) B(Vb / -I)
main path P (A - B)
local Vv

parameter C
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V = Va-Vb
C*V' = 1
end

model voltage
cut A(Va / -I) B(Vb / .)
main path P (A - B)
input V

Va =V
Vb = @

end

Using this library of components, the network can be

described in the following way.

model network
submodel (resistor) R1 R2 R3
submodel (capacitor) C
submodel (voltage) E

Rl to ( C par ( R2 to R3 ) ) par E

end
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3.7 Additional features of the language

The previous sections of this chapter have described the
basic elements of a model language for continuous dynamical
systems. This section is devoted to a brief discussion of
some additional features which would be useful when
modelling systems. The list of features 1is by no means
complete. More experience of the use of the language is

needed to define it completely.

Conditional statements

The model of a system depends on the phenomena of interest.
When collecting submodels to form a complete model it is
very important that the submodels are compatible in this
respect. There could thus be several models of a system in
a submodel library which describes different aspects of a
system. However, in many cases the differences between the
models are small. It could be a matter of which
approximations are made. In this case it would be natural
for the modeller to include conditional statements in a
model. Different models can then be selected by using some

kind of structural parameters.

Some of the <cases can be handled by the if-then-else
construction in the equations. However, even the
declarations can be conditional. The problem can be solved

by using an if-then-else statement or a case statement.

Consider the simulation problem. If the conditions only
depend on parameters the set of equations and variables are
the same during one simulation run. This means that the
transformation of the equations, which is discussed in later
chapters, only has to be done once before the simulation
starts.

In some cases it is natural to let the model equations
depend on the operating region of the model. If the
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solution crosses the boundaries during a simulation then the
integration algorithm must compute the crossing point and
then the new model should be determined. The transformation

of the equations must eventually be done at such points.

Indexed elements and loops

It is obvious that a model language should include indexed
variables such as vectors and matrices. It should also be
possible to operate on them using a generalized assignment

statement.

There are examples when it 1is desirable to index cuts.
Consider for example a mechanical system which is built up
from levers. Each lever has a number of holes and the
levers can be connected by bolts through the holes. To
describe such a system it is convenient to make only one
model of a lever, declaring an indexed cut hole[n] which
could then be referenced as e.g. leverl:hole[3]. The
equations in the model will not be the same for different
number of holes. However, it is easy to incorporate the

eguations using a loop statement.

The following example show the use of indexed submodels and

the use of a loop statement.

Example 3.7

Consider the problem of modelling a heat exchanger. A heat
exchanger 1is ©probably most easily described by partial
differential equations. Sufficiently good approximations
can, however, be obtained by deviding the heat exchanger
into a number of sections each described by ordinary
differential equations (see Fig 3.13).
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Hot in Hot out
Cold out Cold in
1 2 3 n-1 n

Fig 3.13

The degree of approximation depend of the number of
sections. This means that the connection of the sections
should be done in a way that it is easy to change the number
of sections. This number can also be large. These facts
indicate that there should be some 1loop statement to use
when connecting the sections. One way of modelling the heat

exchanger is shown below.

model type section

path hot ( ... )
path cold ( ... )

end

model heatexchanger
structure parameter n

submodel section[n]

cut hotin hotout coldin coldout

path hot (hotin - hotout)

path cold (coldin - coldout)

for i:=1 to n do
begin
connect (hot) sectioni] to section[i+l]
connect (cold) section [i+1l] to section[i]

end

hotin to section[l]..hot

section[n]..hot to hotout
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coldin to section[n]..cold

section[l]..cold to coldout

end

t]

Difference equations and discrete events

The demand for combined continuous - discrete simulation
languages has increased. One of the reasons is the need to
simulate computer controlled processes. A computer and its
programs can be modelled as a discrete event model. It is,
however, interesting to consider the special case difference
equations or discrete time models since the basic concept
when designing digital controllers is difference equations.
Difference equations are also used to model economical

systems. A discrete time model could have the same

structure as a continuous model and the same facilities to

transform the equations could be incorporated.

The discrete event models appear at a superior level to
continuous and discrete time models. Discrete events can be
triggered by e.g. a variable passing a 1limit in a
continuous model. The event on the other hand can change
variables and even change the equations of a continuous
model. One way of handling this situation would be to make
an interface between the discussed model language and

languages for discrete event simulation as e.g. Simula.

The problem of handling changes of model equations is easily

done with the structural parameters appearing in the
if-then-else-, <case- and for-statements as discussed
previously. There should be some mechanism to manipulate

such parameters from a discrete event model.
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Model validity

The proposed model language simplifies the creation of model
libraries which can be used by different persons. Since a
model is not a complete description of the real world
erroneous results can be obtained by using a model in a
wrong way. To overcome this problem the models must have
good documentation. 1In some cases the test for suitability
can be done automatically. This 1is the <case with the
numerical region of wvalidity. It should be possible to
express that a model is valid only if certain conditions on
the var iables are fullfilled. For this purpose the
following statement is proposed.

valid <Boolean expression>
Conditions can be given on parameters, variables and

derivatives. Conditions on the derivatives can be used to

state that a model is valid in a certain frequency range.
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4, OPERATIONS ON THE MODEL

4,1 Mathematical notation

The total model is composed of three types of equations.

- The equations in the submodels
- Equations of the type

v, = vj

for across variables
- Equations of the type

v, + v, + ... =90

for through variables

The two last types of variables are introduced by the cut

and path operations.

In order to get a simple mathematical notation for the model
all higher order derivatives are eliminated. This is done

by introducing auxiliary variables and extra equations.

From a system theoretical point of view it is interesting to
distinguish variables that are considered as inputs and
outputs for the total system.

A mathematical notation for the models described in the

model language 1is

£(t, x'y x, 2, u, y, p) =90 (4.1)
where
t - time

X — variables that appears differentiated
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