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Abstract

This document defines the Modelica' language, version 3.01, which is developed by the |
Modelica Association, a non-profit organization with seat in Linkdping, Sweden. Modelica is
a freely available, object-oriented language for modeling of large, complex, and
heterogeneous physical systems. It is suited for multi-domain modeling, for example,
mechatronic models in robotics, automotive and aerospace applications involving mechanical,
electrical, hydraulic and control subsystems, process oriented applications and generation and
distribution of electric power. Models in Modelica are mathematically described by
differential, algebraic and discrete equations. No particular variable needs to be solved for
manually. A Modelica tool will have enough information to decide that automatically.
Modelica is designed such that available, specialized algorithms can be utilized to enable
efficient handling of large models having more than one hundred thousand equations.
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Preface

Modelica is a freely available, object-oriented language for modeling of large, complex, and heterogeneous
physical systems. From a user’s point of view, models are described by schematics, also called object diagrams.
Examples are shown in the next figure:
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block diagrams

A schematic consists of connected components, like a resistor, or a hydraulic cylinder. A component has
“connectors” (often also called “ports™”) that describe the interaction possibilities, e.g., an electrical pin, a
mechanical flange, or an input signal. By drawing connection lines between connectors a physical system or block
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diagram model is constructed. Internally a component is defined by another schematic or on “bottom” level, by an
equation based description of the model in Modelica syntax.

The Modelica language is a textual description to define all parts of a model and to structure model
components in libraries, called packages. An appropriate Modelica simulation environment is needed to
graphically edit and browse a Modelica model (by interpreting the information defining a Modelica model) and to
perform model simulations and other analysis. Information about such environments is available at
www.modelica.org/tools. Basically, all Modelica language elements are mapped to differential, algebraic and
discrete equations. There are no language elements to describe directly partial differential equations, although
some types of discretized partial differential equations can be reasonably defined, e.g., based on the finite volume
method and there are Modelica libraries to import results of finite-element programs.

This document defines the details of the Modelica language. It is not intended to learn the Modelica language
with this text. There are better alternatives, such as the Modelica books referenced at
www.modelica.org/publications. This specification is used by computer scientist to implement a Modelica
translator and by modelers who want to understand the exact details of a particular language element.

The Modelica language has been developed since 1996. This is the third main release. With the previous
Modelica release (2.2) the practical limit for Modelica models is around several 100000 equations. Modelica 3.0
introduces nearly no new features, but redesigns the “kernel” by the introduction of -mild restrictions. The main
purpose is to provide a “cleaned-up” version so that the practical limit on the model size is increased by an order
of magnitude. All previous eight Modelica releases have been backwards compatible. Modelica 3.0 is the first
version that is slightly non-backwards compatible to the previous version, but an automated conversion is
possible. The main new features of Modelica 3.0 are:

e The new concept of “balanced models” is introduced, which basically means that on every level the
“number of equations” and the “number of unknowns” must be identical. As a result, when components
pass a Modelica translator successfully, it is guaranteed that the system model consisting of such
components has always the property that the “number of equations” of the global model is identical to the
“number of all unknowns”. In previous versions this was not the case and modelers had often a hard time to
figure out the source of a modeling error, if the global count of equations and unknowns did not match. The
feature of balanced models also allows compiling model components separately.

e The type system, or equivalently the concept of interface of components and classes, has been redesigned
and defined more precisely. As a result, if a replaceable component is redeclared (i.e., a component from a
class A is replaced by a component of a class B), it is guaranteed that the redeclared component again leads
to a balanced model and that no language error can occur by this redeclaration. Previously, a redeclaration
could lead to a wrong model and it could be difficult to figure out the source of the error. It is, however, still
possible, e.g., that the simulation of the redeclared model fails, because the model becomes numerically
singular due to the redeclaration (e.g. due to too idealized model).

e The graphical annotations that define the graphical layout of components and of component connections (=
schematic) have been redesigned, based on practical experience with the Modelica 2 graphical annotations.
Also, new graphical annotations have been introduced, e.g. to have Bezier-Splines as line style and
annotations for schematic animations and for interactive user input.

e The Modelica specification text was largely re-structured, completely new written and improved in many
ways, e.g., more meaningful examples, fixing flaws in the language, and defining language elements more
precisely.

Sept—5-2007This document describes version 3.1 of the Modelica language. With respect to version 3.0 new
features are introduced, such as operator overloading, a fundamental new concept to handle bi-directional flow of
matter with the new streams variables, mapping models to execution environments to handle especially embedded
systems in a convenient way.

May 27,2009, The Modelica Association
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Chapter 1

Introduction

1.1 Overview of Modelica

Modelica is a language for modeling of physical systems, designed to support effective library development and
model exchange. It is a modern language built on acausal modeling with mathematical equations and object-
oriented constructs to facilitate reuse of modeling knowledge.

1.2 Scope of the Specification

The semantics of the Modelica language is specified by means of a set of rules for translating any class described
in the Modelica language to a flat Modelica structure. A class must have additional properties in order that its flat
Modelica structure can be further transformed into a set of differential, algebraic and discrete equations (= flat
hybrid DAE). Such classes are called simulation models.

The flat Modelica structure is also defined for other cases than simulation models; including functions (can
be used to provide algorithmic contents), packages (used as a structuring mechanism), and partial models (used as
base-models). This allows correctness to be verified before building the simulation model.

Modelica was designed to facilitate symbolic transformations of models, especially by mapping basically
every Modelica language construct to continuous or instantaneous equations in the flat Modelica structure. Many
Modelica models, especially in the associated Modelica Standard Library, are higher index systems, and can only
be reasonably simulated if symbolic index reduction is performed, i.e., equations are differentiated and
appropriate variables are selected as states, so that the resulting system of equations can be transformed to state
space form (at least locally numerically), i.e., a hybrid DAE of index zero. The Modelica specification does not
define how to simulate a model. However, it defines a set of equations that the simulation result should satisfy as
well as possible.

The key issues of the translation (or flattening) are:

e Expansion of inherited base classes
e Parameterization of base classes, local classes and components
e Generation of connection equations from connect-equations

The flat hybrid DAE form consists of:

e Declarations of variables with the appropriate basic types, prefixes and attributes, such as "parameter
Real v=5".

e Equations from equation sections.

e Function invocations where an invocation is treated as a set of equations which involves all input and all
result variables (number of equations = number of basic result variables).

e Algorithm sections where every section is treated as a set of equations which involves the variables
occurring in the algorithm section (number of equations = number of different assigned variables).

e When-clauses where every when-clause is treated as a set of conditionally evaluated equations, also called
instantaneous equations, which are functions of the variables occurring in the clause (number of equations =
number of different assigned variables).
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Therefore, a flat hybrid DAE is seen as a set of equations where some of the equations are only conditionally
evaluated (e.g. instantaneous equations are only evaluated when the corresponding when-condition becomes true).
Initial setup of the model is specified using start-values and instantaneous equations that hold at the initial time
only.

A Modelica class may also contain annotations, i.e. formal comments, which specify graphical representations
of the class (icon and diagram), documentation text for the class, and version information.

1.3 Some Definitions

The semantic specification should be read together with the Modelica grammar. Non-normative text, i.e.,
examples and comments, are enclosed in [ ]; comments are set in italics. Additional terms are explained in the
glossary in Appendix A. Some important terms are:

Term Definition

Component | An element defined by the production component clause in the Modelica grammar
(basically a variable or an instance of a class)

Element Class definitions, extends-clauses and component-clauses declared in a class
(basically a class reference or a component in a declaration).

Flattening The translation of a model described in Modelica to the corresponding model described as a
hybrid DAE, involving expansion of inherited base classes, parameterization of base
classes, local classes and components, and generation of connection equations from
connect-equations (basically, mapping the hierarchical structure of a model into a set of
differential, algebraic and discrete equations together with the corresponding variable
declarations and function definitions from the model).

1.4 Notation and Grammar

The following syntactic meta symbols are used (extended BNF):

[ ] optional
{ } repeat zero or more times

Boldface denotes keywords of the Modelica language. Keywords are reserved words and may not be used as
identifiers, with the exception of initial which is a keyword in section headings, and der which is a keyword
for declaration functions, but it is also possible to call the fanetienfunctions initial ()=

and der (...).
See Appendix B for a full lexical specification and grammar.



Chapter 2

Lexical Structure

This chapter describes several of the basic building blocks of Modelica such as characters and lexical units
including identifiers and literals. Without question, the smallest building blocks in Modelica are single characters
belonging to a character set. Characters are combined to form lexical units, also called tokens. These tokens are
detected by the lexical analysis part of the Modelica translator. Examples of tokens are literal constants,
identifiers, and operators. Comments are not really lexical units since they are eventually discarded. On the other
hand, comments are detected by the lexical analyzer before being thrown away.

The information presented here is derived from the more formal specification in Appendix B.

2.1 Character Set

The character set of the Modelica language is not yet completely specified. However, in practice the currently
available Modelica tools work well for code written in the 8-bit Latin-1 character set, which corresponds to the
first 256 characters of the Unicode character set. Most of the first 128 characters of Latin-1 are equivalent to the
7-bit ASCII character set.

2.2 Comments

There are three kinds of comments in Modelica which are not lexical units in the language and therefore are
ignored by a Modelica translator. [The comment syntax is identical to that of C++]. The following comment
variants are available:

// comment Characters from // to the end of the line are ignored.
/* comment */ Characters between /* and */ are ignored, including line terminators.
Modelica comments do not nest, i.e., /* */ cannot be embedded within /* /. The following is invalid:

/* Commented out - erroneous comment, invalid nesting of comments!
/* This is a interesting model */
model interesting
end interesting;
*/
There is also a kind of “documentation comment,” really a documentation string that is part of the Modelica
language and therefore not ignored by the Modelica translator. Such “comments” may occur at the ends of
declarations, equations, or statements or at the beginning of class definitions. For example:

model TempResistor "Temperature dependent resistor"

parameter Real R "Resistance for reference temp.";
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end TempResistor;

2.3 Identifiers, Names, and Keywords

Identifiers are sequences of letters, digits, and other characters such as underscore, which are used for naming
various items in the language. Certain combinations of letters are keywords represented as reserved words in the
Modelica grammar and are therefore not available as identifiers.

2.3.1 Identifiers

Modelica identifiers, used for naming classes, variables, constants, and other items, are of two forms. The first
form always start with a letter or underscore (), followed by any number of letters, digits, or underscores. Case is
significant, i.e., the names Inductor and inductor are different. The second form (Q-IDENT) starts with a
single quote, followed by a sequence of any characters, where single-quote must be preceded by backslash, and
terminated by a single quote, e.g. '12H', '13\'H', '+foo'. The following BNF-like rules define Modelica
identifiers, where curly brackets {} indicate repetition zero or more times, and vertical bar | indicates alternatives.
A full BNF definition of the Modelica syntax and lexical units is available in Appendix B.

IDENT = NONDIGIT { DIGIT | NONDIGIT } | Q-IDENT
Q-IDENT = "'" { Q-CHAR | S-ESCAPE } "’"
NONDIGIT = "_" | letters "a" to "z" | letters "A" to "Z"
DIGIT =0 | 1|2 |3 |4|5|6]|7]|8]29
Q-CHAR = any member of the source character set except single-quote "’ ", and backslash "\"
S-ESCAPE = ll\lll | ll\llll | ll\?ll | ll\\ll |
ll\all | ll\bll | ll\fll | ll\nll | ll\rll | ll\tll | ll\vll
2.3.2 Names

A name is an identifier with a certain interpretation or meaning. For example, a name may denote an Integer
variable, a Real variable, a function, a type, etc. A name may have different meanings in different parts of the
code, i.e., different scopes. The interpretation of identifiers as names is described in more detail in Chapter 5. The
meaning of package names is described in more detail in Chapter 13.

2.3.3 Modelica Keywords

The following Modelica keywords are reserved words and may not be used as identifiers:

algorithm anddiscrete annetationfal | assertmodel bleeckredeclar
se e

breakand etasseach eenneetfinal eenpeeto¥rnot constantrepla
ceable

constrainedby | derelse digereteflow else—operator elgeifreturn

annotation

elgsewhen neapsutatede | endfor enumerationor eguatien

assert lseif stream

pandabt tends externat false—outer finat—then
block elsewhen function
flew—break for funesiop— f if—output in—true
encapsulated o
initiat—class | innerend dinrpuyt—import teep—package model—type
net—connect erenumeration | ewter—in output paekage—when
parameter

parameter partiatequati | preteeted pubtie—partial | reeoxrdwhile

connector on initial

redeelare repltaceableex | returninner then—protected | £rwe—within




constant pandable

type whenextends whiteinput withinpublic
constrainedby

der external loop record

2.4

Literal Constants

Literal constants are unnamed constants that have different forms depending on their type. Each of the predefined
types in Modelica has a way of expressing unnamed constants of the corresponding type, which is presented in the

ensuing subsections. Additionally, array literals and record literals can be expressed.

24.1

Floating Point Numbers

A floating point number is expressed as a decimal number in the form of a sequence of decimal digits optionally
followed by a decimal point, optionally followed by an exponent. At least one digit must be present. The exponent
is indicated by an E or e, followed by an optional sign (+ or —) and one or more decimal digits. The minimal
recommended range is that of IEEE double precision floating point numbers, for which the largest representable
positive number is 1.7976931348623157E+308 and the smallest positive number is 2.2250738585072014E-308.
For example, the following are floating point number literal constants:

22.5,

3.141592653589793,

1.2E-35

The same floating point number can be represented by different literals. For example, all of the following literals
denote the same number:

13.,

24.2

13E0, 1.3el, .13E2

Integer Literals

Literals of type Integer are sequences of decimal digits, e.g. as in the integer numbers 33, 0, 100, 30030044,
[Negative numbers are formed by unary minus followed by an integer literal]. The minimal recommended number

range is from —2147483648 to +2147483647 for a two’s-complement 32-bit integer implementation.

2.4.3

Boolean Literals

The two Boolean literal values are true and false.

24.4

Strings

String literals appear between double quotes as in "between". Any character in the Modelica language character
set apart from double quote (") and backslash (\), including new-line, can be directly included in a string without
using an escape code. Certain characters in string literals can be represented using escape codes, i.e., the character
is preceded by a backslash (\) within the string. Those characters are:

\l
\n
\?
AN\
\a
\b
\f

single quote—may also appear without backslash in string constants.

double quote

question-mark—may also appear without backslash in string constants.

backslash itself

alert (bell, code 7, ctrl-G)
backspace (code 8, ctrl-H)
form feed (code 12, ctrl-L)
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\n new-line (code 10, ctrl-J)

\r return (code 13, ctrl-M)

\t horizontal tab (code 9, ctrl-I)
\v vertical tab (code 11, ctrl-K)

For example, a string literal containing a tab, the words: This is, double quote, space, the word: between,
double quote, space, the word: us, and new-line, would appear as follows:

"\tThis is\" between\" us\n"

Concatenation of string literals in certain situations (see the Modelica grammar) is denoted by the + operator in
Modelica, e.g. "a" + "b" becomes "ab". This is useful for expressing long string literals that need to be written
on several lines.

[Note, if the contents of a fileis read into a Modelica string, it is assumed that the reading function is responsible
to handle the different line ending symbols on file (e.g. on Linux systems to have a “ newling’ character at the end
of a line and on Windows systems to have a “newling’ and a “carriage return” character. As usual in
programming languages, the content of a file in a Modelica string only contains the “ newling” character.

For long string comments, e.g., the “ info” annotation to store the documentation of a model, it would be very
inconvenient, if the string concatenation operator would have to be used for every line of documentation. It is
assumed that a Modelica tool supports the non-printable “ newlineg” character when browsing or editing a string
literal. For example, the following statement defines one string that contains (non-printable) newline characters:

assert (noEvent (length > s_small), "

The distance between the origin of frame a and the origin of frame b
of a LineForceWithMass component became smaller as parameter s small
(= a small number, defined in the \"Advanced\" menu). The distance is
set to s_small, although it is smaller, to avoid a division by zero

when computing the direction of the line force.",
level = AssertionLevel.warning) ;

2.5 Operator Symbols

The predefined operator symbols are formally defined on page 215 and summarized in the table of operators in
Section 3.2.



Chapter 3

Operators and Expressions

The lexical units are combined to form even larger building blocks such as expressions according to the rules
given by the expression part of the Modelica grammar in Appendix B.

This chapter describes the evaluation rules for expressions, the concept of expression variability, built-in
mathematical operators and functions, and the built-in special Modelica operators with function syntax.

Expressions can contain variables and constants, which have types, predefined or user defined. The predefined
built-in types of Modelica are Real, Integer, Boolean, String, and enumeration types which are presented in
more detail in Section 4.8. [The abbreviated predefined type information below is given as background
information for the rest of the presentation.]

3.1 Expressions

Modelica equations, assignments and declaration equations contain expressions.

Expressions can contain basic operations, +, -, *, /, *, etc. with normal precedence as defined in the Table in
Section 3.2 and the grammar in Appendix B. The semantics of the operations is defined for both scalar and array
arguments in Section 10.6.

It is also possible to define functions and call them in a normal fashion. The function call syntax for both
positional and named arguments is described in Section 12.4.1 and for vectorized calls in Section 12.4.3. The
built-in array functions are given in Section 10.1.1 and other built-in operators in Section 3.7.

3.2 Operator Precedence and Associativity

Operator precedence determines the order of evaluation of operators in an expression. An operator with higher
precedence is evaluated before an operator with lower precedence in the same expression.

The following table presents all the expression operators in order of precedence from highest to lowest, as
derived from the Modelica grammar in Appendix B. All operators are binary except expenentiation;-the postfix
operators and those shown as unary together with expr, the conditional operator, the array construction operator {}
and concatenation operator [ ], and the array range constructor which is either binary or ternary. Operators with
the same precedence occur at the same line of the table:

Table 3-1. Operators.

Operator Group Operator Syntax Examples

postfix array index operator (] arr [index]

postfix access operator . a.b

postfix function call funcName(function-arguments) sin(4.36)

array construct/concat {expressions} [expressions] {2,3} [5,6]
[expressions; expressions...] [2,3; 7,8]

exponentiation * 273
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multiplicative and array x /% ./ 2%3 2/3
elementwise multiplicative [1,2;3,4].*[2,3;5,6]
additive and array + - +expr -expr a+b, a-b, +a, -a
elementwise additive .- [1,2;3,4]1.+[2,3;5,6]
relational < <= > >= == <> a<b, a<=b, as>b,
unary negation not expr not bl
logical and and bl and b2
logical or or bl or b2
array range expr : expr 1:5;

expr : expr : expr start:step:stop
conditional if expr then expr else exXpr | if b then 3 else x
named argument ident = expr X = 2.26

The conditional operator may also include elseif-clauses. Equality = and assignment := are not expression

operators since they are allowed only in equations and in assignment statements respectively. All binary
expression operators are left associative, except exponentiation which is non-associative. The array range operator
is non-associative.

[The unary minus and plus in Modelica is dlightly different than in Mathematica and in MATLAB?, since the
following expressions are illegal (whereas in Mathematica® and in MATLAB these are valid expressions):

2%-2 // = -4 in Mathematica/MATLAB; is illegal in Modelica
--2 // = 2 in Mathematica/MATLAB; is illegal in Modelica
++2 // = 2 in Mathematica/MATLAB; is illegal in Modelica
2--2 // = 4 in Mathematica/MATLAB; is illegal in Modelica

Non-associative exponentation and array range operator:
x 'y z // Not legal, use parenthesis to make it clear
a:b:c:d:e:f:g // Not legal, and scalar arguments gives no legal interpretation.

3.3 Evaluation Order

A tool is free to solve equations, reorder expressions and to not evaluate expressions if their values do not
influence the result (e.g. short-circuit evaluation of Boolean expressions). If-statements and if-expressions
guarantee that their clauses are only evaluated if the appropriate condition is true, but relational operators
generating state or time events will during continuous integration have the value from the most recent event.

If a numeric operation overflows the result is undefined. For literals it is recommendrecommended to
automatically convert the number to another type with greater precision.

3.3.1 Example: Guarding Expressions Against Incorrect Evaluation

[Example. If one wants to guard an expression against incorrect evaluation, it should be guarded by an if:

Boolean vI[n];
Boolean b;
Integer I;
equation
x=v[I] and (I>=1 and I<=n); // Invalid
x=if (I>=1 and I<=n) then vI[I] else false; // Correct

To guard square against square root of negative number use noEvent:

2 MATLAB is a registered trademark of MathWorks Inc.
3 Mathematica is a registered trademark of Wolfram Research Inc.



der (h)=if h>0 then -c*sqgrt(h) else 0; // Incorrect
der (h) =if noEvent (h>0) then -c*sqgrt(h) else 0; // Correct

3.4 Arithmetic Operators
Modelica supports five binary arithmetic operators that operate on any numerical type:

*  Exponentiation

Multiplication

/  Division
Addition

- Subtraction

Some of these operators can also be applied to a combination of a scalar type and an array type, see Section 10.6.
The syntax of these operators is defined by the following rules from the Modelica grammar:

arithmetic expression :
[ add op ] term { add op term }

add_op :

nmin | n_mn

term :
factor { mul op factor }

mul op :

nxn | u/u

factor :
primary [ "*" primary ]

3.5 Equality, Relational, and Logical Operators

Modelica supports the standard set of relational and logical operators, all of which produce the standard boolean
values true or false.

> greater than

>=  greater than or equal
< less than

<= less than or equal to

== equality within expressions
<> Inequality

A single equals sign = is never used in relational expressions, only in equations (Chapter 8, Section 10.6.1) and in
function calls using named parameter passing (Section 12.4.1).

The following logical operators are defined:
not negation, unary operator

and logical and
or logical or

The grammar rules define the syntax of the relational and logical operators.

logical expression :
logical term { or logical term }

logical term :
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logical factor { and logical factor }

logical factor :

[ not ] relation

relation :

arithmetic expression [ rel op arithmetic expression ]

rel op :

nen | nen | non | nen | n__mn | Nesn

The following holds for relational operators:

3.6

Relational operators <, <=, >, >= == <>_are only defined for scalar operands of simple types. The result is
Boolean and is true or -false if the relation is fulfilled or not, respectively.

For operands of type String, strl op str2 is for each relational operator, op, defined in terms of the C-
function strcmp as strcmp (strl, str2) op O.

For operands of type Boolean, false<true.
For operands of enumeration types, the order is given by the order of declaration of the enumeration literals.

In relations of the form v1 == v2 or vl <> v2, v1 or v2 shall, unless used in a function, not be a subtype of
Real. [The reason for this rule is that relations with Real arguments are transformed to state events (see
Events, Section 8.5) and this transformation becomes unnecessarily complicated for the == and <>
relational operators (e.g. two crossing functions instead of one crossing function needed, epsilon strategy
needed even at event instants). Furthermore, testing on equality of Real variables is questionable on
machines where the number length in registersis different to number length in main memory].

Relations of the form “v1 rel op v2”, with v1 and v2 variables and rel op a relational operator are
called elementary relations. If either v1 or v2 or both variables are a subtype of Real, the relation is called a
Real elementary relation.

Miscellaneous Operators and Variables

Modelica also contains a few built-in operators which are not standard arithmetic, relational, or logical operators.
These are described below, including t ime, which is a built-in variable, not an operator.

3.6.1 String Concatenation

Concatenation of strings (see the Modelica grammar) is denoted by the + operator in Modelica [e.g. "a" + "b"
becomes "ab"].

3.6.2 Array Constructor Operator

The array constructor operator { ... } is described in Section 10.4.

3.6.3 Array Concatenation Operator

The array concatenation operator [ ... ] is described in Section 10.4.2.

3.6.4 Array Range Operator

The array range constructor operator : is described in Section 10.4.3.



3.6.5 If-Expressions

An expression

if expressionl then expression2 else expression3

is one example of if-expression. First expressionl, which must be boolean expression, is evaluated. If
expressionl is true expression2 is evaluated and is the value of the if-expression, else expression3 is
evaluated and is the value of the if-expression. The two expressions, expression2 and expression3, must be
type compatible expressions (Section 6.6) giving the type of the if-expression. If-expressions with elseif are
defined by replacing elseif by else if. [Note! elseif has been added for symmetry with if-clauses.] For
short-circuit evaluation see Section 3.3.

[Example:

Integer i;
Integer sign of il=if i<0 then -1 elseif i==0 then 0 else 1;
Integer sign of i2=if i<0 then -1 else if i==0 then 0 else 1;

]

3.6.6 Member Access Operator

It is possible to access members of a class instance using dot notation, i.e., the . operator.

[Example: rR1.R for accessing the resistance component r of resistor r1. Another use of dot notation: local types
and-iner-classes which are members of a class can of course also be accessed using dot notation on the name of
the class, not on instances of the class.]

3.6.7 Built-in Variable time

All declared variables are functions of the independent variable time. The variable time is a built-in variable
available in all classes, which is treated as an input variable. It is implicitly defined as:

input Real time (final quantity = "Time",
final unit = "s");

The value of the start attribute of t ime is set to the time instant at which the simulation is started.
[Example:

encapsulated model SineSource

import Modelica.Math.sin;

connector OutPort=output Real;

OutPort y=sin(time); // Uses the built-in variable time.
end SineSource;

]

3.7 Built-in Intrinsic Operators with Function Syntax

Certain built-in operators of Modelica have the same syntax as a function call. However, they do not behave as a
mathematical function, because the result depends not only on the input arguments but also on the status of the
simulation.

There are also built-in functions that depend only on the input argument, but also may trigger events in
addition to returning a value. Intrinsic means that they are defined at the Modelica language level, not in the
Modelica library. The following built-in intrinsic operators/functions are available:

e Mathematical functions and conversion functions, see Section 3.7.1 below.
e Derivative and special purpose operators with function syntax, see Section 3.7.2 below.
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e Event-related operators with function syntax, see Section 3.7.3 below.

e Array operators/functions, see Section 10.1.1.

With exception of built-in operator String(..), all operators in this section can only be called with positional

arguments.

3.7.1

The following mathematical operators and functions, also including some conversion functions, are predefined in
Modelica, and are vectorizable according to Section 12.4.5, except for the String function. The functions which
do not trigger events are described in the table below, whereas the event-triggering mathematical functions are

described in Section 3.7.1.1.

Numeric Functions and Conversion Functions

abs (v) Is expanded into “noEvent(if v >= 0 then v else -v)”.
Argument v needs to be an Integer or Real expression.

sign(v) Is expanded into “noEvent(if v>0 then 1 else if v<O0
then -1 else 0)”. Argument v needs to be an Integer or Real
expression.

sqrt (v) Returns the square root of v if v>=0, otherwise an error occurs.

Argument v needs to be an Integer or Real expression.

Integer (e)

of the
E.enumvalue, where Integer (E.el)=1, Integer (E.en)=
size (E), for an enumeration type E=enumeration(el, ...,
en). See also Section 4.8.5.2.

Returns the ordinal number enumeration value

String (b, <optionss)
String (i, <optionss)
String(r,

significantDigits=d,
<optionss>)

String(r, format=s)

String (e, <optionss>)

Convert a scalar non-String expression to a String representation.
The first argument may be a Boolean b, an Integer i, a
Real r or an Enumeration e (Section 4.8.5.2). The optional
<options> are:

Integer minimumLength=0: minimum length of the
resulting string. If necessary, the blank character is used to fill up
unused space.
Boolean leftJustified = true: if true, the converted
result is left justified in the string; if false it is right justified in
the string.

For Real expressions the output shall be according to the
Modelica grammar. Integer significantDigits=6: defines
the number of significant digits in the result string. [Examples:

"12.3456","0.0123456","12345600","1.23456E-10"].
The format string corresponding to options is:
e for Reals: (1f leftJustified then "-" else
"") +String (minimumLength) +". "+

String(signficantDigits)+"g",
e for Integers: (1f leftJustified then "-" else
") +String (minimumLength) +"d".

Format string: According to ANSI-C the format string specifies
one conversion specifier (excluding the leading %), may not
contain length modifiers, and may not use "*" for width and/or
precision. For all numeric values the format specifiers £, e, E,
g, G are allowed. For integral values it is also allowed to use
thed, i, o, x, X, u, and c-format specifiers (for non-integral
values a tool may round, truncate or use a different format if the




integer conversion characters are used).
The x,X-formats (hexa-decimal) and c (character) for Integers
does not lead to input that agrees with the Modelica-grammar.

3.7.1.1 Event Triggering Mathematical Functions

The built-in operators in this section trigger state events if used outside of a when-clause.[ If thisis not desired,
the noEvent function can be applied to them. E.g. noEvent (integer (v)) ]

div(x,vy)

Returns the algebraic quotient x/y with any fractional part discarded (also known as
truncation toward zero). [Note: this is defined for / in C99; in C89 the result for
negative numbers is implementation-defined, so the standard function div () must
be used.]. Result and arguments shall have type Real or Integer. If either of the
arguments is Real the result is Real otherwise Integer.

mod (x,V)

Returns the integer modulus of x/v, i.e. mod (x,y) =x-floor (x/y) *y. Result and
arguments shall have type Real or Integer. If either of the arguments is Real the
result is Real otherwise Integer. [Note, outside of a when-clause state events are
triggered when the return value changes discontinuously. Examples
mod(3,1.4)=0.2,mod(-3,1.4)=1.2,mod(3,-1.4)=-1.2]

rem(x,y)

Returns the integer remainder of x/y, such that div(x,y)*y + rem(x, y) =
x. Result and arguments shall have type Real or Integer. If either of the arguments is
Real the result is Real otherwise Integer. [Note, outside of a when-clause state events
are triggered when the return value changes discontinuously. Examples
rem(3,1.4)=0.2,rem(-3,1.4)=-0.2]

ceil (x)

Returns the smallest integer not less than x. Result and argument shall have type
Real. [Note, outside of a when-clause state events are triggered when the return
value changes discontinuously.]

floor (x)

Returns the largest integer not greater than x. Result and argument shall have type
Real. [Note, outside of a when-clause state events are triggered when the return
value changes discontinuously.].

integer (x)

Returns the largest integer not greater than x. The argument shall have type Real.
The result has type Integer.

[Note, outside of a when-clause state events are triggered when the return value
changes discontinuoudly.].

3.7.1.2 Built-in Mathematical Functions and External Built-in Functions

The following built-in mathematical functions are available in Modelica and can be called directly without any
package prefix added to the function name. They are also available as external built-in functions in the
Modelica.Math library.

sin(x) sine

cos (x) cosine

tan (x) tangent (x shall not be: ..., -n/2, n/2, 3n/2, ...)
asin(x) inverse sine (-1 <x<1)

acos (x) inverse cosine (-1 <x <1)

atan (x) inverse tangent




26 Modelica Language Specification 3.91

atan2(x,y) |four quadrant inverse tangent
sinh (x) hyperbolic sine

cosh (x) hyperbolic cosine

tanh (x) hyperbolic tangent

exp (x) exponential, base e

log (x) natural (base €) logarithm (x > 0)
1logl0 (x) base 10 logarithm (x > 0)

3.7.2 Derivative and Special Purpose Operators with Function Syntax

The following derivative operator and special purpose operators with function syntax are predefined:

der(expr)

The time derivative of expr. If the expression expr is a scalar it needs to
be a subtype of Real. The expression and all its subexpressions must be
differentiable. If expr is an array, the operator is applied to all elements of
the array. For non-scalar arguments the function is vectorized according to
Section 10.6.12. [For Real parameters and constants the result is a zero
scalar or array of the same size asthe variable.]

delay (expr,delayTime,
delayMax)

delay (expr,delayTime)

Returns: expr (time-delayTime) for timestime.start +
delayTime and expr (time.start) for time <= time.start +
delayTime. The arguments, i.e., expr, delayTime and delayMax, need
to be subtypes of Real. DelayMax needs to be additionally a parameter
expression. The following relation shall hold: 0 <= delayTime <=
delayMax, otherwise an error occurs. If delayMax is not supplied in the
argument list, delayTime need to be a parameter expression. See also
Section 3.7.2.1. For non-scalar arguments the function is vectorized
according to Section 10.6.12.

cardinality (c)

[Thisis a deprecated operator. It should no longer be used, since it will be
removed in one of the next Modelica releases.]

Returns the number of (inside and outside) occurrences of connector
instance ¢ in a connect-equation as an Integer number. See also Section
3.7.2.2.

semilLinear (X,
positiveSlope,
negativeSlope)

Returns: if x>=0 then positiveSlope*x else
negativeSlope*x.

The result is of type Real. See Section 3.7.2.3 [especially in the case when
X = 0]. For non-scalar arguments the function is vectorized according to
Section 10.6.12.

Subtask.decouple (v)

Define the partitioning of a model in subtasks. The details are given in
section 16.2.

A few of these operators are described in more detail in the following.




3.7.2.1 delay

[The delay () operator allows a numerical sound implementation by interpolating in the (internal) integrator
polynomials, as well as a more simple realization by interpolating linearly in a buffer containing past values of
expression expr. Without further information, the complete time history of the delayed signals needs to be stored,
because the delay time may change during simulation. To avoid excessive storage requirements and to enhance
efficiency, the maximum allowed delay time hasto be given via delayMax.

This gives an upper bound on the values of the delayed signals which have to be stored. For real-time
simulation where fixed step size integrators are used, this information is sufficient to allocate the necessary
storage for the internal buffer before the simulation starts. For variable step size integrators, the buffer size is
dynamic during integration. In principle, a delay operator could break algebraic loops. For simplicity, this is
not supported because the minimum delay time has to be give as additional argument to be fixed at compile time.
Furthermore, the maximum step size of the integrator is limited by this minimum delay time in order to avoid
extrapolation in the delay buffer.]

3.7.2.2 cardinality (deprecated)

[The cardinality operator is deprecated for the following reasons and will be removed in a future release:

¢ Reflective operator may make early type checking more difficult.
e Almost always abused in strange ways
¢ Not used for Bond graphs even though it was originally introduced for that purpose.

[The cardinality () operator allows the definition of connection dependent equations in a model, for example:

connector Pin

Real v;
flow Real 1i;
end Pin;

model Resistor
Pin p, n;
equation
assert (cardinality(p) > 0 and cardinality(n) > O,
"Connectors p and n of Resistor must be connected");
// Equations of resistor

end Resistor;

]

3.7.2.3 semiLinear

(See definition of semiLinear in Section 3.7.2). In some situations, equations with the semiLinear () function
become underdetermined if the first argument (x) becomes zero, i.e., there are an infinite number of solutions. It is
recommended that the following rules are used to transform the equations during the translation phase in order to
select one meaningful solution in such cases:

Rule 1: The equations

y = semilinear(x, sa, sl);
y = semilinear(x, sl, s2);
y = semilinear(x, s2, s3);

y = semilLinear(x, sN, sb);

may be replaced by
sl = if x >= 0 then sa else sb
s2 = sl;
s3 = s2;
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SN = SN-17
y = semilinear(x, sa, sb);

Rule 2: The equations

X = 0;

y = 0;

y = semilinear(x, sa, sb);
may be replaced by

x =0

y = 0;

sa = sb;

[For symbolic transformations, the following property is useful (this follows from the definition):
semilLinear (m_flow, port h, h);

isidentical to:
-semilLinear (-m_flow, h, port h);

The semiLinear function is designed to handle reversing flow in fluid systems, such as

H flow =semilLinear(m flow, port.h, h);

i.e., the enthalpy flow rate H flow is computed from the mass flow rate m flow and the upstream specific
enthal py depending on the flow direction.

]

3.7.3 Event-Related Operators with Function Syntax

The following event-related operators with function syntax are supported. The operators noEvent, pre, edge,
and change, are vectorizable according to Section 12.4.5

Returns true during the initialization phase and false otherwise [thereby

initial cturns _ o : .
initial () triggering a time event at the beginning of a simulation].

terminal () Returns true at the end of a successful analysis [thereby ensuring an event
at the end of successful simulation].

Real elementary relations within expr are taken literally, i.e., no state or

noEvent (expr) . .. . .
time event is triggered. See also Section 3.7.3.2 and Section 8.5.

If p>=0 smooth (p, expr) returns expr and states that expr is p times
continuously differentiable, i.e.: expr is continuous in all real variables
appearing in the expression and all partial derivatives with respect to all
appearing real variables exist and are continuous up to order p.
The only allowed types for expr in smooth are: real expressions, arrays of
allowed expressions, and records containing only components of allowed
expressions. See also Section 3.7.3.2.

smooth (p, expr)

Returns true and triggers time events at time instants  start +
i*interval (i=0,1,...). During continuous integration the operator
sample (start,interval) |returns always false. The starting time start and the sample interval
interval need to be parameter expressions and need to be a subtype of
Real or Integer.

Returns the “left limit” y(t”°) of variable y(t) at a time instant t. At an event
instant, y(t") is the value of y after the last event iteration at time instant t
(see comment below). The pre () operator can be applied if the following
three conditions are fulfilled simultaneously: (a) variable y is either a

pre (y)




subtype of a simple type or is a record component, (b) y is a discrete-time
expression (c) the operator is not applied in a function class. [Note: This
can be applied to continuous-time variables in when-clauses, see Section
3.8.3 for the definition of discrete-time expression.] The first value of
pre (y) is determined in the initialization phase. See also Section 3.7.3.1.

Is expanded into “(b and not pre(b))” for Boolean variable b. The
edge (b) same restrictions as for the pre () operator apply (e.g. not to be used in
function classes).

Is expanded into “(v<>pre (v))”. The same restrictions as for the pre()

change (v)
operator apply.

In the body of a when clause, reinitializes x with expr at an event instant.
x 1s a Real variable (resp. an array of Real variables, in which case
vectorization applies according to Section 12.4.5) that must be selected as a
reinit (x, expr) state (resp., states) at least when the enclosing when clause becomes active.
expr needs to be type-compatible with x. The reinit operator can only
be applied once for the same variable (resp. array of variables). It can only
be applied in the body of a when clause. See also Section 8.3.6 .

A few of these operators are described in more detail in the following.

3.7.3.1 pre

A new event is triggered if at least for one variable v “pre (v) <> v” after the active model equations are
evaluated at an event instant. In this case the model is at once reevaluated. This evaluation sequence is called
“event iteration”. The integration is restarted, if for all v used in pre-operators the following condition holds:

“pre(v) == v

[If v and pre (v) are only used in when-clauses, the translator might mask event iteration for variable v since v
cannot change during event iteration. It is a “ quality of implementation” to find the minimal loops for event
iteration, i.e., not all parts of the model need to be reevaluated.

The language allows mixed algebraic systems of equations where the unknown variables are of type Real,
Integer, Boolean, or an enumeration. These systems of equations can be solved by a global fix point iteration
scheme, similarly to the event iteration, by fixing the Boolean, Integer, and/or enumeration unknowns during one
iteration. Again, it is a quality of implementation to solve these systems more efficiently, e.g., by applying the fix
point iteration scheme to a subset of the model equations.]

3.7.3.2 noEvent and smooth

The noEvent operator implies that real elementary expressions are taken literally instead of generating crossing
functions, Section 8.5. The smooth operator should be used instead of noEvent, in order to avoid events for
efficiency reasons. A tool is free to not generate events for expressions inside smooth. However, smooth does
not guarantee that no events will be generated, and thus it can be necessary to use noEvent inside smooth. [Note
that smooth does not guarantee a smooth output if any of the occurring variables change discontinuously.]

[Example:

Real x,v,z;
parameter Real p;
equation

x = 1f time<l then 2 else time-2;
z = smooth(0, if time<O then 0 else time);
y = smooth(l, noEvent (if x<0 then 0 else sqgrt (x)*x));

// noEvent is necessary.
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3.8 Variability of Expressions

The concept of variability of an expression indicates to what extent the expression can vary over time. See also
Section 4.4.4 regarding the concept of variability. There are four levels of variability of expressions, starting from
the least variable:

e constant variability

e parameter variability

e discrete-time variability

e continuous-time variability

For an assignment v: =expr or binding equation v=expr, v must be declared to be at least as variable as expr.

¢ The binding equation of a parameter component and of the base type attributes [such as start] needs to be
a parameter or constant expression.

e Ifvis a discrete-time component then expr needs to be a discrete-time expression.

3.8.1 Constant Expressions

Constant expressions are:
e Real, Integer, Boolean, String, and enumeration literals.
e Variables declared as constant.

e Except for the special built-in operators initial, terminal, der, edge, change, sample,
Subtask.activated, Subtask.lastInterval and pre, a function or operator with constant
subexpressions as argument (and no parameters defined in the function) is a constant expression.

Components declared as constant shall have an associated declaration equation with a constant expression, if the
constant is used in the model. The value of a constant cannot be changed after it has been given a value. A
constant without an associated declaration equation can be given one by using a modifier.

3.8.2 Parameter Expressions

Parameter expressions are:
¢ Constant expressions.
e Variables declared as parameter.

e Except for the special built-in operators initial, terminal, der, edge, change, sample,
Subtask.activated, Subtask.lastInterval and pre, a function or operator with parameter
subexpressions is a parameter expression.

3.8.3 Discrete-Time Expressions

Discrete-time expressions are:
e Parameter expressions.

e Discrete-time variables, i.e., Integer, Boolean, String variables and enumeration variables, as well
as Real variables assigned in when-clauses

e Function calls where all input arguments of the function are discrete-time expressions.
e Expressions where all the subexpressions are discrete-time expressions.
e Expressions in the body of a when-clause.

e Unless inside noEvent: Ordered relations (>,<,>=,<=) and the functions ceil, floor, div, mod, rem,
abs, sign. These will generate events if at least one subexpression is not a discrete-time expression. [In
other words, relationsinside noEvent (), such asnoEvent (x>1), are not discrete-time expressions].

e The functions pre, edge, and change result in discrete-time expressions.



e Expressions in functions behave as though they were discrete-time expressions.

For an equation exprl = expr2 where neither expression is of base type Real, both expressions must be
discrete-time expressions. For record equations the equation is split into basic types before applying this test. [This
restriction guarantees that the noEvent () operator cannot be applied t0 Boolean, Integer, String, Of
enumeration equations outside of a when-clause, because then one of the two expressionsis not discrete-time]

Inside an if-expression, if-clause or for-clause, that is controlled by a non-discrete time switching expression
and not in the body of a when-clause, it is not legal to have assignments to discrete variables, equations between
discrete-time expressions, or real elementary relations/functions that should generate events. [This restriction is
necessary in order to guarantee that there all equations for discrete variable are discrete-time expressions, and to
ensure that crossing functions do not become active between events.]

[Example:

model Constants

parameter Real pl = 1;
constant Real cl = pl + 2; // error, no constant expression
parameter Real p2 = pl + 2; // fine
end Constants;
model Test
Constants cl(pl=3); // fine
Constants c2(p2=7) ; // fine, declaration equation can be modified
Boolean b;
Real X;
equation

b = noEvent(x > 1) // error, since b is a discrete-time expr. and

// noEvent(x > 1) is not a discrete-time expr.
end Test;

]

3.8.4 Continuous-Time Expressions

All expressions are continuous-time expressions including constant, parameter and discrete expressions. The term
“non-discrete-time expression” refers to expressions that are not constant, parameter or discrete expressions.
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Chapter 4

Classes, Predefined Types, and Declarations

The fundamental structuring unit of modeling in Modelica is the class. Classes provide the structure for objects,
also known as instances. Classes can contain equations which provide the basis for the executable code that is
used for computation in Modelica. Conventional algorithmic code can also be part of classes. All data objects in
Modelica are instantiated from classes, including the basic data types—Real, Integer, String, Boolean—and
enumeration types, which are built-in classes or class schemata.

Declarations are the syntactic constructs needed to introduce classes and objects (i.e., components).

4.1 Access Control — Public and Protected Elements

Members of a Modelica class can have two levels of visibility: public or protected. The default is public if
nothing else is specified

Protected elements in classes cannot be accessed via dot notation. They may not be modified or redeclared in a
class modification.

All elements defined under the heading protected are regarded as protected. All other elements [i.e., defined
under the heading public, without headings or in a separate file] are public [i.e. not protected]. Regarding
inheritance of protected and public elements, see Section 7.1.2.

4.2 Double Declaration not Allowed

The name of a declared element shall not have the same name as any other element in its partially flattened
enclosing class. A component shall not have the same name as its type specifier. However, the internal flattening
of a class can in some cases be interpreted as having two elements with the same name; these cases are described
in Section 5.5, and Section 7.3.

4.3 Declaration Order and Usage before Declaration

Variables and classes can be used before they are declared.
[In fact, declaration order isonly significant for:

¢ Functions with more than one input variable called with positional arguments, Section 12.4.1.
¢ Functions with more than one output variable, Section 12.4.2.

¢ Recordsthat are used as arguments to external functions, Section 12.9.1.3

e Enumeration literal order within enumeration types, Section 4.8.5.

4.4 Component Declarations

Component -declarations are described in this section.
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441 Syntax and Examples of Component Declarations

The formal syntax of a component declaration clause is given by the following syntactic rules:

component clause:
type prefix type specifier [ array subscripts ] component list

type prefix :

[ flow stream ]

[ discrete | parameter constant ] [ input | output ]

type specifier :
name

component list
component declaration { "," component declaration }

component declaration :
declaration [ conditional attribute ] comment

conditional attribute:
if expression

declaration :
IDENT [ array subscripts ] [ modification ]

[The declaration of a component states the type, access, variability, data flow, and other properties of the
component. A component clause i.e, the whole declaration, contains type prefixes followed by a
type specifier withoptional array subscripts followed by a component 1ist.

There is no semantic difference between variables declared in a single declaration or in multiple declarations.
For example, regard the following single declaration (component clause) of two matrix variables:

Real[2,2] A, B;

That declaration has the same meaning as the following two declarations together:
Real[2,2] A;
Real[2,2] B;
The array dimension descriptors may instead be placed after the variable name, giving the two declarations
below, with the same meaning as in the previous example;
Real A[2,2];
Real BI[2,2];
The following declaration is different, meaning that the variable a isa scalar but Bisa matrix as above:

Real a, BI[2,2];

]

4.4.2 Component Declaration Static Semantics

If the type specifier of the component declaration denotes a built-in type (RealType, IntegerType, etc.),
the flattened or instantiated component has the same type.

If the type specifier of the component does not denote a built-in type, the name of the type is looked up
(Section 5.3). The found type is flattened with a new environment and the partially flattened enclosing class of the
component. It is an error if the type is partial in a simulation model, or if a simulation model itself is partial. The
new environment is the result of merging

e the modification of enclosing class element-modification with the same name as the component
e the modification of the component declaration

in that order.
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Array dimensions shall be non-negative parameter expressions, or the colon operator denoting that the array
dimension is left unspecified.

The rules for components in functions are described in Section 12.2.

Conditional declarations of components are described in Section 4.4.5.

4.4.2.1 Declaration Equations

An environment that defines the value of a component of built-in type is said to define a declaration equation
associated with the declared component. For declarations of vectors and matrices, declaration equations are
associated with each element. [This makes it possible to override the declaration equation for a single element in
an enclosing class maodification, which would not be possible if the declaration equation is regarded as a single
matrix equation.]

4.4.2.2 Prefix Rules

Variables declared with the £1ow type prefix shall be a subtype of Real.

Type prefixes (i.e., flow, discrete, parameter, constant, input, output) shall only be applied for
type, record and connector components — see also record specialized class, Section 4.6.

The type prefixes £1ow, input and output of a structured component are also applied to the elements of the
component. The type prefixes £1low, input and output shall only be applied for a structured component, if no
element of the component has a corresponding type prefix of the same category. [For example, input can only be
used, if none of the elements hasan input or output type prefix]. The corresponding rules for the type prefixes
discrete, parameter and constant are described in Section 4.4.4.1 for structured components.

The prefixes input and output have a slightly different semantic meaning depending on the context where
they are used:

¢ In functions, these prefixes define the computational causality of the function body, i.e., given the variables
declared as input, the variables declared as output are computed in the function body, see Section 12.4.

e In simulation models and blocks (i.e., on the top level of a model or block that shall be simulated), these
prefixes define the interaction with the environment where the simulation model or block is used.
Especially, the input prefix defines that values for such a variable have to be provided from the simulation
environment and the output prefix defines that the values of the corresponding variable can be directly
utilized in the simulation environment, see the notion of Globally balanced in Section 4.7.

e In component models and blocks, the input prefix defines that a binding equation has to be provided for
the corresponding variable when the component is utilized in order to guarantee a locally balanced model
(i.e., the number of local equations is identical to the local number of unknowns), see Section 4.7. Example:

block FirstOrder
input Real u;

end FirstOrder;

model UseFirstOrder
FirstOrder firstOrder (u=time); // binding equation for u

end UseFirstOrder;

The output prefix does not have a particular effect in a model or block component and is ignored.

e In connectors, prefixes input and output define that the corresponding connectors can only be connected
according to block diagram semantics, see Section 9.1 (e.g., a connector with an output variable can only
be connected to a connector where the corresponding variable is declared as input). There is the restriction
that connectors which have at least one variable declared as input must be externally connected, see
Section 4.7 (in order to get a locally balanced model, where the number of local unknowns is identical to
the number of unknown equations). Together with the block diagram semantics rule this means, that such
connectors must be connected exactly once externally.

¢ In records, prefixes input and output are not allowed, since otherwise a record could not be, e.g., passed
as input argument to a function.
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4.4.3 Acyclic Bindings of Constants and Parameters

The binding equations for parameters and constants in the translated model must be acyclic after flattening. Thus
it is not possible to introduce equations for parameters by cyclic dependencies.
[Example:

constant Real p=2*q;

constant Real g=sin(p); // Illegal since p=2*q, g=sin(p) are cyclical

model ABCD
parameter Real Al[n,n];
parameter Integer n=size(A,1);
end ABCD;

final ABCD a;
// Illegal since cyclic dependencies between size(a.A,1l) and a.n

ABCD b(redeclare Real A[2,2]=[1,2;3,4]);
// Legal since size of A is no longer dependent on n.

ABCD c(n=2); // Legal since n is no longer dependent on the size of A.

parameter Real r = 2*sin(r); // Illegal, since r = 2*gin(r) is cyclic

4.4.4 Component Variability Prefixes discrete, parameter, constant

The prefixes discrete, parameter, constant of a component declaration are called variability prefixes and
define in which situation the variable values of a component are initialized (see Section 8.5 and Section 8.6) and
when they are changed in transient analysis (= solution of initial value problem of the hybrid DAE):

e A variable vc declared with the parameter or constant prefixes remains constant during transient analysis.

e A discrete-time variable vd has a vanishing time derivative (informally der (vd) =0, but it is not legal to
apply the der () operator to discrete-time variables) and can change its values only at event instants during
transient analysis (see Section 8.5).

e A continuous-time variable vn may have a non-vanishing time derivative (der (vn) <>0 possible) and may
also change its value discontinuously at any time during transient analysis (see Section 8.5). If there are any
discontinuities the variable is not differentiable.

If a Real variable is declared with the prefix discrete it must in a simulation model be assigned in a when-clause,
either by an assignment or an equation. The variable assigned in a when-clause may not be defined in a sub-
component of model or block specialized class. [Thisisto keep the property of balanced models]

A Real variable assigned in a when-clause is a discrete-time variable, even though it was not declared with the
prefix discrete. A Real variable not assigned in any when-clause and without any type prefix is a continuous-
time variable.

The default variability for Integer, String, Boolean, or enumeration variables is discrete-time, and it is
not possible to declare continuous-time Integer, String, Boolean, or enumeration variables. [A Modelica
trandator is able to guarantee this property due to restrictions imposed on discrete expressions, see Section 3.8]

The variability of expressions and restrictions on variability for definition equations is given in Section 3.8.

[A discrete-time variable is a piecewise constant signal which changes its values only at event instants during
simulation. Such types of variables are needed in order that special algorithms, such as the algorithm of
Pantelides for index reduction, can be applied (it must be known that the time derivative of these variables is
identical to zero). Furthermore, memory requirements can be reduced in the simulation environment, if it is
known that a component can only change at event instants.

A parameter variable is constant during simulation. This prefix gives the library designer the possibility to
express that the physical equationsin a library are only valid if some of the used components are constant during
simulation. The same also holds for discrete-time and constant variables. Additionally, the parameter prefix
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allows a convenient graphical user interface in an experiment environment, to support quick changes of the most
important constants of a compiled model. In combination with an if-clause, a parameter prefix allows to remove
parts of a model before the symbolic processing of a model takes place in order to avoid variable causalities in
the model (similar to #ifdef in C). Class parameters can be sometimes used as an alternative. Example:

model Inertia
parameter Boolean state = true;

equation

J*a = tl - t2;

if state then // code which is removed during symbolic
der(v) = a; // processing, if state=false
der (r) = v;

end if;

end Inertia;

A constant variable is similar to a parameter with the difference that constants cannot be changed after they have
been given a value. It can be used to represent mathematical constants, e.g.

constant Real PI=4*arctan(l);

There are no continuous-time Boolean, Integer OF String variables. In the rare cases they are needed they
can be faked by using real variables, e.g.:

Boolean offl, offla;

Real off2;
equation
offl = 81 < 0;
offla = noEvent (sl < 0); // error, since offla is discrete
off2 = if noEvent(s2 < 0) then 1 else 0; // possible
ul = if offl then sl else 0; // state events
u2 = if noEvent (off2 > 0.5) then s2 else 0; // no state events

Snce off1 is a discrete-time variable, state events are generated such that off1 is only changed at event
instants. Variable of £2 may change its value during continuous integration. Therefore, u1 is guaranteed to be
continuous during continuous integration whereas no such guarantee exists for u2.

]

4.4.4.1 Variability of Structured Entities

For elements of structured entities with variability prefixes the most restrictive of the variability prefix and the
variability of the component wins (using the default variability for the component if there is no variability prefix
on the component).

[Example:

record A
constant Real pi=3.14;
Real vy;
Integer i;
end A;
parameter A a;
// a.pi is a constant
// a.y and a.i are parameters
A b;
// b.pi is a constant
// b.y is a continuous-time variable
// b.i is a discrete-time variable

4.4.5 Conditional Component Declaration

A component declaration can have a condition attribute: "if" expression.

[Example:
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parameter

Integer level=1;

Levell componentl (J=J) if level==1 "Conditional component';
Level component2 if level==2, component3 if level==3;

equation
connect (componentl..., ...) "Connection to conditional component";
componentl.u=0; // Illegal

]

The expression must be a Boolean scalar expression, and must be a parameter-expression [that can be evaluated

at compile time].

If the Boolean expression is false the component is not present in the flattened DAE [its modifier isignored], and

connections to/from the component are removed. Other use of the component is illegal.

45 Clas

Essentially everything in Modelica is a class, from the predefined classes Integer and Real, to large packages

s Declarations

such as the Modelica standard library.

[Example: A rather typical structure of a Modelica class is shown below. A class with a name, containing a

number of declarations followed by a number of equations in an equation section.

class ClassName

Declarationl
Declaration2
eqﬁééion
equationl
equation2

end ClassName;

]
The following is

class_defini
[ encapsu

[ partial

( class |
package
class_spe

class_specif
IDENT s
| IDENT

| IDENT "=

| IDENT
| extends

base prefix

the formal syntax of class definitions, including the special variants described in later sections.

tion
lated ]
]
model | record | block | [ expandable ] connector | type |
| function )
cifier

ier
tring comment composition end IDENT
=" base prefix name [ array subscripts ]
[ class modification ] comment
" enumeration " (" ( [enum list] | "n.mo) ")" comment

"=" der " (" name "," IDENT { "," IDENT } ")" comment

IDENT [ class modification ] string comment composition
end IDENT

type prefix

enum_list
enumeration

composition
element_1

enumeration literal { "," enumeration literal}

literal : IDENT comment

ist

{ public element list |
protected element list |
equation section |



algorithm section

}

[ external [ language specification ]
[ external function call ] [ annotation ;'] non
[ annotation ";" ] ]

45.1 Short Class Definitions

A class definition of the form

class IDENT1 = IDENT2 class_modification;

is identical, except for the lexical scope of modifiers, where the short class definition does not introduce an
additional lexical scope for modifiers, to the longer form
class IDENT1

extends IDENT2 class modification;
end IDENT1;

[Example: demonstrating the difference in scopes:

model Resistor
parameter Real R;

end Resistor;

model A
parameter Real R;
replaceable model Load=Resistor (R=R) constrainedby TwoPin;
// Correct, sets the R in Resistor to R from model A.

replaceable model LoadError
extends Resistor (R=R) ;
// Gives the singular equation R=R, since the right-hand side R
// is searched for in LoadError and found in its base-class Resistor.
end LoadError constrainedby TwoPin;
Load a,b,c;
ConstantSource ...;

end A
]
A short class definition of the form
type TN = T[N] (optional modifier) ;
where N represents arbitrary array dimensions, conceptually yields an array class

"array’ TN
T[n] _ (optional modifiers) ;
"end’ TN;
Such an array class has exactly one anonymous component (—-(_): see also section 4.5.2. When a component of
such an array class type is flattened, the resulting flattened component type is an array type with the same
dimensions as _ and with the optional modifier applied.

[Example:

type Force = Real [3] (unit={ "Nm", "Nm", "Nm" }) ;
Force f1;

Real £2[3] (unit={"Nm", "Nm", "Nm"}) ;

thetypesof £1 and £2 areidentical.]

If a short class definition inherits from a partial class the new class definition will be partial, regardless of whether
it is declared with the keyword partial or not.

[Example:
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replaceable model Load=TwoPin;
Load R; // Error unless Load is redeclared since TwoPin is a partial class.

]

If a short class definition does not specify any specialized class the new class definition will inherit the specialized
class (this rule applies iteratively and also for redeclare).

A base-prefix applied in the short-class deﬁmtlon does not 1nﬂuence its type but is apphed to components
declared of this type or types derived from it:

array—elass—a%lass—w%h%m%nm&y—basa%eﬁa&e%a—sampl&typ& see also section 4.5.2.

[Example:

type InArgument = input Real;
type OutArgument = output Real [3];

function foo
InArgument u; // Same as: input Real u
OutArgument y; // Same as: output Real[3] y
algorithm
y:=£1i11(u,3);
end foo;

Real x[:]=foo(time) ;

]

452 Restriction on combining base-classes and other elements

It is not legal to combine other components or base-classes with an extends from an array class, a class with non-
empty base-prefix, a simple type (Real, Boolean, Integer, String and enumeration types), or any class transitively
extending from an array class, a class with non-empty base-prefix, or a simple type (Real, Boolean, Integer, String
and enumeration types).

Example:

model Integrator
input Real u;
output Real y=x;
Real x;

equation
der (x) =u;

end Integrator;

model Integrators = Integrator([3]; // Legal

model IllegalModel

extends Integrators;

Real x; // Illegal combination of component and array class
end IllegalModel;

connector IllegalConnector

extends Real;

Real y; // Illegal combination of component and simple type
end IllegalConnector;

1

452453 Local Class Definitions — Nested Classes

The local class should be statically flattenable with the partially flattened enclosing class of the local class apart
from local class components that are partial or outer. The environment is the modification of any enclosing class
element modification with the same name as the local class, or an empty environment.

The unflattened local class together with its environment becomes an element of the flattened enclosing class.



[The following example demonstrates parameterization of a local class:

class C1
class Voltage = Real (nominal=1) ;
Voltage v1, v2;

end C1;

class C2
extends C1l (Voltage (nominal=1000)) ;
end C2;

Flattening of class c2 yields a local class Voltage with nominal-modifier 1000. The variables v1 and v2 are
instances of this local class and thus have a nominal value of 1000.

]

4.6 Specialized Classes

Specialized kinds of classes [Earlier known as restricted classes| record, type, model, block,
package, function, connector have the properties of a general class, apart from restrictions. Moreover,
they have additional properties called enhancements. The following table summarizes the definition of the
specialized classes:

record Only public sections are allowed in the definition or in any of its components
(i.e., equation, algorithm, initial equation, initial algorithm and protected
sections are not allowed). May not be used in connections. The elements of a
record may not have prefixes input, output, inner, outer, or flow.
Enhanced with implicitly available record constructor function, see Section 12.6.
Additionally, record components can be used as component references in
expressions and in the left hand side of assignments, subject to normal type
compatibility rules.

type May only be predefined types, enumerations, array of type, or classes extending
from type. Enhanced to extend from predefined types. [No other specialized
class hasthis property]

model Identical to class, the basic class concept, i.e., no restrictions and no
enhancements.
block Same as model with the restriction that each connector component of a block

must have prefixes input and/or output for all connector variables. [The
purpose is to model input/output blocks of block diagrams. Due to the
restrictions on input and output prefixes, connections between blocks are only
possible according to block diagram semantic]

function See Section 12.2 for restrictions and enhancements of functions.

connector No equations are allowed in the definition or in any of its components.
Enhanced to allow connect(..) to components of connector classes.

package May only contain declarations of classes and constants. Enhanced to allow
import of elements of packages. (See also Chapter 13 on packages.)

funetionoperator See-Seetion-Similar to package; but may only contain declarations of functions.
May only be placed in a record or package and it is not legal to extend from any
of'its enclosing scopes. (See also Section Chapter 14-ferrestrietionsand

enhaneements-offunetions:).
connectoroperator |No-cquations-arc-allowcd-in-the-definition-er-in-any-ofits
function omponents—Ennancea-toaltow-connee o-components-otconneeto

elasses-Shorthand for an operator with exactly one function; same restriction as
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function class and in addition may only be placed in a record or package and it is
not legal to extend from any of its enclosing scopes.

" is conceptually treated as
‘operator foo function fool .. end fool;end foo;”]

[ operator function foo .. end foo;

[Example for ” operator” :

record Complex
Real re;
Real im;

operator function '*'
input Complex cl;
input Complex c2;
output Complex result

algorithm
result = Complex(re=cl.re*c2.re - cl.im*c2.im,
im=cl.re*c2.im + cl.im*c2.re) ;
end '*';

end Complex;

record MyComplex

extends Complex; // not allowed, since extending from enclosing scope
Real k;

end MyComplex;

record ComplexVoltage = Complex(re(unit="V”),im(unit="v”)); // not allowed

4.7 Balanced Models

[In this section restrictions for model and block classes are present, in order that missing or too many equations
can be detected and localized by a Modelica trandator before using the respective model or block class. A non-
trivial case is demonstrated in the following example:

partial model BaseCorrelation
input Real x;
Real vy;

end BaseCorrelation;

model SpecialCorrelation // correct in Modelica 2.2 and 3.0
extends BaseCorrelation (x=2);

equation
y=2/x;

end SpecialCorrelation;

model UseCorrelation // correct according to Modelica 2.2
// not valid according to Modelica 3.0
replaceable model Correlation=BaseCorrelation;
Correlation correlation;
equation
correlation.y=time;
end UseCorrelation;

model Broken // after redeclaration, there is 1 equation too much in Modelica 2.2
UseCorrelation example(redeclare Correlation=SpecialCorrelation);
end Broken;

In this case one can argue that both UseCorrelation (adding an acausal equation) and
SpecialCorrelation (adding a default to an input) are correct, but still when combined they lead to a model
with too many equations — and it is not possible to determine which model is incorrect without strict rules, as the
ones defined here.
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In Modelica 2.2, model Broken will work with some models. However, by just redeclaring it to model
SpecialCorrelation, anerror will occur and it will be very difficult in a larger model to figure out the source
of thiserror.

In Modelica 3.0, model usecorrelation isno longer allowed and the translator will give an error. In fact, it
is guaranteed that a redeclaration cannot lead to an unbalanced model any more.

1.

The restrictions below apply after flattening — i.e. inherited components are included — possibly modified. The
corresponding restrictions on connectors and connections are in Section 9.3.

Definition 1: Local Number of Unknowns

The local number of unknowns of a model or block class is the sum based on the components:

e For each declared component of specialized class type (Real, Integer, String, Boolean, enumeration and
arrays of those, etc) or record, not declared as outer, it is the “number of unknown variables” inside it
(i.e., excluding parameters and constants and counting the elements after expanding all records and arrays
to a set of scalars of primitive types).

e Each declared component of specialized class type or record declared as outer is ignored [i.e., all
variables inside the component are treated as known].

e For each declared component of specialized class connector component, it is the “number of unknown
variables” inside it (i.e., excluding parameters and constants and counting the elements after expanding all
records and arrays to a set of scalars of primitive types).

e For each declared component of specialized class block or model, it is the “sum of the number of inputs
and flow variables” in the (top level) public connector components of these components (and counting the
elements after expanding all records and arrays to a set of scalars of primitive types).

Definition 2: Local Equation Size

The local equation size of a model or block class is the sum of the following numbers:

e The number of equations defined locally (i.e. not in any model or block component), including binding
equations, and equations generated from connect-equations. This includes the proper count for when-
clauses (see Section 8.3.5), and algorithms (see Section 11.1), and is also used for the flat Hybrid DAE
formulation (see Appendix C).

e The number of input and flow-variables present in each (top-level) public connector component. [This
represents the number of connection equations that will be provided when the classis used.]

e The number of (top level) public input variables that neither are connectors nor have binding equations
[i.e., top-level inputs are treated as known variables. This represents the number of binding equations that
will be provided when the classis used.].

[To clarify top-level inputs without binding equation (for non-inherited inputs binding equation is identical
to declaration equation, but binding equations also include the case where another model extends M and
has a modifier on ‘u’ giving the value):

model M
input Real u;
input Real u2=2;
end M;

Here‘u’ and ‘u2' aretop-level inputs and not connectors. The variable u2 has a binding equation, but u
does not have a binding equation. In the equation count, it is assumed that an equation for u is supplied
when using the model.

]
Definition 3: Locally Balanced

A model or block class is “locally balanced” if the “local number of unknowns” is identical to the “local
equation size” for all legal values of constants and parameters [respecting final bindings and min/max-
restrictions. A tool shall verify the “locally balanced” property for the actual values of parameters and
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constants in the simulation model. It is a quality of implementation for atool to verify this property in general,
due to arrays of (locally) undefined sizes, conditional declarations, for loops etc].

Definition 4: Globally Balanced

Similarly as locally balanced, but including all unknowns and equations from all components. The global
number of unknowns is computed by expanding all unknowns (i.e. excluding parameters and constants) into a
set of scalars of primitive types. This should match the global equation size defined as:

The number of equations defined (included in any model or block component), including equations
generated from connect-equations.

The number of input and flow-variables present in each (top-level) public connector component.

The number of (top level) public input variables that neither are connectors nor have binding equations
[i.e., top-level inputs are treated as known variables).

The following restrictions hold:

In a non-partial model or block, all non-connector inputs of model or block components must have binding
equations. [E.g. if the model contains a component, firstorder (of specialized class model) and
firstorder has ‘input Real u’ thenthere must be a binding equation for firstorder.u.]
A component declared with the inner or outer prefix shall not be of a class having top-level public
connectors containing inputs.
MoedifiersIn a declaration of a component of a record, connector, or simple type, modifiers can be applied
to any element — and these are also considered for the equation count.

Example:

Flange support (phi=phi, tau=torquel+torque2) if use support;

If use support=true, there are two additional equations for support.phi and support.tau via the modifier]
In other cases: modifiers for components shall only contain redeclarations of replaceable elements and
binding equations for parameters, constants (that do not yet have binding equations), inputs and variables
having a default binding equation.
All non-partial model and block classes must be locally balanced [this means that the local number of
unknowns equals the local equation size].

Based on these restrictions, the following strong guarantee can be given for simulation models and blocks:

Proposition 1:

All simulation models and blocks are globally balanced.
[Therefore the number of unknowns equal to the number of equations of a simulation model or block, provided
that every used non-partial model or block classis|ocally balanced.]

[Example 1:

connector Pin
Real v;
flow Real i;
end Pin;

model Capacitor
parameter Real C;
Pin p, n;

Real u;
equation

0 =p.i+ n.i;

u=p.v - n.v;

C*der (u) = p.i;

end Capacitor;

Model capacitor isalocally balanced model according to the following analysis:

Locally unknown variables: p.i, p.v, n.i, n.v, u
Local equations: 0 =p.i+n.i;



u=p.v - n.v;
C*der(u) = p.1i;
and 2 equations corresponding to the 2 flow-variablesp.i andn.i.

These are 5 equations in 5 unknowns (locally balanced model). A more detailed analysis would reveal that thisis
structurally non-singular, i.e. that the hybrid DAE will not contain a singularity independent of actual values.

If the equation “u = p.v — n.v" would be missing in the Capacitor model, there would be 4 equations in 5
unknowns and the model would be locally unbalanced and thus simulation models in which this model is used
would be usually structurally singular and thus not solvable.

If the equation *u = p.v - n.v” would bereplaced by the equation “u = 0” and the equation c*der (u)
= p.1i would be replaced by the equation “ c*der (u) = 0", there would be 5 equations in 5 unknowns (locally
balanced), but the equations would be singular, regardless of how the egquations corresponding to the flow-
variables are constructed because the information that “ u” is constant is given twice in a slightly different form.

Example 2:
connector Pin
Real v;
flow Real 1i;
end Pin;

partial model TwoPin
Pin p,n;
end TwoPin;

model Capacitor
parameter Real C;
extends TwoPin;

Real u;
equation

0 =p.i+ n.i;

u=p.v - n.v;

C*der (u) = p.i;

end Capacitor;

model Circuit
extends TwoPin;
replaceable TwoPin t;
Capacitor c(C=12);

equation
connect (p, t.p);
connect (t.n, c.p);
connect (c.n, n);

end Circuit;

Sncet is partial we cannot check whether this is a globally balanced model, but we can check that circuit is
locally balanced.

Counting on model circuit resultsin the following balance sheet:
Locally unknown variables (8): p.i, p.v, n.i, n.v,and2flowvariablesfor t (t.p.i, t.n.i)
and 2 flow variablefor ¢ (c.p.i, c.n.i).
Local equations: p.v = t.p.v;
0 = p.i-t.p.1i;
c.p.v = load.n.v;

0 = c.p.i+load.n.i;
n.v = c.n.v;
0 =n.i-c.n.i;

and 2 equation corresponding to the flow variables p.i, n.i

In total we have 8 scalar unknowns and 8 scalar equations, i.e., a locally balanced model (and this feature holds
for any models used for the replaceable component “t”).
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Some more analysis reveals that this local set of equations and unknowns is structurally non-singular. However,
this does not provide any guarantees for the global set of equations, and specific combinations of models that are
“locally non-singular” may lead to a globally non-singular model.]

Example 3:

import SI = Modelica.SIunits;

partial model BaseProperties
"Interface of medium model for all type of media"
parameter Boolean preferredMediumStates=false;
constant Integer nXi "Number of independent mass fractions";

InputAbsolutePressure P
InputSpecificEnthalpy h;
InputMassFraction Xi[nXi];
SI.Temperature T;
SI.Density d;

SI.SpecificInternalEnergy u;

connector InputAbsolutePressure = input SI.AbsolutePressure;
connector InputSpecificEnthalpy = input SI.SpecificEnthalpy;
connector InputMassFraction = input SI.MassFraction;

end BaseProperties;

The use of connector here is a special design pattern. The variables p, h, xi are marked as input to get correct
eguation count. Snce they are connectors they should neither be given binding equations in derived classes nor
when using the model. The design pattern is to give textual equations for them (as below); using connect-
statements for these connectors would be possible (and would work) but is not part of the design.

This partial model defines that T, d,u can be computed from the medium model, provided p, h,xi are given.
Every medium with one or multiple substances and one or multiple phases, including incompressible media, has
the property that T, d, u can be computed from p, h, xi. A particular medium may have different “ independent
variables’ from which all other intrinsic thermodynamic variables can be recursively computed. For example, a
simple air model could be defined as:
model SimpleAir "Medium model of simple air. Independent variables: p,T"
extends BaseProperties(nXi = 0,
p(stateSelect = if preferredMediumStates then StateSelect.prefer
else StateSelect.default),

T (stateSelect = if preferredMediumStates then StateSelect.prefer
else StateSelect.default));

constant SI.SpecificHeatCapacity R = 287;

constant SI.SpecificHeatCapacity cp = 1005.45;

constant SI.Temperature TO = 298.15
equation

d = p/(R*T);

h = cp*(T-TO) ;

u="h - p/d;
end SimpleAir;
The local number of unknowns in model simpleair (after flattening) is:
e 3(T,d,u: variablesdefined in BaseProperties andinherited in SimpleAir), plus
e 2+nXi (p, h, Xi: variables inside connectors defined in BaseProperties and inherited in
SimpleAir)
resulting in 5+nXi unknowns. The local equation sizeis:
e 3 (equations defined in SimpleAir), plus
e 2+nXi (input variablesin the connectorsinherited from BaseProperties)
Therefore, the model islocally balanced.

The generic medium model BaseProperties IS used as a replaceable model in different components, like a
dynamic volume or a fixed boundary condition:

import SI = Modelica.SIunits

connector FluidPort



replaceable model Medium = BaseProperties;

SI.AbsolutePressure p;
flow SI.MassFlowRate m_flow;

SI.SpecificEnthalpy h;
flow SI.EnthalpyFlowRate H flow;

SI.MassFraction Xi [Medium.nXi] "Independent mixture mass fractions";
flow SI.MassFlowRate mXi flow[Medium.nXi] "Independent subst. mass flow rates";
end FluidPort;

model DynamicVolume
parameter SI.Volume V;
replaceable model Medium = BaseProperties;
FluidPort port (redeclare model Medium = Medium) ;

Medium medium (preferredMediumStates=true); // No modifier for p,h,Xi
SI.InternalEnergy U;
SI.Mass M;
SI.Mass MXi [medium.nXi] ;
equation
U = medium.u*M;
M = medium.d*V;
MX1i = medium.Xi*M;
der (U) = port.H flow; // Energy balance
der (M) = port.m _flow; // Mass balance
der (MXi) = port.mXi flow; // Substance mass balance

// Equations binding to medium (inputs)
medium.p = port.p;
medium.h = port.h;
medium.Xi = port.Xi;

end DynamicVolume;

The local number of unknowns of bynamicvolume iS:

e 4+2*nXi (insdethe port connector), plus

e 2+nXi (variablesu, M and MX1i), plus

e 2+nXi (theinput variablesin the connectors of the medium model)
resulting in 8+4*nxi unknowns; thelocal equation sizeis

e 6+3*nXi fromthe equation section, plus

e 2+nXi flowvariablesin the port connector.

Therefore, Dynamicvolume isalocally balanced model.

Note, when the Dynamicvolume is used and the Medium model is redeclared to “ simpleair”, then a tool will
try to select p, T as states, since these variables have stateSelect.prefer in the Simpleair model (this
means that the default states U, M are derived quantities). If this state selection is performed, all intrinsic medium
variables are computed from medium.p and medium. T, although p and h are the input arguments to the
medium model. This demonstrates that in Modelica input/output does not define the computational causality.
Instead, it defines that equations have to be provided here for p, h, Xi, in order that the equation count is correct.
The actual computational causality can be different asit is demonstrated with the simpleair model.
model FixedBoundary pTX
parameter SI.AbsolutePressure p "Predefined boundary pressure";

parameter SI.Temperature T "Predefined boundary temperature";
parameter SI.MassFraction Xi[medium.nXi]

"Predefined boundary mass fraction";
replaceable model Medium = BaseProperties;
FluidPort port (redeclare model Medium = Medium) ;
Medium medium;

equation
port.p = p;
port.H flow = semiLinear (port.m flow, port.h , medium.h);

port.MXi_flow

semiLinear (port.m flow, port.Xi, medium.Xi) ;
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// Equations binding to medium (note: T is not an input).
medium.p = p;
medium.T = T;
medium.Xi = Xi;
end FixedBoundary pTX;
The number of local variables in FixedBoundary pTXis:
e 4+2*nXi (insidetheport connector), plus
e 2+nXi (theinput variablesin the connectors of the medium model)
resulting in 6+3*nX1i unknowns, while the local equation sizeis
e 4+2*nXi fromthe equation section, plus
e 2+nXi flow variablesin the port connector.

Therefore, FixedBoundary pTX is a locally balanced model. The predefined boundary variables p and x1i are
provided via equations to the input arguments medium.p and medium. X1, in addition there is an equation for T
in the same way — even though T is not an input. Depending on the flow direction, either the specific enthalpy in
the port (port . h) or hisused to compute the enthalpy flow rate5_flow. “ h” is provided as binding equation to
the medium. With the equation “medium.T = T”, the specific enthalpy “h” of the reservoir is indirectly
computed via the medium equations. Again, this demonstrates, that an “input” just defines the number of
equations have to be provided, but that it not necessarily defines the computational causality.

]

4.8 Predefined Types

The attributes of the predefined variable types and enumeration types are described below with Modelica syntax
although they are predefined. Redeclaration of any of these types is an error, and the names are reserved such that
it is illegal to declare an element with these names. It is furthermore not possible to combine extends from the
predefined types with other components. The definitions use RealType, IntegerType, BooleanType,
StringType, EnumType as mnemonics corresponding to machine representations. [Hence the only way to
declare a subtype of e.g. Real isto use the extends mechanism.]

4.8.1 Real Type

The following is the predefined Real type:

type Real // Note: Defined with Modelica syntax although predefined

RealType value; // Accessed without dot-notation
parameter StringType gquantity = ",

parameter StringType unit = "" "Unit used in equations";
parameter StringType displayUnit = "" "Default display unit";
parameter RealType min=-Inf, max=+Inf; // Inf denotes a large value
parameter RealType start = 0; // Initial value

parameter BooleanType fixed = true, // default for parameter/constant;
= false; // default for other variables

parameter RealType nominal; // Nominal value
parameter StateSelect stateSelect = StateSelect.default;
equation

assert (value >= min and value <= max, "Variable value out of limit");
assert (nominal >= min and nominal <= max, "Nominal value out of limit");
end Real;

4.8.2 Integer Type

The following is the predefined Integer type:

type Integer // Note: Defined with Modelica syntax although predefined
IntegerType value; // Accessed without dot-notation
parameter StringType quantity = ",
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parameter IntegerType min=-Inf, max=+Inf;

parameter IntegerType start = 0;
parameter BooleanType fixed = true,
= false;
equation

// Initial value
// default for parameter/constant;
// default for other variables

assert (value >= min and value <= max, "Variable value out of limit");

end Integer;

4.8.3 Boolean Type

The following is the predefined Boolean type:

type Boolean // Note: Defined with Modelica syntax although predefined

BooleanType value;
parameter StringType gquantity =
parameter BooleanType start = false;
parameter BooleanType fixed = true,
= false,
end Boolean;

4.8.4 String Type

The following is the predefined String type:

// Accessed without dot-notation

nmn .

// Initial value

// default for parameter/constant;
// default for other variables

type String // Note: Defined with Modelica syntax although predefined

StringType value;

parameter StringType quantity =

parameter StringType start = "";
end String;

4.8.5 Enumeration Types

A declaration of the form

type E = enumeration([enum list]) ;

// Accessed without dot-notation
nmn.

// Initial value

defines an enumeration type E and the associated enumeration literals of the enum-list. This is the only legal use
of the enumeration keyword. The enumeration literals shall be distinct within the enumeration type. The names of
the enumeration literals are defined inside the scope of E. Each enumeration literal in the enum_1ist has type E.

[Example:

type Size = enumeration(small, medium,
Size t_shirt size = Size.medium;

]
An optional comment string can be specified with
[Example:

type Size2 = enumeration(small "1lst",

]

large, xlarge) ;

each enumeration literal:

medium "2nd", large "3rd", xlarge "4th");

An enumeration type is a simple type and the attributes are defined in Section 4.8.5.1. The Boolean type name or
an enumeration type name can be used to specify the dimension range for a dimension in an array declaration and
to specify the range in a for loop range expression. An element of an enumeration type can be accessed in an

expression [€.g. an array index value].

[Example:

type DigitalCurrentChoices = enumeration (zero, one) ;

// Similar to Real, Integer

Setting attributes:
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type DigitalCurrent = DigitalCurrentChoices (quantity="Current",

start = one, fixed = true);
DigitalCurrent c(start = DigitalCurrent.one, fixed = true);
DigitalCurrentChoices c(start = DigitalCurrentChoices.one, fixed = true) ;

Accessing attribute values in expressions:
Real x[DigitalCurrentChoices];
// Example using the type name to represent the range

for e in DigitalCurrentChoices loop

x[e] := 0.;

end loop;

for e loop // Equivalent example using short form
x[e] := 0.;

end loop;

// Equivalent example using the colon range constructor

for e in DigitalCurrentChoices.zero : DigitalCurrentChoices.one loop
x[e] := 0.;
end loop;

model Mixingl "Mixing of multi-substance flows, alternative 1"
replaceable type E=enumeration(:)"Substances in Fluid";
input Real cl[E], c2[E], mdotl, mdot2;
output Real c3[E], mdot3;

equation
0 = mdotl + mdot2 + mdot3;
for e in E loop

0 = mdotl*cl[e] + mdot2*c2[e]+ mdot3*c3[e];

end for;

/* Array operations on enumerations are NOT (yet) possible:
zeros (n) = mdotl*cl + mdot2*c2 + mdot3*c3 // error

*/

end Mixingl;

model Mixing2 "Mixing of multi-substance flows, alternative 2"
replaceable type E=enumeration(:) "Substances in Fluid";
input Real cl[E], c2[E], mdotl, mdot2;
output Real c3[E], mdot3;

protected
// No efficiency loss, since ccl, cc2, cc3
// may be removed during translation

Real ccl([:]1=cl, cc2[:]1=c2, cc3[:]=c3;
final parameter Integer n = size(ccl,l);
equation

0 = mdotl + mdot2 + mdot3;
zeros (n) = mdotl*ccl + mdot2*cc2 + mdot3*cc3
end Mixing2;

]

4.8.5.1 Attributes of Enumeration Types

For each enumeration:

type E=enumeration(el, e2, ..., en);
a new simple type is conceptually defined as

type E // Note: Defined with Modelica syntax although predefined
EnumType value; // Accessed without dot-notation
parameter StringType gquantity = "n,;
parameter EnumType min=el, max=en;
parameter EnumType start = el; // Initial value



parameter BooleanType fixed true, // default for parameter/constant;

false; // default for other variables

constant EnumType el=...;

constant EnumType en=...;
equation

assert (value >= min and value <= max, "Variable value out of limit");
end E;

[Since the attributes and enumeration literals are on the same level, it is not possible to use the enumeration
attribute names (quantity, min, max, start, fixed) as enumeration literals]

4.8.5.2 Type Conversion of Enumeration Values to String or Integer

The type conversion function Integer (E.enumvalue) returns the ordinal number of the enumeration value
E.enumvalue, where Integer(E.el) =1, Integer(E.en) =size(E), for an enumeration type
E=enumeration(el, .., en).

String (E.enumvalue) gives the string representation of the enumeration value. [Example: string (E.Small)
gives"small".]

See also Section 3.7.1.

4.8.6 Attributes start, fixed, and nominal

The attributes start and fixed define the initial conditions for a variable. “fixed=false” means an initial
guess, i.e., value may be changed by static analyzer. “fixed=true” means a required value. The resulting
consistent set of values for ALL model variables is used as initial values for the analysis to be performed.

The attribute nominal gives the nominal value for the variable. The user need not set it even though the
standard does not define a default value. [The nominal value can be used by an analysis tool to determine
appropriate tolerances or epsilons, or may be used for scaling. For example, the absolute tolerance for an
integrator could be computed as “ absTol=abs (nominal) *relTol/100” . A default value is not provided in
order that in cases such as “a=b”, where “b” has a nominal value but not “a”, the nominal value can be
propagated to the other variable).] [For external functions in C89, RealType by default maps to double and
IntegerType by default maps to int. In the mapping proposed in Annex F of the C99 standard,
RealType/double matches the IEC 60559:1989 (ANS/IEEE 754-1985) double format. Typically
IntegerType representsa 32-bit 2-complement signed integer.]

4.8.7 Other Predefined Types

48.7.1 StateSelect

The predefined stateSelect enumeration type is the type of the stateSelect attribute of the Real type. It is
used to explicitly control state selection.

type StateSelect = enumeration (
never "Do not use as state at all.",
avoid "Use as state, if it cannot be avoided (but only if variable appears
differentiated and no other potential state with attribute
default, prefer, or always can be selected).",
default "Use as state if appropriate, but only if variable appears
differentiated.",
prefer "Prefer it as state over those having the default value
(also variables can be selected, which do not appear
differentiated). ",
always "Do use it as a state."

)i
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4.8.7.2 ExternalObject

See Section 12.9.7 for information about the predefined type ExternalObject.

4.8.7.3 Graphical Annotation Types

A number of “predefined” record types and enumeration types for graphical annotations are described in Chapter
17. These types are not predefined in the usual sense since they cannot be referenced in ordinary Modelica code,
only within annotations.



Chapter 5

Scoping, Name Lookup, and Flattening

This chapter describes the scope rules, and most of the name lookup and flattening of Modelica.

5.1 Flattening Context

Flattening is made in a context which consists of a modification environment (Section 7.2.2) and an ordered set of
enclosing classes.

5.2 Enclosing Classes

The classes lexically enclosing an element form an ordered set of enclosing classes. A class defined inside another
class definition (the enclosing class) precedes its enclosing class definition in this set.

Enclosing all class definitions is an unnamed enclosing class that contains all top-level class definitions, and
not-yet read classes defined externally as described in Section 13.2.2. The order of top-level class definitions in
the unnamed enclosing class is undefined.

During flattening, the enclosing class of an element being flattened is a partially flattened class. [For example,
this means that a declaration can refer to a name inherited through an extends-clause.]

[Example:

class C1 ... end C1;
class C2 ... end C2;
class C3

Real x=3;

Cl y;

class C4

Real z;

end C4;

end C3;

The unnamed enclosing class of class definition C3 contains C1, C2, and C3 in arbitrary order. When flattening
class definition C3, the set of enclosing classes of the declaration of x is the partially flattened class C3 followed
by the unnamed enclosing class with C1, C2, and C3. The set of enclosing classes of zis C4, C3 and the unnamed
enclosing classin that order.]

5.3 Static Name Lookup

Names are looked up at class flattening to find names of base classes, component types, etc. Implicitly defined
names of record constructor functions are ignored during type name lookup [since a record and the implicitly
created record constructor function, see Section 12.6, have the same name]. Names of record classes are ignored
during function name lookup.
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5.3.1 Simple Name Lookup

For a simple name [not composed using dot-notation] lookup is performed as follows:

e First look for implicitly declared iteration variables if inside the body of a for-loop, Section 8.3.2 and
Section 11.2.2, or if inside the body of a reduction expression, Section 10.3.4.

e When an element, equation, or section is flattened, any name is looked up sequentially in each member of
the ordered set of enclosing classes until a match is found or an enclosing class is encapsulated. In the latter
case the lookup stops except for the predefined types, functions and operators defined in this specification.
For these cases the lookup continues in the global scope, where they are defined. [E.g. abs is searched
upwards in the hierarchy as usual. If an encapsulated boundary is reached, abs is searched in the global
scope instead. The operator abs cannot be redefined in the global scope, because an existing class cannot
be redefined at the same level .]

Reference to variables successfully looked up in an enclosing class is only allowed for variables declared as
| constant. HThe values of modifiers are thus resolved in the scope of which the modifier appears: if the use is in a
modifier on a short class definition, see Section 4.5.1.

[Example:

package A
constant Real x=2;
model B
Real x;
function foo
output Real y
algorithm y:=x; // Illegal since reference to non-constant x in B.

]

This lookup in each scope is performed as follows

e Among declared named elements (class definition and component declaration) of the class
(including elements inherited from base-classes).

e Among the import names of qualified import statements in the lexical scope. The import name of import
A.B.C;is C and the import name of import D=A.B.C; is D.

e Among the public members of packages imported via unqualified import-statements in the lexical scope. It
is an error if this step produces matches from several unqualified imports.

[Note, that import statements defined in inherited classes are ignored for the lookup, i.e. import statements are not
inherited.]

5.3.2 Composite Name Lookup

For a composite name of the form A.B [0or A.B. C, etc.] lookup is performed as follows:

e The first identifier [A] is looked up as defined above.

o If the first identifier denotes a component, the rest of the name [e.g., B or B.C] is looked up among the
declared named component elements of the component.

e If the identifier denotes a class, that class is temporarily flattened with an empty environment (i.e. no
modifiers, see Section 7.2.2) and using the enclosing classes of the denoted class. The rest of the name [e.g.,
B or B.C] is looked up among the declared named elements of the temporary flattened class. If the class
does not satisfy the requirements for a package, the lookup is restricted to encapsulated elements only. The
class we look inside may not be partial in a simulation model.

[The temporary class flattening performed for composite names follow the same rules as class flattening of the
base class in an extends-clause, local classes and the type in a component clause, except that the environment is
empty. See also MoistAir2 example in Section 7.3 for further explanations regarding looking inside partial
packages.]



5.3.3 Lookup of Imported Names

See Section 13.2.1.1.

54 Instance Hierarchy Name Lookup of Inner Declarations

An element declared with the prefix outer references an element instance with the same name but using the
prefix inner which is nearest in the enclosing instance hierarchy of the outer element declaration.

There shall exist at least one corresponding inner element declaration for an outer element reference in a
simulation model. [Inner/outer components may be used to model simple fields, where some physical quantities,
such as gravity vector, environment temperature or environment pressure, are accessible from all components in
a specific model hierarchy. Inner components are accessi ble throughout the model, if they are not * shadowed” by
a corresponding non-inner declaration in a nested level of the model hierarchy.]

[Smple Example:

class A
outer Real TO;

end A;

class B
inner Real TO;
A al, a2; // B.TO, B.al.T0O and B.a2.T0 is the same variable

end B;
More complicated example:

class A
outer Real TI;
class B
Real TI;
class C
Real TI;
class D
outer Real TI; //
end D;
D d;
end C;
C c;
end B;
B b;
end A;

class E
inner Real TI;
class F
inner Real TI;
class G
Real TI;
class H
A a;
end H;
H h;
end G;
G g;
end F;
F £;
end E;

class I
inner Real TI;
E e;
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// e.f.g.h.a.TI, e.f.g.h.a.b.c.d.TI, and e.f.TI is the same variable
// But e.f.TI, e.TI and TI are different variables

A a; // a.TI, a.b.c.d.TI, and TI is the same variable
end I;

]

The inner component shall be a subtype of the corresponding outer component. [If the two types are not identical,
the type of the inner component defines the instance and the outer component references just part of the inner
component].

[Example:

class A
inner Real TI;
class B
outer Integer TI; // error, since A.TI is no subtype of A.B.TI
end B;
end A;

]

5.4.1 Example of Field Functions using Inner/Outer

[Inner declarations can be used to define field functions, such as position dependent gravity fields, e.g.:

partial function A
input Real u;
output Real y;

end A;

function B // B is a subtype of A
extends A;

algorithm

end B;

class D
outer function fc = A;

equation
y = fc(u);
end D;

class C
inner function fc = B; // define function to be actually used

— d; // The equation

—— is now treated as y = £eB(u)- function B isused-
—end b+

end C;

55 Simultaneous Inner/Outer Declarations

An element declared with both the prefixes inner and outer conceptually introduces two declarations with the
same name: one that follow the above rules for inner and another that follow the rules for outer. [Local references
for elements with both the prefix inner and outer references the outer element. That in turn references the
corresponding element in an enclosing scope with the prefix inner.]
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Outer element declarations may only have modifications [including declaration equations] if they also have
the inner prefix. Those modifications are only applied to the inner declaration.

[Example:

class A
outer parameter Real p=2; // error, since modification
end A;

Intent of the following example: Propagate enabled through the hierarchy, and also be able to disable
subsystems locally.
model ConditionalIntegrator "Simple differential equation if isEnabled"
outer Boolean isEnabled;
Real x(start=1);
equation
der (x)=1if isEnabled then -x else O0;
end ConditionalIntegrator;

model SubSystem "subsystem that 'enable' its conditional integrators"
Boolean enableMe = time<=1;
// Set inner isEnabled to outer isEnabled and enableMe
inner outer Boolean isEnabled = isEnabled and enableMe;
ConditionalIntegrator conditionalIntegrator;
ConditionalIntegrator conditionalIntegrator2;

end SubSystem;

model System
SubSystem subSystem;
inner Boolean isEnabled = time>=0.5;
// subSystem.conditionallntegrator.isEnabled will be
// 'isEnabled and subSystem.enableMe'
end System;

]

5.6 Flattening Process

In order to guarantee that elements can be used before they are declared and that elements do not depend on the
order of their declaration (Section 4.3) in the enclosing class, the flattening proceeds in the following three steps,
described in Section 5.6.1, Section 5.6.2, and Section 5.6.3, respectively.

5.6.1 Partial Flattening

First the names of declared local classes and components are found. Here modifiers are merged to the local
elements and redeclarations take effect. Then base-classes are looked up, flattened and inserted into the class. The
lookup of the base-classes should be independent of the order in which they are handled, and a name used for a
base-class may not be inherited from any base-class.

[The lookup of the names of extended classes should give the same result before and after flattening the extends-
clauses. One should not find any element used during this flattening by lookup through the extends-clauses. It
should be possible to flatten all extends-clauses in a class before inserting the result of flattening. Local classes
used for extends should be possible to flatten before inserting the result of flattening the extends-clauses.]

5.6.2 Flattening

Partially flatten the class, apply the modifiers (Section 7.2) and flatten all local elements.
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5.6.3 Check of Flattening

Check that duplicate elements [due to multiple inheritance] are identical after flattening.









61

Chapter 6

Interface or Type Relationships

A class or component, e.g. denoted A, can in some cases be used at a location designed for another class or
component, e.g. denoted B. In Modelica this is the case for replaceable classes (see Section 7.3) and for
inner/outer elements (see Section 5.4). Replaceable classes are the primary mechanism to create very flexible
models. In this chapter, the precise rules are defined when A can be used at a location designed for B. The
restrictions are defined in terms of compatibility rules (Sections 6.3 and 6.4) between “interfaces” (Section 6.1);
this can also be viewed as sub-typing (Section 6.1).

In this chapter, two kinds of terminology is used for identical concepts to get better understanding [e.g. by both
engineers and computer scientists]. A short summary of the terms is given in the following table. The details are
defined in the rest of this chapter.

term description

type or The “essential” part of the public declaration sections of a class that is
interface needed to decide whether A can be used instead of B [E.Q. a declaration
“Real x"_ispart of the type, also called interface, but “ import A” is
not].

The “essential” part of the public and protected declaration sections of a
class that is needed to decide whether A can be used instead of B. The
class type , also called inheritance interface, is needed when inheritance
takes place, since then the protected declarations have to be taken into
account.

A is a subtype of B, or equivalently, the interface of A is compatible to
the interface of B, if the “essential” part of the public declaration
sections of B is also available in A [E.g., if B hasa declaration “ Real
x", this declaration must also be present in A. If A has a declaration
“Real y", this declaration must not be present in B].

A is a restricted subtype of B, or equivalently, the interface of A is plug
compatible to the interface of B, if A is a subtype of B and if connector
components in A that are not in B, are default connectable. [E.g. it is not
allowed that these connectors have variables with the “ input” prefix,
because then they must be connected.] A model or block A cannot be
used instead of B, if the particular situation does not allow to make a
connection to these additional connectors. In such a case the stricter
“plug compatible” is required for a redeclaration.

class type or
inheritance interface

subtype or
compatible interface

restricted subtype or
plug compatible interface

function subtype or
function compatible
interface

A is a function subtype of B, or equivalently, the interface of A is
function compatible to the interface of B, if A is a subtype of B and if
the additional arguments of function A that are not in function B are
defined in such a way, that A can be called at places where B is called.
[E.g. an additional argument must have a default value.]
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6.1 The Concepts of Type, Interface and Subtype

A type can conceptually be viewed as a set of values. When we say that the variable x has the type Real, we mean
that the value of x belongs to the set of values represented by the type Real i.e., roughly the set of floating point
numbers representable by Real, for the moment ignoring the fact that Real is also viewed as a class with certain
attributes. Analogously, the variable b having Boolean type means that the value of b belongs to the set of values
{false, true}. The built-in types Real, Integer, String, Boolean are considered to be distinct types.

The subtype relation between types is analogous to the subset relation between sets. A type A1 being a subtype
of type A means that the set of values corresponding to type Al is a subset of the set of values corresponding to
type A.

The type Integer is not a subtype of Real in Modelica even though the set of primitive integer values is a

| subset of the primitive real values since there are some attributes of Real that are not part of Integer (Section
4.8).

The concept of interface as defined in Section 6.2 and used in this document is equivalent to the notion of type
based on sets in the following sense:

An element is characterized by its interface defined by some attributes (Section 6.2). The type of the element is
the set of values having the same interface, i.e. the same attributes.

A subtype A1 in relation to another type A, means that the elements of the set corresponding to Al is a subset
of the set corresponding to A, characterized by the elements of that subset having additional properties.

[Example:

ArecordR: record R Boolean b; Real x; end R;

Another record called R2: R2 Boolean b; Real x; Real y; end R2;

Aninstancer: R r;

Aninstancer2: R r2;

Thetype r of r can be viewed as the set of all record values having the attributes defined by the interface of
R, €. the infinite set {R (b=false,x=1.2), R(b=false, x=3.4), R(b=true, x=1.2), R(b=true, x=1.2,
y=2), R(b=true,x=1.2, a=2),...). Thestatement that r has the type (or interface) R means that the value
of r belongsto thisinfinite set.

The type r2 is a subtype of r since its instances fulfill the additional property of having the component real
y; inall itsvalues.]

Type R: Records with at least
components named x and b

instance r .
R2: Records with at least

components x, b,y

instance r2

Figure 6-1. Thetype R can be defined as the set of record values containing x and b. The subtype R2 is the subset
of values that all contain x, b, andy.

6.2 Interface or Type

Based on a flattened class or component we can construct an interface for that flattened class or component. The
interface or type [the terms interface and type are equivalent and can be used interchangeably] is defined as the
following information about the flattened element itself:

e Whether it is replaceable or not.
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e Whether the class itself or the class of the component is transitively non-replaceable (Section 6.2.1), and if
not, the reference to replaceable class it refers to.

e Whether it is a component or a class.

e For each named public element of the class or component (including both local and inherited named
elements) a tuple comprised of:

o Name of the element.

o Interface or type of the element. This might have been modified by modifiers and is thus not
necessarily identical to the interface of the original declaration.
e Additional information/attributes about the element:
o The flow-attribute or st ream-prefix.
Declared variability (constant, parameter, discrete).
The attributesprefixes input and output.
The attributesprefixes inner and/or outer.-
Whether the declaration is final, and in that case its semantics contents.
Array sizes (if any).
Condition of conditional components (if any).
Which kind of specialized class.
For an enumeration type or component of enumeration type the names of the enumeration literals
in order.
o Whether it is a built-in type and the built-in type (RealType, IntegerType, StringType Or
BooleanType).

The corresponding constraining interface is constructed based on the constraining type (Section 7.3.2) of the
declaration (if replaceable — otherwise same as actual type) and with the constraining interface for the named
elements.

In a class all references to elements of that class should be limited to their constraining interface (i.e. only
public elements and if the declaration is replaceable limited to the constraining interface).

[The public interface does not contain all of the information about the class or component. When using a class
as a base-class we also need protected elements, and for internal type-checking we need e.g. import-elements.
However, the information is sufficient for checking compatibility and for using the class to flatten components.]

O 0O 0O O 0O 0 0O

6.2.1 Transitively non-Replaceable

[In several cases it is important that no new elements can be added to the interface of a class, especially
considering short class definitions. Such classes are defined as transitively non-replaceable.]

A class reference is transitively non-replaceable iff (i.e. “if and only if”):
e [fthe class definition is long it is transitively non-replaceable if not declared replaceable.

e [fthe class definition is short (i.e. ‘class A=P.B’) it is transitively non-replaceable if it non-replaceable
and equal to class reference (“P.B”) that is transitively non-replaceable.

[According to section 7.1.4, for a hierarchical name all parts of the name must be transitively non-replaceable,
i.e.in"extends A.B.C' thisimpliesthat a.B.c must be transitively non-replaceable, as well as a and a. B,
with the exception of the “ class extends redeclaration mechanism” see section 7.3.1]

6.2.2 Inheritance Interface or Class Type

For inheritance the interface also must include protected elements; this is the only change compared to above.

Based on a flattened class we can construct an inheritance interface or class type for that flattened class. The
inheritance interface or class type is defined as the following information about the flattened element itself:

e Whether it is replaceable or not.
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6.3

Whether the class itself or the class of the component is transitively non-replaceable (Section 6.2.1), and if
not the reference to replaceable class it refers to.
For each named element of the class (including both local and inherited named elements) a tuple comprised
of:

Name of the element.

o  Whether the element is component or a class.

For elements that are classes: Inheritance interface or class type of the element. This might have
been modified by modifiers and is thus not necessarily identical to the interface of the original
declaration.

o For clements that are components: interface or type of the element. This might have been
modified by modifiers and is thus not necessarily identical to the interface of the original
declaration.

Additional information/attributes about the element:

o The flow-attribute or st ream-prefix.

Declared variability (constant, parameter, discrete).
The attributesprefixes input and output.
The attributesprefixes inner and/or outer.-
Whether the declaration is f£inal, and in that case its semantics contents.
Array sizes (if any).
Condition of conditional components (if any).
Which kind of specialized class.
For an enumeration type or component of enumeration type the names of the enumeration literals
in order.
Whether it is a built-in type and the built-in type (RealType, IntegerType, StringType Or
BooleanType).

0O 0O 0O OO0 O0O O0OOo

o)

o Visibility (public or protected).

Interface Compatibility or Subtyping

An interface of a class or component A is compatible with an interface of a class or component B (or the
constraining interface of B), or equivalently that the type of A is subtype of the type of B, iff [intuitively all
important elements of B must be present in J:

A is a class if and only if B is a class (and thus: A is a component if and only if B is a component).
If B is not replaceable then A may not be replaceable.
If B is transitively non-replaceable then A must be transitively non-replaceable (Section 6.2.1). For all
elements of the inheritance interface of B there must exist a compatible element with the same name and
visibility in the inheritance interface of A. The interface of A may not contain any other elements. [We
might even extend this to say that A and B should have the same contents, as in the additional restrictions
below.]
If B is replaceable then for all elements of the component interface of B there must exist a plug-compatible
element with the same name in the component interface of A.
If B is neither transitively non-replaceable nor replaceable then A must be linked to the same class, and for
all elements of the component interface of B there must thus exist a plug-compatible element with the same
name in the component interface of A.
Additional restrictions on the additional information. These elements should either match or have a natural
total order:

o IfBis anon-replaceable long class definition A must also be a long class definition.

o The flow-attributeor st ream-prefix should be matched for compatibility.

o Variability is ordered constant< parameter< discrete< (no prefix: continuous-time for Real), and

A is only compatible with B if the declared variability in A is less than or equal the variability in
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B. For a redeclaration of an element the variability attributeprefix is as default inherited by the |
redeclaration (i.e. no need to repeat ‘ parameter’ when redeclaring a parameter).

o The input and output attributesprefixes must be matched. This ensures that the rules regarding |
inputs/outputs for matching connectors and (non-connector inputs) are preserved, as well as the
restriction on blocks. For a redeclaration of an element the input or output attributeprefix is |
inherited fromthe original declaration.

o The inner and/or outer attributesprefixes should be matched. For a redeclaration of an element
the inner and/or outer attributesprefixes are inherited from the original declaration (since it is
not possible to have inner and/or outer attributesonas part of a redeclare).

o If B is final A must also be final and have the same semantic contents.

o The number of array dimensions in A and B must be matched. Furthermore the following must
be valid for each array dimension: either the array size in B is unspecified (“:””) or the content of
the array dimension in A is identical to the one in B.

o Conditional components are only compatible with conditional components. The conditions must

have equivalent contents (similar as array sizes — except there is no “:” for conditional
components). For a redeclaration of an element the conditional part is inherited from the
original.

o A function class is only compatible with a function class, a package class only compatible with a
package class, a connector class only with a connector class, a model or block class only
compatible with a model or block class, and a type or record class only compatible with a type or
record class.

o If B is an enumeration type A must also be an enumeration type and vice versa. If B is an
enumeration type not defined as (:) then A must have the same enumeration literals in the same
order.

o If B is a built-in type then A must also be of the same built-in type and vice versa.

Plug-compatibility is a further restriction of compatibility (subtyping) defined in Section 6.4, and further restricted
for functions, see Section 6.5. For a replaceable declaration or modifier the default class must be compatible with
the constraining class.

For a modifier the following must apply:

e The modified element should exist in the element being modified.

e The modifier should be compatible with the element being modified, and in most cases also plug-
compatible, Section 6.4.

[If the original constraining flat class is legal (no references to unknown elements and no illegal use of
class/component), and modifiers legal as above — then the resulting flat class will be legal (no references to
unknown elements and no illegal use of class/component and compatible with original constraining class) and
references refer to similar entities.]

6.4 Plug-Compatibility or Restricted Subtyping

[If a sub-component is redeclared, see Section 7.3, it isimpossible to connect to any new connector. A connector
with input attributeprefix must be connected to, and since one cannot connect across hierarchies, one should not |
be allowed to introduce such a connector at a level where a connection is not possible. Therefore all public
components present in the interface A that are not present in B must be connected by default.]

Definition 5: Plug-compatibility (= restricted subtyping)

An interface A is plug-compatible with (a restricted subtype of) an interface B (or the constraining interface of
B) iff:

e A is compatible with (subtype of) B.

e All public components present in A but not in B must be default-connectable (as defined below).
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Definition 6: Default connectable

A component of an interface is default-connectable iff:

e All of its components are default connectable.

e A connector component must not be an input. [Otherwise a connection to the input will be missing.]

e A connector component must not be of an expandable connector class. [The expandable connector does
potentially have inputs.]

e A parameter, constant, or non-connector input must either have a binding equation or all of its sub-
components must have binding equations.

Based on the above definitions, there are the following restrictions:

o A redeclaration of an inherited top-level component must be compatible with (subtype of) the constraining
interface of the element being redeclared.

¢ In all other cases redeclarations must be plug-compatible with the constraining interface of the element
being redeclared.

[The reason for the difference is that for an inherited top-level component it is possible to connect to the
additional connectors, either in thisclassor in a derived class.

Example:

partial model TwoFlanges
Modelica.Mechanics.Rotational.Interfaces.Flange a flange a;
Modelica.Mechanics.Rotational.Interfaces.Flange b flange b;
end TwoFlanges;

partial model FrictionElement
extends TwoFlanges;

end FrictionElement;

model Clutch "compatible - but not plug-compatible with FrictionElement"
Modelica.Blocks.Interfaces.RealInput pressure;
extends FrictionElement;

end Clutch;

model DriveLineBase

extends TwoFlanges;

Inertia J1;

replaceable FrictionElement friction;
equation

connect (flange a, Jl.flange a);

connect (J1.flange b, friction.flange a);

connect (friction.flange b, flange b);
end DriveLineBase;

model DriveLine
extends DrivelLineBase (redeclare Clutch friction) ;
Constant const;
equation
connect (const.y, frition.pressure) ;
// Legal connection to new input connector.
end DrivelLine;

model UseDriveLine "illegal model"
DrivelLineBase base (redeclare Clutch friction) ;
// Cannot connect to friction.pressure

end UseDriveLine;

If a subcomponent is redeclared, it isimpossible to connect to any new connector. Thus any new connectors must
work without being connected, i.e., the default connection of flow-variables. That fails for inputs (and expandable
connectors may contain inputs). For parameters and non-connector inputs it would be possible to provide
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bindings in a derived class, but that would require hierarchical modifiers and it would be bad modeling practice
that a hierarchical modifier must be used in order to make a model valid. A replaceable class might be used as the
class for a sub-component, therefore plug-compatibility is required not only for replaceable sub-components, but
also for replaceable classes.]

6.5 Function-Compatibility or Function-Subtyping for Functions

[Functions may be called with either named or positional arguments, and thus both the name and order is
significant. If a function is redeclared, see Section 7.3, any new arguments must have defaults (and be at the end)
in order to preserve the meaning of existing calls.]

Definition 7: Function-Compatibility or Function-Subtyping for Functions

A function class A is function-compatible with or a function subtype of function class B iff, [The terms

function-compatible and function subtype of are synonyms and used interchangeably]:

e A is compatible to (subtype of) B.

e All public input components of B have correspondingly named public input components of A in the same
order and preceding any additional public input components of A.

e All public output components of B have correspondingly named public output components of A in the same
order and preceding any additional public output components of A.

e A public input component of A must have a binding assignment if the corresponding named element has a
binding assignment in B.

e A public input component of A not present in B must have a binding assignment.

Based on the above definition the following restriction holds:
e The interface of a redeclared function must be function-compatible with or a function subtype of the
constraining interface of the function being redeclared.

[Example: Demonstrating a redeclaration using a function-compatible function

function GravityInterface
input Modelica.SIunits.Position position[3];
output Modelica.SIunits.Acceleration acceleration[3];
end GravityInterface;

function PointMassGravity

extends GravityInterface;

input Modelica.SIunits.Mass m;
algorithm

acceleration:= -Modelica.Constants.g*m*position/ (position*position)”*1.5;
end PointMassGravity;

model Body
Modelica.Mechanics.MultiBody.Interface.Frame a frame a;
replaceable function gravity=GravityInterface;

equation
frame a.f = gravity(frame a.r0); // or gravity(position=frame a.r0);
frame a.t = zeros(3);

end Body;

model PlanetSimulation
function sunGravity = PointMassGravity (m=2e30) ;
Body planetl (redeclare function gravity=sunGravity) ;
Body planet2 (redeclare function gravity=PointMassGravity (m=2e30)) ;

end PlanetSimulation;

Note: PointMassGravity is not function-compatible with GravityInterface (no default for m), but
sunGravity inside PlanetSimulation isfunction-compatible with GravityInterface.]
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6.6

Type Compatible Expressions

Certain expressions consist of an operator applied to two or more type compatible sub-expressions (A and B),
including binary operators, e.g. A + B, if-expressions, e.g. if x then A else B, and array expressions, e.g.
{n,B}. The resulting type of the expression in case of two type compatible subexpressions A and B is defined as
follows:

If A is a record-expression B must also be a record-expression with the same named elements. The type
compatible expression is a record comprised of named elements that are compatible with the corresponding
named elements of both A and B.

If A is an array expression then B must also be an array expression, and ndims(A)=ndims(B). The type
compatible expression an array expression with elements compatible with the elements of both A and B. If
both size(A) and size(B) are known and size(A)=size(B) then this defines the size of the type
compatible expression, otherwise the size of the expression is not known until the expression is about to be
evaluated. In case of an if-expression the size of the type compatible expression is defined based on the
branch selected, and for other cases size(A)=size(B) must hold at this point..

If A is a scalar expression of a simple type B must also be a scalar expression of a simple type.

If A is a Real expression then B must be a Real or Integer expression and the type compatible expression is
Real.

If A is an Integer expression then B must be a Real or Integer expression and the type compatible
expression is Real or Integer (same as B).

If A is a Boolean expression then B must be a Boolean expression and the type compatible expression is
Boolean.

If A is a String expression then B must be a String expression and the type compatible expression is String

If A is an enumeration expression then B must be a enumeration expression and the type compatible
expression is enumeration expression, and all enumeration expressions must be defined in terms of an
enumeration type with the same enumeration literals in the same order.



Chapter 7

Inheritance, Modification, and Redeclaration

One of the major benefits of object-orientation is the ability to extend the behavior and properties of an existing
class. The original class, known as the base class, is extended to create a more specialized version of that class,
known as the derived class or subclass. In this process, the data and behavior of the original class in the form of
variable declarations, equations, and certain other contents are reused, or inherited, by the subclass. In fact, the
inherited contents is copied from the superclass into the subclass, but before copying certain operations, such as
type expansion, checking, and modification, are performed on the inherited contents when appropriate. This
chapter describes the inheritance concept in Modelica, together with the related concepts modification and
redeclaration.

7.1 Inheritance—Extends Clause

The extends-clause is used to specify inheritance from a base class into an (enclosing) class containing the
extends-clause. The syntax of the extends-clause is as follows:
extends_clause :

extends name [ class modification ] [annotation]

The name of the base class is looked up in the partially flattened enclosing class (Section 5.2) of the extends-
clause. The found base class is flattened with a new environment and the partially flattened enclosing class of the
extends-clause. The new environment is the result of merging

e arguments of all enclosing class environments that match names in the flattened base class
e the optional class modification of the extends-clause

in that order.

[Examples of the three rules are given in the following example:

class A
parameter Real a, b;
end A;

class B
extends A (b=2); // Rule #2
end B;

class C
extends B(a=1); // Rule #1
end C;

]

The elements of the flattened base class become elements of the flattened enclosing class [e.g., including equation
sections and algorithm sections, but excluding import-clauses].

[From the exampl e above we get the following flattened class:
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class Cinstance
parameter Real a=1;
parameter Real b=2;
end Cinstance;

The ordering of the merging rules ensures that, given classes A and B defined above,

class C2
B bcomp (b=3) ;
end C2;

yields an instance with bcomp . b=3, which overridesb=2.]
The declaration elements of the flattened base class shall either

¢ Not already exist in the partially flattened enclosing class [i.e., have different names] .

e The new element is a long form of redeclare or uses the ‘class extends A’ syntax, see Section 7.3.

e Be exactly identical to any element of the flattened enclosing class with the same name and the same level
of protection (public or protected) and same contents. In this case, one of the elements is ignored (since they
are identical it does not matter which one).

Otherwise the model is incorrect.

Equations of the flattened base class that are syntactically equivalent to equations in the flattened enclosing class
are discarded. [Note: equations that are mathematically equivalent but not syntactically equivalent are not
discarded, hence yield an overdetermined system of equations.]

7.1.1  Multiple Inheritance

Multiple inheritance is possible since multiple extends-clauses can be present in a class.

7.1.2 Inheritance of Protected and Public Elements

If an extends-clause is used under the protected heading, all elements of the base class become protected
elements of the current class. If an extends-clause is a public element, all elements of the base class are inherited
with their own protection. The eventual headings protected and public from the base class do not affect the
consequent elements of the current class (i.e., headings protected and public are not inherited).

7.1.3 Restrictions on the Kind of Base Class

Since specialized classes of different kinds have different properties, see Section 4.6, only specialized classes that
are “in some sense compatible” to each other can be derived from each other via inheritance. The following table
shows which kind of specialized class can be used in an extends clauses of another kind of specialized class (the
“grey” cells mark the few exceptional cases, where a specialized class can be derived from a specialized class of
another kind):

Eocotloss
package yes
funetion yes
type yes
record

§
dilil
il
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Base Class
Derived Class | package | operator | function | operator | type | record | connector | block | model
function
package yes
operator yes
function yes
operator function yes yes
type yes
record yes
connector yes | yes yes
block yes yes
model yes yes yes

The specialized classes package, operator, function, type and record can only be derived from their own
kind [(e.g. a package can only be base class for packages. All other kinds of classes can use the import statement
to use the contents of a package)].

[Examples:

record RecordA

end RecordA;

package PackageA

end PackageAl;

package PackageB
extends PackageA;

end PackageB;

model ModelA

// fine

extends Recordd; // fine

end Modell;

model ModelB
extends PackageA;
end ModelB;

]

// error,

inheritance not allowed

7.1.4 Restrictions on Base Classes and Constraining Types to be Transitively
Non-Replaceable

The class name used after extends for base-classes and for constraining classes must use a class reference
considered transitively non-replaceable, i.e. there are no replaceable elements in the referenced class, or any of its
base classes or constraining types transitively at any level, see definition in Section 6.2.1.- [This formulation
excludes the long form of redeclare, i.e. ‘redeclare model extends M. where M must be an inherited
replaceable class.] For a replaceable component declaration without constraining clause the class must use a class
reference considered transitively non-replaceable. [This implies that constraining classes are always transitively
non-replaceable — both if explicitly given or implicitly by the declaration.]
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7.2 Modifications

There are three kinds of constructs in the Modelica language in which modifications can occur:

e Variable declarations.
e Short class declarations.
e FExtends-clauses.

A modifier modifies one or more declarations from an inherited class by changing some aspect(s) of the inherited
declarations. The most common kind of modifier just changes the default value or the start value in a binding
equation.

[Example: Modifying the default start value of thealtitude variable:

Real altitude(start= 59404) ;

]

A more dramatic change is to modify the type and/or the prefixes and possibly the dimension sizes of a declared
element. This kind of modification is called a redeclaration (Section 7.3) and requires the special keyword
redeclare to be used in the modifier in order to reduce the risk for accidental modeling errors. In most cases a
declaration that can be redeclared must include the prefix replaceable (Section 7.3). The modifier value (and
class for redeclarations) is found in the context in which the modifier occurs, see also section 5.3.1.

[Example: Scope for modifiers

model B

parameter Real X;

package Medium=Modelica.Media.PartialMedium;
end B;

model C
parameter Real x=2;
package Medium=Modelica.Media.PartialMedium;
B b(x=x, redeclare package Medium=Medium) ;
// The ‘x’ and ‘Medium’ being modified are declared in the model B.
// The modifiers ‘=x’ and ‘=Medium’ are found in the model C.
end C;

model D
parameter Real x=3;
package Medium=Modelica.Media.PartialMedium;
C c(b(x=x, redeclare package Medium=Medium)) ;
// The ‘x’ and ‘Medium’ being modified are declared in the model B.
// The modifiers ‘=x’ and ‘=Medium’ are found in the model D.
end D;

1

7.2.1 Syntax of Modifications and Redeclarations

The syntax is as follows:

modification
class _modification [ "=" expression ]
| "=" expression
| ":=" expression

class _modification
"(" [ argument list ] ")"

argument_list
argument { "," argument }

argument



element modification or replaceable
| element redeclaration

element _modification_or_replaceable:
[ each ] [ final ] ( element modification | element replaceable)

element modification
component reference [ modification ] string comment

element redeclaration
redeclare [ each ] [ final ]
( ( class definition | component clausel) | element replaceable )

element replaceable:
replaceable ( class definition | component clausel)
[constraining clause]

component clausel
type_prefix type specifier component declarationl

component declarationl
declaration comment

7.2.2 Modification Environment

The modification environment contains arguments which modify elements of the class (e.g., parameter changes).
The modification environment is built by merging class modifications, where outer modifications override inner
modifications. [Note: this should not be confused with inner outer prefixes described in Section 5.4]

7.2.3 Merging of Modifications

Merging of modifiers means that outer modifiers override inner modifiers. The merging is hierarchical, and a
value for an entire non-simple overrides value modifiers for all components, and it is an error if this overrides a
final attributeprefix for a component. When merging modifiers each modification keeps its own each-
attributeprefix.

[The following larger example demonstrates several aspects:

class C1
class C1l1
parameter Real x;
end Cl11;
end C1;
class C2
class C21

end C21;
end C2;
class C3
extends C1;
Cll t(x=3); // ok, Cl1l has been inherited from C1
C21 u; // ok, even though C21 is inherited below
extends C2;
end C3;

The modification environment of the declaration of t is (x=3). The modification environment is built by merging
class modifications, as shown by:

class C1

parameter Real a;
end C1;
class C2

parameter Real b,c;
end C2;
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class C3
parameter Real x1; // No default wvalue
parameter Real X2 = 2; // Default value 2
parameter Cl x3; // No default value for x3.a
parameter C2 x4 (b=4) ; // x4.b has default value 4
parameter Cl x5 (a=5) ; // x5.a has default value 5
extends C1; // No default value for inherited element a
extends C2 (b=6,c=77) ; // Inherited b has default value 6
end C3;
class C4
extends C3 (x2=22, x3(a=33), x4(c=44), x5=x3, a=55, b=66);
end C4;

Outer modifications override inner modifications, e.g., b=66 overrides the nested class modification of extends
2 (b=6). Thisis known as merging of modifications: merge ( (b=66), (b=6)) becomes (b=66).

A flattening of class c4 will give an object with the following variables:

Variable Default value
x1 none

x2 22

x3.a 33

x4.b 4

x4.c 44

x5.a x3.a

a 55

b 66

c 77

7.2.4  Single Modification

Two arguments of a modification shall not designate the same primitive attribute of an element. When using
qualified names the different qualified names starting with the same identifier are merged into one modifier.

[Example:

class C1

Real x[3];
end C1;
class C2 = Cl(x=ones(3), x[2]=2); // Error: x[2] designated twice
class C3

class C4

Real x;

end C4;

C4 a(x.unit = "V", x.displayUnit="mV", x=5.0);
// Ok, different attributes designated (unit, displayUnit and value)
// identical to:

C4 b(x(unit = "v", displayUnit="mvV") = 5.0));
end C3;

]

7.2.5 Modifiers for Array Elements
The following holds:

e The each keyword on a modifier requires that it is applied in an array declaration/modification, and the
modifier is applied individually to each element of the array. If the modified element is a vector and the
modifier does not contain the each-attributeprefix, the modification is split such that the first element in the
vector is applied to the first element of the vector of elements, the second to the second element, etc.
Matrices and general arrays of elements are treated by viewing those as a vectors of vectors etc.



e If a nested modifier is split, the split is propagated to all elements of the nested modifier, and if they are
modified by the each-keyword the split is inhibited for those elements. If the nested modifier that is split in
this way contains re-declarations that are split it is illegal.

[Example:

model C
parameter Real a [3];
parameter Real d;

end C;

model B
C c[5] (each a ={1,2,3}, d={1,2,3,4,5});
end B;
Thisimpliesthat c[i].a[jl=j,andc[i] .d=1.

]

7.2.6 Final Element Modification Prevention

An element defined as final by the £inal prefix in an element modification or declaration cannot be modified by
a modification or by a redeclaration. All elements of a final element are also final. [Setting the value of a
parameter in an experiment environment is conceptually treated as a modification. This implies that a final
modification equation of a parameter cannot be changed in a simulation environment].

[Examples:

type Angle = Real (final quantity="Angle", final unit ="rad",
displayUnit="deg") ;

Angle al (unit="deg") ; // error, since unit declared as final!
Angle a2 (displayUnit="rad") ; // fine
model TransferFunction
parameter Real b[:] = {1} "numerator coefficient wvector";
parameter Real al[:] = {1,1} "denominator coefficient vector";

end TransferFunction;

model PI "PI controller";

parameter Real k=1 "gain";

parameter Real T=1 "time constant';

TransferFunction tf (final b=k*{T,1}, final a={T,0});
end PI;

model Test

PI cl(k=2, T=3); // fine
PI c2(b={1}); // error, b is declared as final
end Test;

]

7.3 Redeclaration

A redeclare construct in a modifier replaces the declaration of a local class or component in the modified element
with another declaration. A redeclare construct as an element replaces the inherited declaration of a local class or
component with another declaration.

A modifier with the keyword replaceable is automatically seen as being a redeclare.

In redeclarations some parts of the original declaration is automatically inherited by the new declaration. This
is intended to make it easier to write declarations by not having to repeat common parts of the declarations, and
does in particular apply to attributesprefixes that must be identical. The inheritance only applies to the declaration
itself and not to elements of the declaration.
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The general rule is that if no attributeprefix within one of the following groups is present in the new
declaration the old attributesprefixes of that kind are preserved.
The groups that are valid for both classes and components:

e public, protected
e inner, outer
e constraining type according to rules in Section 7.3.2.

The groups that are only valid for components:

o flow

e discrete, parameter, constant
e input, output

e array dimensions

[Note: The inheritance is from the original declaration. In most cases replaced or original does not matter. It
does matter if a user redeclares a variable to be a parameter and then redeclares it without parameter.]

[Example:

model HeatExchanger
replaceable parameter GeometryRecord geometry;
replaceable input Real ul2];

end HeatExchanger;

HeatExchanger (
/*redeclare*/ replaceable /*parameter */ GeoHorizontal geometry,
redeclare /* input */ Modelica.SIunits.Angle u /*[2]%*/);
// The semantics ensure that parts in /*.*/ are automatically added
// from

]

7.3.1 The class extends Redeclaration Mechanism

A class declaration of the type ‘class extends B(..)  , where class as usual can be replaced by any other
specialized class, replaces the inherited class B with another declaration that extends the inherited class where the
optional class-modification is applied to the inherited class. [Since this implies that all declarations are inherited
with modifications applied there is no need to apply modifiers to the new declaration.]

For ‘class extends B(..)  the inherited class is subject to the same restrictions as a redeclare of the
inherited element and the new element is only replaceable if the new definition is replaceable. It is not subject to
the restriction that B should be transitively non-replaceable (in fact B should be replaceable).

The syntax rule for class extends construct is in the definition of the class specifier nonterminal (see
also class declarations in Section 4.5):

class_definition :
[ encapsulated ]
[ partial ]
( class | model | record | block | [ expandable ] connector | type |

package | function )
class_specifier

class_specifier
| extends IDENT [ class modification ] string comment composition
The nonterminal class_definition is referenced in several places in the grammar, including the following

case which is used in some examples below, including package extends and model extends:

element
import clause |
extends clause |
[ redeclare ]
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[ final ]
[ inner ] [ outer ]
( ( class_definition | component clause) |
replaceable ( class definition | component clause)
[constraining clause comment])

[Example:

class A
parameter Real Xx;
end A;

class B
parameter Real x=3.14, y; // B is a subtype of A
end B;

class C
replaceable A a(x=1);
end C;

class D
extends C(redeclare B a(y=2));
end D;

which effectively yields a class D2 with the contents

class D2
B a(x=1l, y=2);
end D2;

Example to extend from existing packages:

package PowerTrain // library from someone else
replaceable package GearBoxes

end GearBoxes;
end PowerTrain;

package MyPowerTrain
extends PowerTrain; // use all classes from PowerTrain

package extends Gearboxes // add classes to sublibrary

end Gearboxes;
end MyPowerTrain;

Example for an advanced type of package structuring with constraining types:

partial package PartialMedium "Generic medium interface”
constant Integer nX "number of substances”;

replaceable partial model BaseProperties
Real XI[nX];

end BaseProperties;

replaceable partial function dynamicViscosity
input Real p;
output Real eta;...

end dynamicViscosity;

end PartialMedium;

package MoistAir "Special type of medium”
extends PartialMedium(nX = 2);

redeclare model extends BaseProperties (T (stateSelect=StateSelect.prefer))
// replaces BaseProperties by a new implementation and
// extends from Baseproperties with modification
// note, nX = 2 (!)

equation
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x = {0, 1};
end BaseProperties

redeclare function extends dynamicViscosity
// replaces dynamicViscosity by a new implementation and
// extends from dynamicViscosity
algorithm
eta = 2*p;
end dynamicsViscosity;
end MoistAir;

Note, since MostAir extends from partialMedium, constant nx=2 in package MoistAir and the model
BaseProperties and the function dynamicviscosity is present in Moistair. By the following definitions,
the available BaseProperties model is replaced by another implementation which extends from the
BaseProperties model that has been temporarily constructed during the extends of package Moistair from
PartialMedium. The redeclared BaseProperties model references constant nx which is 2, since by
construction the redeclared BaseProperties modd isin a package with nx = 2.

This definition is compact but is difficult to understand. On first view, an alternative exists, that is more
straightforward and is easier to under stand:

package MoistAir2 "Alternative definition that does not work"
extends PartialMedium(nX = 2,
redeclare model BaseProperties = MoistAir BaseProperties,
redeclare function dynamicViscosity = MoistAir dynamicViscosity);

model MoistAir BaseProperties // wrong model since nX has no value
extends PartialMedium.BaseProperties;

equation
X = {1,0};

end MoistAir BaseProperties;

model MoistAir dynamicViscosity
extends PartialMedium.dynamicViscosity;
algorithm
eta :=p;
end MoistAir dynamicViscosity;
end MoistAir2;

Here, the usual approach is used to extend (here from PartialMedium) and in the modifier perform all
redeclarations. In order to perform these redeclarations, corresponding implementations of all elements of
PartialMedium have to be given under a different name, such as MoistAir2.MoistAir BaseProperties,
since the name BaseProperties already exists due to “extends PartialMedium”. Then it is possible in the
modifier to redeclare PartialMedium.BaseProperties to MoistAir2.MoistAir BaseProperties. Besides
the drawback that the namespace is polluted by elements that have different names but the same implementation
(e.g. MoistAir2.BaseProperties is identical to MoistAir2.MoistAir BaseProperties) the whole
construction does not work if arrays are present that depend on constants in PartialMedium, such as X [nX]:
The problem is that MoistAir BaseProperties extends from PartialMedium.BaseProperties where the
constant nX does not yet have a value. This means that the dimension of array X is undefined and model
MoistAir_BaseProperties is wrong. With this construction, all constant definitions have to be repeated whenever
these constants shall be used, especially in MoistAir BaseProperties and MoistAir dynamicViscosity.
For larger models this is not practical and therefore the only practically useful definition is the complicated
construction in the previous example with “redeclare model extends BaseProperties”.

To detect this issue the rule on lookup of composite names (Section 5.3.2) ensure that
‘PartialMedium.dynamicViscosity’ is incorrect in a simulation model.

]



7.3.2 Constraining Type

In a replaceable declaration the optional constraining clause defines a constraining type. Any modifications
following the constraining type name are applied both for the purpose of defining the actual constraining type and
they are automatically applied in the declaration and in any subsequent redeclaration. If the
constraining clause is not present in the original declaration (i.e., the non-redeclared declaration), the type
of the declaration is also used as a constraining type and modifications affect the constraining type and are applied
in subsequent redeclarations.

The syntax of a constraining_clause is as follows:

constraining clause
constrainedby name [ class modification ]

[Example:
A modification of the constraining type is automatically applied in subsequent redeclarations:

model ElectricalSource
replaceable SineSource constrainedby MO (final n=5);

end ElectricalSource;

model TrapezoidalSource
extends ElectricalSource (
redeclare Trapezoidal source); // source.n=5
end TrapezoidalSource;

A modification of the base type without a constraining type is automatically applied in subsequent redeclarations:

model Circuit
replaceable model NonlinearResistor = Resistor (R=100) ;

end Circuit;

model Circuit2
extends Circuit (
redeclare replaceable model NonlinearResistor
= ThermoResistor (T0=300)) ;
// As a result of the modification on the base type,
// the default value of R is 100
end Circuit2;

model Circuit3
extends Circuit2(
redeclare replaceable model NonlinearResistor
= Resistor (R=200));
// The TO modification is not applied because it did not
// appear in the original declaration
end Circuit3;

Circuit2 is intended to illustrate that a user can still select any resistor model, including the original one - asis
done in Circuit3, since the constraining type is kept from the original declaration if not specified in the redeclare.
Thusit is easy to select an advanced resistor model, without limiting the possible future changes.

A redeclaration can redefine the constraining type:

model Circuit4
extends Circuit2 (
redeclare replaceable model NonlinearResistor
= ThermoResistor constrainedby ThermoResistor) ;
end Circuit4;

model Circuiths
extends Circuit4 (
redeclare replaceable model NonlinearResistor
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= Resistor); // illegal
end Circuit5;

]

The class or type of component shall be a subtype of the constraining type. In a redeclaration of a replaceable
element, the class or type of a component must be a subtype of the constraining type. The constraining type of a
replaceable redeclaration must be a subtype of the constraining type of the declaration it redeclares. In an element
modification of a replaceable element, the modifications are applied both to the actual type and to the constraining
type.

In an element redeclaration of a replaceable element the modifiers of the replaced constraining type are merged
to both the new declaration and to the new constraining type, using the normal rules where outer modifiers
override inner modifiers.

When a class is flattened as a constraining type, the flattening of its replaceable elements will use the
constraining type and not the actual default types.

The number of dimension in the constraining type should correspond to the number of dimensions in the type-
part and in the constraining type. Similarly the type used in a redeclaration must have the same number of
dimensions as the type of redeclared element.

[Examples:
replaceable Tl x[n] constrainedby T2;

replaceable type T=T1l[n] constrainedby T2;
replaceable T1l[n] x constrainedby T2;

In these examples the number of dimensions must be the same in T1 and T2, as well as in a redeclaration.
Normally T1 and T2 are scalar types, but both could also be defined as array types — with the same number of
dimensions.]

7.3.3 Restrictions on Redeclarations

| The following additional constraints apply to redeclarations (after attributesprefixes are inherited, Section 7.3):
Only classes and components declared as replaceable can be redeclared with a new type, which must have an
interface compatible with the constraining interface of the original declaration, and to allow further redeclarations
one must use “redeclare replaceable”
e an element declared as constant cannot be redeclared
¢ an element declared as final may not be modified, and thus not redeclared
e Modelica does not allow a protected element to be redeclared as public, or a public element to be redeclared
as protected.
e Array dimensions may be redeclared.

7.3.4 Annotation Choices for Suggested Redeclarations and Modifications

A declaration can have an annotation “choices” containing modifiers on choice, where each of them indicates
a suitable redeclaration or modifications of the element.

This is a hint for users of the model, and can also be used by the user interface to suggest reasonable
redeclaration, where the string comments on the choice declaration can be used as textual explanations of the
choices. The annotation is not restricted to replaceable elements but can also be applied to non-replaceable
elements, enumeration types, and simple variables.

[Example:

replaceable model MyResistor=Resistor
annotation (choices (
choice (redeclare model MyResistor=1ib2.Resistor(a={2}) ".."),
choice (redeclare model MyResistor=1ib2.Resistor2 "..")));




]

81

replaceable Resistor Load(R=2) constrainedby TwoPin
annotation (choices (
choice (redeclare 1lib2.Resistor Load(a={2}) ".."),
choice (redeclare Capacitor Load(L=3) "..")));

replaceable FrictionFunction a (func=exp)
annotation (choices (
choice (redeclare ConstantFriction a(c=1) ".."),
choice (redeclare TableFriction a(table="..") ".."),

constrainedby Friction

choice (redeclare FunctionFriction a(func=exp) ".."))));

It can also be applied to nonreplaceable declarations, e.g. to describe enumerations.

type KindOfController=Integer (min=1,max=3)
annotation (choices (
choice=1 "pP",
choice=2 "PI",
choice=3 "PID")) ;

model A

KindOfController x;
end A;

A a(x=3 "PID");
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Chapter 8

Equations

8.1 Equation Categories

Equations in Modelica can be classified into different categories depending on the syntactic context in which they
occur:

¢ Normal eguality equations occurring in equation sections, including connect-equations and other equation
types of special syntactic form (Section 8.3)

e Declaration equations, which are part of variable, parameter, or constant declarations (Section 4.4.2.1).

e Modification equations, which are commonly used to modify attributes of classes (Section 7.2)

¢ Binding equations, include both declaration equations and modification equations (for the value itself).

¢ |nitial equations, which are used to express equations for solving initialization problems (Section 8.6)

8.2 Flattening and Lookup in Equations

A flattened equation is identical to the corresponding nonflattened equation.

Names in an equation shall be found by looking up in the partially flattened enclosing class of the equation.

8.3 Equations in Equation Sections

The following kinds of equations may occur in equation sections. The syntax is defined as follows:

equation :
( simple expression "=" expression

| 1f_equation

| for equation

| connect clause

| when equation

| name function call args )

comment

No statements are allowed in equation sections, including the assignment statement using the : = operator.

8.3.1 Simple Equality Equations

Simple equality equations are the traditional kinds of equations known from mathematics that express an equality
relation between two expressions. There are two syntactic forms of such equations in Modelica. The first form
below is equality equations between two expressions, whereas the second form is used when calling a function
with several results. The syntax for simple equality equations is as follows:

simple expression "=" expression
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The types of the left-hand-side and the right-hand-side of an equation need to be compatible in the same way as
two arguments of binary operators (Section 6.6).

Three examples:

e simple exprl = expr2;
e (if pred then altl else alt2) = expr2;
e (outl, out2, out3) = function name (inexprl, inexpr2);

[Note: According to the grammar the if-then-else expression in the second example needs to be enclosed in
parentheses to avoid parsing ambiguities. Also compare with Section 11.2.1.1 about calling functions with several
results in assignment statements.]

8.3.2 For-Equations — Repetitive Equation Structures

The syntax of a for-equation is as follows:

for for_indices loop
{ equation ";" }
end for ";"

For-equations may optionally use several iterators (for_indices), see Section 11.2.2.2 for more information:

for_indices:
for index {"," for_ index}

for index:
IDENT [ in expression ]
The following is one example of a prefix of a for-equation:

for IDENT in expression loop

The expression of a for-equation shall be a vector expression. It is evaluated once for each for-equation, and is
evaluated in the scope immediately enclosing the for-equation. The expression of a for-equation shall be a
parameter expression. The loop-variable (IDENT) is in scope inside the loop-construct and shall not be assigned
to. The loop-variable has the same type as the type of the elements of the vector expression.

[Example:
for i in 1:10 loop // 1 takes the values 1,2,3,...,10
for r in 1.0 : 1.5 : 5.5 loop // r takes the values 1.0, 2.5, 4.0, 5.5
for i in {1,3,6,7} loop // i takes the values 1, 3, 6, 7
for i in TwoEnums loop // i takes the values TwoEnums.one, TwoEnums.two
// for TwoEnums = enumeration (one, two)

The loop-variable may hide other variables as in the following example. Using another name for the loop-
variableis, however, strongly recommended.

constant Integer j=4;

Real x[jl;
equation
for j in 1:j loop // The loop-variable j takes the values 1,2,3,4
x[j1=7; // Uses the loop-variable j
end for;

8.3.2.1 Implicit Iteration Ranges of For-Equations

The iteration range of a loop variable may sometimes be inferred from its use as an array index. See Section
11.2.2.1 for more information.

[Example:

Real x[n],yI[n];



for i loop // Same as: for i in 1l:size(a,l) loop
x[i] = 2*y[i];
end loop;

]

8.3.3 Connect-Equations

A connect-equation has the following syntax:

connect " (" component reference "," component reference ")" ";"

Connect-equations are described in detail in Section 9.1.

8.3.4 If-Equations

If-equations have the following syntax:

if expression then

{ equation ";" }

{ elseif expression then
{ equation ";" }

[ else
{ equation ";" }

]

end if ";"

The expression of an if- or elseif-clause must be a scalar Boolean expression. One if-clause, and zero or more
elseif-clauses, and an optional else-clause together form a list of branches. One or zero of the bodies of these if-,
elseif- and else-clauses is selected, by evaluating the conditions of the if- and elseif-clauses sequentially until a
condition that evaluates to true is found. If none of the conditions evaluate to true the body of the else-clause is
selected (if an else-clause exists, otherwise no body is selected). In an equation section, the equations in the body
are seen as equations that must be satisfied. The bodies that are not selected have no effect on that model
evaluation.

If-equations in equation sections which do not have exclusively parameter expressions as switching conditions
shall have an else-clause and each branch shall have the same number of equations. [If this condition is violated,
the single assignment rule would not hold, because the number of equations may change during simulation
although the number of unknowns remains the samel].

8.3.5 When-Equations

When-equations have the following syntax:

when expression then

{ equation ";" }

{ elsewhen expression then
{ equation ";" } }

end when ";"

The expression of a when-equation shall be a discrete-time Boolean scalar or vector expression. The statements
within a when-equation are activated when the scalar expression or any of the elements of the vector expression
becomes true.

[Example:
The order between the equations in a when-equation does not matter, e.g.

equation
when x > 2 then
y3 = 2*x +yl+y2; // Order of yl and y3 equations does not matter
vyl = sin(x);



86 Modelica Language Specification 3.61

end when;
y2 = sin(yl);

]

8.3.5.1 Defining When-Equations by If-Expressions in Equality Equations

A when-equation:

equation
when x>2 then
vl = exprl ;
v2 = expr2 ;
end when;

is conceptually equivalent to the following equations containing special if-expressions

// Not correct Modelica
Boolean b(start=x.start>2);
equation
b = x>2;
vl = if edge(b) then exprl else pre(vl);
v2 if edge (b) then expr2 else pre(v2);

[The equivalence is conceptual since pre () of a non discrete-time Real variable or expression can only be used
within a when-clause. Example:
/* discrete*/ Real Xx;

input Real u;
output Real y;

equation
when sample () then
X = a*pre(x)+b*pre (u) ;
end when;
Yy = x;

In this example x is a discrete-time variable (whether it is declared with the discrete prefix or not), but u and y
cannot be discrete-time variables (since they are not assigned in when-clauses). However, pre(u) is legal within
the when-clause, since the body of the when-clause is only evaluated at events, and thus all expressions are
discrete-time expressions.]

The start-values of the introduced Boolean variables are defined by the taking the start-value of the when-
condition, as above where b is a parameter variable. The start-values of the special functions initial,
terminal, and sample is false.

8.3.5.2 Restrictions on Equations within When-Equations
e When-equations cannot be nested.
[Example:

The following when-equation is inv