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Abstract
GRAFCET is a powerful graphical modeling language for the specification of controllers in dis-
crete event systems. It considers hierarchical structures as well as structural and semantic con-
straints. In this paper, we propose to use a GRAFCET specification model in a Model Driven En-
gineering (MDE) approach for multi-target synthesis of embedded logic control systems based on
microcontrollers. In this approach, a GRAFCET metamodel is associated with a microcontroller
metamodel which characterizes the microcontroller platform features to be considered when gen-
erating code. The GRAFCET metamodel includes the modeling of expressions to facilitate model
verification and an easy interpretation of GRAFCET events and time constraints. Transformation
rules for generation of C-programmable microcontroller code are then presented. As implemen-
tation, we present a platform based on Eclipse EMF, Object Constraint Language (OCL) and
Acceleo code generation engine.

Keywords
Multi-target synthesis; logic controllers; GRAFCET; Model Driven Engineering; model verifica-
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I INTRODUCTION

The design cost of automated systems is greatly influenced by the time needed for the develop-
ment of reliable control code [12]. This task is generally accomplished by direct implementa-
tion from the functional design specification of the controller. Conventional manual translation
of the requirements of the control software into a control code often leads to additional costs
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caused by erroneous interpretations [10, 12]. It is therefore of great interest to automatically
generate software code on the basis of a graphical specification language [8] such as GRAFCET
that is an international standard (IEC 60848 [2]) since 1988. Indeed, it is an advantageous
graphical modeling language for industrial programmable logic controller (PLC) specification
in discrete event systems (DES) [8].

A lot of work has been done to make GRAFCET a programming language. One of the well-
known developments [7] has led to the definition of Sequential Function Chart (SFC), which
is one of the five languages of the IEC 61131-3 standard dedicated to the programming of
PLCs. On the other hand, some authors have been interested in code generation for controllers
specified in GRAFCET. For instance, J. Machado et al. [5] presented a safe controller design
methodology permitting to easily generate control code for logic controllers taking as input
a GRAFCET specification model. Their proposal uses GRAFCET algebraic equations as a
formal representation of GRAFCET. Today the rapid advances in electronic technologies have
resulted in a variety of new and inexpensive control capabilities[15]. We are observing the
emergence and swift expansion of a diverse range of low-cost processors designed for executing
programs in complex embedded applications. Thus, the use of programmable controllers based
on microprocessors may be preferred in low cost applications to reduce the cost of the control
solution. As a consequence, it is important to consider the description of the target architecture
when generating code for a system specified in GRAFCET. This allows to handle the generation
of control code for a family of hardware architectures, with the possibility to choose one specific
architecture as input of the generation process.

Among the existing approaches for code generation from formal models, recent advances in the
field of Model Driven Engineering (MDE) produce the most promising outcomes [12]. MDE is
an expanding paradigm in the software engineering domain that promotes the use of models and
model transformations for the production of software artifacts (documentation, code, etc.), with
the use of Domain Specific Languages (DSLs). The MDE approach was found to be appropriate
for GRAFCET implementation [8, 12]. Indeed, the GRAFCET language can be seen as a DSL
and can benefit from the advances of MDE to facilitate control engineers practices, by enabling
the automatic transformation of GRAFCET models into control code.

Whatever be the nature of the model used to represent GRAFCET models in the code generation
process, this model must support the verifications that ensure compliance with the standard [5].
A step towards a general formal definition of GRAFCET is proposed in [10] and can be used as
a basis for GRAFCET model-driven development [12], including hierarchical structures [17] to
enable the expantion of the existing solutions to other issues of formal methods in control system
engineering. Our objective in this paper is to propose a GRAFCET metamodel representing all
its basic concepts including events and time constraints. We will then show how to perform
multi-target code generation, considering the specification of the target used.

The rest of the paper is organized as follows: Section II presents a background on GRAFCET
specification language and model driven development and analysis of MDE work for GRAFCET
implementation. GRAFCET metamodeling, verification rules and the derived properties are
presented in Section III. In Section IV, we present a multi target code generation, including the
microcontroller metamodel while Section V is devoted to a case study. The paper is concluded
in Section VI.
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II BACKGROUND

The speci�cation of the logic controller is the �rst step in the development of embedded con-
trollers for a custom application [1]. GRAFCET is one of commonly used formal techniques
for logic controller speci�cation. In this section, we present an overview of the GRAFCET
language and the MDE, which is the approach through which we formalize the GRAFCET
multi-target synthesis.

2.1 GRAFCET description language

GRAFCET is a graphical language for modeling automation systems de�ned in the IEC 60848
standard [2]. It is used for high level behavioral description of logic sequential systems and
has been inspired from the Petri Net language [1]. GRAFCET is used for the speci�cation,
modelling and simulation of logic control systems in interaction with physical processes. A
GRAFCET model describes the states of a system and associated actions that permit to take
into account inputs and generate the corresponding outputs. This language is de�ned statically
by its syntax and dynamically by its evolution rules.

2.1.1 GRAFCET statics

A GRAFCET model (as presented in Figure 1) is a directed graph with two types of nodes: steps
and transitions. Steps are represented by squares while transitions are represented by horizontal
lines.

Figure 1: Example of GRAFCET model

Initial steps are represented with double squares. Steps can be either numbered or named, while
transitions do not require numbering. Steps and transitions are linked by directed arcs, referred
to as junctions or connections. These arcs are essential for connecting steps to transitions and
vice versa. Each transition is associated with a transition condition, also known as receptivity
or condition.

2.1.2 GRAFCET dynamic behavior

The GRAFCET dynamic behavior can be compared to a sequential machine that provides an
event-driven conversion of an input sequence into a set of outputs, considering the controller's
internal state [1, 5]. The GRAFCET evolution is possible by �ring (or clearing) transitions
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according to �ve evolution rules de�ned by the IEC 60848 standard [2] which aims to ensure a
deterministic behavior :

• Rule 1: At the initial time, all the initial steps are active; all the other steps are inactive.
• Rule 2: A transition is enabled when all the steps that immediately precede this transition

are active. A transition is �reable when it is enabled and when the associated transition
condition is true. A �reable transition must be immediately �red.

• Rule 3: Firing a transition provokes simultaneously the activation of all the immediately
succeeding steps and the deactivation of all the immediately preceding steps.

• Rule 4: When several transitions are simultaneously �reable, they are simultaneously
�red.

• Rule 5: When a step shall be both activated and deactivated, by applying the previous
evolution rules, it is activated if it was inactive, or remains active if it was previously
active.

These rules enable the calculation of the subsequent state and the corresponding output signals
caused by an input event [1, 2, 12]. A step de�nes a partial state of the system and can be
active or inactive; hence, a Boolean variableX i , named step activity variable is de�ned for each
step. The variableX i (which is an internal variable) is true(1) if the stepi is active and false
(0) if not. The general state of a GRAFCET model called its situation, is characterized by the
set of all the active steps at a given time. It can be represented by a vectorX = ( X i ). Initial
steps represented by double squares are initially activated (Rule 1). As soon as time passes and
events occur, the continuous changing of the GRAFCET situation characterizes the evolution of
the system that it models. A mathematical formalisation of these dynamics is proposed in [10]
and R. Mross et al. [19].

2.1.3 GRAFCET example

Figure 1 shows an example of a GRAFCET model used in [18], inspired from a model presented
in [13] to model the water supply subsystem of a tank. This model has eight steps numbered
from 1 to 8 among which the step 1 is initial, nine transitions numbered from (1) to (9) and
several actions among which :C := 0 andN := 10 are stored actions performed during the
deactivation of step 1;V R1, AV andREC are continuous level actions associated respectively
to steps 3, 4 and 8. The actionA if (bWD OR ppM1)is a conditional level action. It is performed
if step 6 is active and the conditionbWD OR ppM1is true. The receptivity of transition (2) is
hT2 AND rain. It expresses the fact that when step 2 is activated and the value ofhT2 AND rain
is true, this transition is �reable and should be �red; when it is �red, step 2 is deactivated and
step 3 is activated. Here,hT2 andrain are two Boolean variables representing digital input
signals.

2.2 Model driven engineering

Model Driven Engineering (MDE) is the �eld of software engineering that makes use of models
and model transformation to produce software artifacts such as code and documentation [11].

2.2.1 Key principles and MDE approaches

The basic principle of MDE is“everything is a model”[9, 11]. A model is a representation of a
system under study. MDE principles state that a particular view of a system can be captured by a
model and each model is written in the language of its metamodel. In other words, “a metamodel
is a model of models” that de�nes the structure of a modeling language [11]. As a consequence,
a model should satisfy the structure de�ned at the level of its metamodel. A modeling language
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is a set of all possible models that are conforming to the modeling language's abstract syntax,
represented by one or more concrete syntaxes and satisfying a given semantics [11]. The process
of de�ning a modeling language starts with the identi�cation of the concepts, abstractions and
relations underlying the application domain. It corresponds to the domain analysis phase of the
development of a Domain Speci�c (Modeling) Language (DS(M)L).

MDE approaches are usually supported by complex tools called “model driven MetaTools” and
commonly known as “language workbenches” [16]. They provide a collection of features to
help users de�ne DS(M)Ls, with speci�c editors, model validation and model transformation.
Examples of such tools are Eclipse Modeling Framework (EMF), Microsoft Software Factories,
and JetBrains MPS [11]. A model transformation is “the process of converting one model to an-
other model of the same system`” [11]. A model transformation program takes as input a model
conforming to a given source metamodel and produces as output another model conforming to
a target metamodel [16].

2.2.2 Related work

Many PLC environments such as CoDeSys allow multi-target synthesis of logic control sys-
tems [10], but these environments are proprietary and they are not interested by the synthesis on
microcontroller targets. Y. Qamsane et al [14] proposed a GRAFCET metamodel for the trans-
formation of Distributed Control model of automated manufacturing systems into GRAFCET
to facilitate its implementation. This model represents the very basic GRAFCET structure, but
is limited to allow the construction of any GRAFCET model. For example, only one action
can be associated to a step, and its type (continuous or stored) is not taken into consideration.
Similarly, to demonstrate that composing transformations is a complex problem, F. Basciani
et al. [9] proposed a GRAFCET metamodel to illustrate model transformations between in-
compatible metamodels, with an illustration on the transformations between GRAFCET and
Petri nets. This GRAFCET metamodel conforms to the GRAFCET standard and represents
only the concepts of the most basic structure of the language. Similarly, R. Julius et al. [17]
proposed a metamodel based approach for GRAFCET speci�cations, with a particular focus on
hierarchical structures, enabling how to expand the existing solutions to other issues of formal
methods in control system engineering. The variable and timing condition concept is presented,
discussed and formalized by G. Nzebop N. et al. [18]. Their proposal integrates a parser ca-
pable of directly analysing and generating GRAFCET expressions in an MDE environment for
editing GRAFCET models. However, this solution had not yet been integrated into a general
GRAFCET metamodel. Recently, R. Mros et al. [19] proposed a GRAFCET metamodel for
editing models and transforming them into Guarded Action Language (GAL) for veri�cation
purposes. Their contribution emphasizes the hierarchical structures of GRAFCET and rules for
editing valid GRAFCET models. Also, the GRAFCET expressions must be transformed into
GAL before being veri�ed and validated. Another limitation of this MDE synthesis solution is
that their target is mainly programmable controllers (via the Structured Text, one of the PLC
languages [7]) and does not take into account speci�c targets such as microcontrollers.

Here we propose a metamodel that allows the editing of valid GRAFCET models with well-
constructed and veri�ed expressions [18, 19] based on a GRAFCET expression parser and the
OCL language, associated with a metamodel of C-programmed microcontrollers [4] to facilitate
code synthesis for these architectures.
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III GRAFCET CONCEPTS AND METAMODEL

Here, we present the GRAFCET metamodeling, consisting of the identi�cation of GRAFCET
concepts with their interrelations, and their formalization within a metamodel.

3.1 GRAFCET concepts identi�cation

Given the complexity of the GRAFCET domain, we distinguish the identi�cation of concepts
of the basic GRAFCET structure, concepts related to variables and actions, GRAFCET expres-
sions concepts and timing variables concepts.

3.1.1 Concepts of the basic GRAFCET structure

With regard to the description of the GRAFCET language according to the IEC 60848 3rd Ed.
standard [2], it appears that a GRAFCET model groups together several steps and transitions.
They are linked together by oriented links also called connections. The steps (Step concept),
the transitions (Transition), oriented links (Connection) and variables (Variable) are GRAFCET
elements (G7Element). Two types of oriented links can easily be identi�ed: transition-to-step
link (TransitionToStep) and step-to-transition link (StepToTransition). Each instance ofTran-
sitionToStepis outgoing from a transition and incoming from a step, while each instance of
StepToTransitionis outgoing a step and incoming a transition.

3.1.2 Concepts related to variables, actions and expressions

A Boolean variable (BooleanVariable) is associated with a step to represent its activity, and
is internal to the GRAFCET. Any variable (Variable) is either input, output or internal. It is
characterized by a name and a duration of its activity. Several actions (Action) may be associated
with a step. Every action is represented and performed by its variable. This way of structuring
Action and Variable concepts makes it possible to have the same action associated with several
different steps as stated in the standard. An action can only be stored (StoredAction) or level
(LevelAction).

The conceptExpressiondo not appear explicitly in the GRAFCET standard, but it exists and its
modeling permits to solve certain issues such as veri�cations and the providing of appropriate
semantics. This concept is presented, discussed and formalized by G. Nzebop N. et al. [18],
including GRAFCET events and timing variables. In [19], the authors also identify the notion
of Variable as a key concept, and use the conceptCondition to refer to Boolean expressions
(Expression).

3.1.3 Concepts related to timing variables

Here is an overview of the concept of timing variables, as detailed in [18], and extended to other
Boolean variables within GRAFCET, including suitable semantics proposed in the C program-
ming language. The GRAFCET standard de�nes timing variables or conditions, exempli�ed by
X1/3s(termed Delayed 1),not X1/3s(referred to as Limited), and2s/X1/3s(known as Delayed
2, serving as the general form), all derived from the activity variable X1. These expressions uti-
lize a variable, and their interpretation involves calculations. For instance, the conditionX1/3s
holds true if the duration since variableX 1 became true is at least 3 seconds. The determination
of timing variable values relies on tracking the duration of the associated variable's activity.

Thus, each GRAFCET variable must be de�ned by its state (active or inactive) and its life-
time, which is the duration since it transitioned from false to true. We employ the concept of
TimingOperatorto represent a timing variable, which includes a type (Limited, Delayed1, or
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