Presented at the IFAC World Congress, San Francisco, 1996
BATCH RECIPE STRUCTURING USING
HIGH-LEVEL GRAFCHART

Charlotta Johnsson and Karl-Erik Arzén

Department of Automatic Control,
Lund Institute of Technology,
Box 118, S-221 00 Lund, Sweden,
E-mail: (lotta,karlerik)@control.lth.se

Abstract:

The paper presents how object-oriented sequential function charts can be

used to implement a batch control recipe management system. Grafchart, a toolbox based
on Grafcet, object-oriented programming ideas and High-level Petri nets, is presented.
It is shown how the concepts of H-L. Grafchart fit the models defined in the forthcoming
ISA batch control standard SP88. A simulated batch process cell scenario is presented
together with alternative ways of representing control recipes.
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1. INTRODUCTION

Grafcet, or Sequential Function Charts (SFC), has
been widely accepted in industry as a representation
format for sequential control logic at the local PLC
level through the standards IEC 848 and IEC 1131-3.
However, there is also a need for a common repre-
sentation format for the sequential elements at the
supervisory control level. Grafchart is the name of a
toolbox based on Grafcet that is aimed at supervi-
sory control applications, Arzén (1994). It is imple-
mented in G2, an object-oriented graphical program-
ming environment developed for supervisory applica-
tions, Moore et al. (1990). High-Level Grafchart is
an extension of Grafchart that combines the graph-
ical language of Grafcet/SFC with high-level and
object-oriented programming language constructs and
ideas from High-Level Petri Nets, Jensen and Rozen-
berg (1991). High-Level Grafchart is described in de-
tail in the companion paper, Arzén (1996).

Representation of operation sequences is an impor-
tant part in batch control. Batch control is currently
the subject of large interest. The forthcoming ISA
standard SP88 is an important step towards a formal
definition of the terminology, models and functionality
of batch control systems for multi-product, network
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structured batch processing cells. SP88 mentions the
possibility to use Grafcet but only at the very lowest
level for representing recipe phases. This paper shows
how the concepts in High-Level Grafchart can be used
to structure an entire recipe system including all lev-
els in the procedure hierarchy. The object oriented
features of High-Level Grafchart allow a clean sepa-
ration between process equipment objects and batch
recipes. The multi-dimensional possibilities of High-
Level Grafchart allow a well-defined division between
resource allocation and recipe execution.

Grafchart and High-Level Grafchart are briefly de-
scribed in Section 2. The SP88 standard is presented
in Section 3. A simulated batch processing cell sce-
nario implemented in G2 is described in Section 4.
This will be used as an example in Section 5 where
different alternatives are given for how batch recipes
could be represented in High-Level Grafchart.

2. HIGH-LEVEL GRAFCHART

Grafchart contains steps, transitions and alternative
and parallel paths according to Grafcet, see Fig. 1. It
differs from Grafcet with respect to how step actions
are represented. In Grafchart, step actions are rep-
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Fig. 1 Grafchart graphical syntax

resented as G2 rules. The actions may be conditional
or unconditional and of four basic types: always, ini-
tially, finally, and abortive. Always actions are exe-
cuted periodically while the step is active. Initially
actions are executed once when the step becomes ac-
tive. Finally actions are executed once immediately
before the step becomes deactivated and abortive ac-
tions are executed once immediately before the step
is aborted. To each transition a condition or an event
is associated. The transition is enabled when the pre-
ceding step is active. When the transition condition
becomes true or the transition event occurs, the tran-
sition is fired. This means that the preceding step is
deactivated and the succeeding step is activated.

Grafchart contains three hierarchical abstraction
mechanisms: macro steps, procedure steps and pro-
cess steps, shown in Fig. 2. Macro steps are used to
represent steps that have an internal structure. Se-
quences that are executed in more than one place in a
function chart can be represented as Grafchart proce-
dures. The call to a procedure is represented by a pro-
cedure step. The procedure step contains a procedure
attribute that contains the name of the procedure that
should be called. The Grafchart procedures are reen-
trant and recursive procedure calls are possible. A
process step is similar to a procedure step. The dif-
ference is that the procedure is started as a sepa-
rate execution thread, i.e., as a process. Consequently,
the transitions after a process step become fireable
as soon as the execution has started in the Grafchart
procedure whereas the transitions succeeding a macro
step or a procedure step do not become fireable until
the entire sequence has been executed. An outlined
circle token is shown in the process step as long as
the process is executing.

High-Level Grafchart is an extension to Grafchart
that is currently being implemented. It adds four
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Fig. 2 Macro step, procedure step and process step.

features to Grafchart: parameterization, methods
and message passing, object tokens, and multi-
dimensional charts. Parameterization denotes the
possibility for entire charts and macro steps to have
parameters that can be referenced from within steps
and transitions. It is also possible for Grafchart pro-
cedures to have parameters. The parameters can be
referenced from within the procedure body using the
dot notation sup.<parameter—name>. The actual val-
ues of the procedure parameters are set in the proce-
dure step or process step. The parameters attribute
of a procedure step contains a list of assignments to
the formal parameters of the procedure being called.
The assigned values can either be constants (num-
bers, strings or symbols) or the value of a parameter
that is visible in the procedure steps context. Using
the latter form, it is also possible for a procedure to
return values to the procedure step. Similarly, it is
possible to determine which procedure that should be
called from the value of a parameter.

Methods and message passing is supported by allow-
ing Grafchart procedures to be methods of general
G2 objects. For example, an object representing a
batch reactor can have Grafchart methods for charg-
ing, discharging, agitating, heating etc. Inside the
method body, it is possible to reference the object itself
and the attributes of this object using the self and
self.attribute notation. The method of an object is
called through a procedure or process step in the same
way as if the procedure was standalone. Instead of
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Fig. 3 Grafchart methods.

giving a procedure reference, the procedure that will
be called is determined by an object reference and a
method reference. An example of a Grafchart method
is shown in Fig. 3. The reactor object R1 contains the
method charge. The method is implemented by the
Grafchart procedure reactor-charge. The procedure
step invokes the charge method of the R1 object.

The object token extension is based on ideas from
High-Level Petri Nets, Jensen and Rozenberg (1991).
Here, a token is no longer simply a boolean indicator
that tells whether a step is active or not. Instead,
a token is an abstract data type or object whose
attributes can be referenced from within the step that
the token is placed in and from the transitions that
are enabled by the token. A step may contain multiple
tokens that, possibly, are of different type.

Since the tokens are objects they may also have
Grafchart methods. This gives a multi-dimensional
chart structure where the tokens themselves contain
function charts. As will be shown in Section 5, this
possibility is very useful for representing recipes.

3. SP88

The ISA batch control standard SP88 aims at stan-
dardizing the terminology, models and functionality
of batch control systems. The physical model of SP88
defines the hierarchical relationships between the
physical assets involved in batch manufacturing. The
model has seven levels. Here we will focus on the
lower four levels as shown in Fig. 4 (left) with the
following interpretation. A process cell must contain
one or more units which carry out majoring process-
ing activities like react, crystallize, etc. The unit may
contain one or more equipment modules which can
take care of a finite number of minor processing ac-
tivities like weighting and dosing. Finally, a control
module is typically a collection of sensors, actuators
or controllers.

In Fig. 4 (right), the procedural control model is
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Fig. 4 Physical model and Procedural model

shown. A procedure can gradually be broken down
into smaller parts. The smallest element that can
accomplish a process oriented task is a phase. A
phase may be decomposed into steps according to
Grafcet/SFC. An operation is a sequence of phases
that defines a major processing sequence. Related
operations can be combined into unit procedures.

SP88 defines four recipe types: general recipes, site
recipes, master recipes and control recipes. Here, we
will only consider the master and control recipes. A
recipe contains administrative information, formula
information, requirements on the equipment needed
and the procedure that defines how the recipe should
be produced. The procedure is organized according to
the procedural control model. The master recipe is
targeted to a process cell. Each individual batch is
represented by its control recipe. The control recipe
is originally a copy of the master recipe which has
been completed and/or modified with scheduling,
operational and equipment information. A control
recipe can be viewed as an instantiation of a master
recipe.

The control recipe itself does not contain enough in-
formation to operate a process cell. On some level it
must be linked to the process equipment control, i.e.
the control actions that are associated with the dif-
ferent equipment objects. SP88 offers large flexibility
with respect to at which level the control recipe should
reference the equipment control. It is also allowed to
omit one or more of the levels in the procedural model.
The situation is shown in Fig. 5. The dashed levels
could either be contained in the control recipe or in
the equipment control. Several examples of how this
can be done will be given in Section 5.

4. A BATCH SCENARIO

A simulated scenario consisting of a batch cell has
been implemented in G2. The cell consists of raw
material storage tanks, mixers, buffers, batch reac-
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Fig. 6 Process schematic

tors, and product storage tanks. The units are inter-
connected through valve batteries. The cell can pro-
duce two products D and E using three reactants A,
B and C. The scenario consists of a dynamic simula-
tor, the process control system and the operator in-
terface. The dynamic simulator simulates the mass
balances, energy balances and chemical reactions in
real time. The control system contains sensors, actu-
ators, PID controllers and the High-Level Grafchart
based recipe management system. The control sys-
tem also contains equipment objects representing the
unit processes, the equipment modules and the con-
trol modules. The operator interface is shown in Fig.
6.

The equipment objects are implemented as classes
defined in a class hierarchy. The process equipment
objects have an internal structure of equipment and
control module objects, attributes and methods. The
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Fig. 7 Recipes based on recipe phases.

methods represent equipment operations or equip-
ment phases and are expressed in Grafchart.

5. RECIPES IN HIGH-LEVEL GRAFCHART

The hierarchical levels in the procedural model of
SP88 can conveniently be expressed with the hierar-
chical abstraction facilities of Grafchart. For example,
a procedure could be represented as a function chart
with the unit procedures represented as macro steps
or Grafchart procedures. A unit procedure macro step
could contain operations that also are represented as
macro step or Grafchart procedures etc.

The separation between the control recipe procedure
and the equipment control is implemented using the
method and message passing facilities of Grafchart.
The equipment operations and equipment phases are
represented as methods of the equipment objects. The
control recipe calls the equipment control by invoking
a method in an equipment object.

In the following we will give four alternative repre-
sentations of recipes. The first two alternatives are
currently operational, the others are under implemen-
tation. As an example we will use the simple recipe
for producing product D. This is done by mixing re-
actants A and B, agitating, and then performing the
reaction in a batch reactor.

5.1 Recipes based on recipe phases

In the first example the control recipe procedure con-
sists solely of phases. Each phase references the asso-
ciated equipment phase through a procedure call ac-
cording to Fig. 7. The resulting control recipe is shown
in Fig. 8. Each column represents a unit process that
the batch passes through. The recipe starts by an as-
signment step in which the resources necessary to
produce the recipe are allocated. Two version of the
recipe have been implemented. One where the opera-
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Fig. 8 Control recipe based on recipe phases.

tor manually assigns all the equipment before start-
ing the procedure and one where the equipment is
assigned automatically immediately before the equip-
ment is needed. After the assignment step the two
reactants A and B are filled into a mixer, this is done
in parallel (the mixers have two inlets). Then the ag-
itation is started. When the agitation is finished the
mixer is emptied and at the same time the reactor is
charged. This is expressed with the Grafchart parallel
construct. When the charging is finished, the reaction
is started by heating the batch. Each recipe phase is
represented by a procedure step that calls the cor-
responding equipment phase. In Fig. 8 the attribute
table for the agitate step is shown. The procedure step
calls the agitate methods in the mixer that has been
assigned to the batch. This mixer is contained in the
mixer attribute of the recipe. The parameter time is
given the value 1. This denotes how long the agitation
will take. The agitate equipment phase consists of a
single step where the agitator motor is active until
the defined time has elapsed.

5.2 Recipes based on recipe operations

The second alternative also contains recipe opera-
tions. The link between the control recipe and the
equipment control is still performed at the phase
level. The structure is shown in Fig. 9. The resulting
control recipe is shown in Fig. 10. The control recipe is
a straight sequence of recipe operations. Each recipe
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Fig. 9 Recipes based on recipe operations.
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Fig. 10 Control recipe based on recipe operations.

operation is represented as a macro step that con-
tains the recipe phases. The phases are represented
as procedure steps that calls the corresponding equip-
ment phases. A problem with this approach is how to
handle the parallelism between the operations. The
emptying of the mixer and the charging of the re-
actor should be performed in parallel. Here this is
solved using process steps. The Empty phase is started
through a process step, i.e. as a separate execution
thread. The result will be that the Empty phase will
execute at the same time as the Charge phase of the
reactor. A drawback of this approach is that the par-
allelism is not expressed explicitly with the Grafchart
constructs and therefore not directly visible to the op-
erator.

5.3 Recipe tokens and equipment tokens

The token object and multi-dimensional chart fea-
tures of Grafchart fit very nicely into the batch con-
trol problem. Previously, each control recipe has been
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represented as a function chart object. Another pos-
sibility is to represent a control recipe as a token
object, containing the recipe procedure as a method.
The execution of a recipe involves two activities or
dimensions: resource allocation and recipe execution.
These activities are interleaved. The resource allo-
cation can also be described in term of a function
chart. This function chart contains two types of to-
kens: control recipes and unit processes according to
Fig. 11. The control recipe procedure is decomposed
into recipe operations. The resource allocation asso-
ciates a unit process with a control recipe. The con-
trol recipe operation is executed and the unit process
is reserved. When the operation is finished, the con-
trol recipe needs a new unit process to execute next
recipe operation.

5.4 Recipe tokens and equipment steps

An alternative to the previous solution is to repre-
sent the unit processes as steps instead of tokens.
This gives a resource allocation chart that resembles
the physical structure of the process cell according
to Fig. 12 where a simplified process cell is shown.
The presence of a control recipe token in an equip-
ment step indicates that the recipe is executing a op-

eration in that unit process. The resource allocation
mechanism is hidden in the transitions between the
equipment steps. The net structure obtained is very
similar to the Petri net structures used for analyzing
batch control cells in Genrich et al. (1994), Yamalidou
and Kantor (1991). The difference is that here the re-
source allocation is integrated with recipe execution
through the multi-dimensional chart nature.

6. CONCLUSIONS

The paper has shown how the concepts of High-
Level Grafchart can be used to implement a batch
recipe management system according to SP88. The
SFC formalism is applied at all levels from the recipe
procedure down to the control steps. The possibility
to use function chart as object methods provides a
convenient way of separating the equipment control
logic from the recipe procedure. The possibility to use
token object and multi-dimensional charts increases
the structuring possibilities and allows an integration
between Petri net based analysis methods and recipe
execution.
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