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Preface

Preface

After successful publication of ‘Advances in Robotics and Automatic
Control: Reviews’, Open Access Book Series, Vol. 1 in 2018 and
feedback from our authors and readers, we have decided to publish the
second volume of this Book Series in 2021.

The 2™ volume of ‘Advances in Robotics and Automatic Control:
Reviews* Book Series contains 5 chapters written by 12 authors from 5
countries: Australia, Egypt, Mexico, Russia and Spain. But it is not a set
of reviews. As usually, each chapter contains the extended state-of-the-
art followed by new, unpublished before, obtained results.

Chapter 1 addresses the regulation problem in large-scale industrial
automation systems from both, centralized and distributed perspectives.
In the centralized case, the specification is given as a single Finite State
Machine PN (FSM) that produces the required output sequences. In the
distributed case the specification is defined as a set of local specifications
and a global specification to organize the local specification evolutions.

Chapter 2 describes the modern engineering methods for linear systems
with parametric noises and nonlinear control stochastic systems (CStS)
are presented. Two types of differential and discrete CStS are
considered: linear (for linear functional spaces) and circular (including
multichannel case). Modification of normal approximation method
(NAM) and statistical linearization methods (SLM) are given and
illustrated by test examples. Short survey of SLM for rational, irrational,
fraction-rational, integral, Bessel and Jacobi nonlinearities is included.
Specific methods for nonlinear CStS (with unsolved derivatives and
singular are developed and illustrated.

Chapter 3 contains a review of the state of the art, control algorithms and
applications concerning solar energy plants (thermal and solar cooling)
is presented. Two Model Predictive Control (MPC) algorithms
developed for the solar cooling plant located at the Escuela Superior de
Ingenieros at the Universidad de Sevilla are described. These strategies
show that the application of advanced control techniques to solar power
plants can improve the operation of this kind of plants.

Chapter 4 outlines that the decision problems under partial observation
serve a rich framework for planning and control of operations in diverse
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applications. In this area, approximate point-based algorithms have
emerged improving the scalability of existing numerical schemes to a
key level where they can be broadly used in robotics. The author
elaborates on some core principles of point-based methods and present
an approximate solution technique, which utilizes linear state dynamics
and convexity.

Chapter 5 contains the mathematical analysis of the minimum jerk
trajectory (MJT) generation. In this study, the position and the velocity
of the minimum jerk trajectory as a function of time is presented in two
cases: the first one is the unconstrained point-to-point movements of the
human hand, whereas the second case is the curved point-to-point
movements of the human hand. Simulation study is carried out with some
examples and MATLAB is used for this simulation. The results prove
that the minimum jerk trajectory is the smoothest possible movement of
the human hand.

I hope that readers will enjoy this new volume and that can be a valuable
tool for those who are involved in research and development of different
robots and automation systems.

I am looking for any advices, comments, suggestions and notices from
the readers to make the next volumes of becoming popular ‘Advances in
Robotics and Automatic Control: Reviews’ Book Series.

Sergey Y. Yurish

Book Series Editor Barcelona, Spain
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Chapter 1

Regulation Control of Discrete Event
Systems for Industrial Automation

Daniel Guevara-Lozano, Durvvin Rozo-lbafez,
Carlos Renato Vazquez, Javier Ruiz-Ledn
and Antonio Ramirez-Trevifio

1.1. Introduction

Modern industrial automation systems are becoming larger and more
complex in order to be able to meet the actual requirements of
consumers, such as high quality and customizable products. As long as
the expectations on automation systems increase, the paradigms and
tools for the analysis and design of these systems are also evolving. Now
the concepts of additive manufacturing, collaborative robotics, and
production based on product life-cycle are commonly introduced in these
systems. Design methodologies using formal tools are also evolving to
provide efficient solutions to model, analyze and control large-scale
automation systems. In particular, methodologies for the analysis of
Discrete Event Systems (DES) based on finite state automata (FS4) and
Petri nets (PN) are being rapidly adapted to this new scenario.

Focusing on the methodologies for the design and synthesis of
controllers for DES, the supervisory control theory (SCT) [1] has been
widely used to confine the DES behavior into a safe one, first using £.S4
and then extending the theory to use PN [2-4]. Nowadays, this theory
considers many extensions, such as control under partial observation,
supremum, infimum and maximally permissive controllers, among many
others. A fine updated survey of SCT is found in [5].

Daniel Guevara-Lozano
CINVESTAYV Unidad Guadalajara, Zapopan, Jalisco, Mexico

13
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Another interesting control methodology for PN, reported in the
literature, is based on adding Generalized Mutual Exclusions [6-7]. This
control method consists in adding monitor places to the system in order
to constraint the PN behavior, avoiding the simultaneous execution of
certain operations. This elegant idea allows to avoid undesirable states,
enforce required properties, or limiting the SED behavior into the
required one. This technique has been extensively studied for avoiding
deadlocks in particular classes of PN modelling manufacturing systems
[8-9]. Different authors have addressed the control problem for
large-scale systems by adopting decentralized and distributed strategies,
extending the SCT based on FSA4 (see, for instance [10]).

All the aforementioned control approaches consider safety specifi-
cations, i.e., the control objective is to confine the system to evolve
according to safe trajectories. However, in industrial automation we
require to enforce the system to perform predefined tasks, described as
sequences of actuators' (or machines) activations. The regulation control
framework has been introduced and studied for DES in [11-17] to
address this control objective. In this framework, both the specification
and the system to be controlled, named the plant, are modelled by
interpreted Petri nets (/PN), which is an extension of PN in which
controllable events (representing actuators) are labelled with input
symbols and measured places (representing sensors activated at local
states) are labelled with output symbols. The controller is an agent that
forces the occurrence of controllable events in the plant in order to
produce the output signals indicated by the specification. In detail, for
every event-occurrence in the specification, the controller forces the
occurrence of a sequence of controllable events in the plant so the current
plant and specification states generate the same output signals, i.e., the
plant output is tracking the specification output.

This chapter addresses the regulation problem in large-scale industrial
automation systems from both, centralized and distributed perspectives.
In the centralized case, the specification is given as a single Finite State
Machine PN (FSM) that produces the required output sequences. In the
distributed case the specification is defined as a set of local specifications
and a global specification to organize the local specification evolutions.
The centralized approach is useful in small and medium size systems,
nevertheless, in large size systems the distributed approach must be
chosen. Depending on the system structure, three different
implementations are possible. In the first one the local controllers work
without knowledge of other controllers. The system structure is enough

14
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to guarantee the adequate closed-loop evolution. In the second one,
messages are passed among local controllers in order to enforce
closed-loop properties. The third implementation includes a high-level
controller, named coordinator that controls the local controllers to
guarantee the required global behaviour.

This chapter is organized as follows: basic concepts on Interpreted Petri
nets are recalled in Section 1.2. The regulation control framework is
described in Section 1.3. Section 1.4 presents modelling methodologies
for electro-pneumatic systems and continuous processes. Section 1.5
presents a methodology for defining specifications. Section 1.6 presents
an algorithm for the controller synthesis. Decentralized and distributed
control strategies are presented in Section 1.7. Finally, conclusions and
future work are presented in Section 1.8.

1.2. Interpreted Petri Nets

In the regulation control framework, an extension of Petri nets ([18])
called Interpreted Petri nets ([19]) is used, this extension allows to
represent input and output symbols in transitions and places,
respectively.

1.2.1. Petri Nets

Definition 1. A Petri net (PN) structure is a bipartite digraph represented
by the 4-tuple G = (P,T,1,0), where P = {p;,p.,...,p»} is the finite set of
places, T = {t1,t,,...,t,} is the finite set of transitions, I:PxT - Z. pis a
function representing the weighted arcs connecting places to transitions,
O:PxT— Zx is a function representing the weighted arcs connecting
transitions to places. Zo represents the non-negative integers.

Pictorially, places are represented by circles, transitions by rectangles,
and arcs by arrows. Functions / and O are characterized by |P|x|T]
matrices Pre and Post, respectively, in such a way that Pre/i,j] = I(pit;)
and Post[i,j] = O(p.t;). The incidence matrix of a PN is a |P| x|T| matrix
C defined such that C/i,j] = Post[i,j]-Pre[i,j]. The symbol <t (resp. *p;

denotes the set of all places p; (resp. transitions #) such that I(p;t;) # 0
(resp. O(pit;) # 0). Similarly, e (resp. p:*) denotes the set of all places
pi (resp. transitions #) such that O(p;#;) # O(resp. I(pit;) # O).

15
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A PN is said to be a state machine if |*t)| = |t;*| = 1, V1,€T.

Definition 2. Given a PN structure, the marking distribution is defined as

a function M:P-> Z., where M(p;) represents the number of tokens

residing inside the place p; (tokens are depicted as dots). The marking
distribution is expressed as a column vector M of len3gth |P|, where M[i]
= M(p;), Yp:€P. A PN system is the duple (G, M,), where G is a PN
structure and M, the initial marking distribution. The marking
distribution evolves according to the firing of transitions. A transition #

is enabled at marking My if bp;et;, Mi(p;)2/(b.t), this is denoted as

M,[t;). A transition ¢ can fire if it is enabled. The firing of an enabled
transition ¢ leads to a new marking M.+, that can be computed by

My, = My + Ce;,
where ¢;/i] = 0 for /Z/and ¢;/j] = 1. This is denoted as My/t;)Mj.+;.

Given a PN system (G, M;), a sequence of transitions o = ¢f,,...,1 is said
to be a firing sequence (or fireable) from M) if there exist markings M},
M, ..., M,._; such that Mo[l‘])M], M][l‘g)Mg,..., Mk_1[tk).

The marking M’ reached after the firing of a fireable ¢ from a marking
M can be computed by the so-called PN fundamental equation

M = M+ Ca,

where & is a vector, named Parikh vector, defined as a column vector of
size |T| such that 6[j] = k if ¢ is fired k times in the sequence o.

This is denoted as M/o)M', moreover, M' is said to be reachable from
M. A PN system is said to be safe if, for every reachable marking, there
is at most one token in each place. The reachability set of a PN is the set
of all the reachable markings from M), and it is denoted as R(G,My). A
PN is said to be deadlock-free if YMER(G,M,) Ft€T such that M[t).

1.2.2. Interpreted Petri Nets

Definition 3. An Interpreted Petri net (/PN) system is a 6-tuple
0= (G, My, 2}, 2o, 4, ¢), where (G, M;)is a PN system, and:

e J;is the input alphabet, where each element of the set 27 is an input
symbol;

16
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e J is the output alphabet, where each element of the set 2o is an
output symbol;

e A:T->2%is the labeling function of transitions (a single transition can

be associated with more than one symbol from the input alphabet
21);

e (:P-> 20 is the labeling function of places (a single place can be

associated with more than one output symbol).

If A(t)2d, the transition ¢ is said to be controllable, otherwise it is
uncontrollable. A place p€P is said to be measurable if ¢(p)z2,
otherwise, it is non-measurable.

The evolution of an /PN is similar to that of the PN system with the
addition of the following rules:

1) A symbol a2 is said to be indicated if either it is activated by an
external device (for instance a controller or a user) or 3p EP such
that a €p(p) and M(p)>0 (notice that 2; may include symbols of 2p);

2) If A(t;) = a is indicated and ¢ is enabled then ¢ must fire;

3) If A(t;) = a and ¢ is enabled, but the symbol A(z) is not indicated,
then ¢ cannot fire;

4) If (t;) = P and ¢, is enabled, then ¢ can fire at any moment;
5) At any reachable marking M;, an external observer reads the

symbols ¢(p;) if M(p;)>0.

The reachability set of an /PN O will be denoted as R(Q, M), in order to
make explicit that in these models the reachability depends not only on
the PN structure and the initial marking, but also on the input and output
labelling functions.

An IPN is said to be event-detectable if Vt,t,€T it holds either they are
associated to different input symbols (A(z;)ZA(%)) or their firings produce

different marking changes (Ce;#Ce;).
Example 1. Fig. 1.1 shows an IPN Q where P = {pl, p2, p3, p4},

T={tl, 2,13}, 21 = {a,b}, 2o = {4,B,C,b}. The incidence matrix of Q is
given by

17
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-1 0 1
|11 0 -1
¢= 0 -1 1
0 1 -1

E’:#ﬁ (0t
')

pi— ' p2~ N

C
p3 = p4 e
h'/ \f- - /’
O

Fig. 1.1. IPN system described in Example 1.

The initial marking is My = [1, 0, 1,0]", describing that p; and p; have a
token but p, and ps have not. Thus, at the initial marking, the /PN
indicates the output signals {4,B,C}. Now, at the initial marking, both #;
and ¢, are enabled by the marking, however, none of them can fire since
both have input symbols that must be indicated (they are controllable).
In particular, #; requires that both symbols a and b be indicated. If an
external agent indicates the symbol a, only ¢, is fired. The firing of #,
transfers a token from p; to ps. The new marking can be computed as
M; = My+Ce; = [1,0,0,1]", where e; = [0,1,0]" (i.e., the elementary
vector associated to ¢2), thus p; and p4 are the marked places. At this new
marking, the symbols {4,B,b} are indicated. Then, #; is fired if an external
agent indicates the symbol a again (since b is indicated by the current
marking). The firing of #; transfers a token from p; to p;. At this new
marking, #; is enabled since its input places have tokens and it is
uncontrollable (it is not labelled), thus it can fire at any time, leading the
system to the initial marking. In this way, the sequence o = £:;t3 is a
sequence fireable from the initial marking. As an example, 6’ = #;#:¢; is
not fireable from the initial marking, since #; cannot fire twice
without firing #3.

The function ¢ can be represented by a |2o|X|P| matrix ¢. Enumerating
the output symbols as 2o = {ay,ay,..., a5, }, the output matrix ¢ is
defined such that ¢/i,j] = I if a € ¢(p;)and ¢/i,j] = 0 if a € ¢(p;). In
this way, each row of ¢ represents a symbol from Xo. The output vector

18
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of the /PN at the marking M is defined as y = M, where y/i/> 0 if a;is
indicated by M.

Example 2. Consider again the /PN depicted in Fig. 1.1, if we order the
output symbols as 2o = {4,B,C,b}, then the output matrix is defined as

1

00 0
110
=10 o
0 0

0 0
1 0
0 1

Then, the first row of ¢ means that the symbol 4 is indicated by the
marking of p;, the second row means that B is also indicated by the
marking of p;, the third and fourth rows mean that C is indicated by the
marking of p; and symbol b is indicated by the marking of py,
respectively. If the sequence o = #£:¢;¢3 is fired from the initial marking,
the sequence of output symbols is {4,B,C}, {A,B,b}, b, {4,B,C} or
[1,1,1,0]7, [1,1,0,1]7, [0,0,0,1]7, [1,1,1,0]" as output vectors.

1.3. Regulation Control Framework

The regulation problem for /PN was introduced in [11-13], and has been
recently addressed in [14-15] as a tool for designing controllers for
industrial automation. In the tracking-control paradigm, the system to be
controlled, named the Plant, and the desired behavior, named the
Specification, are both modelled as /PN. The goal is to compute a
controller that drives the Plant in such a way that its output becomes
equal to the Specification's output, i.e., the Plant's output tracks the
Specification's output. In the forthcoming sections, methodologies for
the Plant modelling and Specification definition will be recalled from
[14-17]. Before introducing such methodologies, let us describe some
concepts of the regulation problem.

Definition 4. The Plant is a safe event-detectable
IPN Q = (G, My, 21, 2o, A, @) that models the system to be controlled,
where G = (P,T,1,0). It is assumed that two plant places cannot generate
the same output symbol (i.e. a sensor cannot be turned on by two
different variables), moreover, the input and output plant alphabets are

disjoint (i.e., 21120 = 0).
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Definition 5. Given a plant as defined in Definition 4, a Specification is
a deadlock-free state machine /PN QS = (GS, MF 25 25 )5 (pS ). The

output alphabet fulfils Xo°/7J; = @ The specification input alphabet

contains symbols from the plant's alphabets and other external symbols,
whose set is denoted as X, = 2 | {21020}

The regulation problem can be formulated as the synthesis of a controller
function H that provides the input symbols that have to be indicated to
the plant in order to produce an output equal to that of the specification.

Definition 6. Let Q = (G.My,2,%0,2,90)and O° = (G5 M5, 27 205, 25 ¢5)
be the /PN modeling the plant and specification, respectively. The
regulation problem consists in the computation of a controller function

H:R(Q,My) *R(Q°,M*) x T°>2],

such that VM;ER(Q,M,), VM ER(Q° M®), the indication of the input
symbols H(M;, M7 t;°), where #;° is the specification transition previously
fired, will eventually lead the plant to a marking M; such that

(M) = p*(My).

For practical reasons, the definition of a controller as the function H is
inconvenient, since it must be defined for every combination of the plant
and the specification reachable markings. Instead, a regulation controller
can be conveniently realized as an /PN in such a way that, when
synchronized with the plant, will produce the symbols that the plant
transitions require to eventually reach a marking that produces the
specified output (i.e., the symbols that H would provide).

Example 3. Consider the /PN model of Fig. 1.2 representing the plant
(composed of the actuator and the sensor) and the specification. The
plant is an assembly of a double-effect pneumatic actuator with its
two-position solenoid valve and a proximity sensor. The pneumatic
actuator can be retracted (when signal XA is generated, i.e. there is a
token in py) or extended (when signal XB is generated, i.e. there is a token
in p,). Indicating the input signal Xa (representing the activation of a
valve’s solenoid) fires #4 when it is enabled, adding one token in p, and
allowing the firing of 7, and #) when they are enabled, retracting the
actuator; similarly, signal Xb (representing the activation of the other
valve’s solenoid) leads to an extension of the actuator. The sensor is
turned on (ps is marked) if a work-piece is detected, and turned off (ps is
marked) if it is not the case. According to the specification, it is required
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that when the proximity sensor detects a work-piece (the signal On is
indicated by py), transition ¢,° is fired starting two cycles of extending-
retracting the actuator.
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Fig. 1.2. IPN models of the plant and the specification of Example 1.

Fig. 1.3 shows an /PN that represents the closed-loop behavior of the
plant with a controller that imposes the required specification. Notice
that, in the closed-loop behavior, the controller indicates symbols of
controllable transitions in the plant (Xa, Xb); and the plant indicates
symbols that allow the firing of enabled transitions in the controller
(X4, XB, On). In the current example, the places py and ps of the plant
are marked indicating signals {On, XA4}. Hence transition #s in the
controller is fired, moving the token from p;to ps, and the symbol Xb is
indicated by the controller. This symbol results in the firing of transition
ts in the plant leading to the extension of the pneumatic-actuator (the
token at py will move to p), marking place p; in the plant and indicating
signal XB, allowing the controller to evolve. The closed-loop evolution
continues generating the two retracting-extending cycles in the actuator.

1.4. Plant Construction

By adopting a Bottom-Up modelling methodology, a plant /PN model
for an automation system can be built by using the synchronous and
permissive products of small /PN models defined for each of the
components [20]. This strategy is adapted to electro-pneumatic systems
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in [14] and to industrial processes represented by Piping and
Instrumentation Diagrams (P&ID) in [16]. In [20] a library of the
different actuators and sensors is created, and the synchronous and
permissive products are implemented by the firing rules and an adequate
labeling of places and transitions. In [16] the process diagrams are
translated into tables capturing the system elements and relations among
them. Tables are used to remove errors and unnecessary information.
Latter, these tables are translated to /PN. Next sections describe these
modelling methodologies.
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Fig. 1.3. IPN describing the closed-loop of Example 1.

1.4.1. Electro-pneumatic Systems

Electro-pneumatic systems are common components in industrial
automation. For this reason, a library of /PN models was proposed in
[14] for the most frequently used components in electro-pneumatic
systems, including push buttons, selectors proximity sensors,
electro-pneumatic valves and actuators. These component models are
presented in Figs. 1.4-1.7.

Fig. 1.4 shows /PN models for different kind of switches. In these, output
symbols are defined in the places that represent a state in which the
switch conducts current, for instance, 1.4 (c) represents a single-pole
two-throw switch, in one state the current is conducted to throw A4, in the
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other state the current is conducted to throw B. Reed magnetic sensors
(not shown) are used to detect limit positions of pneumatic actuators,
these behave as NO switches, thus, the model of Fig. 1.4 (a) can also be
used for these sensors.

(a)
l/— Py

ty

Fig. 1.4. IPN models for different kinds of switches.

Fig. 1.5 shows the electro-pneumatic symbols for different kind of
proximity sensors, commonly used to detect the presence of a part or a
limit position of an actuator, and its /PN model. These sensors provide
two output signals, one NO (signal 4) and one NC (signal B) to detect
the presence and absence of parts, respectively.

Pneumatic actuators and valves are frequently used in usual assemblies.
Fig. 1.6 shows a vacuum actuator assembly, consisting of a 3-ways
2-positions valve, a Venturi nozzle to produce vacuum, a suction cup and
a vacuum sensor, which provides an activation signal when vacuum is
detected (when a part is grasped). Place po represents the state in which
vacuum is not activated, thus the sensor provides a signal B; place p;
represents a transition state, and place p, represents the state in which a
part is grasped, thus the vacuum sensor provides the output signal 4. The
activation of the valve solenoids are the only controllable events,
represented by symbols a and b at transitions #; and #, respectively.
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Fig. 1.5. Sensor symbols and their /PN model for a pressure sensor (a);
capacitive sensor (b); inductive sensor (c); magnetic sensor (d),
and optical sensor (e).

Fig. 1.6. /PN model for a vacuum assembly.

Fig. 1.7 represents the most typical valve-actuator assemblies.
Pneumatic-grippers (not shown) are usually driven by double acting
actuators controlled by 5-ways 2-positions valves, thus they are similar
to Fig. 1.7(a). The same /PN model is valid for all the assemblies. In
these, sensors are located to detect the limit positions, providing the
output signals represented by 4 and B, for the leftmost and rightmost
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positions, respectively. On the other hand, the activation of the valve
solenoids are the only controllable events, represented by symbols a and
b (to move to the left and right, respectively) at transitions # and s,
respectively. For the case of the spring return valve at Fig. 1.7 (b), the
symbol a is defined as the logical negation of b (i.e., the absence
of event b).

Fig. 1.7. IPN models for electro-pneumatic assemblies: double acting actuator
controlled by a 5-ways 2-positions valve (a); spring return actuator controlled
by a 3-ways 2-positions spring return valve (b), and a rotary actuator controlled
by a 5-ways 2-positions valve (c).

In this way, electro-pneumatic systems can be modelled by taking the
IPN models of Figs. 1.4-1.7.
Example 4. Fig. 1.8 shows a manufacturing cell at the Automation Lab

of the Tecnologico de Monterrey that is used for testing controllers.
Fig. 1.9 shows a diagram and the /PN model of the manufacturing cell.
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Fig. 1.8. Manufacturing cell for supervisor synthesis tests

at the Automation Lab.
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Fig. 1.9. /PN model of a manufacturing cell consisting of a pneumatic arm
with 3 degrees of freedom, a CNC-Driller station, a RFID-tag colocation station
and a conveyor. The 3D model of the pneumatic arm with its axis is shown
at the right.
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The cell consists of a conveyor, divided in two sections (/n and Out) by
a physical barrier, a pneumatic arm with three linear pneumatic actuators
(X, Y and Z) and a vacuum assembly (V) with a suction cup, and two
stations, one that places a RFID tag to work-pieces and a CNC driller.
The arm can reach 8 different positions that are the combinations of the
linear actuators' extreme positions. The suction cup has two states, turned
off (VA) and on (VB). To take a work-piece from the conveyor's In
position, the arm's actuators must reach the positions X4, Y4, ZB and
then the cup is turned on. Similarly, to leave a work-piece in the
conveyor's Out position, the arm's actuators must reach X4, YB, ZB and
then the suction cup is turned off. To take or leave a part at the RFID and
the Driller stations, the arm's actuators must reach XB, Y4, ZB and XB,
YB, ZB, respectively. The actuator Z must be at ZA4 position (the suction
cup is elevated) when the arm moves between these positions. The
Driller station consists of an actuator (D) with two positions, retracted
(DA) and extended (DB), that secures the work-piece to be drilled, and a
switch (M) that turns off (M) and on (M,,) the drill.

There are sensors (not modelled) providing the signals Sin, fagin,
SRFID, tagRFID and SDrill that indicate if there is a work-piece at the
In position, if the work-piece at the /n position is tagged, if there is a
work-piece in the RFID station, if the work-piece in station RFID is
tagged and if there is a work-piece in the Driller station, respectively.
These sensors also provide the corresponding negation signals, denoted
with either an over-line or a symbol —.

1.4.2. Industrial Processes with Discrete Actuators

Previous subsection shows how to model pneumatic systems, now this
section focuses on modeling systems described by Piping and
Instrumentation Diagrams (P&ID), Process narratives (ProN), and
Operation narratives (OpN). Through this section, we recall the
modelling methodology introduced in [16] for these systems.

A P&ID is a graphic representation illustrating the interconnection of the
equipment, control elements (sensors, actuators, converters, timers, etc.)
used in the control of a process [21], as well as the variables that must be
controlled. This diagram uses a set of symbols and nomenclatures for
elements and variables identification based on the standards issued by
the Instrumentation Systems and Automation Society (ISA4).
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The variables appearing in a P&/ID are named controlled variables, the
value of each variable is named the variable state, and the set of possible
values of a variable is named the variable range. In a similar way, the
actuator state is the condition of the actuator and the actuator range is
the set of possible states of the actuator. Both the controlled variables
and the actuators are referred as the process elements. The elements
controlling, acting or sensing a controlled variable form a control loop
in the P&ID; control loops are gathered to form sub-processes. In this
work, we consider processes in which the actuators range and the
variables range are discrete.

The ProN is a description of the process functionality, provided in
natural language. This narrative describes the possible evolution of each
controlled variable as function of both the variables states and the
actuators states. Variables and actuators interact in two different ways.
First, the simultaneous occurrence of variables and actuators state
changes is represented by a synchronous relation [22-23]. Second, the
permissive relation represents the enabling of a variable state change
when some actuator is at a particular state [22]. These relations are
implied in the process narrative.

Example 5. Consider the system represented in the P&ID of Fig. 1.10.
The ProN and OpN are described as following.

Process narrative. The system has two sub-processes. The first one is
the bottle transfer (C-7) that is composed of three position transmitters
(ZT-1, ZT-2, and ZT-3), amotor (ZZ-103), and a robot arm (ZN-103) with
its gripper (ZZC-103). Transmitters are used to detect the relevant bottle
sites arrival (position-1), filling (position-2), and unloading (position-3),
defining controlled variables BP;-103, BP>-103 and BP3-103
respectively, where each can be either at a presence state (BP,”, BP/,
and BPY) or at an absence state (BP,“, BP,%, and BPs"). If the motor
ZZ-103 is turned on the conveyor belt conveys bottles, then bottles are
transferred from the position-1 to the position-2, and from the position-
2 to the position-3 (a physical barrier is at the end of the conveyor); when
the motor ZZ-103 is turned off the conveyor stops. The variable of the
gripper ZZC-103 can be opened or closed. The robot arm is programmed
to reach positions Home (Ru), RP; (over ZT-3) and RP: (over the exit).
The second sub-process (7-1) is the bottle filling, it consists of a level
transmitter (L7-104) and a level valve (LV-104). The bottle-level
variable (LT-104) can be empty (BL°) or full (BL/). If the valve LV-104 is
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opened, then the state of BL-104 changes from BL¢ to BL. The complete
process is controlled by the controller Y/C-1.

@ X Lv -104
! GRIPPER
@ 77C -103
T1 |BOTTLE ROBOT
ZZ 103 zm -103

Fig. 1.10. P&ID of the bottle filling system of Example 4.

In the modelling methodology proposed in [16], the P&ID and ProN
information is summarized in four tables, named the elements
description table, the elements-behavior table, the permissive relation
table and the synchronous relation table.

The elements description table lists the controlled variables and actuators
with their characteristics: range, initial condition, labels, etc. The first
column of this table is filled with the element's name; the second column
with the variable/actuator range; and the third column with the
variable/actuator initial state. The different values in the Range column
are referred as the states of the element. The last two columns correspond
to the element location in the process. The element description table for
Example 5 is depicted in Table 1.1.

Every element behavior table captures the behavior of an element
mentioned in the P&ID. In each table, every row and column represent
a state of the element from the Range column of the Element Description
table. Given two different states, state-1 and state-2, a check-mark is
drawn in the cell at row state-1 and column state-2 if the element evolves
from state-1 to state-2 without visiting another state.

The elements’ behavior tables of the industrial process described for the
Example 5 are shown in Table 1.2.
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Table 1.1. Elements description table for Example 5.

Controlled
variables & Range Initial state
Actuators
Z7Z-103 (Motor) off, on off
ZN-103 (Robot) home (Ry), RP;, RP; RH
ZZC-103 (Gripper) opened (G,), closed (G,) Go
LV-104 (Valve) opened, closed closed
BP;-103 a
(Bottle-Position 1) absence (BP,%), presence (BP/’) | absence
BP>-103 u
(Bottle-Position 2) absence (BP;%), presence (BP’) | absence
BP;-103 u
(Bottle-Position 3) absence (BP;), presence (BPs*) | absence
BL-104

¢ A
(Bottle-level) empty (BL¢), full (BL/) empty

Table 1.2. Elements’ behavior tables for Example 5.

ZZ-103 | off | on BPi-103 BP;" | BP/ BP:-103 | BPs" | BP3Y
off X BP/* X BP;* X
On X BP/} X BPy X

BP;-103 | BP | BP? ZZC-103 | opened | Closed BL-104 | BL® | Bl

BP* X opened X BL¢ X
BPY X closed X BL/ X
ZN-103 | RP; | Home | RP;
RP,; X
Home X X
RP, X
LV-104 opened closed
Opened X
Closed X

The interaction between controlled variables and actuators is captured in
the permissive and synchronous relation tables. The permissive relation
table (Table 1.3) represents the fact that certain variable changes occur
only if certain actuators are at some particular states. In the permissive
relation table, a row is defined for each actuator from the P&ID.
Furthermore, each actuator row is split into sub-rows, one per each state
in the actuator's range. On the other hand, a column is defined for each
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controlled variable. If the evolution of a controlled variable V; from state
S to state S» requires that actuator 4; be in state R, then write “S; to S»”
in the cell associated to the actuator A4;, at sub-row representing state R
and column representing V.

Table 1.3. Permissive relation table for Example 5.

Controlled variables
BPi-103 | BP»-103 | BPs-103 | BL-104
Actuator Actuator Events
state
off
77-103 BP:?to BP>?
P a a
on BP/ to BP/ BP to BP* BPx to BP»
RP; BP3? to BP3“
ZN-103 home
RP>
ZCC- closed BP3? to BP3*
103 opened
closed
LV-104 opened BL to B/

The synchronous relation table indicates when two or more controlled
variables evolve simultaneously. In the synchronous relation table, rows
and columns are associated to controlled variables. Furthermore, rows
and columns are split into sub-rows and sub-columns, respectively,
representing the events of each controlled variable (i.e. the change from
one state to another). The cell defined by a sub-row event; and a
sub-column event; is marked with an “X” if these events occur
simultaneously. The synchronous relation table for the bottle filling
system is shown in Table 1.4.

The methodology continues by representing the relation between
actuators and variables of the process in the Process Graph(P¢) defined
below.

Definition 7. A process graph is the triplet P¢ = (N,B,D), where
N = {n,,...,ny} is a finite set of vertices, and »; represents the i-th element
of the P&ID; BUDCNxN is a set of arcs, where B represents the
permissive relation, and D represents the synchronous relation. If arc
(ni,n;) EB, then n; is an actuator, #; is a variable, and there exists a no null
cell at row n; and column »; in the permissive relation table. If arc
(ni,ny) €D, then n;n; are both variables and there is a marked cell at row
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n; and column #; in the variable relation table. Arcs defined from B are
represented with solid lines and arcs defined from D are represented with
dashed lines.

Fig. 1.11 represents the process graph of the Example 5.

Table 1.4. Synchronous relation table for Example 5.

BP;-103 BP>-103 BPs-103 BL-104
BP/“ | BPP | BP," | BPY | BPs* | BP# | BL® BL/
to to to to to to to to
BP? | BP“ | BPY | BP | BPY | BPy | BL/ BL*

Variables and Events

BP,“to
BP/
BP/to
BP/
BP>"to
BPY
BP#to
BPy*
BP;“to
BPy
BP{to
BP{
BL‘to
BL/
BlL/to
BL*

BP-103

BP>-103

BP;-103

BL-104

n, LV-104

BP:-103

ZCC-103

Fig. 1.11. Process graph of the bottle filling process.

The next step in the methodology translates the P into an /PN, every
vertex of Pg is translated into an /PN module and the resulting /PN
modules are connected using the synchronous and permissive relations.
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IPN module. The i-th module Mod; = (G', My, X/, 2, X', ¢'), where
G; = (P, T:,1,0;), is built for the n; vertex of Pg, based on the element
behavior table associated to the i-th element. In detail, P; = {p,...,p:},
where each place is defined for each row of the behavior table.
Moreover, if there is a check mark in the cell defined by the row 7; and
column ¢, of the behavior table, then a transition #; is defined and arcs
from p; to ti, and from #; to p; are defined as well. In this way, there are
as many transitions as check marks in the behavior table. The initial
marking of Mod; is given by My'(pi) = 1 if py is the initial condition of e;
and My'(py) = 0 otherwise.

Places are labelled according to the element description table, i.e.,
¢'(p;) = statey if the place p; of the i-th element is associated to the state
stater. Moreover, distinct labels are associated to the transitions of the
actuator elements (all the transitions in the actuators are controllable).
The input and output alphabets are defined as the union of the labels
associated to all the transitions and places in the module, respectively.

Module interconnection. The place p; of the module Mod; is connected
to the transition # of Mod;, with a self-loop, if the event “p; to p/” is
written in the cell defined by the sub-row 7 of e; and the column ¢; of the
permissive relation table. In addition, transitions #,, f. of modules Mod,,
Mod,, respectively, are merged into a single one if there exists a mark in
the cell defined by the sub-row “a to b” and the sub-column “c to d ”,
respectively, in the synchronous relation table. Notice that by
construction, the /PN model is consistent and conservative.

Example 6. Consider the system illustrated in Fig. 1.10, where each
element is represented by a PN module in Fig. 1.12. In this figure, the
modules Mod; - Mods represent the PN modules of the motor,
position-1 transmitter, position-2 transmitter, position-3 transmitter,
Robot, gripper, valve and bottle, respectively.

For example, in order to build the PN module Mods (Robot), the range is
defined as (RP;, home, RP;), and its initial condition as home, according
to the Elements description table. Therefore, the places of Mods are p;°,
p2’, and p5’, and a mark is included in the place p,’, respectively. The
transitions t,,°, t23°, t3° and ¢, ;° and their directed arcs are included in
Mods, since the states of the robot can change in one step from p;’ to p,’,
from p>’ to ps’, from p;’ to p>’, and from p>’ to p,’, as indicated in the
behavior table ZN-103.
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Fig. 1.12. Process PN modules of the bottle filling process.

The complete process /PN model is illustrated in Fig. 1.13, where the
synchronous and permissive relations between PN modules are
presented. For instance, the transitions #,,° and #,,° in Fig. 1.12 are
merged into a transition >, since there exists a dashed arc from 7> to
nzin Pg (Fig. 1.11); moreover, two-way arcs are included from the place
p>' in Mod; to transitions #23, £*5+ and ¢, ,*, since there exists a relation
between the actuator state on in ZZ-103 and the variable events BP;” to
BP;* and BP," to BP¥ in BP;-103, BP»-103, and BP3-103 presented in
the permissive relation table.

Mods
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P! 2 1 P 2 2 {8, ZCCI0
1 :
6 6
L tig Mo tMag tg,l 3 P2 P1
- L] -
2
2 3 4
t, n P Y2 £,
Mod, Mod, Mody Mod, Mod g

Fig. 1.13. Process /PN model of the bottle filling process.
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1.5. Specification Construction

As stated in previous sections, the regulation control framework requires
a specification modelled as a safe state machine /PN that describes
desired output sequences in the plant. However, the specification design
can be an issue since it can become rather complex for big systems, and
its construction depends on the designer skill and knowledge of this
control framework. In order to reduce this problem, in this section the
design of a specification is presented in a way that it can be automatically
computed from minimum information provided by a practitioner, who
may not have knowledge in the modelling and control of DES. This
methodology for building specifications was introduced in [17].

The methodology is obtained by defining sets of tasks and the devices
that can perform each set, next the required plant conditions to execute
each task are declared. Then, the practitioner fills a couple of tables with
the necessary information required for the specification construction.
The information in these tables is finally used to automatically generate
an /PN specification.

1.5.1. Tasks and Work Stations

The design of specifications proposed in [17] is based on the idea that
industrial automation systems can be split in a set of interacting work
stations that are composed of the actuators capable of performing sets of
different tasks. In the first step of the design, the practitioner identifies
the required tasks to be performed by the plant, and for each task, the
practitioner identifies the sequence of signals that the plant must produce
in order to perform it. The set of actuators that can produce those signal
sequences is identified as a work station. Tasks may include signals
sequences that appear several times in one or more tasks, called subtasks.
The formal definitions of these concepts are depicted below.

Definition 8. A subtask subtask, = (s",...,s") is an ordered set of
operations s",..., " €20, each one defined as a subset of actuators’
output signals. The operations alphabet of a subtask is defined as
Za” = {s",...,s" ). The set of all the subtasks of the plant is denoted as
' = {subtask,..., subtask,}, and the alphabet of t' is denoted as
Zsub = {suby,..., suby}, where each sub;EX 4 is defined as a new symbol
associated with a subtask subtask; &',

35



Advances in Intelligent Systems: Reviews, Book Series, Vol. 2

Definition 9. A task task, = (s“,...,s*) is an ordered set of operations
§%..., s€ 2*o0U Y, each one defined as a subset of actuators’ output
signals or subtasks symbols. The operations alphabet of a fask is defined
as 2w = { 5%,...,8% }. The set © = {tasky,..., task,} is the set of all the
tasks of the plant. A fask represents a required sequence of actuators
signals that the controlled plant must accomplish.

Definition 10. Consider the plant as a collection of /PN models of the
devices set D = {d,...,d,} as described in [14], where X% and X% are the
input and output alphabet of the k-th device, respectively. In practice, it

holds that Zo% 150" = @, N3 = @, for all k # /. Given a set of tasks

7,Ct, the work station of 7; i1s defined as the smallest subset of devices
w,ED such that X% € 2*" where X" = {s | s €task, taské&r;} denotes the
set of operations involved in 7; and 2,"" denotes the set of output symbols
of all the devices in w;.

It is assumed that the plant is split in a set of workstations
W = {wi,..., wy} covering all the tasks. Moreover, it is assumed that
Viask,, tasks€ ti, s“ = s”, i.e., all the tasks of a work station have the
same initial operation.

It is also possible to indicate when a task or subtask of a work station
finish its sequence in order to coordinate with the tasks and subtasks of
a different work station. For instance, if a task that manufactures a
product is completed then the task that packages that finished product
can begin its sequence, this way the first task can keep manufacturing
another product at the same time the second task is packaging the
finished product, i.e. work stations can work concurrently. In this
method, the auxiliary signals that tell if a task or subtask is completed
are defined as flag signals.

Definition 11. A flag signal in a task, is a duple (s, flag,”), where s;* is
an operation of task, and flag,” € 2.q, where 2, is a set of symbols of
virtual sensors fulfilling X,,€X0° | Zo. Flag signals can also be defined
in subtasks in a similar way.

Along with flag signals, the activation of certain sensor signals can be
used as conditions for the tasks or subtasks to perform their sequences,
these conditions are named event conditions and are formally defined
as follows.
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Definition 12. An event condition of a task, is a triplet (s,°,s4+1)", condf’),
where s/ and sg+,)* are operations of the task,, and cond/ is a logical
expression which variables are elements of 2j.,,U20 and only logical
operators A and V are allowed. Here, cond/' represents the necessary
conditions of sensors in the plant and virtual sensors for the task, to
advance from the operation s;” to the operation s¢+;”. Event conditions
can also be defined in subtasks in a similar way.

For practicality, the practitioner can summarize the information of each
work station and its tasks in a Tasks table as shown in Table 1.5. A row
in the Table 1.5 must be filled for each required task as follows:

e The first column describes the task's work station;
o The second column describes the name given to the task;

o The third column describes the operations sequence (s/%,..., s,°) that
defines the task;

o The fourth column describes all the event conditions of the task's
operations;

e and the fifth column describes the flag signals.

If there are subtasks a table for them must be filled in the same way as
the Table 1.5.

Table 1.5. Summarized information for specification definition.

;Y:tl;l(:n ;anl:e gg;f::coens Event Conditions | Flag Signals
Tl 1 1 1
P n | /8w’ cond’), ..., | (si'.flag)), ...,
wi task; (s, 82500, 8) (5,5, cond,)) (s flag,))
s condl), ..., | (s/"flagl), ...,
Wy task, s s, S (s 4
( 1,92 ) (Sp", Sq", con dpn ) (Sk" ,ﬂ(lggn )

1.5.2. IPN Specification
Once the tables are filled their information is translated into an /PN

model. For each work station, the following Algorithm 1 generates a
state machine /PN, where the transitions are labelled based on the event
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conditions and the places are labelled based on the operations alphabet
and flag signals.

Algorithm 1. Computation of the /PN specification.

Initialize P’ = @ T° = @ PreS = g, Posts = ¢
FOR each work station DO

% A state machine is generated for each task %
FOR each task, = {s"} of the work station DO

Define an ordered set of places p/°,...p." (i.e., P° = PSU{ p/*....pa" }),
where each operation s;“ of the task is represented by a place p in the
corresponding order.

IF there is a flag signal (s;,flagi’) THEN
Label p/” as (os(pia) = {5 flagi’}

ELSE

Label pi* as ¢°(pi) = s

ENDIF

% We represent the VVand /1 operators by adding transitions and joining
labels %

FOR each event condition cond;” related to two consecutive operations
s and s;+,* DO

Denote the condition in a standard form as:
cond® = (q11Nq21/...NQy11) (Q12/G22/... /Gy22) V.o. IQimANQ2mA... /\G )
Define a set 7 of m transitions (i.e., T° = TSU T}")

Add to Pre® an arc from p to each t€T/, and add to Post® an arc from
each €T} to pi+/“

Label each t€T" as 25(t) = {qun, qonr-... G}
ENDFOR

For each pair of consecutive operations s; and s;+;* without event
conditions, define a transition ¢/ (i.e., T® = TU { t* }), add to Pre® an arc
from p; to #* and add to Post® an arc from £ to p;+/“.
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Similarly, if there is no event condition involving the last operation and
the first one, connect the last task place to the first one through a new
transition.

ENDFOR
% Merge the tasks /PNs%

Merge the first places of each task into one place, denoted as ppome that
represents the home position of the work station.

Set My (Prome) = 1 and M¢®(p) = 0 for the rest of places.
% A state machine is generated for each subtask %
FOR each subtask;, of the work station DO

Repeat the same steps as in the generation of state machines for tasks but
using the information of the subtask table, without merging the subtasks
and without connecting the last place to the first one, then set all the
subtasks places initially unmarked.

ENDFOR
% Subtasks are merged with the rest of the /PN%

Add an arc from each *p s.t. ¢°(p) = sub,EX,» to the first place of
subtasky, and add an arc from the last place of subtasks to pe

ENDFOR

Example 7. Consider again the Example 4 (Fig. 1.9). In this system, the
drill must be turned on whenever a part is drop at the Driller station, next,
the actuator of the drill station is extended to secure the part. After the
part is perforated, the actuator is retracted and the arm can unload the
station. The arm performs four tasks: 1) It moves untagged parts from
the In position to the RFID station; 2) It moves tagged parts from the /n
position to the Drill station; 3) It transports tagged parts from the RFID
to the Drill station; 4) It transports drilled parts from the Drill station to
the Out conveyor's position. If there are parts in the /n position, RFID
and Driller stations at the same time, the arm must wait until the part in
the Driller is perforated and then unload the driller.

In this case, the set of tasks performed by the arm is defined as
i = {In_2 RFID, RFID 2 Driller, In_2 Driller, Driller 2 Out},
corresponding to the tasks: moving a part from the /n position to the
RFID station, from the RFID to the Driller, from the In position to the
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Driller and from the Driller to the Out position, respectively. Tasks are
formally defined as In 2 RFID = (H, take, {XB, YA}, place),
RFID 2 Driller = (H, {XB, YA}, take, {XB, YB}, place), In_2 Driller =
(H, take, {XB, YB}, place), Driller 2 Out = (H, {XB, YB}, take,
{XA, YB}, place), where H = {XA, YA, ZA, VA} and the subtasks fake and
place represent the tasks taking-a-part-from-a-station and placing-a-part-
on-a-station, which are performed by the actuators by reaching the
sequences of positions ZB,VB,ZA and ZB,VA,ZA, respectively. These
tasks define the work station R = {X, ¥, Z, V}.

The event conditions are defined for each task as follows, In_2 RFID:
(H, take, (InA—tagin/ASRFID)), meaning that the subtask take is
performed if there is a part at the /n position, it is untagged and the RFID
station is available; RFID 2 Driller: (H, {XB, YA},
(RFIDNtagRFIDASDrill)), meaning that the arm goes to position
{XB,YA} if there is a part at the RFID station, the part is tagged and the
Driller station is available; In_2 Driller: (H, take, (In/ tagin ASDrill)),
meaning that the subtask take is performed if there is a part in the /n
position, it is tagged and the Driller is available; Driller 2 Out: (H,
{XB,YB},(FDrill\(In\RFIDASDrill))), meaning that the arm goes to
position {XB,YB} if the Driller has finished its task or there is a part on
the In position, at the RFID station and at the Driller station; and
({XB,YB},take, FFDrill), meaning that the subtask fake is performed if the
Driller has finished its task. There are not flag signals. The set of tasks
performed by the driller work station D = {P,M} is defined as
©p = {Drill}, where Drill = ({DA,M,s}, Mon,DB,DA). The event
conditions for Drill are ({DA,Moff}, Mon, SDrill) and (DA, {DA,Moff},
—SDrill), meaning that the motor turns on when the Driller station is
available and turns off when it is unavailable, respectively. The flag
signal (DA, FDrill) means the flag symbol FDrill is activated when the
Driller actuator is retracted.

Tables 1.6 and 1.7 describe tasks and subtasks, respectively. The /PN
specification is obtained by applying the Algorithm 1, resulting in the
IPN shown in Fig. 1.14. This IPN consists of two disconnected nets, the
left one corresponds to the specification for the pneumatic arm, and the
right one corresponds to the CNC Diriller. The specification arm is
formed by 4 place-transition chains, each one representing the specified
tasks. The chains ZB,VB,ZA and ZB,VA,ZA represent the subtasks take
and place.
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Frequently, the /PN computed with the Algorithm 1 would not be a state
machine, in such case it would be unsuitable for applying the existing
tracking control synthesis algorithms [14-15]. However, an equivalent
safe state machine /PN specification can be computed by expanding the
reachability graph of the specification of the Algorithm 1.

Table 1.6. Tasks for Example 7.

Wo_r k Task Name Operations Event Conditions Flag
Station Sequence Signals
H, take, (H, take, (In N —tagin
R In_2_RFID /XB,YA}, place | A SRFID))
H, {XB,YA}
. 2 W5 B (H, {XB,YA}, (RFID
R RFID_2 Driller | take, (XBYB}, | [ 0o’ et
place
. H, take, (H, take, (InA tagIn/
R In_2_Driller {XB,YB},place | SDrill))
(H, {XB.YB}, (FDrillA
—SDrill) V(InA
R Driller 2 Out %Xﬁg’g} ZZ‘C": RFIDA SDrill))
AL P ({XB,YB},take, (Fdrill
A —SDrill)
({DA,Moff},Mon,
D Drill {DA,Moff},Mon, | (SDrill)) (DA,
! DB, DA (DA, {DA,Moff}, FDrill)
—SDrill)
Table 1.7. Subtasks for Example 7.
Operations Event .
Subtask Name Sequence Conditions Flag Signals
Take ZB,VB,ZA
Place ZB,VA,ZA

1.6. Control Synthesis

The design of a regulation controller was presented in [11-13]. In the
sequel, the plant’s sets, functions and markings will be denoted with a
superscript * to distinguish them from those of the specification, denoted
with a superscript 5.

For the controller synthesis, three main steps are required:

1) Each specification reachable marking M® €R((P,M,’) is associated to
a plant reachable marking M ERQ M,") such that
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o’M° = ¢"M", this association can be described by a function
I: R(O°M;°)> R(Q".M,"), defined such that ITM® = M” (the
computation of such function can be performed by an IPP ([11-13]);

ZB 1{!’3 Z/,:].
rH }':T
{8In, tayln, . ’
e take {XB,YA place ZB ‘1
S r
SIn, tagin,
%} g | take j{x 8,yn place
0 o4 -0— =
{SRFID, tagRFID, N o]
_ SDrill} g [:;B-‘A]\ tt}_kc -ﬂ[f\}?‘-\? B-I[" place
Tedxavazava O——-0 ~ — O —
{FDrill, SDrill} |

— ~{XB,YB) take {XA,YB) place
{Sin, SREID, ___,.'O — —0—] O 1 —O—

o

{DA, Moff} Mon DB {DA, FDrill}

O=OH0O-H0

SDrill

Fig. 1.14. IPN model obtained by applying the Algorithm 1
with the information in Tables 1.6 and 1.7. For the sake of clarity, only
the symbols that change after each transition firing are shown.

2) Each specification transition #° € 7 is associated to a controllable
plant firing sequence o/ such that M [c” )M, where M[t} )M,
IIM? = M and IIM;® = M/” (the sequences can be computed by
exploring the plant reachability graph, for instance by using the A*
algorithm ([11-13]);

3) Based on the knowledge of the mapping II and the controllable
sequences o/, a controller can be synthesized as an agent that
indicates suitable plant input symbols so the sequences o are
enforced when required by the specification. This controller can be
realized as a function on the plant and the specification markings or
as an /PN ([11-13]).
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The following algorithm (a generalization of Algorithm 4.1 of [14])
implements the computation of an /PN that represents the closed-loop
system of the Plant under a proper tracking controller. Here, it is assumed
that the Specification is a state machine /PN.

Algorithm 2. Calculation of the closed-loop /PN.

% Initialize the closed-loop system O as the union set of Q" and O° %
Defined P = PPUPS, T = T"UTS, Zf' = 2P UEP, 2o = Zo"UZo’, A =
U, o = 0" UpS, Pre’ = diag(Pre”,Pre’), Post” = diag(Post’, Post’)
and M"' = IM", M,°]".

% Define the mapping relating plant and specification markings with the
same output %

Define a mapping I7:RS(N°, M,°)-> RS(N”, M") as follows:

FOR each specification place p;° €P° DO

Compute a Plant marking M/ reachable from M,” such that
the set of symbols produced by M/, denoted as o¢”(||M/||) =
= loexo” | 0€p”(p") where M (p¥)>0}, is coherent with the symbols

produced by p’ (ie., @’pS)N2 = (M [)N2"" and
o* ()N 207" Sp” (|| M ) 1267y and M does not enable actuators'

uncontrollable transitions, i.e., transitions in the set {t€T7*/|A"(1) = &;.

Define 71(M;°) = M, where M is the specification reachable marking
at which p;° is marked (i.e., M¥(p’) = 1 and M3 (p®) = 0, vp€P’ \{p)).

ENDFOR

% Compute the plant sequences that bisimulate the specification
transitions and define the /PN nodes to enforce such sequences %

FOR each specification transition t°€T® DO

Let p =« and p;/* = ¢« be the input place and the output place of #°,

respectively. Moreover, denote as M the specification reachable
marking such that p; is marked at M and p;° is marked at M,
respectively.

Compute a Plant firing sequence o such that Mo )M, where
M = II(M?) and M = I[I(M}°), and every marking M/”" that is visited
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when firing ¢;” does not enable actuators' uncontrollable transitions that
are not included in o/’

Define an ordered set of places pis, piz..., pipix+1), Where k is the length
of controllable transitions in g/”. Connect #° to p;;. Connect each place p;,
to a new transition ¢ for any r&{1,2, ...,k}, and connect each transition ;
to place fis+y for any r&fl,2,...,k}. Connect the place pix+; to each
transition in p;°

Label each r-th place p;,, for any r&/1,2, ...,k}, with the input labels of the
r-th controllable transition in o/, i.e., %(pi) = A*(6/"(r)), where /”(r)
denotes the r-th controllable transition in the sequence /.

Label each r-th transition ¢, for any r&{1,2,...,k}, with the output labels
of the places marked after firing the r-th controllable transition in 6/, i.e.,
2ty) = o (IM”')|), where M [c”(1..r)) M”" and ¢.”(1..r) denotes the
subsequence formed with the first transitions of ¢/ until the r-th
controllable transition.

ENDFOR

% Adjustment for attribution specification places%

FOR each specification place p;°

specification transition DO

having more than one input

Denote as {t.°, ty, ..., t:5} = o

Merge the corresponding places pag+1), ---, Pegi+1)
ENDFOR

FOR each specification place p;* DO

IF p# is initially marked THEN a token is added to the place pig+1
ENDIF

ENFOR
Remove all the output symbols from the original specification places.
The resulting JPN O/ represents the closed-loop system.

The controller can be computed from Q° by removing the Plant’s nodes.

Example 8. Consider again the manufacturing cell of Example 4
(Fig. 1.9). Focusing on its pneumatic arm with the specification shown
at Fig. 1.14, this specification is not a state machine, however, it can be

44



Chapter 1. Regulation Control of Discrete Event Systems for Industrial Automation

easily transformed into an equivalent state machine by substituting the
places take and place by the chains describing the corresponding
subtasks (i.e., the chain of places and transition with labels ZB, VB, ZA

and ZB, VA, ZA).

By applying the Algorithm 2, the closed-loop system shown in Fig. 1.15
is computed. Algorithm 2 removes the original output labels from the
specification places, but they are maintained in Fig. 1.15 (just by adding
the character ') in order to explain the closed-loop behavior.

Plant

Actuator X Actuator Y Actuator Z

oA YA A Vacuum assembly

) A ANE! Farraw! AN

:ra AR b l’u AL A {l.l 1 \"‘ va ] VB
e T : ¢ Y ~ Vi OO
P NP Ny TG \ AN U ‘

Xb Ko~ vh Ao~ A Zh T’ ',“

XB- y i 28— Va |

Controller

ZbZB Vb VB ZaZA Xb XBYe YA ZbZB  VaVA

I 1S 2 , i
{81n,tagln, / /s [/ [ ST s -
saripy /2Bl [ vel g | BIYAL LS g Lvar Vozar L)

" {S1n,tagin,
<" SDrill}

— [SRFID, tagRFID,
SDrill}

| ~{FDrill, $Drill}

{8In,SRFID, . .
\§Drill} |

Fig. 1.15. IPN model of the closed-loop system of the pneumatic arm of Fig. 1.9
under the specification of Fig. 1.14. For the sake of clarity, only the first task
with its control is drawn in detail. Similarly, at the new controller transitions,
only the symbols that change after reaching the related plant markings
are shown.

Let us describe the closed-loop behavior. From the initial marking, if the
conditions for the first task holds (Sin, —tagin, ~SRFID), the tokens at the
initial marking in the controller are moved from the initially marked
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places to the places labelled with Zb and ZB'. At this marking, the
transition ZB's is not enabled, but the token at the place with label Zb
enables the transition Zb in the Plant (actuator Z). The firing of this
transition will eventually drive the actuator to the position ZB, i.e., the
Plant has reached a marking having the required output. At this new Plant
marking, the transition Zb* becomes enabled, moving the token from the
place Zb to the place Zbes. From this new marking, the transition ZB's
becomes enabled and the specification can evolve. In this way, the
controller provides symbols to the Plant in order to reach the marking
that produces the required output symbols, when this marking is reached,
the specification is allowed to evolve, requiring new output symbols.

The IPN controller can be translated to a ladder diagram for a PLC
implementation. An example of this procedure can be found in [14]. In
this, an internal coil is defined for each non-plant place (a coil is ON if
the corresponding place has a token), a network (line) is defined for the
places’ initial condition which is executed after pressing a reset
push-button, a network is added for each controller transition (Pre arcs
are translated to NO switches and Reset coils, Post arcs are translated to
Set coils), and other networks (lines) are added for defining the PLC
inputs and outputs.

1.7. Towards Decentralized Control

Frequently, the number of components in industrial systems (sensor,
actuators, machines, conveyors, etc.) to control is large, for this reason,
the implementation of a centralized controller becomes complex and
usually prohibitive due to hardware limitations (for instance, the limited
number of input/output ports that commercial PLCs can handle). In order
to deal with this problem, different decentralized architectures can be
used. Among the most frequently adopted are:

¢ Distributed control without communication: different controllers
(implemented in different devices) control sub-assemblies (sections)
of the plant, there is no communication among the controllers;

¢ Distributed control in an industrial network: different controllers
control different sub-assemblies of the plant but they are integrated in
an industrial network, allowing to communicate discrete variables;

e Coordinated control: similar to the distributed scheme but with the
addition of a coordinator agent (for instance, a SCADA system) in a
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hierarchically upper level that supervises and provides directions to
the local controllers.

Each of the previous decentralized control schemes requires a different
control synthesis strategy. Let us provide some preliminarily ideas.

Frequently, the plant can be naturally seen as a distributed system, i.e., a
collection of independent components that can evolve concurrently.
Moreover, the specification of the complete system is frequently
proposed as a set of sub-sequences defined for clusters of actuators and
high-level sequences involving the complete system. For instance, if we
identify a pneumatic-arm and pneumatic-machines, sequences for the
arm and each of the machines are firstly defined to control these
sub-assemblies, and then a high-level sequence involving the arm and
the machines is proposed. In this sense, [15] proposes that the
specification of large automation systems is in fact a distributed system,
i.e., a distributed-specification.

1.7.1. Distributed Control without Communication

In this scheme, there is a collection of sub-specifications, each one
describing sequences (and/or selections of sequences) of desired output
signals involving different actuators. Thus, the plant can be split into
sub-assemblies according to the actuators involved in the specifications.
The interaction of the sub-assemblies in the closed-loop system appears
due to the interaction in the plant and sensor/switches whose activation
trigger more than one sub-sequence. Let us provide a formal definition.

Definition 13. A distributed-specification (* is the synchronous product
of a disjoint collection of » subspecifications, denoted as o0,
where each subspecification is defined as in Definition 5. Moreover, two

different subspecifications cannot involve the same actuator, i.e., 2¥o N

2o N 2o =@ for any XV # XV where 2™/, denotes the alphabet of
actuators’ output signals.

1.7.2. Distributed Control in a Network

By connecting the controller devices to an industrial network, sending
messages between controller agents becomes possible. Thus, in this
scheme messages can be communicated at the specification level.
Therefore, the interaction of the sub-assemblies in the closed-loop
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system appears not only because the interaction in the plant but also due
to the messages at the specification level.

Definition 14. A distributed-networked-specification ¢ is a safe and live
IPN composed of: (1) the synchronous product of a disjoint collection of
r subspecifications, denoted as 0,...,0", defined as in Definition 5, such
that two different subspecifications do not involve the same actuator (i.e.,

2o N o N 20 =@ for any 2¥p # XV0); (2) additional buffer places
(messages) interconnecting subspecifications such that, for any buffer
place p, /*p/ = Jo*/>7, *p belongs to a subspecification Q" and p* belongs
to another QY.

1.7.3. Coordinated Control

In a SCADA system, several local controller devices can be implemented
in such a way that each device controls a sub-assembly (e.g., a
pneumatic-arm or a machine) to describe particular sequences and a
coordinator controller, implemented in the SCADA system, monitors
and gives directions to the local controllers. In this scheme, the
communication occurs between the local controllers and the coordinator.
Here, the coordinator neither directly control actuators nor observe
sensor signals.

Definition 15. A coordinated-specification ¢ is a safe and live /PN
composed of: (1) a specification O°°, named coordinator, as defined in
Definition 5 whose output alphabet is given by X¢ = X (5", where

3% denotes the Plant’s sensor signals and X/) 2 = g (2) a

collection of r local subspecifications Q,..,0Q", where each
subspecification is as defined in Definition 5 and whose output alphabet
is a subset of X7 U X",

Notice that in the distributed-specification and the networked-
specification each subspecification involves different actuators, while in
the coordinated-specification this condition is dropped, i.e., two local
subspecifications may involve common actuators. Another difference
between the corresponding architectures will appear in the
implementation, in particular, in the coordinator scheme the coordinator
can be implemented in a device that is not connected to the actuators and
plant sensors, instead, it can be connected through a network to the local
controller devices.
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Example 9. Fig. 1.16 shows a Robotic Cell at the Manufacturing Lab in
Tecnologico de Monterrey, which is simplified in the schematic of

Fig. 1.16. Robotic manufacturing cell at the Manufacturing Lab.

Crill

51 C; — | R
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TR +

" G={]
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Fig. 1.17. Diagram of the simplified manufacturing cell.

This simplified system includes a store with two slots (positions) denoted
as S/ and S2, and a cartesian robot-arm (RS) with a gripper (G), a
conveyor (C) split in two sections that transport pallets, a FANUC M-
10iA robot arm (R/) that takes a component from a local buffer (not
modelled) and place it on the pallet (when the pallet is located at position
C1), a FANUC delta M-1iA robot arm (R?2) that takes a component from
a local buffer (not modelled) and place it on the pallet (when the pallet
is located in its working area on a conveyor's short branch) and two
conveyor conveys (7C) and (TR2). The store robot RS is capable of
retrieving and storing pallets in the store slots S/ and S2, and of
placing/picking pallets on/from the conveyor. In this model, one slot is
used to store an empty pallet and the other is used to store a pallet with
the complete assemble. There are key sites on the conveyor: the position
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Ci on the upper section is the entrance, the robot R/ can place a
component on the pallet when this is at position C/ on the upper section,
transfer 7C moves pallets from the end of the upper section to the lower
section (a physical barrier at the end of the conveyor's upper section
prevents pallets to fall down), transfer 7R2 moves pallets from the
conveyor's lower section to a short conveyor's branch on which the pallet
can reach the working area of robot R2, finally, the position C, on the
lower section is the exit (a physical barrier at the end of the conveyor's
lower section prevents pallets to fall down).

Fig. 1.18 represents the /PN model of the simplified manufacturing cell.
This model was obtained by following the bottom-up modelling
methodology of [20]. Notice that each robot (RS, R/ and R2) is modelled
as a state machine, where each transition represents the execution of a
particular movement describing a trajectory that was previously
programmed, moreover the places with subindex H represent home
positions, the places with other subindexes represent other particular
positions where the robots can take or leave a pallet or a component.
Places P, and P, represent states of a pneumatic actuator that locks the
position C; on the conveyor's upper section, thus no pallet is allowed to
leave the position C; when the actuator is at state P,. Places Cs and C
represent a key position on the conveyor's lower section where the
transfer TR2 deviate a pallet to a short conveyor's branch to reach the
working area of robot R2. This conveyor's branch is controlled by the
places TR2,, TR2y and TR2, that represent operation in backward
direction, stop and operation in forward direction, respectively. Places
S1rand S2; (resp. S1. and S2.) denote when slot S7 and S2 has a pallet
(resp. is empty), respectively. Places G, and G, denote when the gripper
is open or closed, respectively. These places share input and output
transitions that are connected to robot's and conveyor's places,
representing permissive relations and synchronizations. For instance, the
state of slot S/ changes from S, to S1. (i.e., it becomes empty) if the
gripper simultaneously changes from open to closed and the store robot
is at position RS}, i.e., the robot takes the pallet from S1.

The IPN plant model of Fig. 1.18 can be seen as a collection of sections
involving different machines and devices, as shown in Fig. 1.19, which
are connected through the conveyor.

Fig. 1.20 shows a distributed specification, consisting of one machine
specification for each section of Fig. 1.19 and a process specification.
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Notice that machine specifications involve different actuators (robots,
transfers, etc.), thus the specification is machine-disjoint.
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Fig. 1.18. Plant model in /PN, representing the manufacturing
model of Fig. 1.17.
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Fig. 1.19. Plant sections: a) storage section including the cartesian robot RS, its
gripper and two slots, b) R/ section including the actuator {P,, P}, ¢) R2
section including the transfer 7R2, and d) the transfer section.
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Fig. 1.20. Distributed specification, a) is the specification for the storage section,
b) is the specification for the conveyor's transfer, ¢) and d) are the specifications
for sections R/ and R2, and e) is the process specification. Tasks symbols are
written in large letters in the machine specifications.

By applying the Algorithm 2 for each machine specification, the
closed-loop system of Fig. 1.21 is obtained.

As an advantage, the synthesis of this architecture is simple, moreover,
the local controllers can be independently implemented, even in control
devices of different manufacturers. Nevertheless, this architecture does
not guarantee the fulfilment of the process specification. For instance,
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the closed-loop system of Fig. 1.21 allows a pallet to cross the conveyor's
position C; without receiving the component from R/, as required by the
process specification (described by the task symbol F; at the third place
of Fig. 1.20 e).

C Ry, PTG e N, Fy
vt 2, i TRY, TRy wln
TR,
|
[

Fig. 1.21. Closed-loop system of the manufacturing cell without
communication. For clarity, implicit places have been removed.

The closed-loop system of Fig. 1.21 is enriched by adding message
places as described in the abstraction shown in Fig. 1.22, where the
closed-loop behaviors of the Store, Robot 1, Robot 2 and Transfer
sections are represented in an abstract way but maintaining the language
projected on the tasks alphabet Xo"*. In detail, the place
Ms.g; in Fig. 1.22 represents a message sent by the R/ section controller
to the store section controller, in such a way that the store starts a
sequence to locate a pallet on the conveyor only if RI has previously
performed an assembly. Places Mg>.rc and Mrc.r: represent messages
from the transfer section controller to the R2 section controller, imposing
that the transfer moves one pallet by each time that R2 performs
an assembly.

By adding the message places described in Fig. 1.22 to the closed-loop
system of Fig. 1.21, the process specification can be guaranteed. On the
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other hand, the definition of messages may introduce drawbacks. First,
an industrial network is required to implement the message
communication, which may impose limitations in the hardware that can
be used. Second, the message places may introduce deadlocks, since the
reachability space is cut. Third, the synthesis of message places to
enforce a process specification is not trivial and requires further analysis.

f{] Fi
.) H
In S, Lon
HS(-
D
Out T"ff

-

Fig. 1.22. Communication between controllers. A token in place Msrz;
represents a message from the R/ section controller to the store section
controller. A token in place Mg2.7c (resp. Mrc.r2) represents a message from the
R2 (resp. transfer) section controller to the transfer (resp. R2) section controller.

Finally, consider the closed-loop system of Fig. 1.21, (without
communication), derived for the machine-specifications of Fig. 1.20. By
applying the Algorithm 2 for the process specification of Fig. 1.20e to
the machine specifications, the closed-loop system under the
coordination control is obtained as shown in Fig. 1.23. In this, for the
sake of readability, the machine specifications are shown as abstractions
maintaining the language generated by the tasks alphabet.

In the closed-loop system, the fulfilment of the process specification is
guaranteed by the coordination control. As a drawback, the
implementation requires a controller device for the coordination in a
network with the devices where the local controllers are implemented,
which may impose limitations in the hardware that can be used.
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Fig. 1.23. Closed-loop coordination. For implementation and simulation,
the labels at the abstracted-plant transitions must be properly interpreted.
For instance, the label to,, must be applied to each transition in the storage-
section specification between places Out and HS.

1.8. Conclusions and Future Work

In this chapter, the main concepts of the regulation control framework
for industrial automation systems were presented and discussed. The
objective of this framework is to design a controller that enforces the
plant to perform predefined tasks, where these tasks and the plant are
modelled as IPN. Modelling methodologies for electro-pneumatic
systems and processes systems as /PN were presented, as well as a
methodology for the automatic generation of specifications, which only
require the engineer to provide minimum information about the plant and
its desired behaviour. The design of a centralized controller for the
regulation control framework was described and illustrated. However,
the synthesis of controllers for distributed specifications, that is, for a set
of local specifications for large plants, still requires further investigation.
Even so, some architectures with their respective advantages and
drawbacks are proposed in this context.
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