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ABSTRACT 

 

Traditionally batch control is one of the most difficult and complex control system for 

implementation since it includes basic regulatory as well as logic control operating under 

supervisory recipe-based sequential control. In order to enhance the reliability and 

reusability and to enable fast reconfiguration of batch plants, a new approach for sequential 

control at the supervisory level is proposed in this thesis. Classical continuous Control 

Theory has strong mathematical foundations and purely formal design approaches. Logic 

controller development is closer to software development, in the sense that a special 

algorithm has to be developed for every new problem.  

 

However, Computer Science offers a variety of formal methods that help to avoid errors in 

the software development process and allow checking and evaluating the resulting 

algorithms. In this thesis, concepts from Discrete Event Control Theory and Software 

Engineering are combined to a formal development approach for logic controllers to be 

used in the sequential controlled batch plant. Based on Signal interpreted Petri Nets the 

complete controller development process from an informal specification to the final 

implementation on a programmable logic controller is discussed. This process includes the 

steps of design, verification, validation, evaluation (measurement of quality), and 

implementation. Special emphasis is put on the evaluation step that is new to logic 

controller development.   

 

A new approach for sequential control at the supervisory level of a batch plant is suggested 

here. This approach is based on the modular methodology of ANSI/ISA-S88 standard and 

uses Signal Interpreted Petri Nets (SIPN) and their extensions as a formal modeling and 

verification technique in order to enhance the reliability of the developed control system. 

The development of sequential control at the supervisory level of a batch plant for 

derivation of purified terpens is used to illustrate the approach. 

  



 

iv 

 

TABLE OF CONTENTS 

Contents                                                                     PAGE NO. 

Certificate                                                                                              i 

Acknowledgement                                                                                   ii      

Abstract                                                                                           iii 

Table of Contents                                                                                 iv 

List of Figures         ix 

List of Tables          xii 

List of Abbreviations        xiii 

 

   

Chapter 1: Introduction        1  

 1.1 Introduction to Petri nets        

1.1.1 FSA (Finite state automata)     1 

  1.1.2 History of Petri nets 3 

 1.2 Petri net and its element  3 

  1.2.1 Definition of Petri net 3 

  1.2.2 Roles of token, place and transition 4 

   1.2.2.1 Role of token 4 

   1.2.2.2 Role of a place 5 

   1.2.2.3 Role of a transition 5 

 1.3 Working of Petri net  5 

  1.3.1 Marking in Petri net 5 

  1.3.2 Firing of Petri net 6 

   1.3.2.1 Source and sink transition 6 

Petrinet 



 

v 

 

   1.3.2.2 Pure and ordinary Petri net 6 

   1.3.2.3 Infinite and Finite capacity nets 7 

   1.3.2.4 Improper transitions 8 

  1.3.3 Development of matrix framework based on Petri net theory 8 

 1.4 Modeling using Petri nets  10 

  1.4.1 Event based  10 

   1.4.1.1. Sequential Execution 10 

   1.4.1.2. Synchronization 10  

   1.4.1.3 Conflict      10 

4.1.1.4. Concurrency      11 

1.5 Modeling circuit based elements      13 

  1.5.1 AND-element       13 

1.5.2 Merge or XOR       13 

  1.5.3 Toggle        14 

1.5.4 Inverter        14 

  1.5.5 OR        14 

 1.6 Combination of event and circuit      15 

  1.6.1 Parallelism: AND-split       15 

  1.6.2 Parallelism: AND-join      15 

  1.6.3  XOR-split         15 

  1.6.4 XOR-join       15 

  1.6.5 XOR-join before XOR-split     16 

 1.7 Capacity constraints       16 

   1.7.1 Feedback loop       16 

  1.7.2Capacity constraints: mutual exclusion    16 

  1.7.3 Capacity constraints: alternating    17 

 1.8 Petri Nets Advantages        18 

 1.9 Extended Petri Nets       19 

  1.9.1 Extension with Color      20 

  1.9.2 Extension with Time      21 

  1.9.3 Extension with Hierarchy     22 



 

vi 

 

 1.10 Condition/event net       24 

 1.11 SIPN approach with Petri net      24

 1.12 Overview of the chapters      25 

      

Chapter 2 Signal Interpreted Petri Nets      27 

 2.1 Formal Definition        27 

  2.1.1 Principles of SIPN      28  

   2.1.1.1 Locality      28  

   2.1.1.2 Marking State Equality    28 

   2.1.1.3 State Output Mapping (Moore Property)  28 

   2.1.1.4 Feedback-Freeness     29 

   2.1.1.5Dynamic Behavior of an SIPN   29 

 2.2 SIPN Definition        31 

  2.2.1 Symbol and their  Meaning at one state (one time)  31 

2.2.2 Symbol Meaning at several state (several times)  32 

 2.3 Reachability in SIPN       35 

2.3.1 Reachability Set and Reachability Graph of Petrinet  35 

  2.3.2 Reachability Set  and Reachability Graph of an SIPN  35 

   2.3.2.1 Possible Output ΩN  of an SIPN   36 

 2.4 Augmented Reachability Graph and Set of PN(SIPN)   38 

  2.4.1 Firing conditions      39 

 2.5 Dynamic Synchronization (DS)      41 

 2.6 Basic Petri Net Properties and their Adaptation to SIPN   43  

  2.6.1Conflict        43 

  2.6.2 Contact        43 

  2.6.3 Safety        44 

  2.6.4 Deadlock       44 

  2.6.5 Liveness        44 

  2.6.7 Reversibility       44 

 2.7 Petri Net Properties of SIPN      46 

 2.8 Analysis on the Reachability Graph of the Petri Net   46 



 

vii 

 

  2.8.1 SIPN without strong DS (weak DS is allowed)   47 

  2.8.2 SIPN with strong DS      48 

 2.9 Additional SIPN Properties      49 

 2.10 Analysis based on the Reachability Graph of the SIPN   50 

2.11 A Note on Algebraic Analysis      51 

  

Chapter 3 Review of Literature       52 

 

Chapter 4 Turpentine Batch Control with SIPN     61  

 4.1 Turpentine Processing       61 

 4.2 Problem Definition and Proposed Solution     63 

 4.3 Basics of the Proposed Approach      63  

4.4 Case Study        64 

 4.4.1 Short Technological Description    65 

4.5 Design of an SIPN Based Sequential Controlled Batch Plant  68 

4.5.1 The SIPN Editor       68 

4.5.2 Definition of the Input And Output Signals   68 

4.5.3 Drawing an SIPN      70 

4.5.3.1 Structure of the Net     70 

4.5.3.2 Timers       70 

4.5.3.3 Hierarchical SIPN     71 

4.5.4 Association with firing conditions and actions   71 

4.5.5 Saving of SIPN       72 

4.5.6 Generation of Instruction List code    73 

4.5.7 Generation of Input Code for the Model Checker SMV 73 

4.6 Designed Model        74 

4.6.1 The Operating Phase      74 

4.6.2 Informal requirement specifications for start-up  75 

4.6.3 Column Vacuum Creation and Control    76 

4.6.4 Finishing of start Up mode     77 

4.7 Conclusion of SIPN Model for Start-Up     78 



 

viii 

 

4.8 Simulation of an SIPN using the Software OpenPCS   79 

4.8.1Creation of a New Project     79 

4.8.2 Configuration of OpenPCS     79 

4.9 Configuration of the SIPN Editor      80 

 

Chapter 5 Result and Discussion       83  

5.1 Operation during transitions batch operation    83 

5.1.1 Batch operation       83 

5.1.2 Semi-Batch operation      83 

 5.2 Operation during transitions (considering all situations)   85 

 5.3 SIPN analysis        86 

  5.3.1 Petri net derived Sipn properties    86 

   5.3.1.1 Safety        86 

   5.3.1.2 Liveness       87 

   5.3.1.3 Reversibility       87 

   5.3.1.4 Transparency      87 

  5.3.2 Specific properties of SIPN     88 

   5.3.2.1 Determinism      88 

   5.3.2.2Termination      88 

   5.3.2.3 Output-Correctness     88 

   5.3.2.4 Input-Dependence     88 

 5.4 Hierarchical SIPN        88 

 5.5 Standard properties of an SIPN      89 

 5.6  Experience with the SIPN approach     90 

 5.7 SIPN and PLC        90 

  5.7.1 Specification for start up     90 

Conclusion          93 

Scope for Future Work        94 

References          95 

  



 

ix 

 

LIST OF FIGURES 

Figure              Figure Name                                                            Page No. 

1.1 Moore FSA         2 

1.2  Measly FSA         2 

1.3 water molecule        7 

1.4 Improper transition1        7 

1.5 Improper transition 2        7 

1.6 Petri net model        8 

1.7 Producer consumer representation      9 

1.8 Sequential execution        10  

1.9 Synchronization        10 

1.10 Conflict         10 

1.11 Conflict with probability       11 

1.12 Concurrency         11 

1.13 Concurrency with Confusion       12 

1.14 AND          13 

1.15 XOR          13 

1.16 Toggle         14 

1.17 Inverter         14 

1.18 OR          14 

1.19 AND split         15 

1.20 AND join         15 

1.21 XOR split         15 

1.22 XOR  join         15 

1.23 XOR join before XOR split (feedback)     16 

1.24 XOR join before XOR split (w’out feedback)    16 

1.25 Feed back loop        16 

1.26 Mutual exclusion        17 

1.27 Alternating         17 

2.1 Flow chart of firing process       31 

2.2 PN with binary marking and r. graph as P/T-Net and as C/E-Net.  36 



 

x 

 

2.3 SIPN with its Reachability graph      37 

2.4 Augmented reachability graph of the underlying PN   38 

2.5 Generating RGSIPN from RGPN(SIPN).      40 

2.6 Example of SIPN with aRGPN(SIPN) and RGSIPN    40 

2.7 Strong concurrent DS        42 

2.8 Strong Sequential DS        42 

2.9 Examples of conflicts in Petri Nets      43 

2.10 Examples of contacts in C/E-Nets and safety in P/T-Nets   43 

2.11 Four deadlock-free PN       45 

2.12 neither live nor reversible SIPN       49 

4.1 Turpentine industry        61 

4.2 Block diagram  at supervisory level      64 

4.3 P&I diagram of turpentine Industry      65 

4.4 Timmer         70 

4.5 Place properties        71 

4.6 Transition properties        72 

4.7 Saving of SIPN design       72 

4.8 IL code         73 

4.9 SMV code         74 

4.10 Operating phase        75 

4.11 Start up with SIPN        76 

4.12 Vacuum creation and control       77 

4.13 Finishing of start Up mode       78 

4.14 Resource configuration       79 

4.15 Insertion of a new task       80 

4.16 Configuration of the SIPN Editor      80 

4.17 Smart PLC panel        81 

5.1 Batch operation        83 

5.2 Semi-Batch operation        83 

5.3 Heating and cooling in plant       84 

5.4 Storage capacity        84 



 

xi 

 

5.5 Operation during transition       85 

5.6 Hierarchy         89 

5.7 Start up process using PLC                                                      91 

  



 

xii 

 

 

LIST OF TABLES 

Table  Title                                            Page  

Table 1.1  Basic elements of Petri nets.      4 

Table 1.2 Basic representations in matrix     9 

Table 1.3 Comparison between PN and HLPN     23 

Table 2.1 Product of output signals over the set {0, 1, -, c}   31 

Table 2.2 Sum of output signals over the set {0, 1, -, c, c-, d, d-}  32 

Table 2.3 Meaning of the symbols used in the signal algebra   34 

Table 2.4 Relation of properties in the SIPN and the underlying PN  47 

Table 4.1 Input and Output of plant      67 

 

 

 

  



 

xiii 

 

LIST OF ABBREVIATIONS 

 

 SIPN Signal interpreted Petri net 

 PN                   Petri net 

 FS                    Finite state automata 

 PhD                 Doctor of philosophy 

 Mo                    Initial marking 

 M (p)  No of tokens in place 

 3D  Three-Dimensional 

 AD  Anisotropic Diffusion 

 TF  Transition function 

 OF  Output function 

 FSM  Finite state machine  

 P  Place  

 T  Transition 

 W  Weight 

 σ  Firing sequence 

 E  Events 

 CP    Circuit Petri net 

 STG  Signal transition graph 

 LBMP  Level based modeled Petri net 

 HLPNS High level Petri nets 

 TPN  Time Petri net 

 SFC  Signal flow chart 

 RG  Reachability Graph 

 RC  Reachability chart 

 DS  Dynamic synchronization 

 C/E  Condition and event 

 GTS  General Transition system 

 BDD  Body Decision Diagram 



 

xiv 

 

 IL  Instruction list 

 PLC  Programmable Logic control 

   

 

 


