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Abstract:-This paper presents a supervisory control scheme based on the hybrid systems theory and fuzzy events detection approach presented in [1]. The fuzzy event detector is a linguistic model, which synthesizes complex relations between process variables and process events incorporating experts' knowledge about the process operation. The detection feature allows the anticipation of appropriate control actions, which depend upon the selected membership functions used to characterize the process under scrutiny. Additionally, it is also proposed a fuzzy logic based intelligent hierarchical system, which assigns priorities among simultaneous generated events in complex processes. The performance of the suggested  scheme is applied to a theoretical evaporation system in terms of computational simulation results.
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1 Introduction

Some difficulties associated with the automation of complex dynamic systems are usually related to multiple operational domains due to the presence of nonlinear phenomena and unpredictable or partially known disturbances, which affect the controllers' performance. In order to alleviate such difficulties, it is important to incorporate control strategies, for different operational domains, to include an adaptive control capacity to deal with uncertain situations and to be able to coordinate the distributed controllers for a satisfactory task assignment.  A large number of industrial processes operate on a continuous time bases, and they are usually described in terms of differential equations. Other types of processes, of discrete time nature, may be represented using transition systems. Examples of such processes are the sequential operation in the automobile manufacturing, chemical processes where batch operation is involved and changes among operational regions related to a continuous process. In transition system based models, the process under scrutiny is described in terms of discrete events. The dynamic systems whose behaviors depend on the interaction between continuous time processes and discrete events systems are called hybrid systems [1]. Other approaches for hybrid systems can be found in the literature: [2] establishes hybrid systems, as hierarchical systems where the system continuous evolution is controlled by discrete supervisors; [3] uses an  approach  where a  logical  system  controls the change of state of continuous systems under a set of constraints. Implementation strategies to observe a continuous system, transforming the operational condition of a discrete state can be found in [4]. In the process control area, the continuous time process of a hybrid system corresponds to the physical or chemical process itself, which must be controlled. A discrete event system, on the other hand, represents a supervisor (automaton), which reacts in presence of generated events from the continuous time process in order to fulfill system specifications. This work presents an intelligent supervisory control scheme, based on the hybrid systems and fuzzy event detection approach presented in [1] and including an intelligent hierarchical system.  
2 Supervisory Control Scheme
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The proposed supervisory control scheme, SCS, architecture facilitates the decision making task re-lated to control actions,  for improving the operation of complex dynamic processes which may be composed of many interconnected subsystems, characterized by different operational conditions and usually subjected to external disturbances  [1].  The scheme is structured in two layers, named regulatory control level and supervisory control level. The regulatory control level is related to the process dynamics and is in charge of generating direct control actions to be applied to the process. This level is governed by a supervisor (automaton) in the supervisory level, that assigns discrete control patterns (control actions, codified in discrete terms, that have to be implemented to satisfy process specifications), based on generated process events. The events related to the continuous level may indicate changes in the process behavior or changes in the current operational region that could affect the required process specifications. The supervisory level contains a process representation based on operational regions and transitions among them. The events and operational domains detectors characterize the process behavior and evaluate the regulatory control system performance by monitoring the deviations between process variables and assigned set points for the basic controllers. This information is processed by a fuzzy hierarchical system FHS, which assigns priorities for simultaneous generated events of the complex system with interconnected subsystems. A supervisor or automaton receives information from the FHS in order to produce discrete control patterns which will be codified by a translator before being sent to the regulatory system, in terms of set points tuning, regulatory control switching strategies, alarms and messages to operators, among others.   The supervisory control scheme is illustrated in figure 1.
Fig.1 Supervisory Control Scheme
3 Hybrid Systems

The classical hybrid approach in the control systems context is associated with both continuous and event driven features of a process, where the continuous part is considered as the process itself to be controlled, which may be represented using differential and/or algebraic equations. On the other hand, the discrete part contains an abstract representation of the events driven continuous process behavior that describes its different operational regions and transitions [5]. The discrete system representation may be described by symbolic, logical or numerical values. During the last 20 years the discrete/continuous nature of dynamic processes has been recognized as a fundamental aspect due to the proliferation of discrete-operation systems and the introduction of computer-based process components. This has given rise to complex dynamics and new control issues in event-driven systems, which are receiving considerable attention in the control community [6]. In this section, some theoretical and mathematical formulations related to the hybrid systems definition will be given, to be used for modeling the type of event-driven systems presented in this paper.
3.1 Automaton
A finite state automaton may be defined, as a mathematical model synthesized using process variables information from the continuous process in order to yield responses based on discrete time inputs [5]. An automaton has a finite number of states and evolves, from one state into another, as a result of processing a present state input. In terms of Formal Languages and Automata Theory the set of inputs processed by the automaton constitutes the input alphabet (set of symbols) and all the input sequences that determines the automaton transitions represent its recognized language (set of all finite string that may occur within a string set) [7].

3.2 Dynamic and Pseudo Dynamic Systems
A dynamic system is a physical system that may be represented as an abstract model which considers external variables (input/output), internal variables (states) and a transformation to represent the states evolution [5]. The triplet 
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 denotes a dynamic system (DS), where X is its state space vector, xi represent the ith component of X, S is a semigroup and 
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 is its transition function. A pseudo-dynamic system (Ps-DS) is an DS, 
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Where the semi group is defined as  
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3.3 General Definition for Hybrid Systems
A dynamic hybrid system (DHS) is a triplet 
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are Ps-DS and F= (f,h) is a preserving dynamics map [5] such that 
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4. Fuzzy Events Detection
The linguistic model used in this paper for detecting process events, is the well known Mamdani - Constructive Linguistic Model (LM) [8] for MISO systems, incorporating a defuzzification method for getting discrete events as model outputs. Let  U1,...,Ur be the input variables and V  the output variable of the LM. Bij and Di  i=(1..m), j=(1..r) the fuzzy and discrete subsets of the universe of discourse X1,...,Xr and Y, which belong to U1,...,Ur and V, respectively. The fuzzy events detection is achieved as follows:
4.1 Defuzzification Process for Selecting Discrete Events
The defuzzification problem can be interpreted as the problem of selecting an element based on a fuzzy subset. The selection problem can be implemented by converting the fuzzy subset into a ”probability'' distribution, to be used in the “defuzzified” value selection, either via the performance of a random experiment or by calculation of an expected value [8]. The process of converting the fuzzy subset into an appropriate probability distribution appears to be mediated by the degree of confidence we have in the fuzzy subset.

 Definition 1: Let Di be the reference discrete subset corresponding to the events' universe of discourse
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, for the ith rule associated with the LM. Di   may be defined as a probability distribution in the following way:

                    Di =[Pi(y1),...,Pi(ym)]                         (4)
where m is the number of defining events of the LM output. If the event yk is defined as a consequent of the ith rule then

Pi(yk) = 1

  Pi(y1)=..=Pi(yk-1)=Pi(yk+1)=..=Pi(ym)= 0            (5)
Definition 2 Let F be the fuzzy subset which guides the selection process of an element y* from the events' universe of discourse Y, then the fuzzy subset F can be used to generate a probability distribution P on Y, where P(yi) indicates the probability of selecting the element yi. Detailed discussion on the conversion between possibility and probability distribution is provided in [9]. It can be proved that the equation in the following procedure corresponds to a uniform probability distribution, which has the lowest entropy, see [8] (p. 318). This is the procedure used in this work.
Procedure P1
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, where n is the number of elements of Y which attain the maximum membership grade in F then V corresponds to the set where y takes its values.
4.2 Fuzzy Algorithm for Discrete Events Detection
1. If inputs are fuzzy sets 
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 (7)                                                          and if inputs are crisp numbers  
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2. Find the fuzzy sets Fi inferred by the ith rule
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3. Aggregate the inferred fuzzy sets Fi
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where m is the number of rules.
4. Select the event which attains the maximum membership grade in the fuzzy subset F. This event has the highest probability of occurrence.
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5. Hierarchical System for Multiple Events

The hierarchical system proposed in this section is inspired on ideas presented in [11] for multiobjective fuzzy controllers and in the functionality based hierarchical scheme presented  in [10], where the design elements are described specifying the goals and sub-goals that must be satisfied and how the different tasks and involved procedures may be coordinated to reach such goals. The proposed hierarchical algorithm for multiple events is as follows:
1 Goals or Objectives Definition: Let   
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 be the set of system goals that have to be reached. If l=1 there are no interacting goals and the problem is simplified to one objective.
2. Priorities Assignment: It is defined a priority function 
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 in a particular domain, for the different established goals.
3. Fuzzy Relationship Definition between Process Event/Conditions and Goals: It has to be defined how the process events/conditions occurrence may affect the established goals. This will facilitate the decision making related to the corrective actions that have to be achieved with the occurrence of process events. Let 
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 be the events that may occur in a simultaneous way which could be associated to the n interconnected subsystems and will be the hierarchical system inputs.  The fuzzy sets associated to these events are given by the probability distribution calculated by the fuzzy events detector
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, i=1..n, where pi is the number of events which may not occur in a simultaneous way in the ith subsystem.
4. Output Linguistic Values Definition: The reference linguistic values 
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 have to be defined in order to describe the hierarchical system output Z which describes the control transitions to be achieved in order to keep required specifications. The hierarchical system output fuzzy set C can be used to generate a probability distribution P on Z, where P(zi)=ci indicates the probability of selecting the element zi.
5. Rule Base Definition for the Hierarchical System: The rule base inputs are events and it has got m rules with the following structure:
R1: If y1  is f11  and y2 is f21 and….yn is fn1 then Z is c1
 Without loss of generality, it is assumed that the highest priority goal 
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is affected by the events belonging to the fuzzy subsets fi1 and l=m=n=pi. For the remaining rules, j=2....m, it is included a higher priority goals satisfaction implications.
R2: If y1  is f12  and y2 is f22 and….yn is fn2  and 
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 is reached then Z is c2
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.

Ri: If y1  is f1i  and y2 is f2i and….yn is fni  and 
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Rn  If y1  is f1n  and y2 is f2n and….yn is fnn  and 
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If 
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, the before described structure may be used, but more than one rule would define the achievement of a specific goal 
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 has to be satisfied. The number of fuzzy subsets pi which characterize yi only determine the number of antecedents in each rule.
6. Application to an Evaporator System
The suggested intelligent supervisory control scheme will be applied to the theoretic evaporator systems, see figure 2. Evaporator feed is mixed with a high volumetric flow rate of recirculating liquor  and it is pumped into a vertical heat exchanger that is heated with steam which condenses on the outside of the tube walls. The liquor passes to a separation vessel. The liquid is recirculated with some being drawn off as product; the vapour is condensed using cooling water as coolant. The nonlinear theoretical model equations may be found in [12]
[image: image111.emf]Process Variables 

Information

Regulatory

Control

Intelligent Hierachical

System

Supervisor or

Automaton

Discrete Control Patterns

Translator

Intelligent

Events  Detector

Priorities

Events

Events

Process

Deviations

Continuous Control Patterns

Supervisory Level

Regulatory Level

Process Variables 

Information

Regulatory

Control

Intelligent Hierachical

System

Supervisor or

Automaton

Discrete Control Patterns

Translator

Intelligent

Events  Detector

Priorities

Events

Events

Process

Deviations

Continuous Control Patterns

Supervisory Level

Regulatory Level


Figure 2. Evaporator System

Fig. 2 Evaporator System
L2 is the separator level and F1, F2  and F4, correspond to feed, product and vapour flow rates respectively. X1 and X2 are the feed and product composition respectively. P2 is the operating pressure; F5 is the condensate flow rate. T2 and T3 are the liquid and vapour temperatures respectively, T1 is the feed temperature. T100 and P100 are steam temperature and pressure   respectively. T200, T201, and F200 are cooling water inlet temperature, outlet temperature and flow rate. The manipulated variables or system inputs are product flow rate F2, steam temperature T100 and cooling water flow rate F200. The controlled variables or system outputs are separator level L2, Product composition X2, and system pressure P2. The level separator dynamics has an integrating behavior and therefore it is necessary to regulate the level with a simple proportional feedback. F2SP and L2SP correspond to the product flow rate and separator level set points and KP is the feedback gain selected to guarantee stability and to minimize effects over the rest of process variables. 
6.1 Fuzzy Events Detector
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The suggested control objective is to keep the controlled variables in operational ranges defined by:  L2= [-0.9, 1.1], X2= [24, 26] and P2= [49.5, 51.5] without causing overreaction of the manipulated variables. If there occur any event which affect the separator level regulator performance, the level set point has to be tuned inside the operational range to solve the stability problem.  For the composition and systems pressure it is necessary to manipulate the available variables to achieve the required specifications. A step change test was performed to the system manipulating steam temperature T100,   cooling water F200 and level reference L2SP to study the steady state relationship and to calculate the steady state matrix [12]. This analysis showed a strong coupling between the manipulated variables T100 and F200. The level can be regulated inside the operational region by manipulating the reference set point, without disturbing the rest of variables significantly. Based on this information it is defined the rule base by considering the  deviations direction L2, X2 and P2 with respect to the desired operational values as well as their derivatives dynamics dL2, dX2 and dP2. The membership functions which characterize the process variables are the following:  

Fig. 3 Membership Functions for X2, P2 and L2
The process must be controlled without causing overreaction of the manipulated variables. For this example, it will be imposed no variable manipulation before a certain set time after a previous variable manipulation. This constraint is often used in industrial process control to avoid oscillations due to overreaction of manipulated variables. Based on experiments the maximum set time was  calculated as Tsmax=50 min. This time also may be characterized with fuzzy sets. The time unit necessary to process information at the supervisory level was established as 1 min. Let Ts be a counter, with incremental time = 1min which is activated when a manipulated variable acts and it is set back to zero when it reaches 51 min.

Fig. 4 Membership Functions for dX2, dP2 and dL2.
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Fig.5. Fuzzy sets for Stabilization Time Ts

Two subsystems have been defined in the evaporator system: the separator subsystem (SS) and the heater subsystem (HS). L2SP and L2 are the manipulated and controlled variables in SS and F200, T100, X2 and P2 are the manipulated and the controlled variables in HS. 

6.1.1 Events Detection for Heater Subsystem
For HS there are five condition groups
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, i=1..5 for X2 and P2 and three groups
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,  j=1..3 for dX2 and dP2. Each condition has associated an event 
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 which is produced when the condition is generated. The conditions have been defined according to the control action to be taken to satisfy required specifications. The rule base for the heater subsystem is presented in Tables 1 and 2
Table 1. Rule Base for Events 
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6.1.2 Events Detection for the Separator Subsystem

For SS there are three condition groups 
[image: image49.wmf]k
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 for L2 and L2SP and each condition has an associated event
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, k=1..3 which is produced when the condition is generated. The conditions have been defined according to the control action to be taken in order to satisfy required specifications. For this subsystem it is easier to define joint events for process variable L2 and manipulated variable L2SP. The rule based for the separator subsystem is defined in Table 3 
Table 2. Rule Base for Events 
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Table 3. Rule Base for Events 
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6.2 Events Hierarchical System
6.2.1 Goals or Objective Definition
It is defined the set of goals G={g1,g2,g3}, where:
g1: Avoid overreaction of manipulated variables. This minimizes instabilities in transient state.
g2:  Keep heater subsystem variables within required operational ranges.
g3: Keep separator subsystem variables within required operational ranges.
6.2.2 Priorities Assignment: 

It is defined 
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 is the highest priority goal

6.2.3 Fuzzy Relationship Definition between Process Event/Conditions and Goals: Let 
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  be the hierarchical system inputs, with associated fuzzy sets given by the probability distribution calculated using the fuzzy events detector.
6.2.4 Outputs Linguistic Values: These values describe the possible control transitions 
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 to be implemented in the heater or separator subsystems to keep required specifications. The linguistic reference values 
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6.2.5 Rule Base Definition for the Hierarchical System: 

R1: If Ts = “Not Manipulate” then z= z5
R2: If 
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 is reached then the consequent   z is given by the following rule base 
Table 4. Rule Base for Heater Transitions Calculation
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R3: If 
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 is reached then the consequent   z is given by the following rule base 
Table 5. Rule Base for Separator Transitions Calculation
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6.3 Evaporator Hybrid System Definition 
The hybrid system will describe the entire relation between de continuous process and the discrete model (supervisor) which describes the evolution of the system state according to generated events and the control transitions to be implemented. The control transitions are related to set points tuning of the manipulated variables T100, F200 and L2SP for both subsystems. This hybrid system may be defined as follows:
6.3.1 Continuous State Space X1:  Correspond to the controlled variables belonging to the continuous process. X1={X2, P2, L2}.
6.3.2 Action Semigroup on X1: S1=[0,
[image: image96.wmf]¥

), the domain S1 correspond to the time variable which only can take positive values.
6.3.3 Continuous Dynamics: Corresponds to the continuous dynamics given by equations in [12] which describe the evolution of the continuous process states  
[image: image97.wmf]1

1

1

1

:

X

S

X

®

´

j


6.3.4 Discrete State Space X2: The discrete space is composed of set points triplets X2= [T100SP,F200SP,L2SP] for the manipulated variables T100, F200 and L2SP. The possible values for these states are the following. Each operational domain has associated references values corresponding to the equilibrium points defined for a specific operational condition [TR,FR,LR]. It has also been defined deviations respect to the reference value [
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where
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In order to facilitate state description, the label associated to each state has been defined in correspondence with each possible triplet, taking into account the priorities defined for the heater subsystem

Table 6. Discrete States Definition

	State
	Triplets of Set Points

	A
	                 adg

	B
	aeg

	C
	afg

	D
	bdg

	E
	beg

	F
	bfg

	G
	cdg

	H
	ceg

	I
	cfg

	J
	adh

	K
	adi


6.3.5 Action Semigroup on X2: S2 is given by all the finite chains of X2 including the empty chain.
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6.3.6 Discrete Dynamics 
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 is given by the changes sequence produced by the transition 
[image: image103.wmf]}

,....,

,

{

7

2

1

z

z

z

Z

=

  calculated in terms of generated events. The following matrix characterizes the supervisor transitions to keep required specifications. S denotes the states and Z the transitions
Table 7. Matrix Transition for Supervisor

	  Z

S
	z1
	z2
	z3
	z4
	z5
	z6
	z7

	A
	C
	B
	G
	D
	A
	J
	H

	B
	A
	B
	H
	E
	B
	B
	B

	C
	C
	A
	I
	F
	C
	C
	C

	D
	F
	E
	A
	D
	D
	D
	D

	E
	D
	E
	B
	E
	E
	E
	E

	F
	F
	D
	C
	F
	F
	F
	F

	G
	I
	H
	G
	A
	G
	G
	G

	H
	G
	H
	H
	B
	H
	H
	H

	I
	I
	G
	I
	C
	I
	I
	I

	J
	C
	B
	G
	D
	J
	J
	J

	K
	C
	B
	G
	D
	K
	J
	K


According to the transitions in table 6 it is possible to define
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The domain of 
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7. Simulations Results
The control scheme proposed in section 6 was simulated assuming reference values for manipulated variables [TR,FR,LR] =[119.8 
[image: image107.wmf]C

o
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,15 kg/min, 0.05 m]. These values are in correspondence with the equilibrium point associated to required specifications for controlled variables. There were simulated two disturbances which generated non controlled events on controlled variables. At t=50 min. recirculation flow rate F3 was disturbed with a step change and at t=250 min. the feed product composition X1 was also disturbed with a step change. Figure 6 and 7 illustrate the efficiency of the set points tuning to keep the required specification without overreaction of the manipulated variables. In order to facilitate a graphical representation, the states A,B,C,D,E,F,G,H,I,J,K were denoted by the integer values 1,2,3,4,5,6,7,8,9,10,11, respectively. Likewise the transitions 
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 were denoted by 1,2,3,4,5,6,7 respectively. Figure 8 illustrates the supervisor states evolution and the implemented transitions.
[image: image115.emf]Time(min) Time(min)


Fig. 6 Time Evolution of Controlled Variables
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Fig. 7 Time Evolution of Disturbances and Manipulated Variables
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Fig. 8  Supervisor States Evolution and 
Corresponding Transitions.

8. Conclusion
An intelligent supervisory control scheme for industrial process control has been presented. This approach has allowed synthesizing complex relationship between process variables and process events using fuzzy algorithms for events detection. The detected events are processed by a hierarchical system, designed according to the process priorities, which generate the appropriate control transition to be implemented to keep required specifications. The efficiency of the proposed approach has been illustrated via computer simulations performed on a theoretical evaporator system.
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