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Abstract: The purpose of this paper is to present a model for the detection phase in discontinuous systems. This model describes the expected behaviour of the process to be controlled, in order to make a comparison with the real behaviour. The hybrid nature of the process leads to a model which supplies a discrete view describing the process configurations and a continuous view describing the continuous behaviour of the process within a given configuration. The use of this hybrid reference model is the detection of abnormal behaviour and, by the emulation principle, the verification of constraints respect before the application of a command. It can also used to analyse the consequences of a decision before making the process recovery. Copyright 1998 IFAC Keywords: On-line detection, reference model, hybrid model, discontinuous systems



1. INTRODUCTION The automation of discontinuous processes, like batch processes for instance, poses difficult issues because it combines continuous and discrete-event aspects (Rippin, 1993). In the case of pure continuous system, supervisory control is in charge of monitoring the system in order to detect when it is no longer in its optimal state and to act on the local control to compensate it. When batch processes are involved, the supervisory control has to execute the control recipe, and more precisely, to drive the execution of operation sequences described by a set of recipes. It has then to ensure the real-time management of plants resources.



So, it is in charge of the dynamic configuration of the process in order to optimise its functioning according to criteria of its abstraction level. However, it has also to adapt the control when a deviation is detected. This adaptation can lead to modify process plan in interaction with the scheduling level, or to modify operating conditions in interaction with the local control levels. Consequently, it is necessary to build a monitoring function, complementary to the control one, in order to detect deviations (detection phase), to determine the cause (diagnosis phase) and to define a reaction (recovery phase). In this paper, we focus on the detection phase. The detection of an abnormal situation of the process needs a reference model, which represents the expected behaviour of the process, allowing to make



a comparison with the real behaviour. So, monitoring is based on a model of the industrial process which is run in parallel and in real-time during the operations. The same way is used in continuous systems and discrete-event systems. In the context of continuous systems monitoring, the causal or qualitative modelling is very employed (Leyval et al., 1994; Bousson and Trave-Massuyès, 1992; Montmain 1994). The use of a process model is all the more necessary since some significant variables can not be reachable to the mesure (FérayBeaumont and Gentil, 1991). In the case of discrete-event systems, the monitoring based on a process model are currently used (Combacau and Courvoisier, 1990; Holloway and Krogh, 1990; Toguyeni, 1992). But in some approaches, the detection is based on the verification that the process evolution stays within the set of reachable states. This set is described on the model and it is independent of the applied control. It can not be the same for discontinuous systems monitoring. Indeed, the continuous phenomena to monitor is closely linked with the phase in which the control is. Let us consider the example of the variation rate of a continuous variable. A great slope on the continuous variable trajectory can be considered as normal in transient regime (starting, functioning change), whereas it is a symptom of a deviation in the stationary regime (racing of an exothermic chemical reaction). Considering the evolution rate of a continuous variable independently of the active phase of the control may lead to indicate a non-existent dysfunction or to ignore an effective one. A simple example is the case of a storage tank in a loading phase whose volume is decreasing. No dysfunction can be reported if any evolution rate of the volume between the maximal input and output flows, and any values of the volume between 0 and Vmax are considered as normal. Consequently taking only into account the reachable continuous states in order to define the detection of an abnormal behaviour is clearly insufficient. The context (the configuration) in which the control and the process are must be necessarily considered. To correctly represent this hybrid aspect, the reference model must necessarily be of hybrid nature.



2. THE HYBRID REFERENCE MODEL We have pointed out the close link between the continuous phenomena and the discrete configuration. So then, the reference model is constituted by two linked components: one discrete, the other continuous. Such an approach of hybrid modelling, based on the cooperation of a discreteevent part and a continuous one have already been



applied for control (Johnsson and Arzen, 1994) and scheduling purposes (Daubas et al., 1994). As a consequence, the model must first supply a discrete view, describing the configuration in which the system is. Indeed in a batch operated plant, the process equipment is not in continuous use, units are used sporadically with changes between active, waiting and inactive status. At different instants of time, the plant is then in different configurations, each configuration corresponding to a set of active connections between units. The supervisory control drives then the production system from dynamic configurations to dynamic configurations in order to achieve the fabrication of the product. The model must also supply a continuous view; this view describing the continuous behaviour of the system within a given configuration. The process behaviour fluctuates depending on the unit operations being processed. So then, the hybrid model associates the set of continuous system behaviours to the set of discrete views. This model, called hybrid reference model, corresponds a qualitative view of the behaviour of the units independently from any control strategy. All the states described on the reference model must be the reachable configurations and this finite set of discrete states must not be restricted by control considerations. It can only be limited by technological constraints. Thus, a qualitative aspect is associated to the discrete states (the configurations). According to an active configuration due to the beginning of an operation, it is possible to qualitatively determines the expected continuous phenomena evolution. For instance, in a configuration corresponding to a storage tank loading, the volume must be increasing. If it is not the case, a failure is detected. The hybrid model of the process is then composed of a set of hybrid models: one model by unit. The discrete aspect of each model is represented by means of Petri nets. The places of the Petri net correspond to the configurations of the unit in relation to its environment (connections to others units for example). With each discrete state of the net (each place), a subset of differential algebraic equations is associated (if any operation is performed in the corresponding configuration) (Andreu et al., 1996; Valette et al. 1995; Champagnat et al. 1998). This subset of equations describes the expected continuous process behaviour. The active unit configuration is characterised by the location of the token in the net (the marking) and its continuous state, described by a subset of continuous variables, is carried by the token. The set of marked places of the nets (one net by unit) corresponds to a logical description of partial states of the whole controlled



system. When the control system evolves from an operating stage to another one, the reference model simultaneously evolves. A transition firing in the control module (the control strategy is also described by means of Petri nets), which corresponds to the execution of a given operation, simultaneously results in the firing of the associated transition in the reference model. The simultaneous evolution of the reference model with the control one ensures that the automatically selected subset of equations is consistent with the operations in progress. The use of the reference model has multiple objectives. The model must permit the detection of abnormal behaviours in comparison with the expected behaviour for the performed control. Thus, it is used to validate the execution of an operation. Furthermore it is sometimes useful to simulate the process behaviour on a short time horizon. The aim is then to verify that the command to apply will not lead to constraints violation. According to this emulation principle of the reference model, it can be envisaged to analyse the consequences of a decision before making the process recovery.



(place p1), loading phase (place p2), decanting phase (place p3) and simultaneous loading and decanting phases (place p4). These four discrete states are the reachable configurations of the storage tank. If the use of the fourth configuration is not physically possible, the corresponding state must be removed. But, if this constraint stems from the control strategy, it must be specified on the control model and not on the reference one. Equations associated to places express the variation of the storage tank volume as shown on figure 2. p2 LO
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Discrete states



Associated set of equations ∆VI = ∫ qI dt ∆VI = 0











p1: Stable state wait (0) 



(0) ∆VO = 0 ∆V = 0  











p2: Loading operation in progress (1) 



p3: Loading and decanting operations simultaneously in progress (2)



∆VI = ∫ qI dt (1) ∆VO = 0 ∆V = ∆VI 







p4: Decanting operation in progress (3) 



(2) ∆VO = ∫ qO dt ∆V = ∆VI - ∆VO  



∆VI = 0 (3) ∆VO = ∫ qO dt ∆V = - ∆VO 



with V(tn) = V(tn-1) + ∆V



3. AN EXAMPLE OF HYBRID REFERENCE MODEL In order to illustrate the reference model, let us consider the storage tank which is described on the next figure. 



input flow: qI Loading operation 



V1



pa 



( ; LO) 



ta 











pb tb 



V



pc



When a transition, which corresponds to the start or the end of an operation, is fired on the control net, it synchronously results in the firing of the corresponding transition on the reference model. For instance, the start of the loading operation on the storage tank implies the firing of both transition ta, on control net, and transition t3, on the reference model one. On the latter, the place p2 becomes marked (V1 opened and V2 closed) and the subset of equations (1) is selected.
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Fig 2: Example of a storage tank reference model
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4. DETECTION OF PROCESS BEHAVIOUR DEVIATIONS







output flow: qO



Fig 1: The storage tank example Two activities can be performed, simultaneously or not, on the storage tank: the loading operation (expressed by LO) and the decanting operation (expressed by DO). End-of-operation conditions depend on the volume to be transferred. The model of the storage tank (figure 2) is composed of four discrete states (the four places of the Petri net). These states correspond to the following configurations of the storage tank: inactive state



The detection is based on the comparison between the process observation and the simulation of the reference model. A process event, stemming from the process observation, is characterised by an occurrence date and a value. By means of the reference model we obtain a temporal window which gives the possible dates for the process event occurrence. This temporal window is calculated according to parameters of the control (volume to be transferred, output flow, etc.), by means of the active set of equations describing the continuous phenomena in progress. The structure of



the reference model is independent of the control strategy, but the phenomena to be monitored on the model depends on control parameters. The reference model can not determine the expected value with an absolute precision. The active set of equations permits to determine a range of acceptable values. The comparison mechanism consists to compare the occurrence date of the process event with the temporal window (comparison between the observed discrete state and the simulated one) and the measured value with the calculated range of values (comparison between the observed continuous state and the simulated one). Let us consider the example of storage tank where the activity in progress is the loading operation. In control net (figure 1), the place pb is marked. Its output transition tb is enabled and the associated predicate is considered (the occurrence of a particular process event is waited, implying the loading-endoperation). The reference model determines a temporal window [d1,d2] (d1 being the earliest endof-operation and d2 the latest one) and the expected value of the volume. If the event occurs out of the temporal window or if the gap between the value measured on the process and the simulated value is upper than a defined threshold, the transition t4 can not be fired. The reference model and consequently the control net can not any more evolve (transition tb can not be fired). It is then possible to conclude that a failure happened. A message is then sent to a diagnosis module. In the contrary case, it is possible to conclude that the operation has been successfully performed. The loading-end-operation produces the evolution of the control net in a new state (place pc marked). That automatically implies the change of configuration of the reference model (place p1 marked). Moreover, the reference model is updated with the value measured on the process. Thus, it keeps a faithful view of the effective state of the process. The model used for the representation of the discrete aspect is a high level Petri net: temporal Petri nets with objects. The tokens are objects with attributes which represent a set of informations. On the control net, the token carries information on the operation to be perform on the considered unit. For instance, on the control net shown figure 3 the pieces of information carried by the token are the parameters of the operation to be executed: the volume to be transferred and the required input flow. On the reference model (figure 4), the attributes of



the token are pieces of information on the physical constraints of the unit (maximum volume, maximum input flow) as well as the value of the continuous state variables which characterized the unit. This token also contains attributes to select the subset of equations associated to the state in which the token is, and attributes to describe the end-ofconfiguration event (the considered variable and the threshold value). Let us consider that the control net wants to start the loading operation "to transfer 2 m3 with an input flow of 1 m3/h". It corresponds to the firing of the transition ta. This operation is authorized if the change of configuration on the reference model is possible (existence of an enabled transition whose the firing leads to this configuration) and if the operation parameters are acceptable. On the reference model, the storage tank is in an inactive configuration, the place p1 is marked and the transition t3 is enabled. Before to fire the transition t3, the required input flow attribute of the control net token is compared with the maximum input flow attribute of the reference model token . If this condition is satisfied, the transition ta and t3 are simultaneously fired. The control net goes on the loading operation in progress state (place p2 marked) and it is waiting for the occurence of the end-loading process event. On the reference model, the attribute describing the end-of-configuration event on the token is updated (considered variable and volume to be transferred). The place p2 is marked (loading configuration). The subset of equations (1) and the initial and final conditions are loaded into the integrator. The expected end-of-operation date is calculated. To this date is added a temporal slack corresponding to the transient phases of the operation in order to constitute the temporal window [d1,d2]. The ouput transition t4 will stay enabled during this time interval. The transition tb, on the control net, will be fired if the occurence date of the end-of-operation process event is within the temporal window [d1,d2] and if the measured value is consistent with the simulated one. If it is the case, the token on the reference model is updated with the measured value and the place p1 becomes marked (change of configuration).
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Fig. 3. The control net



Fig. 5. Simultaneous firing mechanism



p2



5. THE MODEL IN EMULATION
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If in the previous case, the control is simultaneously applied to the process and to the reference model in order to detect abnormal behaviour of the process, the control is only applied to the model when it is used in emulation. It is a kind of temporal projection of the process state. The objective is thus to verify that the control to apply respects process constraints. For instance, we could check if the command to be applied does not violate the constraint of maximal volume of a storage tank. That allows to avoid the occurrence of a failure whose cause could have been an erroneous command.



Fig. 4. The reference model. Now, let us detail a possible mechanism to realize the simultaneous firing of transitions whose principle has been first described in Allanche et al.. 1984.



Let us consider 2 recipes which run in parallel and use the same storage tank (figure 6 and figure 7).



R1



We have seen that the models evolution is initiated by the control net. A transition, on the control net, is broken into two transitions connected to a transition of the reference model by means of places (see the figure 5 which represents the simustaneous firing of the transition ta and t3 of the storage tank example) (Andreu 1996). These places represent channels through which information is exchanged (places containing messages). The control net sends a request and is waiting for a response from the reference model (token ). This mechanism guarantees that the evolution of the control net is only performed if it is authorized by the reference model. On the figure 5, the transition ta2 can only be fired if a response is sent by the reference model.
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Fig. 6. The flow diagram p11
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Fig. 7. The recipes The first one products, within a reactor R1, a solution A to be stored in a storage tank ST. The second one realises a product B, within a reactor R2, by using the solution A which is contained in ST. Then, the product B is stored in an other storage tank. Let us



assume that on the first recipe the reaction is going on in R1 and that on the second one the loading phase of R2 is active (figure 7). During its loading, R2 is linked to ST which contains the product. The reference model (figure 2) is in the decanting configuration (place p3 marked). Now, let us supposed that the treatment in R1 is finished, the solution must be transferred in ST. This transfer phase depends on the continuous and discrete states of ST. This storage tank must be an available resource and the simultaneous loading-decanting configuration must be allowed. Regarding its continuous state, its available volume must permit to receive the batch. While the transition t2 is not fired, the value of the storage tank volume is not updated (the known value is that preceding the loading phase of R2). The continuous state is only known with precision when the configuration changes. So in order to make the decision, that of beginning the transfer phase from R1 to ST for instance, an emulation is necessary. The aim of this emulation is to ensure that a simultaneous loading and decanting of ST (with different flows) will not cause the violation of volume constraint. For that kind of emulation, two types of marking are considered in the reference model. One token corresponds to the effective state of the refrence model and a second represents the emulated one. Doing so, the reference model could be used to analyse the consequences of a decision before making the process recovery. One token corresponds to the state before the failure detection. Another one permits to test the process recovery by means of a temporal projection of the process behaviour.



6. CONCLUSION The use of a reference model whose the nature is hybrid supplies a qualitative view of the process behaviour. Its evolution is linked to the evolution of the control discrete-event model. This ensures an automatic and consistent selection of the continuous model which represents the process behaviour in the active configuration. It permits the detection of abnormal situations. The possibility to emulate it allows the verification of the consistency of a control and the test of the process recovery. Another use of the reference model, not presented through this paper, is the validation of a production plan. Indeed, the end-of-operation temporal window can be used by the control net to make a comparison with the temporal window supplied by the scheduling level (this latter representing the estimate duration for the operation). Such an application of the reference model before to produce, could avoid to search for the cause of a temporal constraints violation which would certainly have occurred



while the production is running.
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