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CONTEXT OF THE STUDY

2.i Physical level

The studies carried out at the operational system level essentially aim at improving the automation of production devices. In order to achieve this objective, several studies have shown the interest of sensors and actuators able to process information (calibration, default detection and diagnosis, and so on). The concept of Smart Sensor/Actuator (Isermann, 1993), (Robert, 1993), (Staroswiecki, 1994) takes into account this processing capability in addition to the" traditional" sensor/actuator. The studies carried out in the context of Smart Sensors/Actuators are led, in most cases, in order to develop a specific sensor/actuator dedicated to a complex function of a given system. The object oriented approach is a major concern in the field of Smart Sensors/Actuators (Filali, 1994), (Luttenbacher, 1996). In the domain of production systems, let us point out the research presented in (Desforges, 1998) that deal with the monitoring of a machine axis during a manufacturing operation.

Decisionallevel

The complexity of the production system and of its interactions with the environment have led to a hierarchization of the decision making. We may consider, as in GRAI method (Doumeingts, 1987) the decisional system as a hierarchical structure of decision centers having longer horizon of decision at the top of the hierarchy. This observation is also made in global typologies in which are distinguished strategic, tactic and operational decisions with shorter and shorter horizons. Each decision center receives, transforms and emits information. Decisional information is transmitted by way of decision frames . A decision frame specifies the objectives to achieve, the available freedom degrees, and the procedures to follow to make the decision. In general, the more one goes down in the decisional hierarchy structure, the more restricted the degrees of freedom are. That is why the decisional system part which is close to the operational system is very sensitive to disturbances. A present tendency, induced by reactivity concern, is to autonomize low level decisional systems in order to make them more reactive to environment fluctuations (Grabot, 1998) or to develop the notion of decisional agent (Ouzrout, 1996).

Synthesis

As shown in previous sections, the decisional and operational aspects of a production system are widely studied. Some recent studies propose an architecture base on a client/server concept (Aguirre Suarez, 1997) in order to facilitate the integration of the operational system in the decisional system. However these studies essentially deal with informational system and do not point out the necessary adaptation of the decisional system linked to the autonomisation. The study presented in this paper is guided by the wish to federate the two approaches. The autonomisation of low levels may be applied thanks to smart sensors and actuators which gain in decision capabilities, therefore increasing their intelligence. The problematic that emerges from these observations resides in the integration of a distributed architecture of smart sensors and actuators in the decisional structure of the production system and in the means that can be used to set it up.

PROPOSAL OF ARCHITECTURE FOR THE INTEGRA TION

The organization of the traditional manufacturing machine should be set into question in order to apply the proposed ideas. We introduce a new decisional level in the classical decisional structure. This additional level is based on elements directly linked to the process: sensors and actuators.

3.i Organization of the traditional machine

A production machine aims at achieving a task in an industrial process. It is generally divided into two parts: the control device and the operative device.

The operative part of the machine receives orders from the control part. These orders are applied to the actuators and information is sent back thank to sensors. The operative part has no decisional role. The decisional aspects of the machine are centralized in the control part of the machine, generally a numerical control. This structure is not relevant in the objective of autonomization of a machine and should be replaced by a hierarchical structure by creating an additional decisional level leading to a new definition of the decisional structure of a machine. This decisional level is based on smart sensors and actuators.

integration of the additional decision level

In order to create the additional decision level, called CAID level, we rely upon elements that make the interface between the control and the operative part of the machine (sensors and actuators) by endowing them with decisional abilities. The organization of the machine is therefore modified and is made of a hierarchized control structure with two levels.

The communication between the two decisional level and between the components of the same level is achieved thanks to a local network. The interface is divided into two elements as illustrated by figure 1: the first one is integrated with the physical process and corresponds to the classical functions of smart sensors/actuators, the other one is devoted to the CAID level and corresponds to the additional decision making functions.

Figure 1. : global decisional structure

The CAID level becomes the lowest decisional level of the production system. It is connected to the upper level made of the general control of the machine that is usually the last decomposition level. The problem is now to define how the various elements of the CAID level and of the machine will interact in order to ensure an appropriate decision making.

Distributed control structure at the CA1D level

The centralized decisional structure, which is generally used in numerical control machines, is not appropriate. Indeed, no freedom degree is attributed to the slave level that is therefore not a decisional level and can not be autonomized. The best decisional structure according to us is a hierachical structure. It enables the transfer of a given number of freedom degrees to the CAID level. This structure requires the definition of decision centers at the CAID level. Each smart sensor/actuator of the CAID level becomes a decision center that ensures a local response to events that may happen on the physical device controlled. However some situations may lead a Smart Sensor/Actuator to need help of other SSA to make an appropriate decision. The need may be for instance an information on the state of another SSA or the decision of another SSA... The architecture of the control must enable the communication and cooperation between SSA. The distributed architecture IS therefore the most appropriate in this case.

The distributed architecture requires specific characteristics for its components, the SSA of the CAID level. These characteristics are for instance a decisional autonomy, an ability to choose a behavior according to internal and external information, an ability to communicate and cooperate with other SSA and with upper level decision centers.

The classical Smart Sensors/Actuators provide with some of these characteristics: complex data processing, communication but does not support the most important for distributed control: decisional autonomy. In this aim, we modified the internal organization of SSA in order to integrate these new possibilities by using the notion of agent which extend the notion of SSA with decision capabilities.

APPLICA nON TO MACHINE TOOL MONITORING AND MACHINING CONTROL

We propose an illustration of these ideas in a mechanical manufacturing context: the monitoring of a machine-tool and the control of the machining process.

. Machine tool and machining process description

The chosen machine tool for the application is a Numerically Controlled (NC) lathe. Since a direct application on a physical machine is often difficult to realize, we have chosen an approach involving simulations enabling the validation of the decisional system. The operative part of a machine tool is made of the axes (or feed-drives) and one spindle at least. The role of these devices consists in driving the cutting tool to obtain the expected shape of the workpiece. These devices also interact during the machining period. Other components of the machines are dedicated to auxiliary functions (chuck locking, protection bay opening, ... ) are not taken into account in the machine model. NC lathes are often used in flexible production cells. These machines are made of two axes (Z: longitudinal, and X: transversal) and one spindle whIch holds the work-piece. The study led on these machine can be generalized for more complex machines having more than two axes (machining centers). According to the operative part, the CAID level is organized into several modules, as illustrated by figure 2 .. The role of each module is to drive one component of the operative part (feed-drive, spindle) and involves additional functions that form the smart or intelligent part of sensors and actuators: data processing, communication, data storage, monitoring, ... Each of these modules is an entity smart sensor/actuator. There is an increasing interest in monitoring the machine tool because they are the main source of work-piece inaccuracy. The sources of inaccuracy due to the machine tool state increases with its aging. These sources are numerous and various, they are of different kinds like lubricating fluid pollution, slideways, guide-ways and bearings wear, motor magnetic material demagnetization, coupling system backlashes, . . . The cutting tool monitoring has several aims such as the tool wear estimation that can be used for tool breakage avoidance or prediction (Masory, 1991), tool trajectory correction, machining condition adaptation (Carrillo, 1997), ...

MONITORING AND CONTROL ARCHITECTURE

Monitoring tool wear and doing the adaptive control of the machining process the way we described requires the acqUIsItIOn of the cutting force components; but force sensors are not flexible enough to be implemented in NC machine tools that are designed to be as flexible as possible. Cutting force components can also be estimated by the absorbed current of DC motor feed-drives and spindles. Indeed, in DC motors the absorbed current is directly proportional to the load torque. For each DC feed-drive and spindle the absorbed current is:
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where the cutting force generates the torque Te/" As the monitoring of the feed-drives and spindle by the estimation of their physical parameters requires the measurements of tension, current and revolution speed, Te! can be estimated from the value of the physical parameters and the measurement of current and revolution speed.

The physical parameters are estimated during the high speed motions of the feed-drives and the acceleration of the spindle and a part of the perIod during which the spindle revolution speed is constant before the tool is engaged into the work-piece material. During these periods there is no cutting process and they occur at least after each tool exchange. The estimated parameters can be assumed to be constant during the machining operation because the tool state vary much faster than the machine one. The estimation of these parameters can be realized by reinitialized partial time moments mode ling and least squares or instrumental variable estimator (Coirault, 1993, Desforges, 1998). These parameters can then be used for condition maintenance that contributes to the improvement of machine availability. Knowing the physical parameters of feed-drives and spindle and the current and revolution speed measurements, the torque Te! can be estimated for each of these devices.

For DC motor spindles:

where R, is the reduction ratio of the spindle, d is the final diameter of the work-piece and F, the tangential cutting force component. F, is estimated by: Fel) = _2_ .(K , .i, (I) -J" . d ttJ, (I) -V" .ttJ, (I) -Td!, .sign(ttJ, (I)) )
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where s denotes the estimated parameters and the measured variables of the spindle.

For the feed-drive, the friction terms v, and Td! depend on the vertical force that is applied onto the table and on friction in bearings, at contacts between the brushes and collector ring ... The vertical force is the sum of the table weight Wand Ft. As viscous and dry friction terms are directly proportional to the vertical force applied onto the table (Isermann, 1993), one can consider:

where Vo and T djOk are the viscous and dry friction terms due to friction in bearings, gear, motor, . .. V'k and m 'k are the viscous and dry friction coefficient in table slide-ways and Rk is the combined reduction ratio of gear and ball screw and nut system (for X axis k = X and for Z axis k = Z). If the estimated parameters V tk and Tdjk vary and additive load can be momentarily placed on the machine table, in order to obtain the new values of VOk ' V'k, T djOk and m'k'

Therefore, in feed-drives, the load torque generated by the cutting force is :

Tejk (t) = Rk .((Rk .v,.OJ k (I) + 1',.sign(OJ k (t) )~F; (I) + Fm (t») (6) 
where 8), the measured speed and current and the physical parameters of the feed-drive from its monitoring, the cutting force component Fm is estimated by:

m = I if k = Z and m = r if k = X. Knowing Ft from (
The estimation of the component Ft from relationship

(3) of the cutting force can then be used by adaptive control to modify the feed speed f to keep Ft as long as it is possible. The estimation of Ft is also used to estimate the value of the other cutting force components by relationship (7). The estimation of the tool flank wear uses the drive does not provide any torque.

The high reduction ratio between the motor and the table of the feed-drives and the weight of the table make uneasy the estimation of cutting force component from the absorbed current for finishing operations that do not generate high cutting forces .

Thus, only the estimation of Ft is accurate enough to for adaptive control and wear monitoring for this kind of machining.

SIMULA TIONS AND RESULTS

The first experiments, based on the framework illustrated by figure 3, are simulations of the behavior of the system during a simulation of the execution of a machining process. The simulations are carried out in two different situations: the first one does not involve cooperation between agents of the CAID level whereas the second one uses cooperation between these entities. The tool wear phenomenon was mode led which introduces a disturbance in the machining process.

The acti vity of each agent consists in monitoring the effort produced its corresponding axis and to react if necessary according to the monitored variations. We classified the behavior of an axis into three classes: • area 0 : correct behavior, no problem, • area @ : non nominal behavior, appearance of a problem, • area C) : stop of the process, important problem.

estimation of cutting force components the z revolution speed of the spindle and the feed speed f

This estimation is: 

Vs (t) = K: (t)
where Kom only depends on the cutting tool shape, the coefficients ao m , b om and gOm depend on the cutting tool and work-piece materials and lubrication condition. Km is considered constant.

Theoretically, the three components of the cutting force can be estimated. This implies that three estimations of Vs can be made. For tool trajectories that are perpendicular or parallel to the spindle axi s, because the ball screw and nut system is non reversible, the force component F, or Fr cannot be estimated because these forces do not contribute to rotate the motor shaft of the feed-drive whose position must be kept constant and the motor of this In this scenario, the agents only react according to the information collected on the axis that they control but do not communicate in order to try to solve a problem if tool wear is too important. Each agent only checks that the axis under control does not enter area C) . As long as the axis remains in the 0 or @ area, the machining process can continue but when the axis enters area ., the machining process must stop. Therefore, the behavior is an abrupt stop as soon as the effort becomes two important as a consequence of the tool wear. We observe that from time T the effort on the spindle increases following the tool wear introduced in the simulation. The machining process goes on until time t=45 when the spindle enters area e and the spindle agent asks for a stop of the machining process. This configuration of agents does not answer efficiently to the reactivity objective by its lack of corrective and cooperative actions.

Scenario n02 (rough machining, cooperation)

In this second scenario, we choose to make agents cooperate in order to avoid an abrupt stop of the machining process and enable to continue machining as long as possible.

As in the previous scenario each agent monitors the effort produced by its controlled axis. Therefore, a collaboration between agents enables to keep the cutting effort constant. We use, for this application the results of research works carried out in the field of adaptive control [Carrillo,97]. This work recommends to maintain a constant cutting effort in order to enable the machining process to remain out of area e, even in case of tool wear presence. That tends to increase the effort. Several ways are possible to obtain this result. One of them is to decrease the feed rate (the efforts generated by axis are linked, between other parameters, to the feed rate applied). The decrease of the feed rate may be only used in the rough machining since it may lead to a deterioration of the surface roughness of the machined part that would not be acceptable otherwise. In order to implement this solution, it is required that the agents cooperate since the cutting effort is produced by the spindle and controlled by the Spindle Agent and the feed rate is controlled by Z-axis Agent. The goal of the Spindle Agent is to keep constant the effort produced by the spindle. In order to reach this goal, as soon as a variation of the effort is detected by the Spindle Agent, it estimates the feed rate required to compensate this variation. Since the Spindle Agent does not control the feed rate, a message, asking for a feed rate modification, is sent to the Z-axis Agent.

The goal of the Z-axis Agent is to maintain a feed rate that enable the Z-Axis to remain in an area of acceptable behavior. In this scenario the deterioration of the surface roughness is not taken into account by the agents reasoning. Therefore a functioning in area is considered as acceptable. Consequently, when it receives a message from the Spindle Agent asking for a feed rate modification, it estimates the resulting effort and make one of the following decisions:

• it accepts to modify the feed rate if the resulting effort keep the axis in area 0 or e,

• it refuses to modify the feed rate if the resulting effort leads the axis in area e.

In both cases, the Spindle Agent receives a message containing the result of its request (acceptance or

Figure 2 .

 2 Figure 2. Link between CAID level and the process Therefore, the control of a component has two levels: one level of control made of the smart sensor/actuator that drives the component and one level for executing and following the actions made of traditional sensors and actuators The CAID level of the CAI receives the position and speed references that are changed into orders for the actuators of the process level represented by the feed-drive motor. Information coming from the process by the means of the sensors are analyzed by the CAI to define the different treatments to perform. Both feed-drives and the spindle work simultaneously and interact during the cutting period because the work-piece held by the spindle is in contact with the cutting tool driven by the feeddrives. The feed-drives and spindle are more often equipped with DC motor and speed regulator. The instructions of the work-piece program are translated by the CAID level into position and speed references.There is an increasing interest in monitoring the machine tool because they are the main source of work-piece inaccuracy. The sources of inaccuracy due to the machine tool state increases with its aging. These sources are numerous and various, they are of different kinds like lubricating fluid pollution, slideways, guide-ways and bearings wear, motor magnetic material demagnetization, coupling system backlashes, . . . The cutting tool monitoring has several aims such as the tool wear estimation that can be used for tool breakage avoidance or prediction(Masory, 1991), tool trajectory correction, machining condition adaptation (Carrillo, 1997), ...

  Figure 3 : experimental framework
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We observe that the evolution of the efforts produced by the axis over time in function of the tool wear with cooperation between agents enable the machining process to last longer than in the first scenario. The cooperation between agents therefore improves the reactivity of the system and corrects the drifts induced by the tool wear.

Conclusions

The natural convergence between the increasing flexibility of manufacturing systems and the need of reactivity of these systems leads to link the operative sub-system which interface is made of sensors and actuators and the decisional sub-system that enable, through autonomization a better reactivity. The study of an integration architecture of these two aspects leads to the definition of a decisional level called CAID which represents the link between operational and decisional system. This CAID level enriches the smart sensors/actuators with a decisional possibilities. The decision may be local or generated by a cooperation between several entities of the CAID level. The first results obtained with the integration platform show the interest of a cooperative approach for the control of a machining process according to the context. These first experiments permit to consider the implementation of complex decision making (fuzzy inference for instance) in a unified framework. Automatica, 29, n04, 1993, pp. 815-835. Luttenbacher D., Roth S., Robert M., 1996