ANALYSIS AND DESIGN OF A MULTI-SENSOR PROTOTYPE FORMEASURING THE LEVEL IN LARGE-SIZED TANKSB. Roth*, D. Schwartz**, D. Maquin***, J. Ragot****CEGELEC**COREAL/HBL***CRAN5, Rue du Mouzon2, Rue de MetzRue du Doyen Marcel RoubaultBP 1020BP 1BP 4054521 LAXOU CEDEX57802 FREYMING MERLEBACH54501 VANDOEUVRE CEDEXPhone: 83.98.08.08 - Fax:83.98.64.71Phone: 87.81.75.75 - Fax:87.81.75.52Phone: 83.50.30.30 - Fax:83.50.30.96

Abstract

The purpose of this study is the definition andconception of a measurement system capable ofcontinuously determining the level of carbon type bulkproducts, stored in a large-sized tank (mine shaft).This storage system has several supply circuits and atapping circuit using motorized conveyor belts. Themeasurement system, associated with a dataprocessing procedure, makes it possible to estimatethe level in a relatively severe and hostile environment(near the working face, in particular).The industrial prototype realized uses the principle ofdata redundancy using multi sensors. The redundantdata coming from several data sources (ultrasonicsensors for tank height, flow rates on belts fromultrasonic measurement of product height, motorintensities, capacitive gauges for level measurement,etc.) is processed in order to make it coherent amongstthem and to supply a reliable estimation of the levelvariable.

Key Words:

Level measurement, multi-variablesensors, data redundancy, ultrasonic sensors, laserrange finder.INTRODUCTIONThe study presented is the result of a three-sidedcollaboration between the Centre de Recherche enAutomatic in Nancy, who contributed its know-how indata processing, the CEGELEC Company, a companyin the electric sector who contributed to the realizationof the industrial prototype and the HBL company, acompany of the Lorraine Coal Basin who, other thanmaking the sites available, participated in therealization of the specifications.The purpose of this study was to define, among thevarious collaborators, a measurement system capableof continuously determining the level measurement forsolid bulk products, such as coal, with a granulometryof 0 to 300 mm, stored in large-sized tanks.Instrumentation associated with a data processingsystem makes it possible to estimate the measurementof the product height for tanks with variedconstructions (vertical or slightly inclined) and largegeometries (heights between 50 and 100 m, the widthas large as 10 m).Generally, the idea of a multi sensor is justified by thenecessity of having measurements giving a pertinentimage of the real functioning of a process. Thepresence of disturbance signals, which may come fromsensor fault or nuisance parameters, can make themeasurements from a sensor unusable. So, themeasurement validation step is important andindispensable in order to generate data giving areliable image of the physical value to be measured.This step is in theory extremely delicate since thesensor and the process to which it is attached aredifficult to dissociate, the sensor delivering in fact datadependant of the transfer function of the process andalso of the sensor.Many validation techniques were considered. Theycan nevertheless be classified into two categories. Thefirst one uses the principle of hardware redundancyand the second one analytical redundancy or the modelprinciple. In one or the other case, the confrontation ofvarious data makes it possible to validate themeasurement according to a protocol having threemain phases : detecting the presence of outliers,characterizing them and finally correcting themeasurement in order to propose the most probableestimation of the actual value.In our study, these two principles were used.Hardware redundancy is a priori the simplest to useand consists in using several "identical" sensors formeasuring the same value. The comparison of datadelivered by the various sensors allows validation.This principle uses the now well established techniqueof parity space. The second technique is more"constraining" since it uses one or several modelslinking different variables whose measurements havebeen tested. If the model linking these variables isassumed known and exact, any deviation from thismodel can be attributed to the measurements. Theaptitude for isolating the suspect measurement(s) isclosely linked to the number of models and the number of variables. The case of structurally exactlinear models was largely exploited and in the case ofdynamic systems, it is possible to refer to techniquesknown as generalized parity space.The processing that a signal coming from a sensormay undergo are numerous. It may be classified in twohierarchy levels. The first one corresponds to a localprocessing level where the signal coming from eachsensor is processed separately and the second oneconsists in joint processing of each signal. The locallevel makes it possible to detect and, in some cases, toisolate a certain number of events in a signal : isolatedvalues with abnormally low or high amplitude, jumpin mean, fast variation in frequency, variance,...However, if detection is often easy, interpretation ofthese events is delicate: is a jump in the mean in thesignal due to a sensor defect or to a modification ofthe state of the process to which the sensor is attached? So, it is necessary to give to this local level a certainamount of knowledge on the physical process, forexample its dynamics.Without pretending to have designed a smart sensor,according to its usual definition, the architecture thatwe propose uses several concepts. Please rememberthe minimal functionality that a smart sensor musthave : to validate the measurements it supplies byeliminating undesirable data, to supply a confidenceinterval associated with the measurement. Theproposed structure associates direct measurements(levels, flow rates, start-stop indicator, etc.) withindirect measurements, that is a mathematical model(estimation of a flow rate on a belt from a motorintensity measurement, etc.).SPECIFICATIONContinuous and reliable knowledge of product heightin the main tank of a coal exploitation unit, whosefunction is to play a buffer role between the bottomsite (extraction) and the surface site (treatment), makesit possible to act automatically on production control.These controls intervene on the whole line, from theextraction machines to the treatment and classificationplant, in order to optimize their functioning.This level measurement, from which comes thevolume of the stored product, is thus an importantparameter for production. To date, no simple meansexists, in terms of measurement, to make a directmeasurement as soon as the measurement evolves inranges located between 50 and 100 m.Special requirements, concerning design and locationof the data processing line, linked to the environmentor exploitation, was imposed for this study, namely :- To use a contactless measurement process. Indeed,traditional slope probe type systems must be forbiddenbecause of their large measurement inertia (higherthan one minute) and the risk of destruction by theproduct during filling.- To allow easy and preventive maintenance. Thispoint imposes that the system must have an easyaccess and it makes information available concerningits state of general functioning (state ofcommunications, state of supply, etc.).- To install the system in a risky zone. The systemmust be composed of equipment able to be exploitedin an environment with a risk of explosion, zone type0 (methane CH4). This point implies that thecomponents of the system must meet explosion proofand intrinsic safety standards.- To respond to a high variation in the quality ofproducts stored in bulk. Indeed, depending on theextraction site, product quality, granulometry, density,shape, color, etc. varies highly. All these parametersact directly or indirectly on measurements and thusthey must be integrated and taken into account in thedata processing line.PROGRESSION OF THE STUDY

Introduction

It was thus decided to start with the concept of amulti-variable sensor. This concept makes it possible,through redundancy and the richness of knowledgeacquired and processed, to estimate continuously thelevel measurement of the stocked product, whatevertank functioning might be (tapping, rest, filling,tapping and filling).

Pre-study

Upstream from the work, a study on the levelmeasuring instrumentation made it possible to list thephysical processes used for contactless measurement :-Gamma ray measurement (gamma absorption sensor)-Laser r a n g e finder measurement (laser distancemeter)-Ultrasonic wave measurement (ultrasound sensors)-Pure acoustic measurement (acoustic ear)-etc.Each principle underwent laboratory and on-site testsin order to appreciate its behavior in multiplesituations (study of its stability, its span, its reliability,its response time, etc.).This first phase made it possible to choose among theexisting measurement instruments and to select twomeasurement principles : measurement by ultrasoundsand measurement by laser range finder. The otherprinciples were not retained for the following reasons :- Constraining use, especially for gamma rays thatrequire special precautions- Measurement signal having a low or non representative dynamic, in particular for pureacoustics.The two principles retained are satisfactory formeasurements in low disturbance environments, but assoon as the site on which they intervene becomeshostile in the sense of measurement (high noise, highhumidity, light absorbing product, low granulometry,dust, etc.), both of these principles become inefficient,but for different operating conditions.The continuous estimation of the level measurementthus requires the association of different measurementprinciples.

Study

This association of multiple data taken in charge by adata processing system, whose measurement strategyresides in the principle of a choice of calculationalgorithms from pre-defined scenarios, makes itpossible to estimate reliably the level measurement.The system associates a likelihood coefficient to thismeasurement, which qualifies the estimation quality aswell as the measurements necessary for production(mass balance, energy balance, etc.) and maintenance(running time of equipment, number of equipmentmanoeuvres, etc.) management.PROTOTYPE

Introduction

To realize the industrial prototype, following the studyphase having resulted in its conception, a study sitewith all the necessary characteristics (57m high tank,hostile environment, granulometry of 0-250 mm, zonewith risk of explosion) was made available to us inorder to make tests.These tests took place over several months withpermanent experimentation in order to correct thealgorithms making up the measurement strategy. Inthe same way, adjustment of the electronic runningand control equipment could be refined, mainly onultrasonic type measurements (response time,frequency of quartz oscillation, speed of soundpropagation, etc.).

Installation instrumentation

(figure 1)a/ Level measurementDirect measurement of the tank level is done usingtwo sensors placed near the headbox. Each sensor hasa different observation point in order to alleviate thenon flatness of the free surface of the product (effectsof humps and hollows). These two sensors areconnected to joint processing electronics that deliversdigital signals.Associated with these level measurements H1 and H2,the processing electronics delivers several controlparameters including a parameter making it possible tohave an indication concerning the "confidence" to beaccorded to these measurements (value includedbetween 0 and 100).Statistical analysis of the signal and the study ofacoustic phenomena from the transducers intervene onthis calculated parameter.The capacitive sensors, placed on the whole span ofthe tank level, make it possible to obtain ranges wherethe free surface of the product is located. Thesesensors deliver a logic signal. There are 6 of them thatdetermine 7 measurement ranges.b/ Belt flow rate (input and output)On each belt, an ultrasonic sensor makes it possible toknow by differentiation the height of the transportedproduct. This height associated with the belt speedmakes it possible to determine its flow rate Qe and Qs.c/ Tank output flow rate Qs’A measurement of the product mass tapped from thetank is realized from a conveyor belt weigher underthe discharge skip.d/ Tank input flow rate Qe’An indirect measurement of the input flow rate isrealized from the drive motors of the belt. Indeed, itseems that the signal is characteristic of the belt load,with an acceptable precision (about 10 %).Analytical and hardware data redundancy makes itpossible, by cross checking and comparison, tovalidate the various measurements. For example, thetank level can be expressed by a simple equation usingthe input flow rate Qe and the output flow rate Qs,variables that can, themselves, be expressed by thecombination of other measured values. Indeed, theinput flow rate Qe’ is a function of the motorintensities of the supply belt. In the same way, themass of the evacuated product or the height of theproduct on the extraction belt makes it possible todeduce the output flow rate Qs’.

Functional architecture

A hardware architecture graded by level makes itpossible to meet the processing needs of the prototype.Level 0 corresponds to the sensors. These are placednear to the installation and are in liaison with the level1 corresponding to the electronic measurementsystems.Level 1 elaborates the elementary calculations(compensation, filtering, etc.), the conversion intostandardized and exploitable signals that are thenpassed on to level 2.

Level 2 is structured around a programmablecontroller whose main function is the acquisition andconcentration of all the measurements of theinstallation. It elaborates the primary calculations(filter, mean, elimination of outliers, etc.) and reactson the process for safety (installation stop in case oftank overflow, empty tank, etc.).Level 2 exchanges data with level 3, structured arounda PC type micro-computer equipped with peripheralequipment (graphic display, graphic printer, reportprinter). An exchange protocol makes it possible toguarantee the coherence of the transferred data. In ourcase, level 2 and level 3 are separated by more than 20km since level 2 is located at 500 m from the surfaceand level 3 in the administrative offices of theexploitation unit.The measurement strategy is installed in level 3 inorder to estimate continuously the product level and itsconfidence interval. In addition to this determination,the calculated data is delivered. It is of two types :- Surveillance type data :* gradient of the level (tendency to rise or fall)* alarm thresholds of acquired or calculated analogicvalues* surveillance of motor intensities and theirdifferences* running times of the equipment with a view to theirpreventive maintenance- Management type data :* mass balance per shift, per day, etc.* running and stopping times of the equipment* etc.All this data is made available to the operators in theform of real time data display, historic curves and datalog books. A computer link was established betweenthis system and the overall operation post of theexploitation unit in order to take into account theinformation in the same way as general information onthe process.ANALYSIS OF THE RESULTSFigure 2 shows the direct measurements H1 and H2 ofthe product in the tank coming from the ultrasonicsensor as well as estimated measurement Hestimcoming from the prototype.The input flow rate Qe and the output flow rate Qs ofthe tank are represented on figure 3, and on graph 4the number of the measurement strategy appears. Foreach of these figures, the x-axis bears the number ofthe temporal sample (sampling time of 5 seconds).It may be noted that the values H1 and H2 are verydisturbed, mainly when the tank is in the filling phase(Qe different from 0). This phenomenon is amplifiedwhen the product height is low. Indeed, disturbingacoustic resonance increases as the tank empties.For each measurement strategy (11 in all), theprocessing system elaborates the calculation of theestimation from equations taking into account all orpart of the collected or calculated data according tochoice criteria coming from scenarios pre-recorded bysimulation.MEASUREMENT STRATEGY

General description

The strategy set up for elaborating level measurementestimation is organized in the form of a step-transitiongraph, with 4 steps and 4 transitions (figure 5).The tank behavior (loading phase, emptying phase,empty state, stable state, etc.) and the state of itsenvironment (noise level, product granulometry, rateof humidity, etc.) are described by 11 distinct states.The main step (number II), called normal functioning,includes 8 of these states. The abnormal functioningstep (number III) has 2 of them and one state isassociated with each of the initialization and stoppingsteps.

The various steps

Step I : InitializationIt corresponds to the step during which the systemslearns of the initial parameters (product density, beltwidth, the dynamics of each equipment, etc.) andconfigures itself.As an indication, during configuration, there isdetermination of equations relative to the calculationof the product section on each belt in order todetermine the flow rate of the transported product.The transition making it possible to go to thefollowing step corresponds to the stability of the tank(Qe=Qs=0), which makes it possible to obtain areference height.Step II : NormalThis step is the main step of the strategy. It is brokendown into two steps that themselves include variousstates.The sub step, called direct measurement, is a stepwhere the level measurement is done by taking intoaccount certain direct measurements, chosen withrespect to the confidence accorded to it.In the second sub-step, called estimation, the levelcomes from internal calculations, having modelslinking the various values intervene. In the same wayas for the preceding sub-step, the criteria for selectionconcern either the measurements or the calculated values, making it possible to activate the best strategy.Passage from the normal step to the abnormal step isconditioned by "alarms".Step III : AbnormalThis step concerns alarm processing. If the detectedalarm does not concern the variables intervening onthe strategy during processing, going back to thenormal step is immediate. Otherwise, the system willmake the estimation in deteriorated conditions, nottaking into account the missing variable(s). Goingback to the normal state takes place when theconcerned alarm disappears.CONCLUSIONThe multi sensor prototype for level measurement inlarge-sized coal tanks, described above, has been inoperation for a year on a production site of theLorraine Coal Basin. It gave complete satisfactionduring this test period. This continuous"measurement" of product height made it possible tooptimize the whole production line : extraction,processing and classification. Please remember that,prior to the study and the conception of this prototype,the measurement means of this level were veryprecarious and the data, when it was available,corresponded more to an indication than to a realmeasurement.Much of the data delivered by the prototype could notbe exploited during this test period, the main goalbeing to obtain a reliable estimation of the level. Theexploitation of multiple data should make it possible,if industrialization of this product is realized, tooversee the various values and thus contribute to theelaboration of a diagnosis for the functioning of thewhole installation.REFERENCESBRUNET J., JAUME D., LABARRERE M., RAULTA., VERGE M. D�tection et diagnostic de pannes.Approche par mod�lisation. Trait� des nouvellestechnologies, s�rie diagnostic et maintenance.Herm�s, 1990.Livre blanc LES CAPTEURS INTELLIGENTS.R�flexion des utilisateurs. CIAME-AFCET, 1987.DOUGLAS F. Measuring Systems and Transducersfor Industrial Application. Cranfield Institute ofTechnology, Mars 1988.GERTLER J.J. Analytical redundancy methods infailure detection and isolation. IFAC/IMACSSymposium SAFEPROCESS’ 91, September 10-13,Baden-Baden, Germany, 1991.HOSSENLOPP L. Capteurs et architectures futurs.Revue g�n�rale de l’�lectricit�, n�4, 68-72, 1990.HOWELL S.K, HAMILTON T.D.S. Intelligentinstrumentation. Meas-Sci-Technol, n� 1, 265-1273,1990.LIENARD P., FRANCOIS P. Acoustique industrielle- El�ments fondamentaux et m�thodologie.Monographies L’Acoustique du groupement desAcousticiens, 1987.MAX J. M�thodes et techniques de traitement dusignal et applications aux mesures physiques. Tome 1,Masson, Paris, 1981.NOIZETTE J. L. M�thodologie de conception descapteurs intelligents. Application � un capteurgranulom�trique. Th�se de l’Universit� de Nancy 1,CRAN, novembre 1991.POTTER J.E., SUMAN M.C. Thresholdlessredundancy management with arrays of skewedinstruments. Integrity in Electronic Flight ControlSystems Agardograph-224, 1977.RAGOT J., DAROUACH M., MAQUIN D., BLOCHG. Validation de donn�es et diagnostic. Trait� desnouvelles technologies, s�rie diagnostic etmaintenance, Herm�s 1990.RIOUT J. Capteurs industriels : Technologie etm�thodes de choix. Guide pratique CETIM, 1986.ZWINGELSTEIN G. M�thodes de d�tection etlocalisation de capteurs d�faillants et techniques devalidation de mesures analogiques : application auxprocessus �nerg�tiques complexes. Rapport HP40/83/381, E.D.F. Chatou, Juin 1983.WOLFE W., WHITE G., PINSON L. A multisensorrobotic locating system and the camera calibrationproblem. Intelligent robots and computer vision, vol-579, 425-431, 1985.