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1. INTRODUCTIONBeause of inreasing performanes of pneu-mati servo positioning systems, aurate mod-els are needed to hek their performanes (a-uray and rapidity) by simulation and to im-prove their design and their ontrol (Isermann,1996)(Janiszowski, 2004). Some investigations inmodelling of pneumati atuators use linear mod-els or a multi-model struture (Shulte and Hahn,2001). The authors in (Liu and Bobrow, 1988)have worked on a linearized state spae modelto implement an optimal regulator for a �xedoperating point. These models are well adaptedif e�orts are made in developing robust ontrolstrategy to address the diÆulties in modellingpneumati atuators.

The main diÆulties in modelling pneumatiatuators are their highly nonlinear behaviors(M Cloy, 1968)(Shearer, 1956)(Blakburn et al.,1960). These ones are assoiated with the non-linear dynami properties of pneumati systemssuh as servodistributor ow harateristis, thethermodynami properties of air ompressed in aylinder and the nonlinear frition between theontating surfaes of the slider-piston system.The majority of papers in the �eld of researhon identi�ation of physial parameters of pneu-mati servo positioning systems fouses on eitherthe identi�ation of mehanial parameters suhas fritions or the mass to be moved (Uebingand Vaughan, 2001)(Wang et al., 2004) either thestudy of model of the ow stage delivered by aservodistributor (Belgharbi et al., 1999)(Rihardand Savarda, 1996). In (Nouri et al., 2000), the



most essential elements of a pneumati servo posi-tioning system have been modelled/identi�ed sep-arately without onstruting an overall simulationmodel in order to establish onformity behaviourwith pratie. An identi�ation sheme of pneu-mati and mehanial parts is proposed in (Zorluet al., 2003). But this approah is based on a goodompensation of dry and stati fritions to obtaina linearized model.This paper deals with the estimation of physialparameters of a pneumati servo positioning sys-tem. This work onerns not only the identi�a-tion of mehanial parameters but also pneumatiparameters. At �rst the mass ow rate hara-teristi of the servodistributor is determined in-diretly by an approximation using several poly-nomial funtions. Next, a dynami model whih islinear in relation to a set of dynami parameters isproposed. The dynami parameters are estimatedusing the weighted least squares solution of anover determined linear system obtained from thesampling of the dynami model along a losedloop traking trajetory. An experimental studyexhibits identi�ation results.This paper is organized as follows: Setion 2 dealswith the modelling of the pneumati servosys-tem. Setion 3 is devoted to the approximationof the servodistributor ow stage harateristis.Setion 4 presents the method of identi�ation byweighted least squares and the pratial aspetsof the method in term of data aquisition and �l-tering. Setion 5 is dediated to the experimentalresults of a losed loop identi�ation.2. MODELLING2.1 Dynami modelThe eletropneumati system (�gure 1) uses thefollowing struture: two three-way proportionalservodistributors/ atuator/ mass in translation.The atuator under onsideration is an in-lineeletropneumati ylinder using a simple rod. Theeletropneumati system model an be obtainedusing three physial laws: the mass ow ratethrough a restrition, the pressure behavior in ahamber with variable volume and the fundamen-tal mehanial equation.The two servodistributors are supposed to beidential. This omponent is a pneumati owvalve and onsists of a mathing spool-sleeve as-sembly and a proportional magnet diretly on-trolling the movement of the spool against aspring. The spool is ontrolled in position bymeans of a position sensor. On the ontrary ofmany other valve designs used in automotive orrailway appliations or in pneumati iruits, thespool-sleeve tehnology has been preferred to the

Fig. 1. The eletropneumati systempoppet tehnology. This means that pressure a-uray around zero opening has been set to thedetriment of leakage. So this tehnology leads toharateristis without dead zone. In our ase,the bandwidth of the Servotroni Jouomati ser-vodistributor and the atuator are respetivelyabout 200 Hz and 1.5 Hz. Using the singularperturbation theory, the dynamis of the servodis-tributors are negleted and their models an beredued to a stati one desribed by two relation-ships qmP (uP ; pP ) and qmN (uN ; pN ) between themass ow rates qmP and qmN , the input voltagesuP and uN , and the output pressures pP and pN .The pressure and temperature evolution laws ina hamber with variable volume are obtained as-suming the following assumptions (Shearer, 1956):air is a perfet gas and its kineti energy is neg-ligible, the pressure and the temperature are ho-mogeneous in eah hamber. Moreover the proessis supposed to be polytropi and haraterized bythe oeÆient k(P or N). The following eletrop-neumati system model is obtained:8>>>><>>>>: _pP = kP rTPVP (x) �qmP (uP ; pP )� SPrTP pP _x�_pN = kNrTNVN (x) �qmN (uN ; pN) + SNrTN pN _x�M �x = SP pP � SNpN � Fext � Ff ( _x) (1)Where: Fext = (SP � SN ) pext (2)And:�VP (x) = VP (0) + SPxVN (x) = VN (0) � SNx With :8<:VP (0) = VDP + SP l2VN (0) = VDN + SN l2 (3)being volumes of the hambers for the zero posi-tion and VD(P or N) the dead volumes present oneah extremities of the ylinder. The term Ff ( _x)in (1) represents all the frition fores whih aton the moving part. It was observed during exper-imental testing that Coulomb frition depends onthe diretion of motion. Thus the funtion Ff ( _x)is de�ned by:



Ff ( _x) = 8<: fv _x+ F+ if _x > 0fv _x� F� if _x < 00 if _x = 0 (4)2.2 Identi�ation modelThe dynami model (1) an be written in a rela-tion linear to the dynami parameters as follows:y = DsXs (5)With:y = 24 qmP (uP ; pP )qmN (uN ; pN )SP pP � SNpN � (SP � SN) pext 35 (6)And:Ds=" _pP x _pP _xpP 0 0 0 0 0 0 00 0 0 _pN �x _pN � _xpN 0 0 0 00 0 0 0 0 0 �x _x f( _x) �g( _x) #(7)The funtions f and g in (7) are de�ned by:8><>: f( _x) = 1 + sign( _x)2g( _x) = 1� sign( _x)2 (8)The vetor of unknown parameters Xs is:XTs =�XTsP XTsN M fv F+ F� � (9)Where XsP and XsN are respetively the param-eters desribing the pressure evolution laws in thehambers P and N:XTsP=�VP (0)kP rTP SPkP rTP SPrTP�=�Xs(1) Xs(2) Xs(3)� (10)XTsN=�VN (0)kN rTN SNkNrTN SNrTN�=�Xs(4) Xs(5) Xs(6)� (11)3. APPROXIMATION OF THESERVODISTRIBUTOR FLOW STAGECHARACTERISTICSThe main diÆulty for model (5) is to know themass ow rates qmP (uP ; pP ) and qmN (uN ; pN ).In order to establish a mathematial model ofthe power modulator ow stage, many workspresent approximations based on physial laws(Araki, 1981)(Mo, 1989) by the modelling of thegeometrial variations of the restrition areas ofthe servodistributor as well as by the experi-mental loal haraterization (Rihard and Sav-arda, 1996). These methods are based on approx-imations of uid ow through a onvergent nozzlein turbulent regime, orreted by a oeÆient Cq(M Cloy and Martin, 1980) or on the the normISO 6358.

In this paper, we propose to use the results ofthe global experimental method giving the statiharateristis of the ow stage (Sesmat and Sav-arda, 1996). The global haraterization (�gure 2)orresponds to the stati measurement of the out-put mass ow rate qm depending on the inputontrol u and the output pressure p for a onstantsoure pressure. Figure 2 learly shows the nonlin-ear behaviour of the ow rate evolution aordingto the pressure and the input ontrol. The globalharaterization has the advantage of obtainingsimply, by projetion of the harateristis seriesqm (u; p) on di�erent planes:� the mass ow rate harateristis series(plane "p� qm"),� the mass ow rate gain harateristis series(plane "u� qm"),� the pressure gain harateristis series (plane"u� p").
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Fig. 2. Global stati harateristisThe authors in (Belgharbi et al., 1999) have de-veloped analytial models for both simulation andontrol purposes. Two ases have been studiedto approximate the ow stage harateristis bypolynomial funtions:� a multivariable polynomial funtion,� a polynomial approximation aÆne in ontrolsuh as:qm(u; p) = '(p) +  (p; sign(u))u (12)In this paper we will used the seond approxi-mation beause it allows to give a physial signi�-ane to the polynomial funtions. '(p) in (12) is apolynomial funtion whose evolution orrespondsto the mass ow rate leakage, it is idential forall input ontrol value u.  (p; sign(u)) is a poly-nomial funtion whose evolution is similar to theone desribed by the methods based on approxi-mations of mass ow rate through a onvergentnozzle in turbulent regime (M Cloy and Mar-tin, 1980). It is a funtion of the input ontrol signbeause the behaviour of the mass ow rate har-



ateristis is learly di�erent for the inlet (u > 0)and the exhaust (u < 0). For a disussion andmore details on the hoie of funtions and theirdegrees please refer to (Belgharbi et al., 1999).Figure 3 shows the mass ow rate error betweenthe analytial model and the measurements whenthe polynomial funtions '(p),  (p; u > 0) and (p; u < 0) have respetively degrees equal toseven, seven and four.
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Fig. 3. Mass ow rate errorThe error �tted in �gure 3 desribes a polyno-mial approximation whih �ts the atual dataextremely losely. This approximation is used toestimate the mass ow rates qmP (uP ; pP ) andqmN (uN ; pN) in (6).4. IDENTIFICATION METHOD4.1 Weighted Least SquaresThe vetor Xs is estimated as the solution ofthe Weighted Least Squares (WLS) of an overdetermined system obtained from the sampling atthe various moments ti, i = 1,. . . , r = ne of thesystem (5)(Canudas de Wit et al., 1996):Y =WXs + � (13)where:W is a (r�Np) observation matrix, whihis a sampling of the regressor (7), Y is a (r � 1)vetor whih is a sampling of (6), � is a (r � 1)vetor of errors due to model error and noise mea-surements, r > Np is the number of equations.The W.L.S. solution minimizes the 2 norm jj�jj ofthe vetor of errors �. The uniity of the W.L.S.solution depends on the rank of the observationmatrix W . The rank de�ieny of W an omefrom two origins:- strutural rank de�ieny whih stands for anysamples of ( _x; �x; pP ; pN ; _pP ; _pN) in (7). This isthe strutural parameters identi�ability problem

whih is solved using base (or minimal) parame-ters (Gautier, 1991).- data rank de�ieny due to a bad hoie of thetrajetory ( _x; �x; pP ; pN ; _pP ; _pN) whih is sampledinW . This is the problem of optimal measurementstrategies whih is solved using losed loop identi-�ation to trak exiting trajetories (Gautier andKhalil, 1992).Calulating the W.L.S. solution of (13) from noisydisrete measurements or estimations of deriva-tives, may lead to bias beause W and Y maybe non independent random matries. Then itis essential to �lter data in Y and W , beforeomputing the W.L.S. solution.4.2 Filtering aspetsThe derivatives in (13) are obtained without phaseshift using a entral di�erene algorithm. A low-pass �lter without phase shift and without mag-nitude distortion into the bandwidth is appliedon the measurements to redue the noise. Thislowpass �lter is easily obtained with a non ausalzero-phase digital �ltering by proessing the in-put data through an IIR lowpass Butterworth�lter in both the forward and reverse diretionusing a '�lt�lt' proedure from Matlab (Phamet al., 2001). The ut-o� frequeny !H of thelowpass �lter should be hosen to avoid any dis-tortion of magnitude on the �ltered signals intothe bandwidth of the system. A seond �lter isimplemented to eliminate the high frequeniesnoises. The vetor Y and eah olumn of W are�ltered (parallel �ltering) by a lowpass �lter andare resampled at a lower rate. This step is notsensitive to �lter distortion beause error intro-dued by this �ltering proess is the same in eahmember of the linear system (13). The key point ofthis identi�ation method is to hoose the ut-o�frequeny !H and the sampling frequeny !s tokeep useful signal of the dynami behavior of thesystem in the �lter bandwidth. In (Gautier, 1996),the author proposes to hoose the sampling fre-queny !s of measurements in pratie, if possible,suh as : !s � 100!dyn (14)Where !dyn is the bandwidth of the positionlosed loop. A strategy of tuning for the frequeny!H and the sampling frequeny !s is presentedin (Pham et al., 2001). This method suggests tobound the distortion of amplitude introdued bythe derivative �lter and the lowpass �lter at afrequeny �xed with regard to the dynamis ofthe system.



5. EXPERIMENTAL IDENTIFICATIONAn experimental identi�ation is performed onthe testing bed. The sampling frequeny for theaquisition of measurements is equal to 5kHz inorder to satisfy the relation (14). A losed loopidenti�ation, using a proportional feedbak on-trol, has been performed. A hirp sweeping be-tween 0 Hz and 2 Hz in order to exite the systemlose to its a priori natural frequeny whih is es-timated around 1.5 Hz. Several square trajetoriesfor the desired position with di�erent amplitudesare used to exite the frition parameters. Theresults of the experimental identi�ation are re-ported in the table 1. The estimated parametersare given with their on�dene interval and theirrelative standard deviation. Standard deviations�X̂si are estimated using lassial and simple re-sults from statistis, onsidering the matrix Wto be a deterministi one, and � to be a zeromean additive independent noise, with standarddeviation �� suh like:C�� = �2�Ir�r (15)Where Ir�r is the matrix identity (r � r). Theovariane matrix of the estimation error andstandard deviations an be alulated by:CX̂sX̂s = �2� �W TW ��1 (16)�2̂Xsi = CX̂sX̂sii, is the ith diagonal oeÆient ofCX̂sX̂s . The relative standard deviation %�X̂sr isgiven by: %�X̂sri = 100�X̂siX̂si (17)A parameter with %�X̂sr � 10% an be removedfrom the model beause it is not identi�able onthe given trajetory and it poorly inreases therelative error norm.Table 1. Identi�ation resultsParameters X̂s 2�X̂s %�X̂sr(ISO units)Xs(1) 3.49e-009 8.62e-012 0.1234Xs(2) 9.95e-009 6.41e-011 0.3223Xs(3) 1.04e-008 2.74e-011 0.1278Xs(4) 1.78e-009 2.74e-011 0.7695Xs(5) 7.00e-009 2.89e-010 2.0603Xs(6) 7.17e-009 8.30e-011 0.5784M 1.69e+001 7.40e-002 0.2187fv 1.10e+001 8.75e-001 3.9679F+ 1.03e+001 4.80e-001 2.3245F� 2.38e+001 4.55e-001 0.9565From the table 1, we notie that the dynamiparameters present a very small relative stan-dard deviation, whih translates the good iden-ti�ation of these parameters. Besides the moving

mass M is lose to the manufaturer data (17kg). In general, onerning the pneumati part,it is assumed that the polytropi oeÆient k liesbetween 1 (isothermal evolution) and 1.4 (adia-bati evolution). It is noteworthy that the ratiosXs(3)=Xs(2) = 1:04 and Xs(6)=Xs(5) = 1:02 givea non lassial result. They orrespond to thepolytropi oeÆients of the gas kP and kN ineah hamber.
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Fig. 4. Mass ow rate qm
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Fig. 5. E�ort : SP pP � SNpN � FextA ross-validation of the identi�ation is per-formed to test the model. It onsists in omparingthe estimations of the mass ow rates and the ef-fort of the model with experimental signals whihhad not been used in the identi�ation proess.On �gures 4 and 5, we present a omparison be-tween the simulated and the atual mass ow rateand e�ort. These �gures show that the simulationand the measurements are very lose, this meansa good identi�ation of the parameters for thetesting bed. 6. CONLUSIONThis paper deals with the estimation of physialparameters of a pneumati servo positioning sys-tem. At �rst the mass ow rate harateristi of



the servodistributor is determined indiretly bya polynomial approximation. Next, the dynamiparameters are estimated using the weighted leastsquares solution of an over determined linear sys-tem obtained from the sampling of the dynamimodel along a losed loop traking trajetory. An�rst experimental study exhibits good identi�a-tion results. Nevertheless, these results should beviewed with some degree of reservation beausemore investigations should be adress in order tohek the sensivity of identi�ed parameters in re-lation to the stati mass ow rate approximation.NOMENCLATUREfv : visous frition oeÆient (N/m/s)k : polytropi oeÆientM : total load mass (kg)p : pressure in the ylinder hamber (Pa)qm : mass ow rate provided from servodistributor toylinder hamber (kg/s)r : perfet gas onstant related to unit mass (J/kg/K)S : area of the piston ylinder (m2)T : temperature (K)V : volume (m3)x, _x, �x : position (m), veloity (m/s), aeleration(m/s2)u : spool position (v)! : pulsation (rad/s)'(:) : leakage polynomial funtion (kg/s) (:) : polynomial funtion (kg/s/V)l : length of stroke (m)Subsript Coulomb frition,D dead volume, ext external, f frition,N hamber N, P hamber PREFERENCESAraki, K. (1981). E�ets of valve on�guration ona pneumati servo. International Fluid PowerSymposium, pp. 271{290.Belgharbi, M., S. Sesmat, S. Savarda andD. Thomasset (1999). Analytial model ofthe ow stage of a pneumati servodistributorfor simulation and nonlinear ontrol. San-dinavian International Conferene on FluidPower, pp. 847{860.Blakburn, J. F., G. Reethof and J. L. Shearer(1960). Fluid Power Control. MIT Press.Canudas de Wit, C., B. Siiliano and G. Bastin(1996). Theory of Robot Control. Springer.Gautier, M. (1991). Numerial alulation of thebase inertial parameters. Journal of RobotisSystems, 8, 485{506.Gautier, M. (1996). A omparison of �ltered mod-els for dynami identi�ation of robot. IEEEInternational Conferene on Deision andControl, 1, 875{880.Gautier, M. and W. Khalil (1992). Exiting tra-jetories for the identi�ation of base inertialparameters of robots. International Journalof Roboti Researh, 1, 362{375.Isermann, R. (1996). Modeling anddesign methodology for mehatroni systems.
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