
HAL Id: hal-02064093
https://hal.science/hal-02064093

Submitted on 5 Mar 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Identification of physical parameters of a pneumatic
servosystem

Mohamed Smaoui, Minh Tu Pham, Xavier Brun, Sylvie Sesmat

To cite this version:
Mohamed Smaoui, Minh Tu Pham, Xavier Brun, Sylvie Sesmat. Identification of physical param-
eters of a pneumatic servosystem. 16th IFAC World Congress, Jul 2005, Prague, Czech Republic.
�10.3182/20050703-6-CZ-1902.00061�. �hal-02064093�

https://hal.science/hal-02064093
https://hal.archives-ouvertes.fr


IDENTIFICATION OF PHYSICALPARAMETERS OF A PNEUMATICSERVOSYSTEMM. Smaoui, M. T. Pham, X. Brun, S. SesmatLaboratoire d'Automatique IndustrielleINSA de Lyon, 20 avenue Albert Einstein69621 Villeurbanne Cedex, FRANCEAbstra
t: This paper deals with the estimation of physi
al parameters of apneumati
 servo positioning system. It 
onsists of two servodistributors and ana
tuator. This work 
on
erns not only the identi�
ation of the mass, vis
ous andCoulomb non symmetri
 fri
tions parameters of the me
hani
al part but also thepolytropi
 
oeÆ
ient of the gas 
onsidered as a perfe
t one. At �rst the mass
ow rate 
hara
teristi
 of the servodistributor is determined indire
tly by anapproximation using several polynomial fun
tions. Next, a dynami
 model whi
his linear in relation to a set of dynami
 parameters is proposed. The dynami
parameters are estimated using the weighted least squares solution of an overdetermined linear system obtained from the sampling of the dynami
 model along a
losed loop tra
king traje
tory. An experimental study exhibits good identi�
ationresults. Copyright 

 2005 IFACKeywords: 
losed loop identi�
ation, pneumati
 system, physi
al parameters,polynomial interpolation, weighted least squares
1. INTRODUCTIONBe
ause of in
reasing performan
es of pneu-mati
 servo positioning systems, a

urate mod-els are needed to 
he
k their performan
es (a
-
ura
y and rapidity) by simulation and to im-prove their design and their 
ontrol (Isermann,1996)(Janiszowski, 2004). Some investigations inmodelling of pneumati
 a
tuators use linear mod-els or a multi-model stru
ture (S
hulte and Hahn,2001). The authors in (Liu and Bobrow, 1988)have worked on a linearized state spa
e 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 diÆ
ulties in modellingpneumati
 a
tuators.

The main diÆ
ulties in modelling pneumati
a
tuators are their highly nonlinear behaviors(M
 Cloy, 1968)(Shearer, 1956)(Bla
kburn et al.,1960). These ones are asso
iated with the non-linear dynami
 properties of pneumati
 systemssu
h as servodistributor 
ow 
hara
teristi
s, thethermodynami
 properties of air 
ompressed in a
ylinder and the nonlinear fri
tion between the
onta
ting surfa
es of the slider-piston system.The majority of papers in the �eld of resear
hon identi�
ation of physi
al parameters of pneu-mati
 servo positioning systems fo
uses on eitherthe identi�
ation of me
hani
al parameters su
has fri
tions 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)(Ri
hardand S
avarda, 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 
onstru
ting an overall simulationmodel in order to establish 
onformity behaviourwith pra
ti
e. An identi�
ation s
heme of pneu-mati
 and me
hani
al parts is proposed in (Zorluet al., 2003). But this approa
h is based on a good
ompensation of dry and stati
 fri
tions to obtaina linearized model.This paper deals with the estimation of physi
alparameters of a pneumati
 servo positioning sys-tem. This work 
on
erns not only the identi�
a-tion of me
hani
al parameters but also pneumati
parameters. At �rst the mass 
ow rate 
hara
-teristi
 of the servodistributor is determined in-dire
tly by an approximation using several poly-nomial fun
tions. Next, a dynami
 model whi
h 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 tra
king traje
tory. An experimental studyexhibits identi�
ation results.This paper is organized as follows: Se
tion 2 dealswith the modelling of the pneumati
 servosys-tem. Se
tion 3 is devoted to the approximationof the servodistributor 
ow stage 
hara
teristi
s.Se
tion 4 presents the method of identi�
ation byweighted least squares and the pra
ti
al aspe
tsof the method in term of data a
quisition and �l-tering. Se
tion 5 is dedi
ated to the experimentalresults of a 
losed loop identi�
ation.2. MODELLING2.1 Dynami
 modelThe ele
tropneumati
 system (�gure 1) uses thefollowing stru
ture: two three-way proportionalservodistributors/ a
tuator/ mass in translation.The a
tuator under 
onsideration is an in-lineele
tropneumati
 
ylinder using a simple rod. Theele
tropneumati
 system model 
an be obtainedusing three physi
al laws: the mass 
ow ratethrough a restri
tion, the pressure behavior in a
hamber with variable volume and the fundamen-tal me
hani
al equation.The two servodistributors are supposed to beidenti
al. This 
omponent is a pneumati
 
owvalve and 
onsists of a mat
hing spool-sleeve as-sembly and a proportional magnet dire
tly 
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 appli
ations or in pneumati
 
ir
uits, thespool-sleeve te
hnology has been preferred to the

Fig. 1. The ele
tropneumati
 systempoppet te
hnology. This means that pressure a
-
ura
y around zero opening has been set to thedetriment of leakage. So this te
hnology leads to
hara
teristi
s without dead zone. In our 
ase,the bandwidth of the Servotroni
 Jou
omati
 ser-vodistributor and the a
tuator are respe
tivelyabout 200 Hz and 1.5 Hz. Using the singularperturbation theory, the dynami
s of the servodis-tributors are negle
ted and their models 
an beredu
ed to a stati
 one des
ribed 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 perfe
t gas and its kineti
 energy is neg-ligible, the pressure and the temperature are ho-mogeneous in ea
h 
hamber. Moreover the pro
essis supposed to be polytropi
 and 
hara
terized bythe 
oeÆ
ient k(P or N). The following ele
trop-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 onea
h extremities of the 
ylinder. The term Ff ( _x)in (1) represents all the fri
tion for
es whi
h a
ton the moving part. It was observed during exper-imental testing that Coulomb fri
tion depends onthe dire
tion of motion. Thus the fun
tion 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 fun
tions f and g in (7) are de�ned by:8><>: f( _x) = 1 + sign( _x)2g( _x) = 1� sign( _x)2 (8)The ve
tor of unknown parameters Xs is:XTs =�XTsP XTsN M fv F+
 F�
 � (9)Where XsP and XsN are respe
tively the param-eters des
ribing the pressure evolution laws in the
hambers 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 diÆ
ulty for model (5) is to know themass 
ow rates qmP (uP ; pP ) and qmN (uN ; pN ).In order to establish a mathemati
al model ofthe power modulator 
ow stage, many workspresent approximations based on physi
al laws(Araki, 1981)(Mo, 1989) by the modelling of thegeometri
al variations of the restri
tion areas ofthe servodistributor as well as by the experi-mental lo
al 
hara
terization (Ri
hard and S
av-arda, 1996). These methods are based on approx-imations of 
uid 
ow through a 
onvergent nozzlein turbulent regime, 
orre
ted by a 
oeÆ
ient 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 stati

hara
teristi
s of the 
ow stage (Sesmat and S
av-arda, 1996). The global 
hara
terization (�gure 2)
orresponds to the stati
 measurement of the out-put mass 
ow rate qm depending on the input
ontrol u and the output pressure p for a 
onstantsour
e pressure. Figure 2 
learly shows the nonlin-ear behaviour of the 
ow rate evolution a

ordingto the pressure and the input 
ontrol. The global
hara
terization has the advantage of obtainingsimply, by proje
tion of the 
hara
teristi
s seriesqm (u; p) on di�erent planes:� the mass 
ow rate 
hara
teristi
s series(plane "p� qm"),� the mass 
ow rate gain 
hara
teristi
s series(plane "u� qm"),� the pressure gain 
hara
teristi
s series (plane"u� p").
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Fig. 2. Global stati
 
hara
teristi
sThe authors in (Belgharbi et al., 1999) have de-veloped analyti
al models for both simulation and
ontrol purposes. Two 
ases have been studiedto approximate the 
ow stage 
hara
teristi
s bypolynomial fun
tions:� a multivariable polynomial fun
tion,� a polynomial approximation aÆne in 
ontrolsu
h as:qm(u; p) = '(p) +  (p; sign(u))u (12)In this paper we will used the se
ond approxi-mation be
ause it allows to give a physi
al signi�-
an
e to the polynomial fun
tions. '(p) in (12) is apolynomial fun
tion whose evolution 
orrespondsto the mass 
ow rate leakage, it is identi
al forall input 
ontrol value u.  (p; sign(u)) is a poly-nomial fun
tion whose evolution is similar to theone des
ribed 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 fun
tion of the input 
ontrol signbe
ause the behaviour of the mass 
ow rate 
har-



a
teristi
s is 
learly di�erent for the inlet (u > 0)and the exhaust (u < 0). For a dis
ussion andmore details on the 
hoi
e of fun
tions and theirdegrees please refer to (Belgharbi et al., 1999).Figure 3 shows the mass 
ow rate error betweenthe analyti
al model and the measurements whenthe polynomial fun
tions '(p),  (p; u > 0) and (p; u < 0) have respe
tively degrees equal toseven, seven and four.
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Fig. 3. Mass 
ow rate errorThe error �tted in �gure 3 des
ribes a polyno-mial approximation whi
h �ts the a
tual 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 ve
tor 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, whi
his a sampling of the regressor (7), Y is a (r � 1)ve
tor whi
h is a sampling of (6), � is a (r � 1)ve
tor 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 ve
tor of errors �. The uni
ity of the W.L.S.solution depends on the rank of the observationmatrix W . The rank de�
ien
y of W 
an 
omefrom two origins:- stru
tural rank de�
ien
y whi
h stands for anysamples of ( _x; �x; pP ; pN ; _pP ; _pN) in (7). This isthe stru
tural parameters identi�ability problem

whi
h is solved using base (or minimal) parame-ters (Gautier, 1991).- data rank de�
ien
y due to a bad 
hoi
e of thetraje
tory ( _x; �x; pP ; pN ; _pP ; _pN) whi
h is sampledinW . This is the problem of optimal measurementstrategies whi
h is solved using 
losed loop identi-�
ation to tra
k ex
iting traje
tories (Gautier andKhalil, 1992).Cal
ulating the W.L.S. solution of (13) from noisydis
rete measurements or estimations of deriva-tives, may lead to bias be
ause W and Y maybe non independent random matri
es. Then itis essential to �lter data in Y and W , before
omputing the W.L.S. solution.4.2 Filtering aspe
tsThe derivatives in (13) are obtained without phaseshift using a 
entral di�eren
e algorithm. A low-pass �lter without phase shift and without mag-nitude distortion into the bandwidth is appliedon the measurements to redu
e the noise. Thislowpass �lter is easily obtained with a non 
ausalzero-phase digital �ltering by pro
essing the in-put data through an IIR lowpass Butterworth�lter in both the forward and reverse dire
tionusing a '�lt�lt' pro
edure from Matlab (Phamet al., 2001). The 
ut-o� frequen
y !H of thelowpass �lter should be 
hosen to avoid any dis-tortion of magnitude on the �ltered signals intothe bandwidth of the system. A se
ond �lter isimplemented to eliminate the high frequen
iesnoises. The ve
tor Y and ea
h 
olumn of W are�ltered (parallel �ltering) by a lowpass �lter andare resampled at a lower rate. This step is notsensitive to �lter distortion be
ause error intro-du
ed by this �ltering pro
ess is the same in ea
hmember of the linear system (13). The key point ofthis identi�
ation method is to 
hoose the 
ut-o�frequen
y !H and the sampling frequen
y !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-quen
y !s of measurements in pra
ti
e, if possible,su
h as : !s � 100!dyn (14)Where !dyn is the bandwidth of the position
losed loop. A strategy of tuning for the frequen
y!H and the sampling frequen
y !s is presentedin (Pham et al., 2001). This method suggests tobound the distortion of amplitude introdu
ed bythe derivative �lter and the lowpass �lter at afrequen
y �xed with regard to the dynami
s ofthe system.



5. EXPERIMENTAL IDENTIFICATIONAn experimental identi�
ation is performed onthe testing bed. The sampling frequen
y for thea
quisition of measurements is equal to 5kHz inorder to satisfy the relation (14). A 
losed loopidenti�
ation, using a proportional feedba
k 
on-trol, has been performed. A 
hirp sweeping be-tween 0 Hz and 2 Hz in order to ex
ite the system
lose to its a priori natural frequen
y whi
h is es-timated around 1.5 Hz. Several square traje
toriesfor the desired position with di�erent amplitudesare used to ex
ite the fri
tion parameters. Theresults of the experimental identi�
ation are re-ported in the table 1. The estimated parametersare given with their 
on�den
e interval and theirrelative standard deviation. Standard deviations�X̂si are estimated using 
lassi
al and simple re-sults from statisti
s, 
onsidering the matrix Wto be a deterministi
 one, and � to be a zeromean additive independent noise, with standarddeviation �� su
h like:C�� = �2�Ir�r (15)Where Ir�r is the matrix identity (r � r). The
ovarian
e matrix of the estimation error andstandard deviations 
an be 
al
ulated by:CX̂sX̂s = �2� �W TW ��1 (16)�2̂Xsi = CX̂sX̂sii, is the ith diagonal 
oeÆ
ient ofCX̂sX̂s . The relative standard deviation %�X̂sr isgiven by: %�X̂sri = 100�X̂siX̂si (17)A parameter with %�X̂sr � 10% 
an be removedfrom the model be
ause it is not identi�able onthe given traje
tory and it poorly in
reases 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 noti
e that the dynami
parameters present a very small relative stan-dard deviation, whi
h translates the good iden-ti�
ation of these parameters. Besides the moving

mass M is 
lose to the manufa
turer data (17kg). In general, 
on
erning the pneumati
 part,it is assumed that the polytropi
 
oeÆ
ient 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 
lassi
al result. They 
orrespond to thepolytropi
 
oeÆ
ients of the gas kP and kN inea
h 
hamber.
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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 whi
hhad not been used in the identi�
ation pro
ess.On �gures 4 and 5, we present a 
omparison be-tween the simulated and the a
tual 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 physi
alparameters of a pneumati
 servo positioning sys-tem. At �rst the mass 
ow rate 
hara
teristi
 of



the servodistributor is determined indire
tly bya polynomial approximation. Next, the dynami
parameters are estimated using the weighted leastsquares solution of an over determined linear sys-tem obtained from the sampling of the dynami
model along a 
losed loop tra
king traje
tory. An�rst experimental study exhibits good identi�
a-tion results. Nevertheless, these results should beviewed with some degree of reservation be
ausemore investigations should be adress in order to
he
k the sensivity of identi�ed parameters in re-lation to the stati
 mass 
ow rate approximation.NOMENCLATUREfv : vis
ous fri
tion 
oeÆ
ient (N/m/s)k : polytropi
 
oeÆ
ientM : total load mass (kg)p : pressure in the 
ylinder 
hamber (Pa)qm : mass 
ow rate provided from servodistributor to
ylinder 
hamber (kg/s)r : perfe
t 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), velo
ity (m/s), a

eleration(m/s2)u : spool position (v)! : pulsation (rad/s)'(:) : leakage polynomial fun
tion (kg/s) (:) : polynomial fun
tion (kg/s/V)l : length of stroke (m)Subs
ript
 Coulomb fri
tion,D dead volume, ext external, f fri
tion,N 
hamber N, P 
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