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positioning control

ABSTRACT: This paper shows the possibility of using two ¢veay servo-distributors in
place of one five-way for position control of are@ropneumatic actuator. Two nonlinear
control laws are developed and compared. The abm figove the advantage of a multi-input
control law in terms of stability and energy congtion due to the flatness property.

NOTATION

a piston acceleration [nf]s Te

b viscous coefficient (N/m/s) U

c convection coefficient (W/K/A) u

Co constant pressure specific heat v
(JI/kg/K) \Y

CNL1 SISO Nonlinear Control W

period of the cycle (s)

internal energy (J)
servo-distributor input voltage (V)
piston velocity (m/s)

chamber volume ()

energy (J)

CNL2 MIMO Nonlinear Control X state vector

F force (N) y piston position (M)

h mass enthalpy (J/kg) y adiabatic coefficient

jH jeerrll'[(h(alrﬁg low (J/s) I'() {)n(:l%lnomial function of control
k polytropic constant . .

K Feedback gain ¢() polynomllal funct!on [kg/s]
M total moving load (kg) l//() polynomial function [kg/s/rf]
n system order P characteristic number

p pressure in the chamber (Pa) _

q. mass flow rate (kg/s) Subscripts

Q heat transfer (J) cyl cylinder

r perfect gas constant (J/kg/K) E exhaust

S area of cylinder piston (fn ext external

t time (s) f dry friction

T temperature (K) MECA mechanical
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N chamber N Superscripts

P chamber P d desired
PNEU pneumatic in input: corresponds to a positive
S supply value
out  output: corresponds to a negative
value

1 INTRODUCTION

The 1980s and 1990s have seen the origin and a@rpamisproportional pneumatic systems
due to the development of new components such a®wedves and servo-distributors.
Historically, the first pneumatic power modulataigmated from hydraulic systems and it
was a five-way device. Only one was needed forciarol of a positioning system. The
development of longer rodless cylinders is onéhefgrincipal reasons for the development of
three-way electropneumatic modulators. In fact ititegration of this component in each
cylinder extremity reduces the congestion and #mggth of pneumatic pipes. Nowadays
constructors usually use these two three-way meatglavith the same air power supply and
the same input controls but of opposite signs, Wwigequivalent to using one five-way servo-
distributor.

The limitation of energy consumption is a very r@cesearch theme, it has been developed
with electric actuators (asynchronous motots) (n solutions envisaged for Fluid Power,
Bachmann and Surgend?) (proposed to modify the system structure. Howawehis paper
the approach is different, since the structurehefgystem is not modified. The improvement
in terms of fluid consumption is obtained withoutterial cost: tanks, sensors, analogue
cards; it is just a question of taking advantagmadfistrial actuator characteristics.

For positioning control the dimension of the eduilim set of the system mathematical
model is equal to one and so one input variab&ifcient to control the system output. It is
attractive to use the second modulator to satisfytteer criterion without deteriorating the
position, velocity and acceleration tracking pemance. As a consequence, the work
presented in this paper uses the degree of freadothe system to satisfy simultaneous
tracking position, velocity and acceleration objeed and limitation of energy consumption.
With two different control inputs the system isfdrentially flat and so the properties of
flatness B) are used to calculate a nonlinear tracking coméne, which satisfies the double
objective. Results of simulation are presented emupared with a classical monovariable
nonlinear control law.

2 ELECTROPNEUMATIC ACTUATOR : MODEL FOR SIMULATION PU RPOSE

The system under consideration (figure 1) is aalindouble acting electropneumatic
servodrive using a simple rod (32/20 mm) with algtrof 500 mm controlled by two three-
way servo-distributors.

It is assumed that the two servo-distributors dentical, without leakage and their dynamics
are negligible, and that there is no leakage betvilee two cylinder chambers. Also that the
air is a perfect gas and its kinetic energy is igdge in the chamber.
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Figure 1 : Electropneumatic system

Using the first law of thermodynamics and the fundatal mechanical relation the model
obtained is4):

d )
d_p: = Vply - }pp% + V(qu':] (Upv pp) - quc;:‘(upv Pe )) + (V - 1)Cscyl P(Tcw ~Te ):|

d ) 2

%=ﬁ;§ ~(y-1 p%+r;—:(ﬂs—Tp)q'r”n(up,pp)—r;—:(y—l)d’:‘(umPp)+(V‘1);—Z°Sch(Tcw‘TP)}

d )

d;P: = Y 1y ~ Wn ddl,? + V(qul,: (UN ) pN) _Tch,J:‘(uNY Pn ))+ (V_l)cscy\N (Tcy\ -Ty ):l (l)
N

d ) 2

%zﬂ\‘lg)' _(y_l Nddi:"'lg_:(yrs_TN)C]';(UN,pN)_I:)-_:(y_l)q?,:n(uNrpN)+(y_1)1F;_,:CScy\N(TcyI_TN):I

ﬂlzi(sppp _SNpN —bv- F _Fexl)

d M

ﬂ/

=V

dt

The static mass flow stage modtqaml(U, p) has been established by an experimental static
global characterisation of the servo-distributs)t the results are shown in figure 2.
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Mass flow rate g,,(p,u) :[9/s]
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Pressure p :[bar]

Input control u :[V]

Figure 2 : Servo-distributor static characteristic

Energy point of view:In this part the electrical energy and the gas tidnenergy are
neglected. For an open system, the first law ofntieelynamics is given by the following
equation:
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d_U - hinqin

_ Q9w
dt " ¥ 2)

hout out +
% dt dt

At the end of each position cycle the final valoépressure, temperature and volume in each
chamber are equal to the initial values, so thepressibility energy and the internal energy

variations are null. The energy given by the ajpy W, is transformed into mechanical
work W, into heatQ and is lost to exhaus¥o,, as depicted in figure 3.

WFT\IEU = WF:)IIIJIEU +WMECA + Q (3)
out ) Te Te ) )
‘WI;?\IEU T Weneu * Wi = J.O h"q" dt= .[0 [H b (t)+ HY (t)]dt
+ | __»WMECA s Woit, = .[Tch"“‘q‘r’n”‘dt = J-TC [H u (t)+ H" (t)]dt
* Woee, = [ FO)v(Oe with:
i F(t): SH (t)_SN P (t)_bv(t)_ Fo —Fe
Q Q=0Q, +Q, with:
Figure 3 : Energy transfer T
Q. =¢f 5., O(T.. T, )t
Enthalpy flows are defined as: Q. =¢f 5 (O, - T, ®)dt
H.(t)=q_.t)CT, ° 7
H.(t)=a .(t)C,T,

3 CHOICE OF ADMISSIBLE TRAJECTORIES

The choice of position trajectory is a problem @irgy: the control input must not reach its
maximum value during tracking control. Using noekn control theory, Richard and
Scavarda®) have shown that it is possible to calculate tremtetical control law associated
with a given cylinder position trajectory. Sesmataé (7) have proposed a procedure for
verifying the servo-distributor size: using the uedd inverse model, the servo-distributor
control area is calculated and its value must lzavalue smaller than a chosen fraction of the
nominal area. With this constraint, the desiredtmostrajectory in figure 4a is theoretically
physically admissible by the system under constasrawithout leading to control saturation.
In this example, one cycle corresponds to one aigphent in each direction around the
central position of fifty percent of the stroke.cBadisplacement lasts 0.80 s and corresponds
to a sixth order polynomial function due to positi@elocity and acceleration initial and final
conditions. Before each direction change, the pigays in position for two seconds, the
cycle period is ¥5.60 s.

To reduce the energy consumption of the systemnthass flow rate delivered by the air
supply in each chamber has to be reduced. The impsttant objective is not to increase the
efficiency defined asy =w.,wi., but to reduce the pneumatic enengy., necessary to
assure the load displacement. So for a similaropmdnce in terms of position, velocity and
acceleration tracking, the aim is to control anotbetput which is involved in the global
pneumatic energy. The choice presented in thisrpamesists of controlling the pressure in
one chamber. This idea comes from the followingeoletion : during the part of the cycle
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which corresponds to the rod output, the chamhmeBsure successively increases, decreases
and increases once more around a mean absolusupres 4.5 bar (figure 10). The same
position trajectory could be obtained with manyeatiént pressure evolutions in each chamber.
That is why the desired pressure trajectory in diem® has been chosen with a smoother
profile and a reduced absolute value of about 2 & chosen chamber P reference pressure
is a third order polynomial function (see figure).dkdoreover, as explained in section 4.2 the
pressure is a flat output which is appreciable tfug system properties. When desired
acceleration and pressure in chamber P are fikedhriessure in chamber N is given by eq (4).
The pressures in each chamber must evolve betweesupply and exhaust pressures.

p.(t)= Si(Sp pe (t)-bv* (t) - F, - F.. - My* (t)) (4)

N

The figure 4 shows desired position, velocity, &aegion, jerk, pressure@and reconstructed
pressure pand force during rod output. These trajectoriasndurod input are symmetrical.
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a: Desired position, velocity, acceleration b: Desired pressure-pand the deduced
and jerk trajectories. desired pressurgy@and force.
Figure 4 : Example of desired trajectories

4 MODEL USED TO CALCULATE THE NONLINEAR CONTROL LAW S

For nonlinear control synthesis, the model mustab@ear function of the control input,
called affine in control theory. For this the statharacteristic of the servo-distributor (figure
2) has been approximated to the following form leygBarbi et al§) :

a, (u. p)=8(p)+w(p.sgr(r (u)))xr (u) (5)

¢ , wandr are polynomial functions of orders 5, 5 and 2 eetipely.
r(u) is a bijective function whose evolution is simil@ar the evolution of the equivalent

section restriction that crosses the fluid as &tion of spool position.
#(p) is a function whose evolution corresponds to tlssrflow rate leakage.

w(p,sgr(r(u))) is a function of the input control sign because finction is different for the
inlet (r(u)>0) and for the exhaust (u) <0).
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With the three following additional assumptionse thffine nonlinear model obtained is
described by system 6.

The process is supposed to be polytropic charaetkby coefficient k
The temperature variation in each chamber is nibigigand so the temperature dnd Ty
are considered equal to supply temperatye:T, =T,

The importance of friction is a real problem in pmatic positioning systems. It is
difficult to identify because it depends on manyagoaeters, such as position, pressure,
temperature, past time, seal type... So in this fatstdy the dry friction forces are
neglected:

dp, kT, _ S, krT, y
B ool sl Do)
SN

dp, KT, kT, ]

dt V() o, Ty pNV] VN(y)‘/’(pN,ng{ r(u, xr(u,) ©
ﬂ:i[sp p, =S, p, ~bv-F_,

dt M

W,

dt

4.1 S.1.S.0. system

In this section, the only objective is to minimidee tracking position errors. So only one
control signal is used and sent with opposite sitgnsoth servo-distributors p& -uy = U.
Also the electropneumatic model (see equation 6)inisthe nonlinear affine form
x=f(x)+g(x)u . A convenient way to linearise it for every pasitiof the cylinder piston is to
use the nonlinear linearising control la®),(which theoretically transforms the closed loop
system into two parts. The first part consists oascade gb integrators and the second is an
unobservable subsystem of dimensioro| (p is the relative order of the output,is the
system order).

For the electropneumatic model (7) with= (u)

R eI
x=| Pl i f(x)= W{fﬁ(m)ﬂ—l DNV} and g(x) = —%w(pN.sgr(-U)) 0
Y ﬁ[sppp -S,p, ~bv-F,] 0
v
The single output is h(x)=y By definition :

n
Lf his theLie derivativeof halongf whichisgivenby L]c h(x) =2 %fi (x)
i =10X;
Lgh is theLie derivativeof halongg
pisthecharactesticnumberassociatedio theoutput whehisdefinedby p = min{p ON/ Lg L"f)_1 Z 0}
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A simple calculation shows that for the system ursdedy the characteristic number is equal
to three. The co-ordinates can be changeflyasa p,]=|h L;h L2h p,]. These relations

define a local diffeomorphism around an equilibrigtate. With the new co-ordinates, the
closed-loop system becomes

dy_,
dt
dv
at
da_ wherew is the linearised system input. (8)
dt
dp, _ krT, S
TP =__ s -P , U
B ol0)- 2 b uli o)

In the single input output case, the linearisinglim@ar control is given by:

s _ S KT, _ S _ S, kT, S,
1 th - _—S|:¢(pp) pPV:| V—|:¢(pN)+FS pNV:|
TS

- (_ L?;h'f'W) M Vp(y) rTs VN(y)

L f 2 — Sp I(rIS SN kr
9 L th—— Y Ps, I‘U +
¢ M Vp(y) ( 59 )) M VN(y)

U=

)
(p,.sgr(-V))

It is important to note that L:h is always strictly positive. S& has the same sign as
(~h+w). By definition,w and L:h are independent dfl (relation 9). Consequently, the
control law is not implicit. This remark explairfsetchoice of the functiof independent of)

in the mass flow rate expression of equation (e $econd feedback law which fixes the
dynamic behaviour of the state tracking errors is:

w= =K, [y - y) =K, v -v)-K, (a0 -a) (10)

The nonlinear control applied to the system is showfigure 5 and may be written as:

u= F'{ L (-n+ - K, (v - ) - K, -v)-K (o -a)) (11)

L L2h
Desired jd 3 Yy 1 U !
2 3 ELECTROPNEUMATIC —»
Jerk L,Lih

SYSTEM

Tracking L?; h X i

error A - -
feedback NONLINEAR LINEARISING LOOP | Diffeomorphism |

REFERENCE MODEL

Figure 5 : Principle of nonlinear tracking control for the SISO system
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The validity of the control law depends on the Biigbof the unobservable subsystem of
dimension one. When the actuator stops (iye= Ysop V = 0, U = Ustop), the asymptotic local
stability of the equilibrium point of the internalynamic can be proved. Moreover, the
differential equation opr given by equation (8) has the form :

dp, _ kiT,
dt - VP (ystop) [¢(pP) + 41/(pp, sgr(U stop))‘J stop] (12)

Let us assume théls,o>0. This first order nonlinear equation has only eqeilibrium point
pp because the two functiorgs and ¢ decrease monotonouslw(pp) is always positive and

¢(pp) has a zero. Then using the Lyapunov functicm% (pp - pg)zthe asymptotic stability of
the equilibrium pointp; can be easily proved. The same result is obtéreds;<O0.
4.2 M.I.M.O. system

With two inputs @ and y, the model given by equation (6) has the form f(g)+G(;<)g
with the same vector f defined by equation (7) and

T psor,) 0
6= (6.6 0.4) = ; -Vka(T;)w(zN,sgduN» u=(5r)=(r) (13)
0 0

The two chosen outputs are the pressure in chambad the position:

i =(n)-(%) @)

The characteristic number associated to the pregsuand the position are one and three
respectively, so the sum of them is equal to tieedsion of the system. This is sufficient to
affirm that the system is differentially flaB)( Due to the flatness definition , the inputs ban
written as functions of outputs and a finite numaejual to the characteristic number) of their
time derivatives. Two methods are possible fordating the nonlinear linearising control
law (10). The theory of Isidori9) can be developed for a MIMO system that requihes
calculation of these Lie derivativefg: h, L2h,,L,h,,L2h,,L3h,, L h,L L2h, L h,L_L%h,}.

d
. . d . _
Another way is to use the expressmns—%i and j® and to invert them which is a more
dt

direct way to obtain the nonlinear linearising cohtaws which decouple the system:
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S el %)
o T, v’ ¢(pp)+ T,

=T S
. i so0,)) " wlpd sorfu,))
] . (15)
Seppeaglpr) u )b W)
u, =1 - T, ks S krT, (‘iWﬁMWzJ
w(pi.sgru,)) wlplsofu )l s, s,
. 1
With  p{ =Z-(S,pi -bv’ -F,, - Ma’) (16)

N

With the two previous controls inputs @and  the nonlinear electropneumatic model is
transformed into two linear models, one simplegrdér and one triple integrator which can
be stabilised by classic feedback laws:

d

—ptP=V\'1

dy d

— =V _dpP

dt " with M-?F-MJm—ﬁ) 17)
a0 w, = 1=K, fa-a’) =K v -v) =K [y - v)

da _

_t_ 2

In this case the global stability is obvious. Tisi®ne of the main advantages of flatness. The
two inputs in relation (15) can be written in tlildwing form appearing in figure 6.

wﬂﬂﬁbMMMﬁF%MMﬂ

(18)
= A 8 )|

NONLINEAR LINEARISING INPUTS

Up
. ¥ Wy Al o+ 1 Up N
ot 5. ) ©_> ¥ ) ! |r"() » P?\ILI:FL?I\-/II—E%C aad
4 ’ SYSTEM L_» P
mm\iul

i Oﬁb B. (")

»
REFERENCE MODEL

Figure 6 : Principle of nonlinear tracking control for the MIMO system
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5 SIMULATED RESULTS

The two nonlinear control laws have been implenated tested using the model defined by
relation 1 with industrial specialised software: EBim. AdvancedM odeling Environment

for performing Simulations of engineering systems), see figure 7. @deantage of this
software is due to its approach, which uses thel lgyaph language. The pneumatic energy
port used in AMESIim reproduces the power bond efgkeudo bond graph; the two couples
of pseudo bond power variables are temperaturesatithlpy mass flow rate or pressure and
mass flow rate. The pneumatic library has been Idped in the INSA laboratoryl(Q) in
collaboration with the Imagine company.

Categories |4 pile Edit Display Activity Spec

sket. Submucl 1= @ |
@ Rotions menn rametersls wulation| 4 ’ STRAF 7 @ | @ |

-
=
=
H

v P

dad ..;ﬁ
=
. H]
g

i |k B

i

¥

¢

E

Figure 7 : Simulated model using AMESim software

The power evolution during one position cycle while two different control laws is shown in
figure 8. In both cases it is important to remahattthe efficiency is very low. This
characteristic of pneumatic systems has already hetced by Bachmann and Surger®r (
who considered adiabatic systems and obtained talpefficiency of 9.4%. In the present
case, considering heat exchanges, the efficienegiml to 3.7% for the SISO system and
6.2% for the MIMO system. However, as explainedsattion 3, the most important value
concerns the necessary pneumatic energy delivgrételair supply which corresponds to the
input enthalpy flow integral. In this example (frgu8), the value is reduced from 537 J to 325
J for one cycle with the proposed new nonlineartrobn This improvement o0f52%
corresponds to real gain.

600

A N o

\ \
A N
LA 1

/ /

Power Exchange [J/s]

Power Exchange [J/s]

| |

|
\ — =
V, VARIEEE: “Il ot
o ' ’ Tim:; [s] L ‘5 ° e ' L Tim::e [s] ! ) °
a : with SISO model. b : with MIMO model.

Figure 8: Power variation during one cycle
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This significant improvement is obtained withougdedation of tracking results as shown in
the figures 9 and 10. On the contrary, for thisirgestrajectory the simulated position and
velocity tracking errors are both improved by abb0t% as summarised in table 1. This can
be explained by smaller errors in the approximatbequation 5 for the working conditions

of the second cas8)(

~ ol | — % f\
JIW A ﬁ i
Nl — S i
N 31 W ————
- R~
R i SInyi -t
v |/
. - Time (5] . ’ ' Y timely ) ’
Figure 9. Posﬂgr&arli(;rs with CNL1 Figure 10 : Velocity errors with CNL1
an

and CNL2
With: &, andg, : mean absolute errors along one cycle in posdiwhvelocity respectively.

max max .
yand )

Ag™ and Ag]™ : maximum magnitude errors along one cycle intmsiand velocity respectively.

£ optimal variations errors along one cycle in gosiand velocity respectively.

Position Error Velocity Error
£, [mm] e mm] | Al [mm] | g, [mmss]| £ [mmis] | Ay mmis]
CNL1 1.43 -5.51 t0 0.87 6.37 3.7 -19.5t022.4 41.9
CNL2 0.69 -1.77 10 1.25 3.03 1.9 -11.3t0 13.5 24.7
52 % «— Improvement- 48 %

Table 1 : Tracking improvement

@

Pressure [bar]
=

w

Py

Pp /

Y
N
[

=

7

1
0 1 2

3 4 5 6
Time [s]

Figure 11 : Pressure in chamber P and N with the tavnonlinear controls

Figure 11 shows the pressure trajectories forwmedifferent controls. The chosen pressure
trajectory in chamber P has the consequence ofupiogl a pressure in chamber N which
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evolves between the supply and exhaust pressungs.isinot the optimum solution, but for
this case p is always lower than both CNL1 pressures and besaomear to g so the energy

Is decreased. Moreover it is useful to notice twaen the load stops at t=0.8s and t=3.6s the
partial equilibrium due to the system parallel stiwe lasts a shorter time with the MIMO
model. This means that the MIMO nonlinear conteat Imay be a good solution to limit the
sticking and restarting phenomendr2)(

6 CONCLUSIONS AND PERSPECTIVES

Since the early development of pneumatic actuatbesprinciple of control consists of filling
one chamber with air and emptying the other. Enasgyequired to raise the pressure.
Unfortunately nearly the same amount of energywaceated from the other chamber to the
exhaust and less than 10 % is transformed into amecél energy required for the
displacement. So the energy consumption could batlgrreduced. For this two ways are
possible, without change at the design of the systiehas been proved that if another output
is controlled the efficiency can be increased deddonsumption can be reduced. These first
simulated results are encouraging and have to henced in the following directions: the
additional desired trajectory has to be optimiskd,effect of friction and the system stiffness
have to be studied, and the algorithm of the MIM@lmear control has to be implemented
experimentally.
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