N

N

Piston position estimation for an electro-pneumatic
actuator at standstill
Frédéric Abry, Xavier Brun, Michaél Di Loreto, Sylvie Sesmat, Eric Bideaux

» To cite this version:

Frédéric Abry, Xavier Brun, Michaél Di Loreto, Sylvie Sesmat, Eric Bideaux. Piston position esti-
mation for an electro-pneumatic actuator at standstill. Control Engineering Practice, 2015, 41 (8),
pp.176-185. 10.1016/j.conengprac.2015.04.016 . hal-01256427

HAL Id: hal-01256427
https://hal.science/hal-01256427
Submitted on 23 Apr 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Copyright


https://hal.science/hal-01256427
https://hal.archives-ouvertes.fr

Manuscript
Click here to view linked References

Piston position estimation for an electro-pneumatic actuator at standstill

ABRY Frédéric, BRUN Xavier, DI LORETO Michael, SESMAT Sylvie and BIDEAUX Eric?

“Université of Lyon, INSA - Lyon, Laboratoire Ampére CNRS UMR 5005,
25 avenue Jean Capelle, 69621 Villeurbanne, France
frederic.abry @ gmail.com

Abstract

In this paper, a first strategy to reconstruct the piston position of a pneumatic cylinder supplied by two servovalves is proposed using
only the chambers pressure measurements. This work focuses on the position observation at standstill. Starting from a classical
model of this actuator, a transformation of the inputs is used. This way, for the first time, a link is established between electro-
pneumatic actuators and Permanent Magnet Synchronous Motors (PMSM). This allows to apply PMSM zero speed observation
strategies to electro-pneumatic actuators. Thus, following an observability analysis, a signal injection based methodology is used
to ensure the observability of the electro-pneumatic system. A non-linear position observer is synthesized and a Lyapunov function
is provided to ensure the global stability. Experimental results confirm the proposed strategy efficiency. The proposed technique

constitutes a first step toward sensorless position control of electro-pneumatic actuators.

Keywords: Estimation, observability analysis, nonlinear observer synthesis, electro-pneumatic actuator, signal injection

1. Introduction

Over the past decade, reducing the number of sensors used
in industrial applications has been one of the major preoccupa-
tions of the control community. Sensors can be expensive, not
reliable, they can drift over time, and they may not be able to
withstand some extreme conditions (humidity, temperature, vi-
brations...). In any case, whenever it can be safely done, any
engineer will replace a physical sensor by a software equiva-
lent. Observers can also be used to improve the reliability of a
system by introducing a redundancy in the measurement which
allows fault detection and diagnostics.

In particular, control of Permanent Magnets Synchronous
Motors (PMSM) without angular position sensor is a subject
which has been widely addressed in the literature. It has been
shown [1] that PMSM’s rotor position is only observable for
non-zero speed. Therefore, many position observers have ini-
tially been proposed for velocity control applications. The most
efficient proposals include the extended Kalman filtering [2]
and the sliding mode observers [3]. Those strategies cannot pro-
vide the position at zero speed but, once the rotor is in motion,
using the current measurements they give a very good estimate
of the position and velocity which can then be used for mag-
netic field orientation and velocity regulation. More recently,
propositions have been made to synthesize position observer
for PMSMs at zero speed. To overcome the non observability
issue, most strategies rely on the injection of a voltage in order
to make the system observable [4, 5].

While so many propositions have been made in the literature
regarding PMSMs position observation, observer designs for
electro-pneumatic or electro-hydraulic applications only focus
on replacing one of the pressure sensors by an observer [6, 7].
Robust differentiation technique [8] have also been used to re-
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place the accelerometer or the differential pressure feedback by
an acceleration estimation. Yet, so far, no proposition has been
made regarding the actual position observation. The algorithm
proposed in this paper is therefore very different: the pressure
measurements are used to reconstruct the piston position in the
same way that the stator currents measurements are used to re-
construct the rotor angular position in PMSMs observer design.

In this paper, using the A-T transformation introduced for the
first time in [9], a similar approach is proposed to synthesize a
non-linear observer for zero speed reconstruction of the piston
position of an electro-pneumatic cylinder. The use of the A-T
transformation, which is similar to the d-q Park Transform [10]
widely used in three-phase electrical systems control, allows
a parallel between electro-pneumatic actuators and PMSMs to
be drawn. Therefore, an analogous signal injection method is
proposed to make the system observable.

After a short presentation of the model of the electro-
pneumatic actuator generally used for control synthesis pur-
poses, the principle of the A-T transformation is described and
compared to the Park Transform. Then, an observability anal-
ysis under zero speed condition is conducted. The results are
used to define a signal injection strategy consistent with a zero
speed observer requirements. A non-linear observer is then pro-
posed. Finally, experimental results are provided to illustrate
the efficiency of the algorithm.

2. Electro-pneumatic actuator description and model

2.1. System overview

An electro-pneumatic actuator (or servo-pneumatic actuator)
is the combination of an electric system, used to precisely con-
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trol the gas mass flow rates and a pneumatic system which uses
the energy of the pressurized gas to generate a force.

The pneumatic actuator (see Fig.1) used in this study is a
compact ASCO Numatics double acting symmetric pneumatic
cylinder. Each of its chambers is supplied by an independent
servovalve (Festo MPYE 5 1/8 HF). Two miniature sensors are
integrated to monitor the pressures in the cylinder chambers.

Total stroke 50 mm
Piston diameter 100 mm
Rod diameter 28 mm
Piston effective section 7238 mm?
Maximum force at 7 bar 4343 N

Table 1: Cylinder main characteristics
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Figure 1: Physical system under consideration

The servovalves are supplied with air at 7 absolute bar
through a pressure regulator and a 40 liters buffer tank.

2.2. Model for control synthesis

In order to accurately describe the thermodynamical behav-
ior of the cylinder, a model based on fluid mass and energy
conservation laws, which takes into account heat exchanges by
convection is commonly used in the literature [11, 12]. It is
based on the following assumptions: 1)homogeneous temper-
ature and pressure distributions in the chambers, 2)absence of
leakage, 3)air is an ideal gas and 4)air kinetic and potential en-
ergies are negligible compared to internal energy. It leads to a
high order model suitable for simulation purposes but which

requires the temperatures measurement to be used as a con-
trol model. Thus, a simpler yet fairly accurate representation
is generally chosen for control synthesis. The classical way to
simplify the model is to adopt a polytropic law and consider the
relative temperature variations in both chambers to be small and
therefore negligible. This leads to the following reduced order
model [13]:

dpp krT S

e Vo) (Gmp — ﬁpPV)

(D
de _ krT
dt V (y)(QmN NV)

with v the velocity of the piston, defined as the time deriva-
tive of the piston position y, T the supply temperature, r the
specific ideal gas constant of air, g,,p and g, the mass flow
rates defined as positive entering the chambers P and N respec-
tively, Vp(y) and Vy(y) the respective volumes of the P and N
chambers, S the piston effective surface and k the polytropic
coefficient chosen experimentally. The chambers volumes are
computed as follows:

Ve(y) =Vo+Sy
2)
V) = Vo - Sy

with y the piston position (defined as zero in central position)
and V) the cylinder half volume which can be computed as:
[

Vo=S3 3)
where [ stands for the total cylinder length which includes the
dead lengths at each extremity. This ensures that Vi > S [yl
(where y,,,, stands for the cylinder’s half stroke as defined in
Fig.1) and therefore that Vp(y) and Vy(y) are strictly positive.

The pneumatic force created by the cylinder is:

Fpneu = S(pp — pn)- 4)

Thus, the mechanical behavior of the system can be described
by:

dv 1

E = M[Fpneu —bv— Fdry(V)]

J )
dy _

dt

with M the carried mass, b the total cylinder and load viscous
friction coeflicient and Fg4-,(v) a function of the velocity repre-
senting the dry friction phenomenon. It is often modeled by the
well-known Tustin model [14, 15]:

A%
sign)|Fo + (Fy = Fye Vs| if ] #0,
Fd,y(v) = . _ (6)
> F ifv=0and|} F| < Fy,

F.sign(3, F) otherwise

where ) F is the sum of the forces applied on the piston,
F, the static force, F. the Coulomb force and v, the Stribeck



velocity. The sign function is defined as follows:

1 ifx>0,
sign(x) =30 ifx=0, (7
-1 ifx<O.

The dry friction phenomenon is known to be very important
when compared to the nominal pneumatic force in most electro-
pneumatic system [16]. In most applications, this is a difficult
problem to overcome but in the proposed study, the stiction phe-
nomenon is actually preventing the displacement of the piston
during the position observation. A more detailed analysis is
provided in section 4.

2.3. Servovalve inverse model

In (1), the system’s two inputs are the servovalves mass flow
rates g, p and ¢,,. Considering the supply and exhaust pres-
sures to be constant, the mass flow rate depends on both the con-
trol voltage and the pressure of the chamber supplied. Since the
actual output of the control law has to be the servovalves control
voltages, an inverse model of the servovalves is required.

In pneumatic applications, the servovalves dynamics can be
neglected since they are supposed to be very fast compared
to the pressure dynamics in the cylinder. Therefore, only the
steady state flow behavior of the servovalve have to be modeled
[17].

Mostly two distinct strategies are proposed in the literature,
the first one consists in using a theoretical model [18, 12] which
parameters are then estimated using the supplier data sheet or
by experimental tests. The second technique consists in a thor-
ough experimental evaluation of the servovalve mass flow rate
for different voltage controls and chamber pressures [19, 20].
From the results is derived a three dimensional table giving the
mass flow rate for each couple pressure - control voltage. This
table is then used to compute the control voltage [9]. In this
study, this last strategy has been chosen.

This experimental inverse model allows the synthesis of con-
trol laws taking the mass flow rates as inputs of the system.

3. The A-T transformation

3.1. Introduction: the Park transform

The A-T transformation proposed for the first time in [9], is
similar to the d-q Park Transform [10] widely used in three-
phase electric motors control. Those systems normally display
three inputs: the three voltages V,, V;, and V. which control the
three currents /,, I, and I.. Therefore, the system should offer
three degrees of freedom. Yet, since the electric system has to
be balanced, a first constraint is imposed: V, + V, + V. = 0.
Thus, the system has only two degrees of freedom.

In the non-salient poles PMSM case for instance, the voltages
are applied on the stator windings which produce a magnetic
field. The main purpose of control is to synchronize the rotor
position and the magnetic field orientation. Physically, the lat-
ter can be divided into two components. One is perpendicular
to the permanent magnet magnetic field: it induces the elec-
tromagnetic torque which can put the rotor into motion. The

other one, on the contrary, is parallel to the permanent magnet
magnetic field: it does not act on the electromagnetic torque but
can only reduce or increase the magnetic flux of the permanent
magnet.

swe®

Iq B d_a‘ﬁ"s
?}1‘) Id
0

Figure 2: Principle of the Park transform. The three stator currents are ex-
pressed in the rotating frame of the rotor.

Using the Park Transform, the three voltages are expressed in
the rotor reference frame (see Fig.2) in order to obtain a model
which explicitly displays the two degrees of freedom. This is

done using the following matrix:
2 2
—sin(d) -—sin(0— ?n) —sin (0 + ?ﬂ)

2
Ko = \@
3

where 6 stands for the rotor angular position. (8) can then be
used to compute the following:

2 2
cos(@) cos(f— ?ﬂ) cos (0 + ?ﬂ)

y V, I 1
[ Vd }: K@®)| V, | and [ Id }: KO| L, |. )
q V. 4 I

Two virtual voltages V; and V, are thus defined. They control
respectively the virtual currents /; and I, (which are actually
not perfectly decoupled when the rotor is in motion). Using
these notations, the electromagnetic torque 7., and flux ¢,
are computed by:
Tom =npprl, (10)
and
¢em = ¢f + Ldld (1 1)

with n,, the number of poles, ¢, the permanent magnet flux and
L, the stator inductance on the d-axis.

According to (10) and (11), the electromagnetic flux and
torque are respectively function of /; and /,. In summary, V,
can be used to control the rotor magnetic flux (which is needed
for field weakening for instance) and V,, to control the torque
and, thus, the speed or position of the rotor.



The objective of the A-T transformation presented in the fol-
lowing section is similar: it is intended to decouple the two
degrees of freedom of an electro-pneumatic actuator.

3.2. Definition of the A-T transformation

In (1), gmp and g,y have been defined as the system inputs.
Each one acts on the respective chamber pressure derivatives
dpp/dt or dpy/dt but the main purpose of an electropneumatic
actuator is to deliver a pneumatic force F,,,. Its time derivative
is obtained by combining equations (1) and (4):

dF neu m m

& preu ——ks2v(ﬂ+ PN )+krT ( G —q—N). (12)
dt Ve(y) Vv Ve(y) Vv

F pney 18 the first degree of freedom of the system. A physically

logical choice for the second one is the average pressure pr

which can be computed as:

_ pp+ PN

> 13)

Its time-derivative can be computed as:

dpr _ kSv( pn PP krT ( Gmp dmn
arr _ v - v . (14
ar 2(m@ wm%z(ww+ww)()

Both dynamics of dF ., /dt and dpr/dt are obviously cou-
pled by the inputs g, » and ¢,,y. Hence, an alternative choice
of inputs, which actually control the critical physical outputs
(pneumatic force generation and symmetrical pressurization),
can be defined. Therefore, two virtual mass flow rates g,,4, and
qmr are introduced. They can be derived from the actual mass
flow rates by means of the following transformation:

Gma | dmp
=A , 15
[qu _ (y)[ . ] s)
with the following transformation matrix:
1 1
V() VN
Aly) = Vo (16)
1 1
L Ve(y)  Vnv(O)
with
2Vy
det (A =——— %0, VY € [~ Vimax Ymax]- (17
(AO) VoO)Va0) Y € [=Ymax ¥ )

According to (17) the matrix is invertible for any position of the
piston.

The time derivatives of F ., abd pr are obtained by com-
bining equations (12), (14), (15) and (16):

deneu
dt

krTS
m 18
Vo dma (18)

PP PN )

= —kS?
%ww+ww

and
dor _KSv( i pe ) kT

- _ AU 19
i - 2\ Vo) a9

According to equations (18) and (19), ¢,,, only acts on the
pneumatic force F . It is therefore called the active mass
flow rate. On the other hand, ¢,; can only induce a sym-
metrical pressurization, without modifying the pneumatic force
and therefore corresponds to the pressurization mass flow rate.
Thus, the two virtual inputs defined in (15) actually control two
independent behaviors of the electro-pneumatic cylinder: the
force generation and the symmetrical pressurization.

The notation “A” refers to the active mass flow rate and “T”
to the symmetrical one. The latter was chosen instead of “S”
because pg is usually the standard notation for supply pressure.

At this point, a clear parallel between the A-T and Park trans-
formations can be drawn. In both cases, g,,, and V, are the
main inputs which control respectively the pneumatic force and
the electromagnetic torque. ¢,; and V, control respectively
the average pressure level and the magnetic flux and, there-
fore, have a less straightforward interest in most control ap-
plications. However, for zero speed position observer synthe-
sis, they can both be used to make the system (respectively the
electro-pneumatic actuator or the PMSM) observable as shown
in section 5.

4. Zero speed model

Choosing x = [y v Fpueu prlT as the new state vector and
using the A-T transformation, the model for control synthesis
described previously becomes:

dy _
dr
dv _ —by — Fdry(v) + Fpneu
dr M
(20)
deneu Al Vprneu - A2VPT
= + Bl‘bnA
dt Ve(y)Vn ()
dpr _ASVFpneu + Agvypr
— = + Bogmr
dt VeV ()
with
kV
Al =kS? Ay =2kS2V, As= 7‘)
21
krTS krT
Ay =kS* B = -
4 1 Vo 2 e
Under the zero speed condition v = 0, (20) becomes:
dy
-0
dt
ﬂ _ _Fdry(o) + Fpneu
dr M
(22)
deneu -B
ar 19mA
dpr
L = Byg,,
di 24mTt




If the speed of the piston is initially zero, for the piston to
remain still, the speed derivative dv/dt defined in (22) has to be
zero. According to (6), this will be the case as long as the sum
of the forces applied on the piston remains lower than the dry
friction static force F';. Therefore, this is ensured if and only if:

|Fpneu| < Fs- (23)

If (23) is not satisfied, the zero speed model (22) is no longer
valid. It has to be noted that the model (22) does not depend on
the dry friction static force and the latter will not affect the pre-
cision of the observation strategy proposed in section 6. There-
fore only a lower bound of the dry friction static force is needed
in order to ensure the condition (23).

In (22), the inputs are the active and pressurization mass flow
rates g, and g,y. Yet, since the position of the piston is un-
known, the A-T transformation cannot be performed and the
value of g,,4, and g,,; cannot be set. Therefore the estimated
position y has to be introduced as well as the estimated vir-
tual mass flow rates ¢, and §,,. They are the result of the
A-T transformation computed at the estimated position $ and
they are the output of any control law synthesized when the ac-
tual position y is unknown. The electro-pneumatic actuator will
therefore receive the following mass flow rates

Ve(@®)

Vp(® N
[ dmp ]: L P(y) [ qmy } (24)
C]mN 2V() g]lnr

V@ VN0

where Vp(9) = Vo + 59 and Vy(P) = Vy — S are the estimated
chamber volumes. In the A-T reference frame, the system will
therefore receive the following active and pressurization mass
flow rates:

1 1
[ G }: Ve Ve(y) Vv [ dmp } 03)
qmt 1 1 qmn
Ve(y)  Vn(y)

The latter can then be computed combining (24) and (25)

Gns = qu i )_)S Voflmr - SzyflmA

Ve VN ()
X _SVoGm, — Szyglmr
nr = Gmy ¥V o (26)
Ve Vn()
where y stands for the position estimation error defined as:
y=y-y. (27

As long as the zero speed condition (23) is satisfied, v = 0 and
the state vector can be reduced to xg defined as:

Xs = [y Fpneu pT]T~ (28)

Finally, the state model (22) becomes:

dy

2 -0

dt

dF neu A~ _SV Am _S2 Am

i Bl( - M) (29)
dt Ve Vn(y)

d SVobm, —S*Vim,

Pt _ BZ(qu +7 04my, yq I)

dt VeV ()

Special attention has to be given to the following notations :

® g, and g, are the actual active and pressurization mass
flow rates. They are the result of the A-T transformation
performed at the actual piston position y using the real
mass flow rates g,,p and g,,y. Since the position y is not
measured in this observation problem, ¢, , and g, are
unknown and cannot be set by control.

e On the contrary, g, and g,,, are the estimated active and
pressurization mass flow rates. They are defined as the
result of the A-T transformation performed at the piston
estimated position y. Therefore, they are the actual inputs
of the system when the only available information about
the piston position is the estimate .

5. Observability analysis

Before attempting to synthesize a position observer, one has
to find out under what conditions observability is given. It is as-
sumed here that only the pressure measurements are available.
They can be used to compute the pneumatic force F),,, and
the average pressure py. Moreover, using one of the many re-
cently proposed robust differentiation techniques such as a slid-
ing mode based differentiator [21] or an algebraic differentiator
[22], the time derivatives of the pneumatic force and the average
pressure dF ., /dt and dpr /dt can be numerically computed in
real time. Using the latter and the estimated virtual mass flow
rates, the following expression W can be computed:

dFpes.  dpr,
wo (e D e g2 (30)
B1 32 mr my/t

Using (29), (30) can be rewritten as:

SV,
= V)V

W has no physical meaning, it is solely a virtual measurement
computed in real time by means of (30) using only the time
derivatives of the pneumatic force and average pressure as well
as the estimated virtual mass flow rates. The main property of
W is that, according to (31), it is the product of the estimation
error y and a positive value.

The following measurement vector yp, is chosen:

@, - a5, 31)



Fpneu
Ym=| pP1r | (32)

w

In this section, the observability of the electro-pneumatic ac-
tuator at zero speed (represented by (29)) is studied when only
¥m is available. First, the Jacobian matrix Jy, has to be defined:

_ de(j}9 Y, Fpnem pr, Qmm er)
dXs ’
where x4 stands for the state vector defined in (28). It leads
to

Jm

(33)

0 1 0
I, Y: Qs Gmy) = 0 0 1 (34)

J31(j\)’y7qu’qu) 0 0

where:

ow
dy

n 12 N
_ SV, — @) (Vg +°S2 - 29yS?) 35)
(VemVn ) '

It has to be noted that in equation (35) the estimated position
¥ is algebraically independent of the real position y since the
latter is unknown. For J,, to be of full rank, and, therefore,
the system to be locally weakly observable (see Theorem 3.1
in [23]), J31 needs to be non-zero. Therefore, the condition for
local weak observability is:

J31 #0 (36)

which is equivalent to

V2 +y2 82 - 25yS2 £ 0 (37)
and

a, — a5, #0. (38)

[
Since, according to (3), Vo = S 7 (37) becomes:

l 2
(5) +y2 =25y £ 0 (39)
The left member of (39) is zero if and only if:
1
y=9+3 VA (40)

with A = 49% — 2,

Yet, if the estimated piston position y, as well as the real
piston position y, is bounded by the physical limits of the sys-
tem, that is if |[J| < [/2 (condition resulting from the existence

of dead volumes in both cylinder chambers), then A is strictly
negative and there is no real solutions to (39). Therefore the
first observability condition (37) is always verified.

The observability condition (38) involves the estimated vir-
tual mass flow rates and can be rewritten as

|G| # 1Gom |- (41)

If this condition is verified then the system is locally weakly
observable. In particular, it implies the necessary condition that
the system is not observable if both estimated mass flow rates
Gm, and @,,, are zero (which, according to (24) and (26), is
equivalent to g4 = quy = 0 and gyp = gy = 0). For this
reason, in order to synthesize a position observer at zero speed,
it is imperative to implement a signal injection strategy on the
mass flow rates in order to make the system observable.

The zero speed observability condition is somehow less re-
strictive than its equivalent in the PMSM case. In the latter,
voltage injection is not sufficient to make the system observ-
able, the rotor has to be slightly put into motion for the position
to be estimated [4, 5]. In the electro-pneumatic actuator case,
no piston movement is needed: the only requirement is that, at
least, one of the estimated mass flow rates has to be non-zero
and satisfy the condition (41).

6. Non-linear observer synthesis

Zero speed PMSM position observers rely most of the time
on high frequency signal injection on the estimated d axis of
the Park transform [4, 5]. As long as an error on the position is
committed, part of this signal is actually injected on the real q
axis which results in an electromagnetic torque which generates
a slight vibration of the rotor sufficient to estimate the position.
A similar strategy is proposed here: a non-zero estimated vir-
tual mass flow rate g,,, is chosen in order to make the system
observable. Then, using the measurement vector yy, defined
by (32), an observer can be synthesized to estimate the piston
position. The control algorithm has three main objectives:

e ensure that the system tracks a given average pressure tra-
jectory p‘; in order to generate a non-zero g, estimated
pressurization mass flow rate, so that the system remains
observable;

e cancel the pneumatic force F ., to ensure the zero speed
condition (23) and avoid any undesired movement of the
piston. Therefore, the pneumatic force trajectory is de-
fined by F¢ =0;

pneu

e cancel the position observation error y.

The first step is to define the pneumatic force error and the av-
erage pressure error
d
21 = Fpneu - Fpneu = Fpneu (42)
and

2 = pr — pi. 43)



In order to study the dynamic behavior of three error vari-
ables 71, z» and y, the following Lyapunov function candidate is
defined by

1
= 5(@ + BV + ) (44)

Since Vp(y) and Vy(y) are strictly positive, V is strictly positive
except for the desired equilibrium z; = z; = y = 0 for which it
is zero. Moreover, under the zero speed condition (23), Vp(y)
and Vy(y) are constant. Therefore, the time derivative of the
Lyapunov function V can be computed as follows

av ( dz dz

o
= - dt+a;ry@@nmoo+yd 45)

Since the velocity is zero, the position error time derivative is

&_b_b_B

= == 4
dt dt dt dt’ (46)
and equation (45) can be rewritten
dv dz; dz, dy
. 4
&= (a5 2 ovem + 55 47

dy/dt is the system’s third input which must be chosen, together
with §,,, and g,,,, to cancel the three errors z;, z, and y.

First, the following estimated virtual mass flow rates are cho-
sen

qm, = ——— 48
Gmy B, (43)
and
d d
% -Cn
Gy = 4t 4
i 5 (49)

where C| and C; are two strictly positive constants.
Likewise, the estimated position derivative is defined as

d$ . dp?
d_)t) = ySZ(—Clz% +(d_tT —C2Z2)Z2)
dp?
BCiSVonz _ P9Voatgm — )
B, B,
d d
— AW -S> Zz% sign(W) (50)

where A is a strictly positive constant and W is the expression
defined in equations (30) and (31). If the observability condi-
tion (41) is verified, since Vy, S, Vp(y) and Vy(y) are strictly
positive

sign(W) = sign(y). (51)

From (47), (48), (49) and (50), the time derivative dV/dt of
the previously defined Lyapunov function is

dv Aer i , WM%—%W
—_— = - S“(Cyz C N—
dt y ( 121+ 2Z2)+ VN(y)VP(y)
- VnO)Vp(3)(Cizi + C223)
+ o (52)
where
d d
a=5%4%rmWW—m)
dt
d
=SW§%—M—W (53)

As mentioned in section 5, both the piston position and esti-
mated position are considered to be bounded by the physical
limits. Therefore: ye 1-1/2 I/2[,y€ 1-1/2 /2] and [y| < L.
The latter leads to

y* < Iyl. (54)
Combining (54) and (53), o can be bounded:

dpj dpj
< Sz-z( r__|9Pr )
Y dt 2 dt @2

< 0. (55)

Using (52) and (55), the time derivative of the Lyapunov func-
tion can be bounded as well by

dv

v VoS (G, = G,
dt

VvO)Ve(y)
~VvMVPG)(Ci2] + Caz)). (56)

Therefore, according to (52) and (56), provided that the ob-
servability condition (41) is verified, dV/dt is strictly negative
except at the desired equilibrium y = z; = 7z = 0, therefore
the system will asymptoticly track the average pressure trajec-
tory, cancel the pneumatic force and the estimated position y
will asymptoticly converge to the real position y.

It has to be noted that, occasionally, depending on the chosen
average pressure trajectory, the observability condition (41) can
be not verified. In this case, the time derivative of the Lyapunov
function can be zero even if the position observation error is not
zero. Therefore, while the system remains unobservable, ac-
cording to the Lasalle Yoshizawa theorem [24, 25], the position
observation error y will be bounded and the two errors z; and z,
will converge to zero.

Once the estimated virtual mass flow rates g, and g,,, are
computed, the mass flow rates g, and g,,, are calculated us-
ing the inverse transformation (24) performed at the estimated
position y (see Fig.3). Finally the control voltages Up and Uy
to be applied on the servovalves are computed using the inverse
model presented in section 2.3.

< —P[sACd )+

7. Experimental results

Fig. 4 shows the test bench used to assess the efficiency of
the proposed observation algorithm. It combines the electro-
pneumatic actuator described in section 2.1 and a LVDT posi-
tion sensor (MEAS DC-EC). The latter allows the measurement
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Figure 3: Overview of the observer algorithm.

of the piston displacement which is not used by the observation
algorithm but only to assess the precision of the position ob-
servation.The test bench also includes a linear electric motor
TB30N provided by Tecmotion (included in the experimental
setup for other studies). It is only used to move the piston to
a given position before the experiment and is therefore abso-
lutely not required for the normal implementation of the ob-
server. Finally, a cRIO-9022 real time controller from National
Instruments is used for sensors and actuators interfacing and the
rapid prototyping of the control algorithm.

Servovalves
Cylinder

Figure 4: View of the complete test bench

In order to make the system observable, the following aver-
age pressure trajectory is chosen:

p‘; = Ay + Asin(wt),
d d
% =  Awcos(wr). 57

This specific trajectory is chosen because as long as y remains
non negligible, the tracking of the average pressure trajectory is
imprecise and will result in a pneumatic force generation. The
tracking of small oscillations by the average pressure can only
result in small oscillations of the pneumatic force which are not
likely to induce a movement of the piston.

The time derivatives of the pneumatic force and the average
pressure dF ., /dt and dpr/dt are computed in real time using
a sliding mode based adaptive algorithm [26]. Numerical values
of the whole control law parameters are summarized in table 2.
The amplitude of the average pressure trajectory A, its pulsation
w, as well as the observer gain A are chosen experimentally in
order to limit the piston displacement and obtain the best trade-
off between convergence time and static precision.

Ci 10
C, 50

A 2
Ag 3 bar
A 0.5 bar

w  6mrad/s

Table 2: Algorithm parameters

7.1. Test 1: reconstruction of the piston position

The first test describes the process of the piston position esti-
mation for a given initial position. The piston has been moved
to a position of -10 mm using the linear electric motor and the
LVDT sensor which are afterward not used in the observation
process. During this preliminary operation, the servovalve con-
trol voltages are set so that the cylinders chambers remain at
ambient pressure. Att = 0.5 s, the observation algorithm is ac-
tivated. Fig. 5 shows that the estimated position y converges to
the real position y (measured by the LVDT) in about 1.5 s.

2

Piston position [mm]
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Figure 5: Estimation of the piston position

Fig. 6 shows that the position observation error stays below
0.25 mm once the steady state is reached which corresponds to
0.5% of the total stroke. An absolute zero steady state error
cannot be achieved because of model errors and measurement
noise.

Fig. 7 and 8 respectively show the average pressure trajectory
tracking, which ensures the observability of the system, and the
pneumatic force. The latter stays below 70 N and is quickly
canceled as the piston position is estimated. This is why the
piston remains still during the observation process.
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Figure 7: Average pressure trajectory tracking

Fig.10 and 9 respectively show the average pressure and
pneumatic force time derivatives.

Finally, Fig.11 allows a comparative visualization of the evo-
lution of the estimated position y and the value of the observ-
ability criterion E],%M - 6]317 defined in equation (38). When the
latter is zero, the system is not observable, and, according to the
study presented in section 6, the position error ¥ should then be
bounded. This is verified experimentally since the estimated
position § remains almost constant while 51,2% - ngr tends to-
wards zero. On the contrary when the absolute value of the
latter increases, the position error j converges to zero.

7.2. Test 2: successive estimations of multiple piston positions

The second test performed is essentially identical to the first
one. The objective is to illustrate the fact that the performances
of the observer do not depend on the position. The piston is
therefore moved to four different positions using once again the
linear electric motor and the LVDT sensor (see Fig.12). During
the piston displacement, the observation algorithm is inhibited
and the estimated position is reset to zero. Once the piston is
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Figure 9: Pneumatic force time derivative

positioned and stands still, the electric motor is inhibited and
the observer is activated. In the four cases, the estimated posi-
tion quickly converges towards the real position (measured by
the LVDT sensor).

7.3. Remark

It has been observed experimentally that a simpler form of
the observation algorithm defined by equations (48), (49) and
(58) (which replaces (50)):

y=-aw (58)

provides experimental results identical to the ones obtained us-
ing the algorithm presented in section 6. However, no theoret-
ical proof has yet been found regarding the convergence of the
system thus controlled.

8. Conclusion

In this paper, a first study dealing with position observation
of an electro-pneumatic actuator was proposed.
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Figure 12: Estimation of the piston position

The use of the A-T transformation allowed to draw a parallel
between electro-pneumatic actuators and PMSMs which made
easier a transfer of know-how in the field of position observa-

10

tion at zero speed. An observability study was conducted to
define the observability conditions at standstill which, similarly
to the PMSM case, highlighted the need for a signal injection
strategy. The latter was implemented through the tracking of
an average pressure trajectory, which, once the position is cor-
rectly estimated, does not lead to any movement of the piston.
A non-linear observer was then synthesized. A Lyapunov func-
tion was defined to demonstrate that the position observation
error, as well as the pneumatic force and the average pressure
error will asymptoticly converge to zero. Finally, experimental
results showed the efficiency of the proposed algorithm. This
whole process constitutes a thorough step-by-step example of
nonlinear observer synthesis methodology.

This strategy allows a precise reconstruction of the position
at standstill: the algorithm can be used to estimate the piston
position at zero speed in an open-loop configuration. One pos-
sible application is the initialization of a relative sensor (which
only measures displacements) such as a magnetoresistive or a
an optical coder. Initialization can thus be achieved without in-
ducing any movement of the piston. Other maintenance tasks
could also be facilitated by this strategy: imprecise mounting
or aging of a sensor can result in a bias or an offset which may
have costly consequences. The proposed algorithm offers the
possibility to implement a redundant estimation of the position
any time the piston is at standstill. This can be done at regular
intervals to avoid positioning issues due to a defective sensor.

Beside these practical applications, this work constitutes
a first step in the field of position observation of electro-
pneumatic actuators, which, hopefully, will lead in the future
to the development of closed-loop sensorless position control
laws. Finally, this study also highlights the fact that, due to the
significant progress achieved over the last decade, the available
robust differentiation algorithms can (and should) be used in
observation applications.
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