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Abstract— This paper presents the practical implementation electropneumatic actuator. The controller allows to emsur
of a new robust third order sliding mode controller for an  the convergence of the closed-loop system in a predefined
electropneumatic actuator with a predefined convergence mie. time. The dynamics of electropneumatic setup considered

The controllers robustness is discussed with respect to eenal . th ¢ i d affected with ext
disturbances. Implementation results on an electropneunti In the present paper are noniinear and altected with exter-

actuator setup show the effectiveness of the controller. nal disturbance. After selecting proper output variable fo
controller design, then dynamics of the electropneumatic
|. INTRODUCTION setup becomes similar to the system discussed in [17]. The

Pneumatic actuators are widely used in industrial applontroller objective is to force the piston position of the
cations due to the following advantages: low maintenandgectropneumatic actuator to track a desired trajectory in
cost, lightweight and good force/weight ratio [1], [2], [3] @ predefined convergence time, the time being defined in
For high performance position control of electropneumatigdvance. Results on similar applications based on [18] have
actuators, robust control approaches are required to eedugeen obtained in [19], [20]. But the designed control input i
the effect of the model non-linearity such as friction, gari [18] is discontinuous because discontinuous term appaars i
tion of the actuators dynamics due to large change of loathe control input which can cause the chattering and then af-
Sliding mode control (SMC) is a one of the most populafect the tracking performance. In the current paper, tocedu
robust control strategy for uncertain nonlinear systenjs [4chattering and to improve the results of [19], a new scheme
[5], [6]. The main advantages of SMC are the finite timgnspired from [17] and based on integral sliding mode cdntro
convergence and the robustness with respect to unceesint{lSMC) approach is used. In this scheme, discontinuous part
and perturbations. In addition to this, higher order skigin of the control appeared in [19], [20] is replaced by super-
mode control (HOSM) also preserves the main advantagdsisting, which makes overall control continuous. Thisdin
of SMC but improves the performance of the closed-loopf robust controller, from the application point of view, is
system by reducing the chattering phenomenon [7], [8], [9Retter than the discontinuous control.

In HOSM, twisting-control and super-twisting controlleea . I

widely studied [5]. Super-twisting control became more-popA' Main Contribution

ular than twisting one due its advantages like use as obiserve The main contribution of this paper is the design of control
differentiator and generates continuous control [10],][11scheme inspired by [17] to a perturbed electropneumatic
Note that these two controllers are second order slidingctuator. The control scheme is based on ISMC in which
mode ones. They do not allow to guarantee the finite timée “so-called” nominal control tracks the disturbanceefre
convergence of the electropnematic actuator positiorgrgiv System in a predefined convergence time. For the disturbance
that the system with respect to the position has a relati@®mpensation super-twisting is used, which makes overall
degree equal to 3. continuous control and improves the tracking performance.

Concerning the application of SMC and HOSM to the
electropneumatic system, many results have been publishgd Structure of the Paper
A few of them are detailed in the sequel. In [12], adaptive The paper is organized as follows. Section Il describes
super-twisting control is used for the piston positionking, the eletropneumatic system. Section Ill details design of
a linear sliding surface being used in the control desigrihe controller. Experimental results of the proposed @intr
In [13], [14], different HOSM control eventually output method to an electropneumatic system are discussed in
feedback have been used to ensure trajectories trackirfggction 1V.

Some of recent works are also presented in [15], [16], and
will be expose in reference therein. Note that these salatio
can not allow to predefine the convergence time of the The electropneumatic system (Figure 1) is composed of
closed-loop system. two actuators ([12], [13], [14], [16], [21]): the first one,

The main focus of this paper is the design of a newamed “main actuator” and the second one that is “per-
third sliding mode controller inspired from [17] for the turbation actuator”. The main actuator composed of two

chambers (denoted by and V) is a double acting actuator
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Fig. 1. Photo of the electropneumatic system and Schemagtectropneumatic system [14]

actuator is 2720 N. The air mass flow rates entering in thEhe variabley is piston positionp is its velocity,pp and
chambers are modulated by two three-way servodistributonsy are the pressures in both chambePsand N chambers,
The pneumatic jack horizontally moves a load carriage akspectively), Fex is the external force produced by the
massM . This carriage is coupled with the second pneumatiperturbation actuator; is the perfect gas constarit, the
actuator. The goal of the second actuator is to produagscous friction coefficient]” the supply temperaturé;, the

a dynamical load force on the main actuator. The secomblytropic constant and is the control input of the system.
actuator has the same mechanical characteristics as m@iiven that the actuator is controlled by two servo-distidos
actuator, but the air mass flow rate is modulated by a singtbrough two inputsup anduy, thusu = up = —uy. The
five-way servodistributor. Note that the force control oé th volume in each chamber is defined as

second actuator is performed by analogic PID controller

developed by the test bench manufacturer. Ve(y) =Vo+5-y
As detailed in [14], the nonlinear plant model of electropne Vn(y)=Vo—S-y
?Satic system is obtained from the physical laws and rea%th Y

being equal to the half of the cylinder volume and
S is a piston surface. The functiop, and ¢, with x =

. kT tpu— S v {P, N} are describing the mass flow rate and defined as a
br= Ve(y) P P PP 5" order polynomial [for details see [12] ]. The constraint
) krT S are as follows
pN—V—{SDN_U)N'U‘i‘_TpNU] .
N (Y) r [yl <72mm, |v|<1ms ", 1bar<pp <7 bar
1
o= i {5(1913 —pN) — byv — Fext] 1bar<py <7hbar, and |ul <10 V.
§=uv 1) The parameters of the electropneumatic system are listed in
Table I.
The nonlinear system with = [ py pp v y | reads TABLE |
asz = f(Z) + g(E)U Where PARAMETERS OF THEELECTROPNEUMATIC SYSTEM
krT _ S Parameters Notation | Value
Ve (y) {SDP PP U} Viscous friction coefficient| b, 50
Polytropic constant k 1.2
krT S Perfect gas constant r 287 JKg TK—T
F(z) = Vi (y) [“ON + TTpNU} Temperature T 203° K=20° C
Mass M 3.4 Kg
1 Piston surface S 0.0045 n?
M [S(pp —pN) — by — Fex‘} Half-cylinder volume Vo 340 x 10~Tm3
L U -
- _krT
Ve P o [1l. CONTROLLER DFSIGN .
BTy, The objective of the control law is that the actuator posi-
g(z) = Vn(m) TN tion is tracking a desired position trajectory in a predefine
0 time ¢tr. Define the tracking error as
L 0 0 =Y — Yrefy U = UV — yref and O' = 'U — yref. (2)




with e a sufficiently differentiable reference trajectory. TheFilippov sense. The motion on this set is called third order
dynamics ofg reads as sliding mode with respect to the sliding varialste |
1
G = i [S(pp —pN) — by — Fext] — Yref Definition 2: [5] Consider the system (6) with sliding
variable o. Assume that the time derivative of sliding

Control input is not explicitly appearing in the dynamics ofvariables, 5 are continuous function. The manifold defined
g. Indeed relative degree of system (1) with respect tosthe g5 Zi’ = {x | |o| < ot 6| < u17?,15| < par} with

is equals 3, given that Lo, i1, iz > 0 and ther sampling time, is called “real
1 . . o third order sliding set”, which is no-empty and is locally an
0 =7 {S(pp —PN) — by — Fext} — Yret integral set in the Filippov sense. The motion on this set
B is called real third order sliding mode with respect to the
= V() +AC) + ()u ) sliding variablec. [ |
with
R O Y P B i e s
D = _ _ i
M [Vp(y) Vn(y) M [Vp(y)  Vn(y) oy P
v -B"M[o ¢ 6]"+B'(t) for0<t<tp
- —|S(pp — —byv] — Y i = - =
MQ[ Br =p) = bev] = Ve B {—BTM[ o & 61" for t > tp
SkrT
°0= (57 |7t + 7)) "
P N with 6(t) (6(0) selected in order to satisfy the terminal
A — boFex  Fex conditionz(tr) = 0.) and M defined as
M? M . T T
Note that it is assumed that the system model is known. 0=—(A" —MBB )}
To cancel the known parts, control input for system (3) is 0=MA+A"M - MBB'M +Q
defined as follows, -
1
=— —¥()+u 4 . - o
B <I>(-)( ) u) @ The details of closed-loop stability analysis with above

After substituting the control input (4) in (3) one gets ~ control is discussed in the [18], [22]. _
The controller proposed in the sequel is based on the

og=u+A (5) integral sliding mode concept developed in [17]. This kind
of controller is composed of two terms. The term required

L . . . to cancel the perturbation is discussed in the next sulosecti
Before designingu, consider the following assumption by using disturbance observer.

on the uncertainty.

A. Assumptions and recalls

B. Disturbance observer and main result

Assumption 1: The derivative of the uncertaintA is The goal of the disturbance observer is to estimate the
bounded and maximum bound is known. Also,tat= 0,  gisturbance early fromt > 0. All the statesz of the
A(0) = 0. u system are measurable. In observer design, we consider the

. ) measured variable as
Now, one has to design@ in ordertoget = ¢ =6 =0

in a predefined timegr, in spite of perturbation term\. s=Gzr with GB#0, GeRY3 (8)
System (5) reads as,

&= Az + B(a+ A)

0 1 0 0
=10 0 1 |z+|O0
0 0 0 1

Definingx = [ o & & |'. Before proceeding further
let us recall some standard definition of third order sliding é¢=35-3

mode as follows, =GAxz + GBu+ GBA —GAxz —GBu—z (10)

Definition 1: [5] Consider the system (6) with sliding =GBA -2
variable 0. Assume that the time derivative of sliding Define the correction term as
variableg, o are continuous function. The manifold defined
as>? = {z | 0 = ¢ = 6 = 0} is called “third order sliding ) )
set”, which is no-empty and is locally an integral set in the = —kssign(e)

Dynamics for the disturbance observer is defined as

§=GAx+GBu+z 5(0)=s(0) (9)
(6)

(w+A) wherez is the correction term that is defined in the sequel.
The error between and s being defined ag = s — § (with
e(0) = 0) ensurings = §, its dynamics reads as

z = k1|e|%sigr(e) oz (11)



After substitutingz in (10), one gets IV. EXPERIMENT RESULTS

é = —kile|Zsign(e) + v The proposed controller is implemented using MAT-

, _ . (12)  LAB/SIMULINK with dSpace DS1104 datacard. The sam-
v = —kssigne) + GBA pling period is selected as 1 ms. To implement proposed
wherer = GBA — v1. As mentioned earlier at = 0 one controller, main actuator’s position, velocity and accati®n
hase(0) = 0 which can be maintained with the following are required. The position of the load mass is measured
gain conditions [17] by using position sensor and then by using differentiator,

) > 1.4 \/k— _IGBA 13 velocity and acceleration are obtained. Dynamics of the
2>p ki >1dVka+p, p=| max (13) electropneumatic system are nonlinear and affected with

and achieves the second order sliding modecoim the Perturbation actuator. For this latter, a reference ttajgc

presence of disturbance. Given that= ¢ = 0, the exact Of the perturbation is selected and tracking is achieved

perturbation can be computed from (10)As= (GB)~!z.  With a PID controller provided by the company that builds
the set-up. For simulations and experiments, two different

Theorem 2: Consider the system (5) with the vectBr= reference trajectories are consideredjas= 0.04sin(t) and
[0 0 1]7 and vectorG defined such thatzB # 0. et = 0.04. The external disturbance trajectory is selected
Suppose than\ fulfills Assumption1 and |GBA|max = p S Fext = 500sin(0.5¢) (Figure 2). Using an integral sliding

with A(0) = 0. Define the convergence tintg. Then, the mode control approach, the control input is designiesl,
continuous control inputi = wu,, + u4 defined as nominal controk:,, and the disturbance rejection contegj.

Design of a nominal control withz = 2 sec? is discussed
" -B"™M[o & & ]"+BT4(t) for0<t¢t<tr  below. The nominal control reads as
" 1-B"™M[o 5 5] fort > tp

(14) 500 : : : Evul‘uliun of‘Perturbe‘\lion

with §(¢) (6(0) selected in order to satisfy the terminal w00
conditionz(tr) = 0.) and M as ool

§=—(AT —MBBT) -

0=MA+A"M —MBB'M+Q
and -

ug = —(GB) ™z, (15)

z being defined from (11), allows the establishment of w Time (seconds)
third order sliding mode with respect @ i.e for ¢t > tp, @
c=06=0=0. u

Fig. 2. External perturbation trajectory obtained usingyréation actuator
Proof: Let us rewrite dynamics of system (6)

&= Az + B(a+ A) (16) L {—BTMx(t) +BT(t) foro<t<tp )
n = T
After substituting the control input, system (16) reads as —B " Ma(t) for ¢ > tr
& = Az + Blup + ug + A) \é\igrt};he matrix M derived from the Riccati’'s equation, by
= Az + Bu,, + B(uq + A) 9
— Az + Buy, + B(—(GB) "'z + A) 100
Q=010
= Ax + Bu, 0 0 1
Using disturbance observer, disturbance is estimatedigxacone gets
so —(GB)"'z+ A = 0 fromt > 0, which makes
dynamics free from the disturbance. 2.414 2414 1.000
_ M= | 2414 4.828 2.414
& = Az + Bun, 1.000 2.414 2.414
The system dynamics now reads as Theotesuch kind of The initial condition of the state for sinusoidal trackirgy i
system is finite time stable and one can obtained for systeplo) = [ 0 —0.04 0O f and for constant tracking is

(6) x =0 att = tp, that meansr = 6 = ¢ = 0. In other (0) = [ 004 0 0 ]T
words, controller achieves the establishment of a thiraord

Slldlng _mOde with respect to Iin the predemed finite time 1in the sequel, several values tf will be considered. For each value
tg.. This completes the proof. B of ¢ initial condition of § has to be obtained.

. Given z(0) and tp = 2sec,



initial condition of §(¢) function is calculated by using the [3]
gr anper function (For details, see [18], [23]i)e.

[ 0.9079
0.8989
| 0.2791 |

0.9485 -
0.9079
| 0.2709 | 7]

The gains of the correction term used in the observer that
estimates the disturbance are selecte#l,as 700 andk, = 8
1000 (see section lll). The matrig is selected a&' = B.

(4]
(5]

6(O)Sinusoidal Reference=

0 (O)Constant Reference=

: . [9]
A. Discussions

During the experimentations to show the effectiveneds?
of the proposed controller, different predefined convecgen
time ¢t have been chosen for the tracking of piston positiofi-1]
in the presence of external force generated by perturbation
actuator. As mentioned in the earlier discussion, two dffié  [12]
reference trajectories are considered.

The obtained results are compared with existing methqgl,
[18]. In Figures 3 (a) and (c), tracking of piston position
is depicted with differentr with sinusoidal and constant
references. It is clear from Figures 3 (a) and (c) that thig*
proposed controller has achieved the objective in spite of
external force. In Figures 3 (b) and (d), same trackin
is presented with the controller developed in [18]. Th 15
tracking performance are quite similar even if the accuiacy
slightly better with the proposed controller. In fact, thaim
difference (and the main advantage of the proposed meth(ﬂﬁ]
appears in the control inputs, as displayed by Figures 4 (a)
and (b) (onlytr = 2 sec is considered). The required control
inputs to achieve the control objective are clearly mor&7]
affected by chattering with control designed from [18]. §hi
kind of signal can be damageable for the servo-distributo8]
The proposed controller clearly offers a better solutioine T
pressures in the chambaf are depicted in Figure 4 (c) and [19]

(d).
V. CONCLUSION

This paper presents practical implementation of a robu[sztO
third order sliding mode controller for an electropneumati
actuator. The controller guarantees position trackinghef t 21]
piston at exactly a predefined tinig¢ and this convergence
time is chosen in advance. The controller robustness is pre-
sented with respect to external disturbances. Implenientat (22
results on an experimental setup shows the effectiveness
of the controller versus an other third order sliding mode

. : 3]
existing control method. It is observed that the propose[a
control uses less energy to obtain similar performances.
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Control inputs- Sinusoidal reference
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