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Systematic Control of an Electropneumatic System:
Integrator Backstepping and Sliding Mode Control

Mohamed Smaoui, Xavier Brun, and Daniel Thomasset

Abstract—This paper presents a synthesis of a nonlinear con-
troller to an electropneumatic system. Nonlinear backstepping
control and nonlinear sliding mode control laws are applied to
the system under consideration. First, the nonlinear model of the
electropneumatic system is presented. It is transformed to be a
nonlinear affine model and a coordinate transformation is then
made possible by the implementation of the nonlinear controller.
Two kinds of nonlinear control laws are developed to track the
desired position and desired pressure. Experimental results are
also presented and discussed.

Index Terms—Backstepping control, electropneumatic actuator,
sliding mode control.

NOMENCLATURE

b Viscous friction coefficient (N/m/s).

Foyt External force (N).

k Polytropic constant.

l Length of stroke (m).

M Total load mass (kg).

Pp or v Pressure in the cylinder chamber P or N (Pa).

Gm Mass flow rate provided from servodistributor to
cylinder chamber (kg/s).

r Perfect gas constant related to unit mass (J/kg/K).

Spor v Area of the piston cylinder on the chamber P or
N (m?).

T Temperature (K).

vV Volume (m?).

U Input voltage (V).

Y,v,a,j Position (m), velocity (m/s), acceleration (m/s2),
jerk (m/s?).

() Leakage polynomial function (kg/s).

P(+) Polynomial function (kg/s/V).

Subscript

ext External.

D Dead volume.
S Supply.

N Chamber N.
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P Chamber P.
d  Desired.

1. INTRODUCTION

NEUMATIC control systems play an important role in in-
dustrial automation due to their relatively small size, light
weight, and high speed.

One of the conspicuous trends is the need for the electro-
pneumatic systems that can achieve precise tracking position
control [1].

The traditional and widely used approach to the control of
electropneumatic systems is a fixed-gain linear controller based
on the local linearization of the nonlinear dynamics around a
nominal operating point [2]. This method relies on the key as-
sumption of small range operation for the linear model to be
valid. When the required operation range is large, the linear con-
troller is likely to perform poorly. The harmful effects are due
to the limitation of the linear feedback controller tolerance for
the adverse effect of the nonlinearities or parameter variations.

When a fixed-gain linear controller cannot satisfy the control
requirement, it is natural to investigate other controllers. In re-
cent years, research efforts have been directed toward meeting
this requirement. Most of them are feedback linearization [3].
However, a reasonably accurate mathematical model for the
pneumatic system is required for feedback linearization.

A number of investigations have been reported on fuzzy con-
trol algorithms [4], adaptive control [5], sliding mode control
[6], [7], and robust linear control [8].

Generally, for pneumatic control systems, the application is
position control, pressure control, or a combination of the two
such that an algorithm smoothly switches from closed-loop po-
sition control to closed-loop force control [9].

The main contribution of this paper consists of designing
a multi-input/multi-output (MIMO) backstepping and sliding
mode control laws for electropneumatic system in order to track
the desired position and desired pressure in one of the actuator
chambers. A solution using a classic feedback law has been de-
veloped in [10], where the architecture of the process is modi-
fied with respect to both specifications for position and pressure
tracking and criteria concerning the energy assumption.

In this paper, robust nonlinear controllers have been studied.
The model of the electropneumatic system has been presented
and equations governing the motion of this plant have been put
in a nonlinear affine form. In order to use the backstepping and
the sliding mode techniques, a coordinate transformation has
been proposed.

Section II describes the model of the electropneumatic actu-
ator and states the problem under study. Section III deals with
the design of the two control laws. Section IV will be devoted to

1063-6536/$20.00 © 2006 IEEE
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Fig. 1. Electropneumatic system.

the experimental results. Both sets of results will be compared
with an industrial benchmark. Section V concludes this paper.

II. ELECTROPNEUMATIC SYSTEM MODELING

The electropneumatic system (Fig. 1) uses the following
structure: two three-way proportional servodistributors/and
actuator/and mass in translation. The actuator under consider-
ation is an inline electropneumatic cylinder using a simple rod
(32/20 mm) with a stroke of 500 mm. The rod is connected to
one side of a carriage and drives an inertial load on guiding
rails. The total moving mass is 17 kg.

The electropneumatic system model can be obtained using
three physical laws: the mass flow rate through a restriction, the
pressure behavior in a chamber with variable volume, and the
fundamental mechanical equation.

In our case, the bandwidth of the Servotronic Joucomatic
servodistributor and actuator are, respectively, about 200 and
2, 4 Hz. Using the singular perturbation theory, the dynamics
of the servodistributors are neglected and their model can
be reduced to a static one, described by two relationships
gmr (up,pp) and ¢, ~(un,pn) between the mass flow rates
q..p and g, n, the input voltages up and uy, and the output
pressures pp and py. The pressure evolution law in a chamber
with variable volume is obtained assuming the following as-
sumptions [11]: air is a perfect gas and its kinetic energy is
negligible; the pressure and the temperature are homogeneous
in each chamber; and the process is polytropic and character-
ized by a coefficient k. Moreover, the electropneumatic system
model is obtained by combining all the previous relations and
assuming that the temperature variation is negligible with re-
spect to average and equal to the supply temperature. Therefore,
the following relations give the model of the previous system:

dy
? = v
7: = 57 [Sppp — SNDPN — bv — Fexi]
dpp krT Sp (1)
= oy e orrr) = o]
de krl SN
@ V) ¢mn (un,pN) + TTZJNU]

>y

where

{ Vp(q) = VP(O) + Spy

, V,(0) = Vpp + Spl
th: < 7 2
Viv(y) = Va(0) = Syy {

VN(()) =Vpn + SN%

are the effective volumes of the chambers for the zero position
and Vp[p or v are dead volumes present at each extremity of
the cylinder.

The main difficulty for model (1) is to know the mass flow
rates ¢,,p and ¢, .

In order to establish a mathematical model of the power mod-
ulator flow stage, many research works present approximations
based on physical laws [12] by modeling the geometrical vari-
ations of the restriction areas of the servodistributor, as well as
by experimental characterization [13].

In this paper, the results of the global experimental method
giving the static characteristics of the flow stage [14] have been
used. The global characterization corresponds to the static mea-
surement of the output mass flow rate g, which depends on
the input control « and the output pressure p for a constant
source pressure. The global characterization has the advantage
of obtaining simply, by projection of the characteristic series
gm (u, p) on different planes:

* mass flow rate characteristics series (plane p — ¢.,,);

* mass flow gain characteristics series (plane u — ¢,,,);

* pressure gain characteristics series (plane u — p).

The authors in [15] have developed analytical models for
both simulation and control purposes. Two cases have been
studied to approximate the flow stage characteristics by poly-
nomial functions:

e multivariable polynomial function;

¢ polynomial approximation affine in control such that

gm(u,p) = ¢(p) + ¥ (p,sgn(u))u )

() > 0 over the physical domain.

By using the first approximation, a nonaffine nonlinear model
is obtained. In this case, some control algorithms, such as adap-
tive neural network controllers [16], [17] can be used.

In this paper, the second approximation is used because it
enables a physical significance to be given to the polynomial
functions. ¢(p) in (2) is a polynomial function of the pressure
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whose evolution corresponds to the mass flow rate leakage and
does not depend on the input control. ¢(p, sgn(u)) is a polyno-
mial function of both the pressure and sgn of the input control,
because the behavior of the mass flow rate characteristics are
clearly different for the inlet (v > 0) and the exhaust (u < 0).
The polynomial functions ¢(p), 4 (p,uw > 0),%(p,u < 0) have
five degrees.

From the (2) the nonlinear affine model is then given by the
equation

dy
- =
c]lt
av
o= 27 [Sppp — SNDN = bo — Fexd]
dpp _ krT (pp) — Si
at V() [P TPt
+ T bpp, sen(up)) v
—(pp,sgn(up))u
Vp(y) P Semp e
dpy _ krT SN
at ~ Va(y) [ () + pr}
T sen(un))
Vi(y) "N SEIENTE

With two inputs up and uy, the nonlinear model of the
system in Fig. 1 has the following form:

&= f(z) + g(z) x U @
with
= (y,v,pp,pn)"
where
v
. ﬁ [SPZ)P - SNPN — by — Fexn}
o= s Lelpr) = S5ppo]
VA\T(E) [W(T)N) + %pN'U]
9(z) = [g1(2), g2(z)]
0 0
0 0
B Vk%é/)q/y(ppasgn(ula)) o 0
0 V(g ¥ (P, sgu(un))

U= (’ILp7uN)T.

The system uses two three-way proportional servodistribu-
tors. Generally, it is supposed that these two servodistributors
are equivalent to one five-way proportional servodistributor
when they are controlled with the inputs of opposite signs
[2]. In this case, a monovariable position control law can be
established. However, the validity of the control law depends
on the stability of the unobservable subsystem, which is one-di-
mensional (1-D). It is very difficult to obtain results about the
global stability of the zero dynamics.

With a system of two three-way servodistributors, it is pos-
sible to control two different trajectories. For example, it seems
useful to control position and pressure without a degradation
of the desired specifications (tracking position). Let us define

907

h(z) the vector consisting of the two chosen outputs: position
and pressure in chamber P

w-(nd)-(m) @

The relative degree associated to the position and the pres-
sure are, respectively, three and one. Thus, the sum is equal to
the dimension of the system. This is sufficient to affirm that the
system is differentially flat [18]. In order to use a backstepping
technique and a sliding mode technique, a coordinate transfor-
mation is proposed as follows:

hi(z) =y
L _ thl( ) v
hz( ) ppP
( dﬁ .,
dt
v _
b
= (@ @) + Ly (6 @y D)
+Lg, L3hi(¢7H(2))un
d
B0 Lo @) + L a6 (@)
where
3 _ kT Sy _ o
B = 57 (7500em - )
b
SV (Sppp — SNPN — bv — Fext)
_ @ = zpp + S}Z\rpN
M\ Vp(y) = Vn(y)
= Li(z) + La(x) (8)
krTS .
Ly, L3hi(z) = MTT%Z)Qp(pBSIgn(up)) >0 )
, krTSy
LypLihn(e) = = =S, sgn(ux)) <0 (10)
oo fr oy kS
= Ls(z) + La(2) (1D
kr’T
Ly ho(z) = md)(pp?sgn(m:)) >0 (12)
Lg,ha(z) = 0 (13)
with
L O VRN
o) = 5 (o0 = 7))
b
el (Sppp — Snpy —bv — Foxe)  (14)
La(z) = - N,(‘ppp SNZB) (15)
L(z) = Vp( ) pr) (16)
Li(z) = -2 (17

— v.
Vo) "
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The dynamics L1 () and L3(z) contain all the uncertainties,
i.e., the leakage polynomial function and viscous friction. This
is assumed to be bounded by two known functions Fj(z) and

[L1(z)] < Fi(z)

|L3(z)| < Fa(x). (18)

In fact, ¢(p) represents the mass flow leakage inside the ser-
vodistributor and it is not easy to find a correct model for this
part. Usually the maximum leakage value |©(p)|max, is well
known. In addition, the knowledge of the viscous friction coef-
ficient b has been identified and the variation of this coefficient
around the nominal value has been experimentally evaluated at
30%. Since all states are bounded, a positive constant ¢ exists so
that [(1/M)(Sppp — Snpn — bu — Fext)| < 8. & represents
the maximum value of acceleration (25.3 ms™2).

From all the above elements, it can be concluded that F; (z)
and F>(z) can be given as

oy BT (S, Sy
1@ = 57 (7251000 o + s loon o
bmaX N
+—rt 19)
Fola) = -1 (20)

L W“P(T)P”maw

Due to uncertainties appearing in the model, robust con-
trollers are necessary to ensure high precision position and
pressure tracking. By using model (7), the objective consists
of designing a MIMO backstepping and sliding control law for
the electropneumatic system.

The aim of the control law is to respect good accuracy in terms
of position and pressure tracking for desired trajectories. The
relative degree of the position and the pressure are, respectively,
three and one. This means that the electropneumatic system can
only track position trajectories at least three times differentiable
and pressure trajectories at least one time differentiable. The de-
sired trajectories have been carefully chosen in order to respect
these differentiability conditions (see Fig. 2).

III. CONTROL SYNTHESIS

A. Multivariable Backstepping Controller

Backstepping [19]—[21] is a recursive procedure, which en-
ables a control law to be derived for a nonlinear system, asso-
ciated to the appropriate Lyapunov function, which guarantees
stability. Classes of systems, for which this procedure works,
are given in [20] and [21].

In this paper, this technique is applied for a MIMO system
(inputs: up and uy, outputs: y and Pp).

First, a pressure error is defined

¢4 =Py — Pp- @D
Differentiating (21) gives

dey

s (22)

= Lha(¢74(2)) + Lg, ha(¢™(2))ur — Py

150 T T T T T 7
. Position

~ 100
£ o
g ¢
~ L =
= S0 é
2, T
w2
:
S s g
8 (¢
. ~
z g
Q -100 g

-150 A 1

0 1 2 3 4 5 6
Time (s)

Fig. 2. Desired trajectories.

u,, 1s chosen as

1

Uy = —————
" Ly ha(97(2))
x{—F’ (z)sgn(e )+ﬁ v+ ph — cge } (23)
2(Z)sgn(eq Vp(y)pp pp 4€4
with ¢4 > 0.

Taking V' (e4) = (1/2)e? as a Lyapunov function, the deriva-
tive of this function reads

. kv’
V(ey) = —cqed — Fy(z)|es]| + ———o(pp)es < —cgel < 0.
Vr(y)
(24)
Now, consider the scalar system
€1 =Y~ Y. (25)
Differentiating (25) gives
€1 =0 — 1y (26)

with v viewed as the input, the feedback control v = «a(z1) is
designed to stabilize the origin e; = 0 with

v=—c1e1 +vqg = az(eq, vq) 27
with ¢; > 0. Then (25) becomes
él = —(C1€1 (28)

and V(ey) = (1/2)e? satisfies V(e1) = —c1e? < 0. A velocity
error is defined as follows:

eo = v —aie1,vg) = v —vg + creq. (29)
The (y, v)-subsystem is transformed into the form
él = €9 — C1€1
{ég = a—ad—l—cl(CQ —0161). (30)
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Taking V(e1,e2) = (1/2)e? + (1/2)e3 as a composite
Lyapunov function. The derivative of V(e1,e2) is computed as

V(el,ez) = —c1e? + ea(er +a —aq+ ci(ez — crer). (31)
Taking
a=—ey+aq—ci(ea —cre1) — caeqg = as(er, eq,aq). (32)
This ensures the negativity of the Lyapunov function

Vier,es) = V(e1) — cae2 = —c1€? — cze2 < 0 (33)

for some cy[s~1] > 0. Finally, an acceleration error is defined
as follows:

e3 = a — az(ey, ez, aq) (34)

the (y, v, a)-subsystem is transformed into the form

él = €2 — C1€1
é2 = €3 — €1 — C2€9

és = L3ha (67 1(2)) + Ly, L3ha (¢~ (2))uy
+Lg, Lzha (67 (2) )un —ja+(c1+ca)(ea —e1 —caea)
+ (1= c}) (e2 — cren).
(35)
Using V (e1, e2,e3) = (1/2)e? + (1/2)e3 + (1/2)e3 as a com-
posite Lyapunov function, and taking
N 1
Ly, Liha(o71(2))
X [—ea—La(y,v,pp, pn ) — F1(z)sgn(es)
— Ly La(97(2))uy + ja
— (e1+ c2)(e3 — er — caea)

— (1= ¢})(ea — crer) — czes]

uUun

(36)

for some c3[s™!] > 0. So, the derivative of the Lyapunov func-
tion becomes

V(er,en,e3,e4) = Vier,ea) — czed — Fi(z)les]
+ Ll(yameN)CS
< —cle% — (126% - cgeg

< 0. 37

Given the system described in (7) and using the actual inputs
defined in (23) and (36), the output tracking error is globally
asymptotically stable.

B. Multivariable Sliding Mode Control (SMC)

SMC [22]-[24] is one of the effective nonlinear robust ap-
proaches. The first step of sliding mode control is to select a
sliding surface o; that models the desired closed-loop perfor-
mance in the state variable space. Then, design the control so
that the system state trajectories are forced towards the sliding
surface and stay on it. The choice of the control law that satisfies
the following sliding condition is:

(38)

0;0; <0

909

which ensures the attractivity of the sliding surface in the state
space. The general problem is stated for a system represented
by the state equation

= f(z)+g(z)xU (39)

where z € R™ and U € R™. SMC design consists of finding
m switching functions. The sliding control law is obtained by
forcing each control variable u; of the control vector to satisfy
the following law

{uj_7
U; = b
u;

So that the reaching modes satisfy the “reaching condition”
namely, reach the set o;(x) = 0 (switching surface) in finite
time. Then, any state « outside the switching surface is forced
to reach the surface in finite time. On the switching surface,
the sliding mode takes place following the desired system
dynamics.

Let us define a vector o of components o;(: = 1, 2) by

when o;(z) > 0

when o;(z) < 0 “0)

o1 =Ny —yh) + 2\ v — v + (a — o)

= Me, +2Xey + e (41)
02 =pPp — pC;lD
=ep (42)

with A > 0. Differentiating (41) and (42) gives

5] _ [V =" + 20— o) — 1+ (07 2)
3] [Pt )
I i G A |

(43)

The two control laws are chosen as follows

{u,p} _ {LglLihl(gb—l(z)) ngLihl(qﬁ_l(z))]_l
UN Lmhz(qb_l(z)) A
X <_ [)‘Z(U—vd)_|_2)\ "

— |:(k1 + Fl(m))sgll(ﬂl):| (44)
(k2 + F2(z))sgn(o2)
with k;, (7 = 1,2) > 0.
This satisfies the sliding condition
0101 = 01(]41(&) — (kl + Fl(@)sgn(al)) <0 45)
0909 = O’Q(Lg(g) — (/ﬂg + FQ(@))SgT}(Uz)) < 0. (46)

It is important to note that Ly, ha(¢~1(2)) is strictly positive
and Ly, L3h1(¢7"(2)) is strictly negative, so there is no singu-
larity in the control laws (23), (36), and (44).

IV. EXPERIMENTAL RESULTS

The proposed backstepping algorithm has been implemented
using a dSpace DS1104 controller board with a dedicated dig-
ital signal processor. The measured signals, all analog, were run
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Fig. 3. Experimental results with backstepping controller: (a) position and desired position (mm); (b) position error (mm), (c) pressure and desired pressure (bar),

(d) pressure error (bar), (e) control input u » (V), and (f) control input u (V).

through the signal conditioning unit before being read by the
16-bit analog/digital converter. Two pressure sensors are used,
their precision is equal to 700 Pa (0.1% of the extended measure-
ment) and their combined nonlinearity and hysteresis is equal to
£0.1% of the extended measurement. The cylinder velocity is
determined by analog differentiation and low-pass filtering of
the output of the position given by an analog potentiometer (its
precision and repeatability is equal to 10 pm and its linearity

is 0.05% of the extended measurement). The acceleration infor-
mation is obtained by numerically differentiating the velocity.

The gains ¢; = 120,¢ = 40,¢3 = 20, and ¢4 = 200
have been tuned in order to minimize the position tracking error
in presence of model uncertainties. These values ensure good
static and dynamic performance. Some experiment results are
provided here to demonstrate the effectiveness of the backstep-
ping controller.
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Fig. 4. Experimental results with sliding mode controller: (a) position and desired position (mm), (b) position error (mm), (c) pressure and desired pressure (bar),

(d) pressure error (bar), (e) control input « (V), and (f) control input w« » (V).

Fig. 3 shows the position, the desired position, the position
error, the pressure in chambers P, the desired pressure in
chamber P, the pressure error, and the two control inputs up
and upy.

From the experimental results, perfect tracking responses are
obtained for the position and pressure in chamber P due to
the robust control characteristics of the backstepping controller.
The position tracking error is less than 1.5 mm, which is better

than a classical nonlinear control law [10]. (The control law in
[10] has been implemented on the same experimental setup, in
the same conditions. In this case, the maximum position error
is about 5.54 mm.) The pressure tracking error is no more than
54 mbar.

Fig. 3(f) displays the control input % . The noise is due to
the acceleration signal obtained by differentiating the velocity
numerically. Future work will focus on the exact robust differ-
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entiation via sliding mode technique [25]. Fig. 3(e) shows the
control input up. The signal is smooth (the computation of u,,
does not need the acceleration signal).

The sliding mode controller is applied to control the elec-
tropneumatic system for comparison. The experimental condi-
tions are the same as previous. The objective consists of tracking
the desired position and pressure with high accuracy in spite of
model uncertainties. For the position control £, = 120 and for
the pressure control ks = 4 x 10°, the gains have been tuned in
order to minimize the position and pressure tracking errors.

The responses of the position of the piston, the pressure in
chamber p and the two control laws % p and uy, are shown in
Fig. 4.14tcst05-smaoui

The robust control characteristics of the sliding mode con-
troller can be observed. The maximum position tracking error
is about 1.27 mm. This error equals about 0.51% of the total
displacement magnitude. In steady state, the average position
error is about 100 pm. The pressure tracking error is very low:
its maximum value is about 43 mbar.

Therefore, this control law seems more efficient than feed-
back linearization [2]. However, the chattering phenomena in
the control laws [see Fig. 4(e) and (f)] are undesirable and seem
considerably to decrease the lifetime of some components. So,
from this point of view, backstepping controllers seem more
useful than sliding mode controllers.

V. CONCLUSION

This paper has successfully demonstrated the application of a
MIMO backstepping controller and a MIMO sliding mode con-
troller to control the position and the pressure (in one chamber)
of an electropneumatic system. First, the mathematical model
of the electropneumatic system was introduced. Then, the the-
oretical bases of the controllers were described in detail. Then,
experiments were carried out to test the effectiveness of the pro-
posed controllers.

Satisfactory control performance has been obtained by both
the backstepping and sliding-mode controllers. The chattering
phenomenon does not exist in the backstepping controller.
So, the backstepping controller is more suitable to control an
electropneumatic system. Future work will focus on higher
order sliding modes. In fact, as is indicated in [26], higher order
sliding modes preserve or generalize the main properties of
standard sliding mode and also remove the chattering effect.
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