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Continuous—Discrete Time-Observer Design for
State and Disturbance Estimation of
Electro-Hydraulic Actuator Systems

Sofiane Ahmed Ali, Arnaud Christen, Steven Begg, and Nicolas Langlois

Abstract—In this paper, a continuous-discrete time
observer which simultaneously estimates the unmeasur-
able states and the uncertainties for the electro-hydraulic
actuator (EHA) system is presented. The main feature of
the proposed observer is the use of an intersample output
predictor which allows the users to increase the frequency
acquisition of the piston position sensor without affect-
ing the convergence performance. The stability analysis
of the proposed observer is proved using Lyapunov func-
tion adapted to hybrid systems. To show the efficiency of
our proposed observer, numerical simulations and exper-
imental validation involving a control application, which
combines the designed observer and a Pl controller for the
purpose of piston position tracking problem, are presented.

Index Terms—Continuous—discrete time observers, dis-
turbance observer (DOB), electro-hydraulic actuator (EHA),
intersample output predictor, sampled data measurements.

|. INTRODUCTION

UE TO a high power to weight ratio and their ability
to generate high torques/forces outputs, electro-hydraulic
actuator (EHA) systems are widely used in several indus-
trial applications [1]-[5]. Despite this advantage, the EHA
systems suffer from some drawbacks due principally to their
structure. Indeed, the EHA systems are subject to various uncer-
tainties such as model parametric variations [6], [7], highly
nonlinear dynamic behavior [8], potential faults such as inter-
nal leakage [9], and hard damage affecting their functioning. In
the last years, the increasing demand of high precision control
for EHA systems renders the development of advance controls’
methods necessary to meet the actual requirements in terms of
tracking performance.
Despite their actual dominance, the traditional proportional
integral derivative (PID) controllers are not robust enough to
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counteract the effect of the uncertainties affecting the EHA sys-
tems. Therefore, the focus of the researchers has been shifted
toward developing nonlinear closed-loop control methods in
order to improve the tracking performance for the EHA sys-
tems. In the past decades, several nonlinear control techniques
have been developed in the literature such as feedback lineariza-
tion [7], [10] and sliding mode control [11]-[14]. In [6], a novel
integration of adaptive control and integral robust feedback was
proposed for hydraulic systems with considering all possible
modeling uncertainties, and an excellent tracking performance
was achieved, which is the first solution for theoretically
asymptotic stability with unmatched disturbances for hydraulic
systems; others nonlinear controllers such as robust/adaptive
robust controllers [15]-[20], [37], [38] and backstepping con-
trol [21]-[24] were also proposed. These methods have already
proved their efficiency to improve the tracking performance
of the EHA systems facing modeling uncertainties, parametric
variations, and external disturbances.

However, all aforementioned techniques are full-state feed-
back ones, i.e., the designed controllers assume that all states of
the EHA systems are available for measurements. From practi-
cal of point of view, this assumption may not be realistic for
some hydraulic systems. Indeed, for many hydraulics appli-
cations, only the position signal of the actuator is measured
via sensor. The other states like velocity and hydraulic pres-
sure are not measured because of the cost-reduction and the
space limitation; therefore, states and disturbances observers
have recently received in the literature more and more attention.

Several states and disturbances observers were developed by
some researchers in the past decade. The idea behind devel-
oping these observers is to use the states and the disturbances
estimation provided by these observers in order to synthesized
an output-feedback controllers which compensate the internal
and the external disturbances affecting the EHA systems. At
this stage, we can distinguish between two main approaches in
the literature. The first approach consists in developing only a
state estimator (i.e., an observer) which estimates the unmea-
surable state of the EHA systems. These observers ignore both
the internal disturbances like parametric variations, modeling
uncertainties, and the external disturbances such as the load and
the friction torque affecting the hydraulic application. Those
types of observers can be found in the work developed by the
authors in [25]-[28]. The second approach developed by the
authors in [29]-[31] assumes that the states of the EHA systems
are measurable and synthesize a disturbance observer (DOB)
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which estimates the mechanical and the hydraulic disturbances
affecting the system. These estimations are incorporated then in
anonlinear closed-loop controller which compensates the effect
of the disturbance and improves the tracking performance of the
desired position for the EHA systems.

Recently, the authors in [32] proposed a novel framework
for the purpose of simultaneous estimation of the unmeasurable
states and the unmodeled disturbances, and then resulting in an
excellent output feedback nonlinear robust backstepping con-
troller for hydraulic systems, by developing an extended state
observer (ESO) [33] and robust backstepping design. In this
work, the authors consider that the main uncertainties affecting
the EHA systems come from the hydraulic part. Therefore, they
synthesized an observer based on the well-known techniques
of ESOs [33] which estimates the unmeasurable state and
the hydraulic disturbances of the EHA systems. The proposed
observer is also robust facing the mechanical disturbances gen-
erated by the load driven by the considered EHA system in this
paper.

In the case of hydraulic applications, the main drawback of
the designed observers [25]—[32] is that they assume that the
measured variable is continuous. In practical situations, this
measured variable which is given by the position sensor is sam-
pled. In other words, the piston positions are available for the
observer at only sampling times ¢; fixed by the sampling rate
(i.e., the frequency acquisition) of the sensor. This frequency
can affect the convergence of the proposed when it comes to the
matter of implementation of the proposed observer on digital
signal processors (DSPs).

Following the design in [32], the authors in [34] designed
a sampled data observer which deals with the problem of
discrete time-measurements for the EHA system. The pro-
posed observer retains the same benefits which characterize the
observer proposed in [32] in terms of simultaneous estimation
of the unmeasurable states and the internal disturbances affect-
ing the EHA system. The proposed observer involves in its
structure an intersampled output predictor [35] which ensures
continuous time estimation of the states and the exponential
convergence of the observation errors. Moreover, the sampling
period of the data acquisition of the observer can be augmented
independently from the frequency acquisition of the sensor
position without affecting the convergence of the observer.
However, the designed observer in [34] suffers from two major
drawback. The first one concerns the Lyapunov function pro-
vided to prove the exponential convergence of the proposed
observer. Indeed, the authors in [34] demonstrated the expo-
nential convergence of the observer only locally between two
sampling periods. In addition, the performance of the proposed
observer were validated only in simulations and no experi-
mental validation of the observer is provided. Comparing to
the work of the author in [34], two main contributions were
provided. The first contribution consists in designing a novel
Lyapunov function based on small gain arguments which guar-
anty a global exponential convergence of the proposed observer.
In addition, the maximum sampling period T}, derived from
this function is less restrictive comparing to the one derived in
[34]. The second one is that experimental results performed on
the experimental test rig of the Brighton University is provided

Fig. 1. Schematic of the EHA.

for this observer. This is in our acknowledged the first time that
such observers were designed and tested experimentally for the
EHA systems.

This paper is organized as follows. The EHA modeling
issues and the problem formulation are presented in Section II.
Section III presents the continuous—discrete time observer for
the EHA system. Numerical simulations and experimental val-
idation showing the effectiveness of our proposed observer are
presented in Section I'V. Section V contains the conclusion and
the future works.

Il. EHA MODELING

The schematic of the EHA studied in this paper is depicted in
Fig. 1 [26], [29]. The EHA system contains usually three parts,
namely the electrical, the mechanical, and the hydraulic part.
These parts represent an interconnected subsystem in such a
way that the dynamic of each subsystem influences the dynam-
ics of the others. The electrical part of the EHA system is a
servo-valve (top of Fig. 1) which controls the fluid dynamics
inside the chambers. The spool valve is driven by the electri-
cal input current u of a torque motor. The displacement of the
spool valve x,, together with the load pressure P;, controls the
fluid dynamic inside two chambers A and B which constitute
the hydraulic part of the EHA system. The mechanical part of
the EHA system is a cylindrical piston which is modeled as
a classical mass-spring system. The position of the cylindrical
piston z,, obeys to the fundamental principle of dynamics.

A. State-Space Representation of the EHA

Considering the following states variable: x =
[#1, x9, x3]T = [z, %, PL]T, the state-space representa-
tion of the EHA system can be written under the following
form [26], [29], [31]:

ey

: P
To=——T1 — —To+ —T3
m m m

—axs — fas + v/ Ps — sign(u)zsu

Ty =

Fl1:1
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where x,, is the piston position (m). &, (m/s) is the piston veloc-
ity and P, (Pa) is the pressure load inside the chambers of the
hydraulic part. k is the load spring constant (N/m), b is the vis-
cous damping coefficient [N/(m/s)], and A,, is the cylinder bore
(m?). P, is the supply pressure (Pa). c, 3, are the hydraulic
coefficients of the EHA model. These coefficients depend on
the flow characteristics of the EHA system. For more details
about the expression of the hydraulic coefficients «, 3, and
the modeling issues of the EHA system, the reader is referred
to the work of the authors [26], [29] and their corresponding
literature.

B. Modeling Uncertainties and
Disturbances Affecting the EHA System

Time-Varying

In [29] and [31], the authors distinguished between two types
of disturbances d; and ds which can affect the EHA system.
The first one d; is the mechanical disturbance which is the
result of lumping together the modeling parametric uncertain-
ties, the load charge F o4, and the friction force Fiicion acting
on the mechanical part of the EHA system. As reported by the
authors in [32], the second term d does not hold the same
significance as d;. Indeed, ds represents the parametric devia-
tion over the hydraulic coefficients «, 3, v and potential leakage
affecting the hydraulic device of the EHA system. These param-
eters are also sensitive to temperature inside the EHA system.
Taking into account these issues, the disturbed EHA model can
be written as follows [29]:

.fl = T2
k b A, dy

Tg=——T — —To+ —Tg— —
m m m m

23 = —awg — Brg + v/ Ps — sign(u)zsu + do
where d; (t) and dx(t) are expressed as follows [31]:

k b A
dl(t) = Ai'rl - AizQ - A_ng + FLoad + FFriction
m m

m
da(t) = — Aaxs — APas + Ayy/ Ps — sign(u)zsu. 3)

The A symbolizes the considered parametric uncertainties
affecting the mechanical and the hydraulic part of the EHA sys-
tem. System (2) can be expressed under the following compact
form:

©))

{:’c:Ax+<,0(m,u)+de @

y=Czr=mn

where z € R3 and y € R represent, respectively, the state vec-
tor and the measured piston position 1 = x,,. The vector u &
R describes the set of admissible inputs. d(t) € R? denotes
the vector of the disturbances which affect the EHA. B; with
dimensions 3 x 2. The matrices A, By, C, and vector ¢(x, u)
have the following structure:

0
A=10
0

osilro

1
0
0

00
By=| Lo
01
C=(100)
0
o(z,u) = —%Il - %1‘2

—axy — Pfas + v/ Ps — sign(u)zsu

C. Problem Formulation

For system (4), the piston position is available for measure-
ment only at each sampling times ¢ imposed by the frequency
acquisition (the sampling period) of the sensor manufacturer. In
this paper, we have to design a robust sampled data observer
which simultaneously estimates the unmeasurable states xo,
x3, and the hydraulic disturbance term dy of system (4). The
designed observer must deal with the sampling phenomenon of
the measured piston position x,, and must be robust facing the
mechanical disturbance term d; (). Under these considerations,
system (4) is rewritten as follows:

x = Az + ¢(x,u) + Bad

y(tk) = Cﬁ(tk) = :L‘l(tk).
System (5) combines a continuous dynamic behavior for the
states x1, x2, T3 between two sampling times [, tx1] and an

updated step for the state x; which occurs at the sampling times
t = 1p.

&)

II1. CONTINUOUS-DISCRETE TIME-OBSERVER DESIGN
FOR THE EHA SYSTEM

In this section, we design a continuous—discrete time
observer for the EHA system. Since d, is the main distur-
bance term, we use the well-known technique of the augmented
state system in order to estimate it. Following this, we add an
extended variable x4 = da such as @4 = h(t) to system (5) so
that the augmented state system can be written as follows:

{a’c = AZ + (T, u) + 6(t)

where T = [z1, x2, x5, 24] and
01 0 0
0028

00 01
00 0 O

N
Il

0
k b
Tm¥dl T %2

—axo — fas + v/ Ps — sign(u)zsu
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A. Observer Design

In this paper, our proposed observer will be designed under
the same assumptions taken in [32].

Assumption 1: The disturbance term d;(t) is bounded by
a real unknown constant j; such that (|di(¢)| < 1) and the
function h(t) is bounded by a real unknown constant zi5 such
that (|h(t)| < p2).

Remark 1: This assumption means that the mechanical dis-
turbance and the derivative of the hydraulic disturbances affect-
ing the EHA system are bounded by some unknown constants.
From a practical point of view, the EHA system is a physical
system which is BIBS (bounded input bounded state). So, it is
quite reasonable to consider such assumption.

Assumption 2: In their practical range of parametric varia-
tions, the functions s (Z, u) = —%xl — %xz and @3(T,u) =
—awy — Pas + v/ Ps — sign(u)xsu are locally (inside com-
pact set) Lipschitz with respect to (z1, x2,x3), i.€., 360 > 0,
such that

p(Xw) — oY) < Bl X —YIl, i=23. (@

Remark 2: At this point, we mention that the function
2(&, u) is globally Lipschitz with respect to xo, x3. The func-
tion 3(Z,u) is differentiable everywhere except at u = 0,
however, and as stated by the authors in [32], this function is
continuous and its derivative exists in the left and the right side
of u = 0 and it is finite. Hence, we can find a compact set so
that 3(Z, u) is locally Lipschitz.

Based on [35], let us consider the following continuous—
discrete time observer:

. B
—~
I

(®)
The function f is a saturation function which is introduced to
guaranty that the estimated states 2 remains inside the compact
set so that the Lipschitz constant 3y always exists. The Ay is a
diagonal matrix 4 x 4 defined by

100 0
0400

b 0

Do = 004 0
000 %

and the vector gains K € R**! are chosen so that the matrix
(A — KC) is Hurwitz. The vector Z is the continuous-time
estimate of the system state Z. The vector w(t) represents the
prediction of the output between two sampling times. The pre-
diction w(t) is updated (reinitialized) at each sampling instant
t = T1g.

B. Observability Analysis

From the structure of matrices A, C in system (6), it can
be easily checked that the pair (A, C) is observable. Hence,
their exists two matrices P, () such that the following Lyapunov
function is satisfied:

P(A-KC)+(A-KO)'P < —ul,

where p > 0 is a free-positive constant and P is a symmetric
positive definite matrix.

Remark 3: Comparing to the work of the authors in [26],
[32], the novelty in the designed observer (8) is the introduc-
tion of the intersample output predictor term w(¢) [35] in the
correction term. The dynamic of this predictor is simply a copy
of the dynamics of system states equations. The role of the out-
put predictor term is to provide a continuous time prediction of
the output measured variable y(t). Indeed, since the measured
output variable y(¢) is sampled, its values y(tj) are available
for the observer only at sampling times ¢t = t;. Comparing to
constant-gain zero-order-hold (ZOH) approaches which main-
tain y(t;) constant between the sampling times, the output
predictor term w(t) will provide a continuous time estimation
of y(t) as it is the case in continuous time-observer design
framework.

Now, we are able to state the main results of this paper.

Theorem 1: Consider the EHA system (6), and suppose that
assumptions (1-2) holds, given a sampling period 7', choose
00,01, 02 as in (17), define o5 = TeoT 2010F00) thep gys-

g0/ /\min(P)

tem (8) is an exponential sampled data observer for system
(6) with the following properties: the vector of the observa-
tion error ||éz|| converges exponentially toward a ball whose

. 20 .
radius R = ——=22—— Moreover, there exists a real
UO\/)\miu(P)(lfo'S) ’

positive bounded T}, satisfying inequality (34), so that for all
T € (0, Thax), the radius of the ball can be made as small as
desired by choosing large values of § and k;—;, . 4.

Proof 1: The proof of this theorem 1 is inspired from the
work of the authors in [35]. Let us now define the following
observer ez and the output e, (¢) errors as follows:

eult) = w(t) - y(t) = w(t) - Cz.
Combining (6) and (8), we can easily check that for the EHA
system (6), the following properties are satisfied: 64, LANg =
6 A and Ae_lK C=2A, 'K C \y. Introducing the well-known
change in coordinate in the high gain literature e; = Agez
yields the following dynamics of the state and the output errors:

Er =0 (A—KC)és+ Do (@(f(fc), w) — go(:i,u))
0K ey — Ngd(1)
b = 02z + (1 (@) u) — pr(@0)) -
(10)

Let us now consider the following candidate Lyapunov
quadratic function V = &L Pé,:

V < —pblles + 26T P2 (o(F(3), w) - o))
+20eL PK e, (t) — 28X PAgo. (11)

Taking into account Assumptions (1-2) we have

V < —pblez® + 480 Amax (P)l|Ezl|* + 20| PK |||z | |ew (t)]
+4)\max(P) ‘éng (12)

where £ = /3 + pi.
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Using the well-known property

Amin(P) [|8z]1> < V < Amax(P) |12 (13)

we derive

Vv 460 Amax (P)V

-
WD)

v
+2WPE 5

A min(P)

lew ()] + 4Amax (P)

A min(P)
(14)

Now choosing the parameter € such that 6 > 6y with 6y =
{ 850)\.2nax(13)}
sup § 1, === & we have

’ #Amin(P)

. \%4 Vv
< _
Vs g TPy )
1%
+ A\ max (P) m? 15)

Considering now the function W = /V, then we obtain

wlt
+9||p[{||&

W< —pug—
= 4)\max(P) )\min(P)

+27Am”(1)) €. (16)

)\min(P)
Let us set
0

0o = 4>\ml:X(P)

o1 = 0| PK]|
Ao (P) )

— )\max(P)
02 o 2 \V Amin(-P) ’

Integrating (16), then

t
W(t) < e 0 t=t0) W (to) + ale_aot/ €7%% ey (s)|ds

to

t
—|—026_00t/ ¢70% 1£(s)|ds. (18)

to

Multiplying both sides of (18) by e?* and using the fact that

e~ (@0=)t 1 we derive

t
e“tW (t) < M(tg) + 016_("0_‘7)t/ e7%% ey, (s|ds

to

t
+ rgelo0=a)t / e70%|E(s)|ds (19)

to

where M (tg) = e W ().
On the other hand, we have

eTW (t) < M(to) + e (0=t /

t

to

(7079575 e (s|ds

t
4 gpe (7=t / e@0=)5c7s|le(s)][ds (20

or

e7'W (t) < M(to)

to

ey

t
+Ule—(oo—0)t (/t e(oo—a)sds) SuPtogsgt(eas||€w(5)||)
0

T pe-(oo-ot ( / t ewo—v)sczs) sup,, << (e [1€(5)]])
! 22)
which leads to
"W (t) < M(to)

+ 2

= $upy, <ot (€7 e (5)])

SuPtogsgt(edng(S)H)- (23)

Now taking 0 < o < 0¢/2, we derive
sup;, << (€7 W (s)) < M(to)

agg —

— 0

g1
+2— sup; <<, (e7"[ew(s)])
(90]

0-2 oS
+2;0 sup;, <5< (e7*[IE(s)]]) (24

and
=a o —o(t—s
Wt)<e tM(to)+2;; supy, << (77w (s)))
02 —o(t—s
+2070 sup;, << (€ E=2)1¢(s)])) (25)
which leads to
M(t
llex]| < e—atﬂ
\/ )\min(P)
201 —o(t—s)
4+ ———su <<€ ew(s
A st e
202 —~o(t—s)
+ ———3u I I s (26)
vov/ A (P) Pio< gt( [[€(s)I])
and
_ M (to)
su e??llezl]) € ——=—
Pro<asi (el < =
2T upyycoca (€ e (s)])
0/ A min(P) Piossst b
202 a(s)
+ ————su <<€ s)|]).
vov/ Ao (P) Pto< gt( [1€(s)1])
(27)

On the other hand, we have from (10) the following expression
of |e (t)]:

ewt®) = [ oesa + (7)) - ) lds. @B

Multiplying again both sides of (28) by e°* and taking into
account assumptions 1-2, we have

t
lew(®)] < €70 + o) / =TT Ea(s)lds  (29)

ty
which leads to
t
lewlt)] <0+ o) ([ o)
tk
supy, << (€7"[|ez(s)])ds (30)
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taking into account that e~?° < 1, we derive that

sup,, <o<i€”’lew(s)| < Te™ (0 + fo)

supy, <s<¢(€7"[[ez(s)[|)ds 31

since  sup,, <<, (€*[[2(s)) < sup,,<,<,(e7[lex(s)) and
taking into account that ¢ > tg, ¢1, ..., tx we derive that

Supt0§s§t608|ew(5)| < TeUT(a + o)

supy, < o<¢ (7" |[€z(s)|)ds. (32)
Combining (32) with (27) we have

M (to)
A min(P)

(0 + Bo) supy, < o< (€ [[ez(s)[|)ds)

supP;, <5< (€7°[[ezl]) <

20’1

oo/ A min(P)

+Te’T

20‘2

+ = sup, <., (e7P||E(s
s W)

(33)
— TeoT 201(6+60)

0/ A min(P)
the following the small gain condition:

setting o3 then selecting T}, satisfying

201(0
TmaxeameM <1 (34)
o] )\min(P)
we have
_ o M((to)
llez|] < e
Amin(P) (1= 03)
202
+ sup, <s<:[I§S)I).  (35)

00/ A min(P)(1 — 03)
This complete the proof of Theorem 1.

Remark 4: Contrary to ([34], (35) demonstrates the global
exponential convergence of the vector of the observation error
|léz || toward a ball whose radius depends on the magnitude of
the disturbance vector &€. In addition, the maximum sampling
period T}, derived in (34) is less restrictive comparing to the
one derived in [34] which depends on the computation of a
bounded positive function ¢ (t) (see (13) in [34]).

Remark 5: The radius of the ball R is defined such that R =

20y . We also notice that in the case where there

0/ Amin(P)(1—03)

is no mechanical disturbances (i.e., d; = 0) and the hydraulic
disturbances are constant or equal to 0, we have an exponential
convergence of the observation error ||€z || toward 0. Looking at
the expression of the maximum sampling period T, in (34),
we can easily see that when o tends to zero, Tiax ™~ %. Hence,
augmenting ¢ will diminish the value of Tj;x. On the other
hand, large values of parameter 6 will contribute to reduce the
radius R and hence to improve the performance of our observer.
However, it is well known that the high gain observers litera-
ture, augmenting the values of 6 will lead to the undesirable
peaking phenomenon which consists in an impulsive behavior
of the states estimation trajectory around initial conditions.

TABLE |
NUMERICAL PARAMETER VALUES FOR THE EHA SYSTEM
Parameters Value
m 0.5
b 0
k 5.651110 x 10°
Ap 5.058 x 10~ %
ko 1.333 x 10—°
a 3.257 x 1010
B 2.146
~ 7.169 x 10°
b 2.1 x 107
TABLE Il
PARAMETERS OF THE HYBRID OBSERVER
K
K>
Parameter 0| K= Ks T
Ky

V. SIMULATIONS AND EXPERIMENTAL RESULTS

A. Numerical Simulation of the Hybrid Observer Coupled
With. ‘Pl Controller for the EHA System Subject to
Mechanical and Hydraulic Disturbances

The performance of the proposed observer will be evaluated
first under MATLAB/Simulink Software. For the purpose of
comparison, the numerical simulations were performed on the
EHA system validated experimentally by the authors in [26]
and [29]. The model parameters’ values are shown in Table I.

In this numerical simulations, we will demonstrate the
effectiveness of our proposed observer in terms of states/
disturbances estimation and positioning control. In [29], the
authors considered a sinusoidal reference position signal x14 =
0.008 sin(27t). For the purpose of tracking x4, a PI controller
was employed and combined with the proposed observer (8) so
that the novel PI control law u is expressed as follows:

u= Ky(w(t) — z14) + K; /(w(t) — T14) (36)

where x; =z, is the piston position and K, = 3.18 x
1072, K; = 100 are the PI gains. The PI controller gains were
tuned in order to track. The numerical simulations were per-
formed using the Runge—Kutta solver with a fixed step size
Tm = 10~* s. The parameters of the hybrid observer are sum-
marized in Table II where T is the sampling period of our
proposed hybrid (continuous—discrete time) observer.

The values of the observer parameters used in this simulation
are = 1000, K = (10, 35,49 426,23 724) and T5 = 1 ms.

The evaluation of our observer is performed under the con-
sideration that both mechanical and hydraulic disturbances
affect the considered EHA system in this paper. For the
mechanical disturbance term d;, we have taken the same one
considered by the authors [29]. To show the robustness of our
observer facing the mechanical disturbances, we considered
it in the simulation not from the beginning but at ¢ = 10 s.
Hence, the term d; in the disturbed model of the EHA in (2)
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Fig. 2. Estimation of x1, 2, x3, do for 6 = 1000 and Ts = 1 ms with
mechanical and hydraulic disturbances.

is expressed as follows:

() = 0, if t<10s
70 294 sin(62.8321) + 20 sign(xs), if ¢ > 10s.

We also assume in this simulation that 10% additive para-
metric variation affects the hydraulic coefficients +; hence
(see Section II), the hydraulic disturbance term d, takes the
following form:

da(t) = 10%+/ Py — sign(u)z3u.

From Fig. 2, we can see that the tracking performance of
the reference x4 even in the presence of the mechanical dis-
turbance at ¢ = 10 s is achieved correctly by the PI controller
(36). The robustness of the PI controller facing the mechani-
cal disturbance can be also seen in Fig. 2 where we can see
that this disturbance has no effect on the tracking performance
of the motion reference trajectory x;4. For the estimation of
the piston velocity xs, the pressure load x3, and the hydraulic
disturbance term ds, we can see the effect of the mechanical
disturbance (see Fig. 2 top right, bottom left, and right) which
consists in a deviation of the states estimation trajectory occur-
ring at ¢ = 10 s. Meanwhile, this deviation is quickly rejected
by the observer, thanks to the large value of parameter ¢ taken
in this simulation. As mentioned in Remark 5, large values of
parameter 6 will lead to a better rejection of the mechanical and
the hydraulic disturbance term, however, this will amplify the
peaking phenomenon which consists in an impulsive behavior
of the trajectory of the states estimation at the beginning of the
simulation (see Fig. 2).

B. Performance Comparison With the Observer

Designed in [26] and [32]

To show the performance of our proposed observer, we have
performed a comparison with the observers designed in [26]
and [32]. Indeed, the observers [26], [32] have the same high
gain like observer structure as the one considered in the design

110/and tes: reel and estimted poston of e piston
I

— Iy ,
— b observer 12,2

— i H60DC

A

— !
— iy observer 32,26
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Piston position (mm)
. f

\ujs i Vi i [k/ 15
| \ |
) ! 5

Time (5)
i and rtes:realand esimted postion fthe pistn

T T T

5 W
_Wom U.VUE uaeW 0 Wm T
| | | |
P e 6

Time 5}
i and rs: real and estimted postion o e piston

|
0 1 1

Piston position (mm)
' '

Time (s

Fig. 3. Comparison of position tracking performance between our
observer [high gain observer discrete-continuous (HGODC)] (Ts =
1 ms) and observers [26], [32] (top: Ts = 0.1 ms; middle: Ts = 0.5 ms;
bottom: Ts = 1 ms).

of our observer. By taking into account the sampling effect in
the structure of these two observers, a continuous—discrete time
version of the observers designed in [26] and [32] can be written
as follows:

T =Ar+o(f(2),u) — H(Cz(t) —y(te). (37
We notice that in the case of our observer H = 04, 'K. The
structure of (37) uses the sampled data y(t) in the correction
term since that continuous measured variable y(t) is available
only at sampled instants ¢ = ;. The simulations presented in
Fig. 3 show the performance of observer (8) and observer (37)
in terms of position tracking performances. For our proposed
observer (named HGODC), we have fixed the value of T to
1 ms. For observer (37), three values were taken (15 = 0.1,
0.5, and 1 ms). Looking at Fig. 3 (top), we can see that even
if observer (37) performs better in the transitory regime, our
observer has quite the same performance. Recalling that in this
case, Ts = 0.1 ms for observer (37) which is the same sampling
period as the one of the solver, we can say that our observer
recovers the performances of continuous time observers. When
augmenting the sampling period of observer (37) to 0.5 ms,
we can see that for observer (37), the performance degrades.
Finally, when the two observers have the same sampling peri-
ods (Ts = 1 ms), observer (37) diverges and the PID controller,
which is based on the estimation provided by observer (37),
fails to track the desired trajectory x14.

C. Experimental Validation

To illustrate the performance of our proposed observer, an
experimental test rig platform has been set up and photographed
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Fig. 5. Control system of the experimental test rig of the EHA system.

in Figs. 4 and 5. The test rig was constructed in the Brighton
University to investigate the performance of the EHA assem-
bly and the control parameters influencing the motion of the
poppet valve. The test rig comprised of three main subsystems:
a hydraulic oil pressure supply; a hydraulic valve actuation
assembly; and the servo-valve control signal and valve position
interface.

Hydraulic oil from a large tank was supplied to a smaller
reservoir coupled to a high-pressure pump and accumulator.
An electromagnetic pressure-limit switch was used to regulate
the supply of high-pressure oil to the hydraulic valve actuation
assembly via an oil filter. The supply pressure was regulated to
70 bar £ 2 bar by a pressure-limit switch.

The actuator body housed a double-acting hydraulic pis-
ton, oil-sealing end plates, and the high-pressure oil supply
and return feed lines. A continuous-proportional (four-way)
directional servo-valve (Moog series 31) was used to con-
trol the flow rate of hydraulic oil to the hydraulic piston by
means of a proportional electromagnetic servo control signal.
The interchangeable poppet valve head was attached to one
end of the hydraulic piston and a linear variable differential
transducer (LVDT) was mounted to the opposite end to record
the change in valve position. The calibration factor for the
amplified output of the LVDT sensor (Lord MicroStrain) was
2.97 mm/V £+ 0.005 mm/V. Two piezoelectric gauge pressure

TABLE IlI
EHA PARAMETER VALUES FOR THE EXPERIMENTAL TEST RIG

Parameters Value
m 0.05
k 2000

b 0.1398

A, 0.0614
ko 0.02

ot 28.2226

B 0.0063

~ 0.0029

Ps 7 x 10°

transducers (Kistler type 6125 transducer and type 5011 ampli-
fier) were used to measure the instantaneous and difference in
oil pressures in the supply and return chambers either sides of
the hydraulic piston. The pressure transducer was calibrated to
20 bar/V. The full-scale error in the transducer was +3 bar. The
value of the oil pressure at the instant of initial piston motion
was used as the gauge reference pressure.

The control system for the electro-hydraulic valve system
was based on a real-time simulation and testing platform
(hardware in the loop, HIL); MathWorks MATLAB Simulink
and xPC Target application and a real-time target machine
(Speedgoat GmbH). Positional feedback of the valve was deter-
mined from the LVDT sensor output. The actuation of the
directional servo-valve was achieved using a current driver sig-
nal rated to £50 mA. The displacement of the poppet valve is
comprised between [20—32] mm. Based on the physical param-
eters of the experimental test rig [36], the nominal values of the
EHA model parameters were identified and listed in Table III.

In the following experiments, the parameters’ values of
the hybrid observer for this experiment are 6 = 500, K =
(2.8,2.87,1.0423,0.1710), and Ts = 1 ms.

D. PID Control Design for the Experimental Test Rig

In order to track the motion reference x4, the following
PID control law u with a velocity feedforward action was
implemented

u = Ky(w1a - w(t) + K; / (214 — w(t))

d
+ Ki—(z1qa —w(t)) + Kydi14 (38)

dt
where K, = 0.54, K; = 1.93, K4 = 0.04, Ky = 1. As it was
the case in the simulation section, the implemented control law
u contains the output prediction term w(t¢). We mention that for
this experimental validation, we used the same Runge—Kutta
solver with the same fixed step size T'sm = 10~* as in the
numerical simulations section. The experimental validation was
conducted with a sampling period T = 1 ms which is 10 times
bigger than the fixed step size of the solver.

E. Experimental Performances of the Hybrid Observer
Without Disturbance

In this section, we investigate the performance of the hybrid
observer for state estimation and piston position tracking

T3:1
T3:2

472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492

493

494
495
496

497
498
499
500
501
502
503
504

505
506

507
508



Fo6:1
F6:2

509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544

ALl et al.: CONTINUOUS-DISCRETE TIME OBSERVER DESIGN FOR STATE AND DISTURBANCE ESTIMATION 9

2 and x2es:real and estmated velocy of the pision

0 e
-0 ~ -
- V
-0 -0

0001 0.02 003 0.4 005

1t and tes:real and estimated positon ofthe piston

Piston postion (mm)
Piston velocity (mm/s)

Time (5) Time (5)

x3and.res:real and esfimated oad pressure ol destimate

Load pressure (Pa)

Tim (5]

Time (5)

Fig. 6. Estimation and tracking performance of zi,xz2,x3,ds for
0 = 500, Ts = 1 ms for EHA system without disturbances.

motion trajectory x14 = 26 + 5 sin(2t). Since the considered
EHA system does not drive any mechanical load, we have the-
oretically d; ~= 0. We also mention that we have used the
same nominal values of the EHA system when implementing
the hybrid observer.

In Fig. 6 (top left), we show the performance of the hybrid
observer in terms of tracking performances and state estimation
of the piston position x;. We can see in Fig. 6 (top left) that both
the tracking performance and the state estimation are achieved
correctly by the hybrid observer. For the state estimation of the
piston position z, the convergence of the hybrid observer is
achieved with small convergence rate [less than 0.05 s when
looking to the zoom of Fig. 6 (top left)]. We can see also that the
tracking performance of the motion reference ;4 by the PI con-
troller, which uses the output predictor w(t), is also achieved
correctly.

Fig. 6 (top right) shows the state estimation of the piston
velocity xo. We can see in Fig. 6 (top right) that our hybrid
observer provides a very good estimation of the real piston
velocity x3. A quick look to Fig. 6 (top right) shows that the
effect noise, which comes from the numerical differentiation
used to obtain the real piston, has been attenuated by our hybrid
observer.

In Fig. 6 (bottom left), we present the estimation results of
the hydraulic pressure state x3 by our proposed observer. First,
we can observe from Fig. 6 (bottom left) that our observer
provides a good estimation of the hydraulic pressure state
xg despite the variations in the hydraulic parameters and the
hydraulic disturbance which affects the functioning of the EHA
system. The effects of these disturbances can be viewed. In
Fig. 6 (bottom right) where we can see that even if there is
no mechanical load driven by the EHA system, the estimated
disturbance term c22 is not equal to 0. Indeed, the difficulty of
capturing the hydraulic parameters (v, 8,7) and the internal
leakage occurring on the EHA system generates automatically
the disturbance term ds. For the reader, we mention that it was

x1d'and xfes: real and estimated position of the piston

Piston postion (mm)

4201 0 0102 03 0f i i i

10
0 1 2 3 4 5 6 7 8 9 10
Time (s)
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Piston postion (mm)

Time (s)

Fig. 7. Estimation and tracking performance of z; for 6 = 500. (Top) F7:1
F7:2

Ts = 2 ms. (Bottom) Ts = 3 ms.

very difficult for us to plot in Fig. 6 (bottom right) the real
hydraulic disturbance term do for the reasons explained above.
Finally, we can observe in Fig. 6 (bottom left) that there is
small phase lag between the real and the estimated hydraulic
pressure x3. This observation is quite interesting because of the
discrepancies between the numerical simulations and the exper-
imental validation of our observer. This discrepancies come
from the difficulty of capturing exactly the hydraulic parame-
ters of the EHA system and the fact that the dynamic of the
electrical part of the EHA system has been neglected in the
EHA model. In addition, it appears that the PID control is not
able to compensate it. Taking into account that the kistler pres-
sure transducers give a relative and not an absolute pressures
values in each chamber of the hydraulic actuator, we can say
that the estimated hydraulic pressures provided by our observer
are good.

F. Effect of the Sampling Period on the Performance of
the Hybrid Observer

To compute the maximum allowable sampling period 7T«
of the hybrid observer, we can proceed following two pos-
sible manners. The first one is to compute T}, analytically
using the expression in (34); however, this will necessitate to
know the constant 3y, which is practically very difficult to deter-
mine. The second one is to start with a sampling period T and
increasing it until the observer diverges. We proceed follow-
ing the second manner. In Fig. 7, we present the experimental
results of the estimated piston position x; and the tracking per-
formance of the piston position reference x14. We mention that
we did not report the experimental results concerning the esti-
mations of the piston velocity x2, the hydraulic pressure xs,
and the hydraulic disturbances ds. The reason is that they are
characterized by the same dynamic behavior as the results pre-
sented in Fig. 7. When increasing T to 2 ms, we can observe
from the top of Fig. 7 that the estimated piston position and
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Fig. 8. Estimation and tracking performance of zi,z2,z3,d2 for
0 = 500, Ts = 1 ms for EHA system with disturbances.

the tracking performance are quite the same as it is the case
of Ts = 1 ms. The difference concerns the convergence speed
which is slower in the case of Ty = 1 ms. When increasing 7’s
to 3 ms, we can observe that the performances of the hybrid
observer are affected only in the transitory regime (see bottom
of Fig. 7). Indeed, the oscillations observed in the bottom of
Fig. 7 are due to the increase in the sampling period T« to
3 ms which clearly affects the transitory regime for our hybrid
observer. In the permanent regime, the hybrid observer which
provides the output predictor term w(t) for the PID controller
performs well in the case of estimation and the tracking per-
formance. From this, we can deduce that in the case of this
experimental results, Ti.x >~ 2 ms.

G. Experimental Performances of the Hybrid Observer
With Disturbance

To investigate the performance of our observer in the pres-
ence of disturbance, an additional disturbance term ds = 2x14
is inserted in the control input at ¢ = 10 s; meanwhile, the
new control input sent to the control board is ul = u + 2x14,
where w is the previous control calculated by the PID controller.
According to the structure of the model of the EHA system,
this disturbance will be added to the previously hydraulic dis-
turbance term d, and will change the dynamic of the states
(x1, 22, x3, x4) of the EHA system. We can see from Fig. § that
both tracking performances and states estimation are achieved
correctly by our observer. At ¢ = 10 s, we can see the influ-
ence of the disturbances on the performances of our observer.
Despite its occurrence, we can clearly say that: first, the PID
controller is robust facing this disturbance; since that the PID
control law w uses the predictor term w(t) provided by our
observer, this will demonstrate the easiness of the incorpora-
tion of our observer in a control scheme; second, our observer
succeeds to estimate the states and the disturbances affecting
the EHA system after (t = 10 s).

V. CONCLUSION AND FUTURE WORK

In this paper, a continuous—discrete time observer is designed
for the EHASs system subject to discrete time measurement and
mechanical and hydraulic disturbances. The exponential con-
vergence of the proposed observer is proven using a classical
quadratic Lyapunov function based on small gain arguments.
The proposed observer is combined with PID controller for the
purpose of tracking motion reference trajectory of the piston
position for the EHA system. The simulation results and the
experimental validation of our proposed observer demonstrate
its efficiency in terms of tracking performance and distur-
bance estimation. In our future works, we plan to synthesize an
output feedback controllers based on the designed continuous—
discrete time observer in this paper. The resulting controllers
will improve the positioning control for the EHAs system.
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Continuous—Discrete Time-Observer Design for
State and Disturbance Estimation of
Electro-Hydraulic Actuator Systems

Sofiane Ahmed Ali, Arnaud Christen, Steven Begg, and Nicolas Langlois

Abstract—In this paper, a continuous—discrete time
observer which simultaneously estimates the unmeasur-
able states and the uncertainties for the electro-hydraulic
actuator (EHA) system is presented. The main feature of
the proposed observer is the use of an intersample output
predictor which allows the users to increase the frequency
acquisition of the piston position sensor without affect-
ing the convergence performance. The stability analysis
of the proposed observer is proved using Lyapunov func-
tion adapted to hybrid systems. To show the efficiency of
our proposed observer, numerical simulations and exper-
imental validation involving a control application, which
combines the designed observer and a Pl controller for the
purpose of piston position tracking problem, are presented.

Index Terms—Continuous—discrete time observers, dis-
turbance observer (DOB), electro-hydraulic actuator (EHA),
intersample output predictor, sampled data measurements.

[. INTRODUCTION

UE TO a high power to weight ratio and their ability
to generate high torques/forces outputs, electro-hydraulic
actuator (EHA) systems are widely used in several indus-
trial applications [1]-[5]. Despite this advantage, the EHA
systems suffer from some drawbacks due principally to their
structure. Indeed, the EHA systems are subject to various uncer-
tainties such as model parametric variations [6], [7], highly
nonlinear dynamic behavior [8], potential faults such as inter-
nal leakage [9], and hard damage affecting their functioning. In
the last years, the increasing demand of high precision control
for EHA systems renders the development of advance controls’
methods necessary to meet the actual requirements in terms of
tracking performance.
Despite their actual dominance, the traditional proportional
integral derivative (PID) controllers are not robust enough to
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counteract the effect of the uncertainties affecting the EHA sys-
tems. Therefore, the focus of the researchers has been shifted
toward developing nonlinear closed-loop control methods in
order to improve the tracking performance for the EHA sys-
tems. In the past decades, several nonlinear control techniques
have been developed in the literature such as feedback lineariza-
tion [7], [10] and sliding mode control [11]-[14]. In [6], a novel
integration of adaptive control and integral robust feedback was
proposed for hydraulic systems with considering all possible
modeling uncertainties, and an excellent tracking performance
was achieved, which is the first solution for theoretically
asymptotic stability with unmatched disturbances for hydraulic
systems; others nonlinear controllers such as robust/adaptive
robust controllers [15]-[20], [37], [38] and backstepping con-
trol [21]-[24] were also proposed. These methods have already
proved their efficiency to improve the tracking performance
of the EHA systems facing modeling uncertainties, parametric
variations, and external disturbances.

However, all aforementioned techniques are full-state feed-
back ones, i.e., the designed controllers assume that all states of
the EHA systems are available for measurements. From practi-
cal of point of view, this assumption may not be realistic for
some hydraulic systems. Indeed, for many hydraulics appli-
cations, only the position signal of the actuator is measured
via sensor. The other states like velocity and hydraulic pres-
sure are not measured because of the cost-reduction and the
space limitation; therefore, states and disturbances observers
have recently received in the literature more and more attention.

Several states and disturbances observers were developed by
some researchers in the past decade. The idea behind devel-
oping these observers is to use the states and the disturbances
estimation provided by these observers in order to synthesized
an output-feedback controllers which compensate the internal
and the external disturbances affecting the EHA systems. At
this stage, we can distinguish between two main approaches in
the literature. The first approach consists in developing only a
state estimator (i.e., an observer) which estimates the unmea-
surable state of the EHA systems. These observers ignore both
the internal disturbances like parametric variations, modeling
uncertainties, and the external disturbances such as the load and
the friction torque affecting the hydraulic application. Those
types of observers can be found in the work developed by the
authors in [25]-[28]. The second approach developed by the
authors in [29]-[31] assumes that the states of the EHA systems
are measurable and synthesize a disturbance observer (DOB)

0278-0046 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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which estimates the mechanical and the hydraulic disturbances
affecting the system. These estimations are incorporated then in
anonlinear closed-loop controller which compensates the effect
of the disturbance and improves the tracking performance of the
desired position for the EHA systems.

Recently, the authors in [32] proposed a novel framework
for the purpose of simultaneous estimation of the unmeasurable
states and the unmodeled disturbances, and then resulting in an
excellent output feedback nonlinear robust backstepping con-
troller for hydraulic systems, by developing an extended state
observer (ESO) [33] and robust backstepping design. In this
work, the authors consider that the main uncertainties affecting
the EHA systems come from the hydraulic part. Therefore, they
synthesized an observer based on the well-known techniques
of ESOs [33] which estimates the unmeasurable state and
the hydraulic disturbances of the EHA systems. The proposed
observer is also robust facing the mechanical disturbances gen-
erated by the load driven by the considered EHA system in this
paper.

In the case of hydraulic applications, the main drawback of
the designed observers [25]-[32] is that they assume that the
measured variable is continuous. In practical situations, this
measured variable which is given by the position sensor is sam-
pled. In other words, the piston positions are available for the
observer at only sampling times ¢; fixed by the sampling rate
(i.e., the frequency acquisition) of the sensor. This frequency
can affect the convergence of the proposed when it comes to the
matter of implementation of the proposed observer on digital
signal processors (DSPs).

Following the design in [32], the authors in [34] designed
a sampled data observer which deals with the problem of
discrete time-measurements for the EHA system. The pro-
posed observer retains the same benefits which characterize the
observer proposed in [32] in terms of simultaneous estimation
of the unmeasurable states and the internal disturbances affect-
ing the EHA system. The proposed observer involves in its
structure an intersampled output predictor [35] which ensures
continuous time estimation of the states and the exponential
convergence of the observation errors. Moreover, the sampling
period of the data acquisition of the observer can be augmented
independently from the frequency acquisition of the sensor
position without affecting the convergence of the observer.
However, the designed observer in [34] suffers from two major
drawback. The first one concerns the Lyapunov function pro-
vided to prove the exponential convergence of the proposed
observer. Indeed, the authors in [34] demonstrated the expo-
nential convergence of the observer only locally between two
sampling periods. In addition, the performance of the proposed
observer were validated only in simulations and no experi-
mental validation of the observer is provided. Comparing to
the work of the author in [34], two main contributions were
provided. The first contribution consists in designing a novel
Lyapunov function based on small gain arguments which guar-
anty a global exponential convergence of the proposed observer.
In addition, the maximum sampling period T}« derived from
this function is less restrictive comparing to the one derived in
[34]. The second one is that experimental results performed on
the experimental test rig of the Brighton University is provided

Fig. 1. Schematic of the EHA.

for this observer. This is in our acknowledged the first time that
such observers were designed and tested experimentally for the
EHA systems.

This paper is organized as follows. The EHA modeling
issues and the problem formulation are presented in Section II.
Section III presents the continuous—discrete time observer for
the EHA system. Numerical simulations and experimental val-
idation showing the effectiveness of our proposed observer are
presented in Section I'V. Section V contains the conclusion and
the future works.

Il. EHA MODELING

The schematic of the EHA studied in this paper is depicted in
Fig. 1 [26], [29]. The EHA system contains usually three parts,
namely the electrical, the mechanical, and the hydraulic part.
These parts represent an interconnected subsystem in such a
way that the dynamic of each subsystem influences the dynam-
ics of the others. The electrical part of the EHA system is a
servo-valve (top of Fig. 1) which controls the fluid dynamics
inside the chambers. The spool valve is driven by the electri-
cal input current u of a torque motor. The displacement of the
spool valve x,, together with the load pressure P;, controls the
fluid dynamic inside two chambers A and B which constitute
the hydraulic part of the EHA system. The mechanical part of
the EHA system is a cylindrical piston which is modeled as
a classical mass-spring system. The position of the cylindrical
piston z,, obeys to the fundamental principle of dynamics.

A. State-Space Representation of the EHA

Considering the following states variable: x =
[#1, x9, x3]T = [z, %, PL]T, the state-space representa-
tion of the EHA system can be written under the following
form [26], [29], [31]:

ey

: P
To=——x1 — —To2+ —I3
m m m

@3 = —axy — By + v/ Ps — sign(u)zzu

Fl1:1
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where x,, is the piston position (m). <, (m/s) is the piston veloc-
ity and P, (Pa) is the pressure load inside the chambers of the
hydraulic part. k is the load spring constant (N/m), b is the vis-
cous damping coefficient [N/(m/s)], and A,, is the cylinder bore
(m?). P, is the supply pressure (Pa). c, 3, are the hydraulic
coefficients of the EHA model. These coefficients depend on
the flow characteristics of the EHA system. For more details
about the expression of the hydraulic coefficients «, 3, and
the modeling issues of the EHA system, the reader is referred
to the work of the authors [26], [29] and their corresponding
literature.

B. Modeling Uncertainties and
Disturbances Affecting the EHA System

Time-Varying

In [29] and [31], the authors distinguished between two types
of disturbances d; and ds which can affect the EHA system.
The first one d; is the mechanical disturbance which is the
result of lumping together the modeling parametric uncertain-
ties, the load charge F o4, and the friction force Fiicion acting
on the mechanical part of the EHA system. As reported by the
authors in [32], the second term d does not hold the same
significance as d;. Indeed, ds represents the parametric devia-
tion over the hydraulic coefficients «, 3, v and potential leakage
affecting the hydraulic device of the EHA system. These param-
eters are also sensitive to temperature inside the EHA system.
Taking into account these issues, the disturbed EHA model can
be written as follows [29]:

.fl = T2
k b A, dy

Tg=——T — —To+ —Tg— —
m m m m

X3 = —awg — Brg + v/ Ps — sign(u)zsu + da
where d; (t) and dx(t) are expressed as follows [31]:

k b A
dl(t) =—A—z1 —A—x9 — A_1)173 + F'Load + F'Friction
m m

m
dy(t) = — Aaxs — APxs + Ayy/ Ps — sign(u)zsu. 3)

The A symbolizes the considered parametric uncertainties
affecting the mechanical and the hydraulic part of the EHA sys-
tem. System (2) can be expressed under the following compact
form:

@)

{:’c:Ax+<,0(m,u)+de @

y=Czr=mn

where z € R3 and y € R represent, respectively, the state vec-
tor and the measured piston position 1 = x,,. The vector u €
R describes the set of admissible inputs. d(t) € R? denotes
the vector of the disturbances which affect the EHA. B; with
dimensions 3 x 2. The matrices A, By, C, and vector ¢(x, u)
have the following structure:

0
A=10
0

osilro

1
0
0

0 0
Bs=| =L o
0 1
C=(100)
0
k b
o(x,u) = it R

—axs — PBas + v/ Ps — sign(u)zsu

C. Problem Formulation

For system (4), the piston position is available for measure-
ment only at each sampling times ¢ imposed by the frequency
acquisition (the sampling period) of the sensor manufacturer. In
this paper, we have to design a robust sampled data observer
which simultaneously estimates the unmeasurable states xo,
x3, and the hydraulic disturbance term dy of system (4). The
designed observer must deal with the sampling phenomenon of
the measured piston position x;,, and must be robust facing the
mechanical disturbance term d; (¢). Under these considerations,
system (4) is rewritten as follows:

& = Az + ¢(x,u) + Bad
y(tk) = Cl‘(tk) = :L‘l(tk).
System (5) combines a continuous dynamic behavior for the
states 1, x2, T3 between two sampling times [tx, tx+1] and an
updated step for the state x1 which occurs at the sampling times
t = tg.

®)

Il1. CONTINUOUS-DISCRETE TIME-OBSERVER DESIGN
FOR THE EHA SYSTEM

In this section, we design a continuous—discrete time
observer for the EHA system. Since dy is the main distur-
bance term, we use the well-known technique of the augmented
state system in order to estimate it. Following this, we add an
extended variable x4 = da such as @4 = h(t) to system (5) so
that the augmented state system can be written as follows:

{a’c = AZ + (T, u) + 6(t)

where T = [z1, x2, 23, 24] and
01 00
0028

00 01
000 O

N
|

0

kb

—axy — fas + v/ Ps — sign(u)zsu
0
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A. Observer Design

In this paper, our proposed observer will be designed under
the same assumptions taken in [32].

Assumption 1: The disturbance term d;(t) is bounded by
a real unknown constant jq such that (|d;(¢)| < p1) and the
function h(t) is bounded by a real unknown constant zio such
that (|h(t)| < p2).

Remark 1: This assumption means that the mechanical dis-
turbance and the derivative of the hydraulic disturbances affect-
ing the EHA system are bounded by some unknown constants.
From a practical point of view, the EHA system is a physical
system which is BIBS (bounded input bounded state). So, it is
quite reasonable to consider such assumption.

Assumption 2: In their practical range of parametric varia-
tions, the functions s (Z,u) = —%xl — %xz and @3(T,u) =
—awy — Pas + v/ Ps — sign(u)xsu are locally (inside com-
pact set) Lipschitz with respect to (z1, x2,x3), i.., 380 > 0,
such that

p(Xw) — oY) < Bl X —YIl, i=23. (@

Remark 2: At this point, we mention that the function
2(&, u) is globally Lipschitz with respect to xa, x3. The func-
tion 3(Z,u) is differentiable everywhere except at u = 0,
however, and as stated by the authors in [32], this function is
continuous and its derivative exists in the left and the right side
of u = 0 and it is finite. Hence, we can find a compact set so
that p3(Z, u) is locally Lipschitz.

Based on [35], let us consider the following continuous—
discrete time observer:

¥ =Ai+o(f(2),u) — 00, 'K(CF — w(t))
w(t) =C Az + w(f(f),u)) t € [ty, thrt) kK EN
w(ty) = y(ty)) = z1(tk)

(®)
The function f is a saturation function which is introduced to
guaranty that the estimated states 2 remains inside the compact
set so that the Lipschitz constant 3y always exists. The Ay is a
diagonal matrix 4 x 4 defined by

100 0
0400

h_ 0

Do = 004 0
000 %

and the vector gains K € R**! are chosen so that the matrix
(A — KC) is Hurwitz. The vector Z is the continuous-time
estimate of the system state Z. The vector w(t) represents the
prediction of the output between two sampling times. The pre-
diction w(t) is updated (reinitialized) at each sampling instant
t = 1g.

B. Observability Analysis

From the structure of matrices A, C in system (6), it can
be easily checked that the pair (A, C) is observable. Hence,
their exists two matrices P, ) such that the following Lyapunov
function is satisfied:

P(A-KC)+(A-KO)'P < —ul,

where p > 0 is a free-positive constant and P is a symmetric
positive definite matrix.

Remark 3: Comparing to the work of the authors in [26],
[32], the novelty in the designed observer (8) is the introduc-
tion of the intersample output predictor term w(¢) [35] in the
correction term. The dynamic of this predictor is simply a copy
of the dynamics of system states equations. The role of the out-
put predictor term is to provide a continuous time prediction of
the output measured variable y(t). Indeed, since the measured
output variable y(t) is sampled, its values y(tj) are available
for the observer only at sampling times ¢t = t;. Comparing to
constant-gain zero-order-hold (ZOH) approaches which main-
tain y(t;) constant between the sampling times, the output
predictor term w(t) will provide a continuous time estimation
of y(t) as it is the case in continuous time-observer design
framework.

Now, we are able to state the main results of this paper.

Theorem 1: Consider the EHA system (6), and suppose that
assumptions (1-2) holds, given a sampling period 7', choose
00,01, 02 as in (17), define o5 = TeoT 2710F00) thep gys-

g0/ /\min(P)

tem (8) is an exponential sampled data observer for system
(6) with the following properties: the vector of the observa-
tion error ||éz|| converges exponentially toward a ball whose
radius R = 202 . Moreover, there exists a real

positive bounded T}, satisfying inequality (34), so that for all
T € (0, Thax), the radius of the ball can be made as small as
desired by choosing large values of § and k;—1, . 4.

Proof 1: The proof of this theorem 1 is inspired from the
work of the authors in [35]. Let us now define the following
observer ez and the output e, (¢) errors as follows:

eu(t) = w(t) - y(t) = w(t) - Cz.
Combining (6) and (8), we can easily check that for the EHA
system (6), the following properties are satisfied: A, LANg =
6 A and Ae_lK C=2A, 'K C Ay. Introducing the well-known
change in coordinate in the high gain literature e; = Agez
yields the following dynamics of the state and the output errors:

Er =0 (A—KC)és+ Do (@(f(fc), w) — go(:i,u))
0K ey — Dgd(1)
b = 02z + (1 (F(@)u) — 1@ 0)) -
(10)

Let us now consider the following candidate Lyapunov
quadratic function V = &L Pé,:

V < —pblles|? + 26T P2 (o(F(3),w) - o))
+20eL PK e, (t) — 281 PAgo. (11)

Taking into account Assumptions (1-2) we have

V < —pblez® + 480 Amax (P)l|Ezl|* + 20| PK ||z | |ew (t)]
+4)\max(P) ‘éng (12)

where £ = /3 + pi.
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Using the well-known property

Amin(P) [|8z]1> < V < Amax(P) [1€2]| (13)

we derive

Vv 460 Amax (P)V

o
e WD)

v
+2WPE 5

A min(P)

lew ()] + 4Amax (P)

A min(P)
(14)

Now choosing the parameter € such that 6§ > 6y with 6y =
{ 850)\.2nax(13)}
sup § 1, === & we have

’ #Amin(P)

. \%4 Vv
< _
Vs g TPy )
1%
+ A\ max (P) m? 15)

Considering now the function W = +/V, then we obtain

wlt
+9||p[{||&

W< —p——
= 4)\max(P) )\min(P)

+27Am”(1)) €. (16)

)\min(P)
Let us set
0

0o = 4>\ml:X(P)

o1 = 0| PK]|
Ao (P) )

— )\max(P)
02 o 2 \V Amin(lj) )

Integrating (16), then

t
W(t) < e o0 t—t) W (to) + ale_aot/ €7%% ey (s)|ds

to

t
—|—026_00t/ ¢70% 1£(s)|ds. (18)

to

Multiplying both sides of (18) by e?* and using the fact that

e~ (@0=)t 1 we derive

t
e“tW (t) < M(tg) + 016_("0_‘7)t/ e7%% ey, (s|ds

to

t
+ rpelo0=)t / e70%|E(s)||ds (19)

to

where M (tg) = e W ().
On the other hand, we have

eTW (t) < M(to) + e (0= /

t

to

(7079575 e (s|ds

t
4 gpe (0=t / e@0=)5cos|le(s)|[ds (20

or

e7'W (t) < M(to)

to

ey

t
+Ule—(oo—0)t (/t e(oo—a)sds) SuPtogsgt(eas||€w(5)||)
0

| pe-(oo-ot ( / t ewo—v)sczs) sup,, << (e [1€(5)]])
K 22)
which leads to
"W (t) < M(to)

+ 2

= Supy, <.t (€7* e (5)])

SuPtogsgt(edng(S)H)- (23)

Now taking 0 < o < 0/2, we derive
sup, << (€7 W (s)) < M(to)

gg —

— 0

g1
N Supy, < < (€77 |ew(s)])

g2 os
+ 20_70 Suptogsgt(e ||£(S)||) (24)

and
W(t) < e Mto) + 275 sup;,<ocy (77w (s))
0 <s<
02 —o(t—s
+2070 sup;, << (€ E=2)1¢(s)])) (25)
which leads to
M(t
HéiH < e—at (0)
\/ )\min(P)
20, —o(t—s)
+ ———— su s<ile ew(s
A Wt leuts)
202 —o(t—s)
+ ————su scp(€7707F s (26)
vov/ Ao (P) Pio< gt( [1€(s)I])
and
_ M (to)
su e??llezl]) € ——=—
Pro<cd(e Il < =
TR/ S A TOD
0/ A min(P) Piossst b
202 a(s)
+ ——su s<t(€ s)D.
vov/ Do) Pty < gt( [1€(s)1])
(27)

On the other hand, we have from (10) the following expression
of |ey (t)]:

ewtt) = [ oesa + (7)) - i) lds. @B

Multiplying again both sides of (28) by e°* and taking into
account assumptions 1-2, we have

t
elew(®)] < €70 + o) / =TT Ea(s)lds  (29)

ty
which leads to
t
lenlt)] <0+ o) ([ o)
tk
supy, << (€7"[|ez(s)[)ds (30)

318

319

320

321

322

323
324

325
326

327



328

329
330

331

332
333

334

335
336
337
338
339
340
341
342
343
344

345
346
347
348
349
350
351
352
353
354
355
356

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

taking into account that e~?° < 1, we derive that

sup,, <o<i€”’lew(s)| < Te™ (0 + fo)

supy, <s<¢ (€7 [[ez(s)[|)ds 31

since  sup,, <<, (€*[[ex(s)) < sup,,<,<,(e7[lea(s)) and
taking into account that ¢t > tg, ¢, ..., tx we derive that

Supt0§s§t608|ew(5)| < TeUT(a + o)

supy, < o<¢ (7" [€z(s)|)ds. (32)
Combining (32) with (27) we have

M (to)
A min(P)

(0 + Bo) supy, < o< (€ [[ez(s)[|)ds)

supP;, <5< (€7°[[ezl]) <

20’1

oo/ A min(P)

+Te’T

20‘2

+ ————su s e (s) s
oo )\min(P) Pt < St( ||€( )H)

(33)
— TeoT 201(6+60)

0/ A min(P)
the following the small gain condition:

setting o3 then selecting Ti,,, satisfying

201(0
TInaXGUT‘“‘”‘M <1 (34)
o] )\min(P)
we have
_ o M((to)
llez|] < e
Amin(P)(1 = 03)
202
+ supy, <s<¢|[E(s)I).  (35)

00/ Amin(P)(1 — 03)
This complete the proof of Theorem 1.

Remark 4: Contrary to ([34], (35) demonstrates the global
exponential convergence of the vector of the observation error
|léz || toward a ball whose radius depends on the magnitude of
the disturbance vector €. In addition, the maximum sampling
period T, derived in (34) is less restrictive comparing to the
one derived in [34] which depends on the computation of a
bounded positive function v (t) (see (13) in [34]).

Remark 5: The radius of the ball R is defined such that R =

20y . We also notice that in the case where there

0/ Amin(P)(1—03)

is no mechanical disturbances (i.e., d; = 0) and the hydraulic
disturbances are constant or equal to 0, we have an exponential
convergence of the observation error ||€z || toward 0. Looking at
the expression of the maximum sampling period T, in (34),
we can easily see that when ¢ tends to zero, Tiax =~ %. Hence,
augmenting € will diminish the value of Tj;,x. On the other
hand, large values of parameter 6 will contribute to reduce the
radius R and hence to improve the performance of our observer.
However, it is well known that the high gain observers litera-
ture, augmenting the values of # will lead to the undesirable
peaking phenomenon which consists in an impulsive behavior
of the states estimation trajectory around initial conditions.

TABLE |
NUMERICAL PARAMETER VALUES FOR THE EHA SYSTEM
Parameters Value
m 0.5
b 0
k 5.651110 x 10°
Ap 5.058 x 10~ %
ko 1.333 x 10—°
a 3.257 x 1010
B 2.146
~ 7.169 x 10°
b 2.1 x 107
TABLE Il
PARAMETERS OF THE HYBRID OBSERVER
K
K>
Parameter 0| K= Ks T
Ky

V. SIMULATIONS AND EXPERIMENTAL RESULTS

A. Numerical Simulation of the Hybrid Observer Coupled
With ‘Pl Controller for the EHA System Subject to
Mechanical and Hydraulic Disturbances

The performance of the proposed observer will be evaluated
first under MATLAB/Simulink Software. For the purpose of
comparison, the numerical simulations were performed on the
EHA system validated experimentally by the authors in [26]
and [29]. The model parameters’ values are shown in Table 1.

In this numerical simulations, we will demonstrate the
effectiveness of our proposed observer in terms of states/
disturbances estimation and positioning control. In [29], the
authors considered a sinusoidal reference position signal 14 =
0.008 sin(27t). For the purpose of tracking x4, a PI controller
was employed and combined with the proposed observer (8) so
that the novel PI control law u is expressed as follows:

u= Ky(w(t) — z14) + K; /(w(t) — T14) (36)

where x; =z, is the piston position and K, = 3.18 x
1072, K; = 100 are the PI gains. The PI controller gains were
tuned in order to track. The numerical simulations were per-
formed using the Runge—Kutta solver with a fixed step size
Tsm = 10~* s. The parameters of the hybrid observer are sum-
marized in Table II where T is the sampling period of our
proposed hybrid (continuous—discrete time) observer.

The values of the observer parameters used in this simulation
are = 1000, K = (10, 35,49 426,23 724) and T5; = 1 ms.

The evaluation of our observer is performed under the con-
sideration that both mechanical and hydraulic disturbances
affect the considered EHA system in this paper. For the
mechanical disturbance term d;, we have taken the same one
considered by the authors [29]. To show the robustness of our
observer facing the mechanical disturbances, we considered
it in the simulation not from the beginning but at ¢ = 10 s.
Hence, the term d; in the disturbed model of the EHA in (2)
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Fig. 2. Estimation of x1, 2, z3, d2 for 6 = 1000 and Ts = 1 ms with
mechanical and hydraulic disturbances.

is expressed as follows:

() = 0, if t<10s
70 294 sin(62.8321) + 20 sign(xs), if ¢ > 10s.

We also assume in this simulation that 10% additive para-
metric variation affects the hydraulic coefficients +; hence
(see Section II), the hydraulic disturbance term d, takes the
following form:

da(t) = 10%+/ Py — sign(u)z3u.

From Fig. 2, we can see that the tracking performance of
the reference x14 even in the presence of the mechanical dis-
turbance at ¢ = 10 s is achieved correctly by the PI controller
(36). The robustness of the PI controller facing the mechani-
cal disturbance can be also seen in Fig. 2 where we can see
that this disturbance has no effect on the tracking performance
of the motion reference trajectory x;4. For the estimation of
the piston velocity x5, the pressure load z3, and the hydraulic
disturbance term ds, we can see the effect of the mechanical
disturbance (see Fig. 2 top right, bottom left, and right) which
consists in a deviation of the states estimation trajectory occur-
ring at ¢ = 10 s. Meanwhile, this deviation is quickly rejected
by the observer, thanks to the large value of parameter 6 taken
in this simulation. As mentioned in Remark 5, large values of
parameter 6 will lead to a better rejection of the mechanical and
the hydraulic disturbance term, however, this will amplify the
peaking phenomenon which consists in an impulsive behavior
of the trajectory of the states estimation at the beginning of the
simulation (see Fig. 2).

B. Performance Comparison With the Observer

Designed in [26] and [32]

To show the performance of our proposed observer, we have
performed a comparison with the observers designed in [26]
and [32]. Indeed, the observers [26], [32] have the same high
gain like observer structure as the one considered in the design

10/and e reel and etimted poston of thepiston

— !
RS — b observer 12, 2]

57 1, HGODC

-0005 ‘ -
0 o 0/ 08
| |

an \ \ \ \ \ \
0

Piston position (mm)

Time (5)
i and rtes:realan esimted postion fthepistn

w
— !
A — b observer 32,26

1, HGODC

0005

0 00000 06 08 04 012 084 0% 08

Time 5}
1t and rs: real and estimted postion o e piston

— )
— Iy observer

Piston position (mm)
' '

Time (s

Fig. 3. Comparison of position tracking performance between our F3:1
observer [high gain observer discrete-continuous (HGODC)] (7s = F3:2
1 ms) and observers [26], [32] (top: Ts = 0.1 ms; middle: Ts = 0.5 ms; F3:3

bottom: Ts = 1 ms).

of our observer. By taking into account the sampling effect in
the structure of these two observers, a continuous—discrete time
version of the observers designed in [26] and [32] can be written
as follows:

T =Az+o(f(2),u) — H(Cz(t) —y(te). (37
We notice that in the case of our observer H = 04, 'K. The
structure of (37) uses the sampled data y(t) in the correction
term since that continuous measured variable y(t) is available
only at sampled instants ¢ = ;. The simulations presented in
Fig. 3 show the performance of observer (8) and observer (37)
in terms of position tracking performances. For our proposed
observer (named HGODC), we have fixed the value of T to
1 ms. For observer (37), three values were taken (15 = 0.1,
0.5, and 1 ms). Looking at Fig. 3 (top), we can see that even
if observer (37) performs better in the transitory regime, our
observer has quite the same performance. Recalling that in this
case, Ts = 0.1 ms for observer (37) which is the same sampling
period as the one of the solver, we can say that our observer
recovers the performances of continuous time observers. When
augmenting the sampling period of observer (37) to 0.5 ms,
we can see that for observer (37), the performance degrades.
Finally, when the two observers have the same sampling peri-
ods (Ts = 1 ms), observer (37) diverges and the PID controller,
which is based on the estimation provided by observer (37),
fails to track the desired trajectory x14.

C. Experimental Validation

To illustrate the performance of our proposed observer, an
experimental test rig platform has been set up and photographed
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IScreen of xPC target|

Fig. 5. Control system of the experimental test rig of the EHA system.

in Figs. 4 and 5. The test rig was constructed in the Brighton
University to investigate the performance of the EHA assem-
bly and the control parameters influencing the motion of the
poppet valve. The test rig comprised of three main subsystems:
a hydraulic oil pressure supply; a hydraulic valve actuation
assembly; and the servo-valve control signal and valve position
interface.

Hydraulic oil from a large tank was supplied to a smaller
reservoir coupled to a high-pressure pump and accumulator.
An electromagnetic pressure-limit switch was used to regulate
the supply of high-pressure oil to the hydraulic valve actuation
assembly via an oil filter. The supply pressure was regulated to
70 bar £ 2 bar by a pressure-limit switch.

The actuator body housed a double-acting hydraulic pis-
ton, oil-sealing end plates, and the high-pressure oil supply
and return feed lines. A continuous-proportional (four-way)
directional servo-valve (Moog series 31) was used to con-
trol the flow rate of hydraulic oil to the hydraulic piston by
means of a proportional electromagnetic servo control signal.
The interchangeable poppet valve head was attached to one
end of the hydraulic piston and a linear variable differential
transducer (LVDT) was mounted to the opposite end to record
the change in valve position. The calibration factor for the
amplified output of the LVDT sensor (Lord MicroStrain) was
2.97 mm/V £+ 0.005 mm/V. Two piezoelectric gauge pressure

TABLE Il
EHA PARAMETER VALUES FOR THE EXPERIMENTAL TEST RIG

Parameters Value
m 0.05
k 2000

b 0.1398

As 0.0614
ks 0.02

a 28.2226

B 0.0063

5 0.0029

s 7 x 10°

transducers (Kistler type 6125 transducer and type 5011 ampli-
fier) were used to measure the instantaneous and difference in
oil pressures in the supply and return chambers either sides of
the hydraulic piston. The pressure transducer was calibrated to
20 bar/V. The full-scale error in the transducer was £3 bar. The
value of the oil pressure at the instant of initial piston motion
was used as the gauge reference pressure.

The control system for the electro-hydraulic valve system
was based on a real-time simulation and testing platform
(hardware in the loop, HIL); MathWorks MATLAB Simulink
and xPC Target application and a real-time target machine
(Speedgoat GmbH). Positional feedback of the valve was deter-
mined from the LVDT sensor output. The actuation of the
directional servo-valve was achieved using a current driver sig-
nal rated to 50 mA. The displacement of the poppet valve is
comprised between [20-32] mm. Based on the physical param-
eters of the experimental test rig [36], the nominal values of the
EHA model parameters were identified and listed in Table III.

In the following experiments, the parameters’ values of
the hybrid observer for this experiment are 6 = 500, K =
(2.8,2.87,1.0423,0.1710), and Ts = 1 ms.

D. PID Control Design for the Experimental Test Rig

In order to track the motion reference x4, the following
PID control law u with a velocity feedforward action was
implemented

u = Ky(w1a - w(t) + K; / (14 — w(t))

d
+ Ki—(z1qa —w(t)) + Kyd14 (38)

dt
where K, = 0.54, K; = 1.93, Kq = 0.04, Ky = 1. As it was
the case in the simulation section, the implemented control law
u contains the output prediction term w(t¢). We mention that for
this experimental validation, we used the same Runge—Kutta
solver with the same fixed step size T'sm = 10~* as in the
numerical simulations section. The experimental validation was
conducted with a sampling period T = 1 ms which is 10 times
bigger than the fixed step size of the solver.

E. Experimental Performances of the Hybrid Observer
Without Disturbance

In this section, we investigate the performance of the hybrid
observer for state estimation and piston position tracking
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Fig. 6. Estimation and tracking performance of xzi,x2,x3,d2 for
0 = 500, Ts = 1 ms for EHA system without disturbances.

motion trajectory x14 = 26 + 5 sin(2wt). Since the considered
EHA system does not drive any mechanical load, we have the-
oretically d; ~= 0. We also mention that we have used the
same nominal values of the EHA system when implementing
the hybrid observer.

In Fig. 6 (top left), we show the performance of the hybrid
observer in terms of tracking performances and state estimation
of the piston position x;. We can see in Fig. 6 (top left) that both
the tracking performance and the state estimation are achieved
correctly by the hybrid observer. For the state estimation of the
piston position z;, the convergence of the hybrid observer is
achieved with small convergence rate [less than 0.05 s when
looking to the zoom of Fig. 6 (top left)]. We can see also that the
tracking performance of the motion reference ;4 by the PI con-
troller, which uses the output predictor w(t), is also achieved
correctly.

Fig. 6 (top right) shows the state estimation of the piston
velocity x2. We can see in Fig. 6 (top right) that our hybrid
observer provides a very good estimation of the real piston
velocity x3. A quick look to Fig. 6 (top right) shows that the
effect noise, which comes from the numerical differentiation
used to obtain the real piston, has been attenuated by our hybrid
observer.

In Fig. 6 (bottom left), we present the estimation results of
the hydraulic pressure state x3 by our proposed observer. First,
we can observe from Fig. 6 (bottom left) that our observer
provides a good estimation of the hydraulic pressure state
xg despite the variations in the hydraulic parameters and the
hydraulic disturbance which affects the functioning of the EHA
system. The effects of these disturbances can be viewed. In
Fig. 6 (bottom right) where we can see that even if there is
no mechanical load driven by the EHA system, the estimated
disturbance term c22 is not equal to 0. Indeed, the difficulty of
capturing the hydraulic parameters (o, 8,7) and the internal
leakage occurring on the EHA system generates automatically
the disturbance term ds. For the reader, we mention that it was

xid'and xfes: real and estimated position of the piston

Piston postion (mm)

42 -1 0 0102 03 0f ‘ ‘ ‘

10!
0 1 2 3 4 5 6 7 8 9 10
Time (s)

xidfand xtes: real and estimated posifion of the piston

Piston postion (mm)

Time (s)

Fig. 7. Estimation and tracking performance of z; for 6 = 500. (Top) F7:1
F7:2

Ts = 2 ms. (Bottom) Ts = 3 ms.

very difficult for us to plot in Fig. 6 (bottom right) the real
hydraulic disturbance term do for the reasons explained above.
Finally, we can observe in Fig. 6 (bottom left) that there is
small phase lag between the real and the estimated hydraulic
pressure x3. This observation is quite interesting because of the
discrepancies between the numerical simulations and the exper-
imental validation of our observer. This discrepancies come
from the difficulty of capturing exactly the hydraulic parame-
ters of the EHA system and the fact that the dynamic of the
electrical part of the EHA system has been neglected in the
EHA model. In addition, it appears that the PID control is not
able to compensate it. Taking into account that the kistler pres-
sure transducers give a relative and not an absolute pressures
values in each chamber of the hydraulic actuator, we can say
that the estimated hydraulic pressures provided by our observer
are good.

F. Effect of the Sampling Period on the Performance of
the Hybrid Observer

To compute the maximum allowable sampling period 7.«
of the hybrid observer, we can proceed following two pos-
sible manners. The first one is to compute T}, analytically
using the expression in (34); however, this will necessitate to
know the constant 3y which is practically very difficult to deter-
mine. The second one is to start with a sampling period T and
increasing it until the observer diverges. We proceed follow-
ing the second manner. In Fig. 7, we present the experimental
results of the estimated piston position x; and the tracking per-
formance of the piston position reference x14. We mention that
we did not report the experimental results concerning the esti-
mations of the piston velocity x2, the hydraulic pressure zs,
and the hydraulic disturbances ds. The reason is that they are
characterized by the same dynamic behavior as the results pre-
sented in Fig. 7. When increasing Ts to 2 ms, we can observe
from the top of Fig. 7 that the estimated piston position and
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Fig. 8. Estimation and tracking performance of zi,z2,z3,d2 for
0 = 500, Ts = 1 ms for EHA system with disturbances.

the tracking performance are quite the same as it is the case
of Ts = 1 ms. The difference concerns the convergence speed
which is slower in the case of Ty = 1 ms. When increasing 7’s
to 3 ms, we can observe that the performances of the hybrid
observer are affected only in the transitory regime (see bottom
of Fig. 7). Indeed, the oscillations observed in the bottom of
Fig. 7 are due to the increase in the sampling period Tix to
3 ms which clearly affects the transitory regime for our hybrid
observer. In the permanent regime, the hybrid observer which
provides the output predictor term w(t) for the PID controller
performs well in the case of estimation and the tracking per-
formance. From this, we can deduce that in the case of this
experimental results, Ti.x >~ 2 ms.

G. Experimental Performances of the Hybrid Observer
With Disturbance

To investigate the performance of our observer in the pres-
ence of disturbance, an additional disturbance term d3 = 2x14
is inserted in the control input at ¢ = 10 s; meanwhile, the
new control input sent to the control board is ul = u + 2x14,
where w is the previous control calculated by the PID controller.
According to the structure of the model of the EHA system,
this disturbance will be added to the previously hydraulic dis-
turbance term d, and will change the dynamic of the states
(x1, 22, x3, x4) of the EHA system. We can see from Fig. § that
both tracking performances and states estimation are achieved
correctly by our observer. At t = 10 s, we can see the influ-
ence of the disturbances on the performances of our observer.
Despite its occurrence, we can clearly say that: first, the PID
controller is robust facing this disturbance; since that the PID
control law u uses the predictor term w(t) provided by our
observer, this will demonstrate the easiness of the incorpora-
tion of our observer in a control scheme; second, our observer
succeeds to estimate the states and the disturbances affecting
the EHA system after (t = 10 s).

V. CONCLUSION AND FUTURE WORK

In this paper, a continuous—discrete time observer is designed
for the EHAs system subject to discrete time measurement and
mechanical and hydraulic disturbances. The exponential con-
vergence of the proposed observer is proven using a classical
quadratic Lyapunov function based on small gain arguments.
The proposed observer is combined with PID controller for the
purpose of tracking motion reference trajectory of the piston
position for the EHA system. The simulation results and the
experimental validation of our proposed observer demonstrate
its efficiency in terms of tracking performance and distur-
bance estimation. In our future works, we plan to synthesize an
output feedback controllers based on the designed continuous—
discrete time observer in this paper. The resulting controllers
will improve the positioning control for the EHAs system.
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