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ABSTRACT

This paper considers the design of an observer to estimate
the velocity of an electro-hydraulic system using pressure mea-
surements only. The difficulties involved in the design of an ob-
server for such a system include the highly nonlinear system dy-
namics, severe parametric uncertainties like large variation of in-
ertial load and unmatched model uncertainties. In order to tackle
these problems a nonlinear model based Adaptive Robust Ob-
server (ARO) is designed which provides not only a robust esti-
mate of the velocity of the system but also the robust identifica-
tion of the system parameters. Online monitoring of certain per-
sistence of excitation conditions allow us to improve the quality
of the parameter and velocity estimates. Simulation and experi-
mental results on the swing motion control of a three-degree-of
freedom hydraulic robot arm demonstrate the effectiveness of the
proposed observer.

1 Introduction

Hydraulic systems are widely used in industrial applications
because of their size-to-power ratio and the ability to apply large
forces and torques with fast response times. Some of the appli-
cation areas of hydraulic systems include electro-hydraulic po-

sitioning systems (FitzSimons, 1996; Silva, 1998), active sus-
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pension control (Alleyne, 1996; Alleyne, 1995), material testing
(Lee, 1990) and industrial hydraulic systems (Yao, 1998). For
such systems, knowledge of the pressure in the forward and back-
ward chambers of the cylinders, the displacement of the cylinder
and the velocity of the cylinder is normally required in the design
of position and velocity controllers.

For industrial mobile hydraulic systems such as excavators,
(Yao, 1998), pressure measurements are common because of the
relatively cheaper cost of installing pressure sensors. However,
the lack of position and velocity feedback is common in such
systems because of the prohibitive cost of the sensors as well
as the high likelihood of failure of these sensors in harsh envi-
ronments. Hence, design of observers which estimate the ve-
locity from measurements of the cylinder pressure becomes very
important if one still wants to control the cylinder velocity as
in (DeBoer, 2001) or some sensor failure detection schemes are
sought for the fragile position and velocity sensors, which is the
focus of this paper.

Unfortunately, hydraulic systems have a number of charac-
teristics that complicate the design of observers for such systems.
One characteristic is that the dynamics of hydraulic systems are
highly nonlinear (Merritt, 1967). These nonlinearities include:
deadband and hysteresis existing in the control valves, nonlinear
pressure/flow relations and variation in the fluid volumes due to
the movement of the actuator. Apart from the nonlinearities, hy-
draulic systems have large extents of model uncertainties. The
uncertainties can be classified into parametric uncertainties and
uncertain nonlinearities. Examples of the parametric uncertain-
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ties include the large changes in the load seen by the system and  The paper is organized as follows. Problem formulation and
the large variations in the hydraulic parameters due to change dynamic models are presented in section Il. The proposed ARO
in temperature, pressure and component wear (Whatton, 1989).is given in section Ill. Experimental setup and experimental re-
Other general nonlinearities such as external disturbances, leak-sults are presented in section IV. Conclusions are drawn in sec-
age, and friction cannot be modelled exactly and the nonlinear tion V.
functions that describe them are not known. These nonlinearities
are called uncertain nonlinearities. These model uncertainties
make the construction of observers for hydraulic systems rather 2 Problem Formulation and Dynamic Model
difficult. The schematic of a typical inertial load driven by a hydraulic

In the past, the design of observers was done by linearizing cylinder is shown in Figure 1. The goal is to have the observer
the system and applying linear observer designs to the linearized estimate the velocity of the cylinder as closely as possible with
plant. Unfortunately, the hydraulic system is subjected to non- measurement of pressures only. The system can be thought of
smooth and discontinuous nonlinearities due to control input sat-
uration, directional change of valve opening, friction and valve

P =0
overlap. Hence, the linearizing approach will not yield good re- W%ﬁvv
sults. Also, it was shown in (Hedrick, 1994), that the direct ap- T
plication of a Luenberger type observer would not work well for Q l I Q, X,
nonlinear systems with nonlinearities which are non-Lipschitz. \ L 1 =
Hence, a nonlinear model based observer which takes into ac- P A ~
count the system nonlinearities will likely perform better. ‘ AR }

|

The other problem with hydraulic systems is the high de- ) I, &
gree of parametric uncertainty. In (Yanada, 1997) it was pointed

out that when the difference between the system parameters of
a plant and its observer model is significant, the observer with
fixed parameters brings about large state estimation errors, par-
ticularly during the transients. This problem can be solved using as a single-rod hydraulic cylinder driving an inertial load at the
adaptive observers. The researchers in (Rajamani, 1995) con-end. The dynamics of the inertial load can be described as
structed an adaptive observer for a class of nonlinear systems
with Lipschitz nonlinearities. Unfortunately, the adaptive ob-
server designed cannot be directly used in closed loop control
because in the presence of disturbances of large magnitude, the
estimation error in (Rajamani, 1995) may become unbounded. ~Wwherex_ andm represent the displacement and the mass of the
In this paper a novel nonlinear observer is proposed that es- l0ad respectivelyP; andP; are the pressures of the two cylinder
timates the velocity and parameters of an electro-hydraulic sys- chambers respectivebp; andA; are the ram areas of the two
tem using pressure measurements only. Similar to the design of cylinder chambers respectivelyrepresents the combined coef-
adaptive robust controllers (ARC) in (Yao, 1997), the adaptive ficient of the modelled damping and viscous friction forces on the
robust observer (ARO) is designed using robust filter structures load and the cylinder rod . represents the modelled Coulomb
to reduce the effect of unmodeled disturbances, while parame- friction force andf (t,x_,x_) represents the lumped modelling
ter adaptation is used to reduce the model uncertainty so that error including the external disturbances and terms like the un-
the state estimation error can be reduced. The observer that ismodeled friction forces.
designed has an extended filter structure so that on-line param-  The cylinder dynamics can be written as (Merritt, 1967):
eter adaptation can be utilized to reduce the effect of possible

Figure 1. A ONE DOF ELECTRO-HYDRAULIC SYSTEM

Mm%, = PiAL — PoAr —bx — Fre(3) + f(t,x0, %) ()

large nominal disturbances. Discontinuous projection mapping ) Be ) -

is used in the parameter adaptation process of the adaptive robust P = Vi(x) (—Ax.+Q1— Q1) 2)
observer for a controlled adaptation process. Consequently, all

the signals in the ARO, i.e., the state estimates and the parameter Po = ——(Aox. — Q2+ Qo) (3)
estimates can be guaranteed to be bounded even in the presence v2(x)

of bounded uncertain nonlinearities such as disturbances. As a

result, the adaptive robust observer (ARO) can be safely used in wherevy(x_ ) = Vg + A1xe andva(x,) = vy — Agx_ are the total
real time control applications in addition to other targeted appli- volumes of the forward and return chamber respectivelyand
cations such as the reliable velocity estimates for the detection of vy, are the forward and return chamber volumes wken= 0,
position and velocity sensor failures. Be is the effective bulk modulusQ; andQ- are defined as the
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modelled flows in and out of the head-end and rod-end of the
cylinder and are related to the spool valve displacement of the
servo-valveyy, by (Merritt, 1967)

B _ | Ps—=Piforx,>0

Q1 = kquxv/|APy|, AP = { P,—P forx, <0 @
B [ Po—BRforx, >0

Q2 = kv /|APy], APy = { Ps— P, forxy < 0 ®)

wherekq andkq are the flow gain coefficients for the forward
and the return loop respectiveRs is the supply pressure of the
pump and?; is the reference pressure in the return ta@k.and
O, are the errors in the flow modelling including various leakage
flows.

Define a set of state variables as= [x1,%2,X3]" =
[%.,P1,P.]T. The entire system of equations (1)-(5), with con-
trol inputu = x, can be expressed in state space form as:

%1 = %(szl —X3A2) +d, d= %(f(t,x._,xl) —bxq — Fre(x1))
Xp = Vl?;) (—Awx1 + G2(xz, sign(u))u) — Qs 6)
X3 = VZ(;L) (Aox1 — g3(xa,sign(u)u) + Q>
whereg, andgs are defined by

92 = kq1V/[APL], g5 = kg2 \/1APy| (7)

Given the desired velocity trajectory xi4(t) and the measure-
ment of the pressures x> and xs, the objective is to design an ob-
server that tracks output velocity x1(t) as closely as possible in
spite of various parametric uncertainties and uncertain nonlin-
earities.

3 Adaptive Robust Observer Design
3.1 Design Model and Issues to be Addressed

The system is subjected to parametric uncertainties due to
the variations ofm, Be, b andFic. In this paper, for simplic-
ity, only the major parametric uncertainties duentpthe bulk
modulusBe, anddy, the nominal value of the lumped modelling
errord in equation (6), are considered. In addition, since one
does not have information about the cylinder displacement and
the volumes of the fluid in the hoses dominates over the varia-
tions in the volume of the fluid in the cylinder chambers caused
by the cylinder movement, the hose volumag,andvy,; are used
in the design of the observer with the variations of the chamber

3

volumes being lumped into some modelling uncertainty terms as

detailed in the following.

Let I = &2, 12 = 22, ri(xe,sign(u) = Vit
ra(xs,sign(u)) = w, A= ﬁ—i and define the unknown pa-
rameter se® = [01,0,,03]" asB; = A;/m, 8, = dn, andB3 = Be,

the system dynamics (6) can be simplified to the following form:

_ _ G2(xp,8gn(u))

X]_ = 91(X2—A_\X3) +92+Al(t7XL7X1)
X2 = 03(—l1x1 + r1(x2,sign(u))u) + Ax(t,x2,X3)
X3 = B3(I2x1 — r2(Xs,sign(u))u) + Az(t, X2, X3)

(8)

where,

A1 (t,x,x1) = d= d(t,x.,x1) — dn

Bl ),
ViVih

Be(V2(xL) = Vzn) (

V2Vonh

-Q1

Az(t,Xz, X3) —A1x1 + gzu) 9)

D3(t,%2,%3) = Qo — —AoX1 + g3u)

in which the last term in the lumped uncertaindesandAs rep-
resents the effect of the variation of fluid volumes due to cylinder
movement.

At this stage, it is easy to see that the major difficulties in the
design of observers for the system described by equation (8) are:

(i) The system dynamics are highly nonlinear, due to the in-
herent nonlinearities of hydraulic dynamics such as the
nonlinear flow gains (represented by(xp,sign(u)) and
r2(x3, sign(u)).

(i) The system has severe parametric uncertainties like large
variations of the inertial load, the change of bulk modulus
due to entrapped air or temperature, etc., as represented by
the unknowrb.

(i) The model uncertainties are mismatched, i.e., both paramet-
ric uncertainties and uncertain nonlinearities appear in the
dynamic equations which are not directly related to the con-
trol inputu = xy.

To address the above challenges, the following general strategies
are adopted:

a. Nonlinear model based analysis and synthesis will be used

in the observer design to deal with the nonlinearity of the

system directly. Specifically, the subsequent design will be

based on the actual system dynamic model (8).

Adaptive and robust approaches will be integrated and ap-

plied to design observers which are less sensitive to model

uncertainties.

. An adaptation law which is based on the state model of the
system will be designed to get better parameter estimates.

b.
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Discontinuous projection mapping is used to guarantee that 3.2.1 Projection Mapping and Definitions
the observer estimates remain bounded even in the presenceLet 6(t) denote the estimate 6fand® the estimation error (i.e.,
of disturbances. 6 = 0(t) — 8). Defining the discontinuous projection as:

d. The parameter estimates are updated only when certain per-
sistent excitation conditions are satisfied. This leads to better Definition 1. - Let Qg be a convex set with the interior of the set
parameter estimates which can be used in fault diagnostics denoted by Qg and its boundary by Qg. Since, Qg is a convex
and on line machine performance monitoring. set, let ng be the unit outward normal at 8 € 9Qq. The standard

Using the above ideas, the nonlinear adaptive robust ob- Projéction mapping (Krstic, 1995) is:

server design is detailed in the following sections. The general

structure of the proposed adaptive robust observer is shown in it 8 (5 7 <0
Figure 2 which shows the flow of information in the ARO struc- Projs(0) = ¢, . ' €2l OF néZ = (12)
- NaNa ~
ture. 0 (I-T8)z, deaQgandnll >0
ng g €]

No
Parameter
Estimate Not

where { € R Pisany functionand I (t) € R P*P can be any time-

PE

Discontinuous Updated condition varying positive definite symmetric matrix.
—  Projection _ atisfied? ' . . . .
Mapping Parameter Ves Lemma 1. By using the projection type adaptation law given
Parameter Estimator ‘ by
l .
‘ Adaptive Robust 'J 0= PI’Ojé(Z), 9(0) € Qg (13)
Observer
Observer
" t‘(‘) easures it can be shown (Sastry, 1989; Goodwin, 1989) that the projec-
c X(0) tion mapping in equation (12) has the following desirable prop-
ontroller u(t) Plant — .
Faimates 4 sty erties
P1. Theparameter estimates are alwayswithin the known closed
General Structure of the Adaptive Robust set Qea i-e-, e(t) € Qe, Vi.
Observer P2. If the true parameters are within the known convex set Qg,

then for any adaptation function t and I (t) > 0,
Figure 2. GENERAL STRUCTURE OF ADAPTIVE ROBUST OB-

SERVER 8T (r*Projg(It) —1) <0, V1,M(t),and B € Qo,  (14)
3.2 Assumptions and Definitions Definition 2. A system x = f(x,u) is Input to State Practically
Assumption 1. Theunknown but constant parameters 6; liein Sable (1SS if there exists a class K L function B, a class K
a known bounded region Qg : function y, and a non-negative constant d such that, for any ini-

tial conditionx(0) and eachinput u € L »[0,t), the corresponding

Bi € Qo = {65 6;, <6 < B} (10) solution x(t) satisfies

Assumption 2. The uncertain nonlinearities A, i = 1,2, 3 are XOI < B(IXO)[,1) +y(llu®)[) +d, vi=>0 (15)

bounded, i.e.,
where u(t) is the truncated function of u at t and || - || represents
B € Qn = {81 BikN, U <&} (1) thele supremumnorm
where & are some constants. 3.3 Adaptive Robust Observer Design

: : Letn = x; andx = X2 | cR2 represent the unmeasured
Note that the above two assumptions are rather practical for the X3

electro-hydraulic systems. state and the vector of the measured signals. The system given
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by the equations in (8) can be written in a canonical form as

N =Fy(xud+A,
X= FX(X’ U)e+(p(X, uae)n +AX (16)
where, Fy(xu) = [x2 — Axs 1 0, F(xu) =

00 ry(xp,sign(u))u —Ip
0 0 —ry(x3,sign(u))u |’ ®xu.6) = 93{ P ] B = B
andAy = [Ag, Ag]".
Since information about the unmeasurable stpis con-
tained in the dynamics of(e.g., the second equation in (16)), let
us define a co-ordinate transformation of the form:

& =1N—w(X,00), W(X,0y)=0(X2,X3)00, B, =1/03 (17)

whereo(xz,x3) could be any smooth functions as long as the
resulting functionA; given by

Jo Jo

a7|1—a—x3|2 (18)

AE(X, U) = _g_(:(p(xa u, e) =

is a negative function, i.e., there exists a positive constant 0
such thatAs < —cg. Such a coordinate transformation always
exists. For example, let(xp,x3) = —kixo + koxz, wherek; > 0
andk; > 0 are constant gains. Then,

As = (29)

—(k1|1—|-k2|2) =—C< 0

With the coordinate transformation (17), the dynamics of the
transformed state are given by:

£ = — o(x,00)

= (Fy (%, U)B+ Aq) — 22 (Fy(x,u)8+ g, U, 8)N + A)(20)

0
ox
(X8 +2L¢  (22)

= Fy(x,
= Ag(X,

u)9+A§(x,u)
)& + Fy(x,u 91,82 +A§ (x,u)o

where, for simplicity,

ow
AE(Xv U) = —&CP(X, u, e) (23)
— 0o 0o
FLIJ - el(XZ—AX3)+62—a—X2rlU+ a—x?’rzu (24)
0w

As Ag(x,u) is a negative function, i and6, were known,
a nonlinear observer could be designed as,

& =As(x, u)é + Fy(X,u,81,02) + A (X,u)0(x)Bq (26)

Then, the state estimation errfpt: 2 — & would be governed by
the following dynamic system

& = Ag(x,U)E — A (27)

which is exponentially stable with a bounded disturbange
Since the parametesand 6, are not known, the observer as
defined in equation (26) is not implementable but it provides mo-
tivation for the design of the following nonlinear filters

Zo(x, u) = Ag(x,u)Co(X,u) — g;:rlm— g)z oU

ZS(Xa U) = AE(Xa U)ZG(Xa ) +A‘~|J(X7 U)

ZCO(Xa U) = AE(Xa U)Zw(xa U) + AE(Xv U)G(X) (28)
wherelo € R, Lo = [Co1, Lo2] € RY*2, Ay = [x2 — Axa, 1], and
{w» € R The state estimate can then be represented as,

£ = Lo(%, ) + L1 (X, U)B1 + Lea(X, U)B2 + Loo(X, U)Be,  (29)

From (28) and (29), it can be verified that the observer error dy-
namics is still represented by (27). Therefore, the equivalent ex-
pression for the unmeasurable stqtis

N = &+ w(X,0u) )
= Lo+ Ca101 + {6202+ LB+ 0(X)00 — & (30)
= o+ Y(x,u)by—¢§ (31)

where Y(x,u) =
[el,ez,ew]T eR3.

Even now the estimation of thg subsystem is not imple-
mentable because of lack of knowledge of the system parame-
ters. Hence, the values of the estimated parameters are used in
the implementation of the observer. This results in the following
observer equation

[Co(x.u), (Lo(xu) + 0(x))] and By =

f(x,u,8,00) = o+ Y(x,u)by (32)

whereBy =[61,6,08,]T € R 3 represents the estimate .
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Now an adaptation law needs to be designed to estimate the and define the prediction error as- Z— z By doing so,
system parameters so that these estimates can be used in the im-

plementation of the ARO in equation (32). Consider the dynam-

ics of thex subsystem in (16), using (30), the equation forxhe

subsystem dynamics can be rewritten in the form
X=F(U)8+ @(x, U, 0) Lo+ Y(x, u)By — &) + 8¢ (33)

Utilizing the fact thatg(x,u,0) is linear in terms of83 and

B, = 1/03, it is easy to check that equation (33) can be linearly

parameterized in terms 6f = [0103, 8,63, 83]" € R® as

x = fo(X,u) + O(x,u)8g — @(X, U, G)E + Ay (34)

_ |~ Cexw) +0(x)l1
where fo(x,u) = [ (Lo U) +0(X)l
_Zeﬂl, _Zezlla (_Z0|l+rlu):|

Coyl2, Co,l2,  (Lolz—rau)
With the dynamics as given in equation (34), a set of filters

} , O(x,u)

need to be designed to create a static equation for the prediction

error based on the model of the system. For this purpose, con-
sider the following filters

Q" = AQT +0(x,u)
Qo = A(Qo+X) —fo

(35)
(36)

whereA is any exponentially stable matri®, € R 23 andQq ¢
R 2. Now define
z=Xx+ Qo (37)

which is calculable. By substituting equations (34) and (36) into
the derivative of (37),

z=Az+ O(x,u)Bp — @(x, U, 9)£+Ax (38)
Lete = x+ Qo — Q' 8y, thenz can be written as
z=Q"6g+¢ (39)
wheree is governed by
& = Ae— Q(x, U, 0)& + Ay (40)

which has a stable dynamics with bounded disturbances. Now
define the estimate afas

2=0Q70,

(41)

e=Q"6y—¢ (42)

which is linearly parameterized in terms of the parameter estima-
tion errorp with an additional term that exponentially converges
to zero in the absence of disturbances (¢ 5 0). As such, var-
ious standard estimation algorithm can be used. For example,
with the least squares type estimation algorithm, the resulting
adaptation law is given by

Qe

B0 = Projg, (=T 1+vTrace(QTFQ)) (43)
wherefl (t) is the adaptation rate matrix updated by
. ol —rQQ'r -
= Treatrg 0 (O=TO>0 64

in which the normalization factor and the forgetting factom
are non-negative constants, witk= 0 leading to un-normalized
algorithm.

With the above ARO design, the observer estimation error
of n is given by

Al—n=YBy+¢

fi (45)
3.4 Main Performance Results
Given the desired velocity profile of the hydraulic system,

the following qualitative results will hold for the ARO defined
by equations (32) and (43).

1. In the presence of uncertain nonlinearities, the signals from
the parameter estimator of the ARO given by equation (43)
and the state estimator given by equation (32) are bounded.
The ARO given by equations (32) and (43) is ISpS.

. Inthe absence of uncertain nonlinearities, M= Ay =0,
if the parameters are updated only when certain persistence
of excitation conditions are satisfied, then the parameter es-
timates converge to their true values.

These results are formally summarized in the following theorems
and lemmas.

Lemma 2. With the observer in (32) and the projection type
adaptation law in (12), the parameter estimation error and the
estimation error & are always bounded, i.e., 8y € L[0,), and
€ € Lo[0,0).
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Proof: From the properties of the projection mapping, it can be Using the mean value theorem,
seen thabg is bounded, therefor®y is bounded i.e.fp € L.
Consider a positive functioNz (&) = 1/2[¢|. In viewing ~ ~ 5

(29), the derivative o¥; satisfies B0(T) = Bo(t) + Bo(W) (T—1) (51)
Vi —§i= AE|E|2 _ EAE Thus, notingBy — 0 ast — =, the facts (50) and (51) lead to
Noting assumption 2 and (18), &1 (t)[/t+T QQT dujfo(t) - 0 (52)
t
Vi < —celE[2+ ||| |
P Thus, when the PE condition (48) is satisfied,
< —Cgl€] + €] (31 + k10200, + k3d36) (46)
g2, 1 2 . . T .
< _(CE—CO)|E.| +E(61+k162em+ k3636w) (47) 0(||90(t)||2 < eg(t)[‘/t QQTdT]eo(t) 50 (53)

wherecp > 0 is any positive scalar satisfyirgg < c;. It is thus
clear that is bounded. O

As the filter matrixA is stable, it is easy to prove the follow-
ing lemma and theorem:

Hence By — 0. O

4 Simulation and Experimental Results
Lemma 3. The system of filters (35) and (36) is | S with the 4.1 Experiment Setup
inputs being x and u and the state being the filer output Q and The proposed ARO algorithm is implemented on the swing
Qo. circuit of a three-link robotic arm (a scaled down version of in-

Theorem 1. The Adaptive Robust Observer (ARO) given by dustrial backhoe loader arm) using a DS1003 Controller board

equation (32) is IpSwith the red states x and u as the in- from dSPACE Inc. and a Pentium Il 700 MHz computer. The

outs and the ohserver estimation error R given by (45) as states detailed experlmenta! set-up can be_found in (). The effective
measurement resolution of the experimental systenbisr@ for

Theorem 2. In the absence of uncertain nonlinearities, i.e, position and 1035 x 10°Pa for pressure.
Ay = Ay = 0, the parameter estimation error 8 — 0 if the fol-

lowing persistent excitation (PE) condition is satisfied: 4.2 Simulation Results

t4T The schematic of the swing circuit of the electro-hydraulic
aT,a >0, st. / Q()QT(t)dt > al, vt (48) robot arm is shown in Figure 3.
t

Proof: In the absence of uncertain nonlinearities 8. = A, = W@

0, from (27) and (40), we have | o Q l

£ = Ag(x U)EE = Ae— g(x U.B)¢ (49) ~ swing i
Y

It is thus clear that bot ande exponentially converge to zero. | O
Thus, using the standard adaptive deign techniques, it is easy to A ‘
show that the least square type projection adaptation law guaran- K swing
tees that the prediction errer— 0 ast — c. From (43),@0 -0
ast — oo, . ~

Ase=QT6y—¢, one has tha®"6y; — 0 ast — . Since
QT8 is a scalar quantitﬁgQQTéo — 0 ast — ». Hence, for Figure 3. SWING CIRCUIT OF A HYDRAULIC ARM
anyT,

The physical parameters of the swing cylinder arg=
T 2.027x 1073?, Ay = 1.069x 103m?, viyy = 4.995x 10~*n®
/t 8pQQ Bpdt -+ 0, as t— o (50) andvip, = 9.068x 10 *m?. The flow gain coefficients adey =
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3.59x 10~8m?/v/PasV andkg = 3.721x 1078m?3/\/PasV. The
swing inertia with just the arm id = 78.6%gm?. The effective
bulk modulus of the system 8¢ = 2.71 x 10°Pa. During the
simulation studies, the value of the external disturbance is set at
ON. In the design of the observer, the gakasandks are related
asky = Aks, with k3 = 100. The true values of the parameters
are@; = 9.2127x 10~ 'm?/kg, 8, = ON andB3 = 2.71 x 10%Pa.

In simulations, a PID controller with the gains setkip= 175,

ki = 150 andkq = 1 is used. The initial parameter estimates are
chosen a®;(0) = 1.1034x 10~5n?/kg, 6,(0) = 0.00IN and
ég(O) = 2.2x 10%Pa. The smooth velocity profile of a point-
to-point trajectory is chosen as the test trajectory for the simula-
tions. The actual velocity profile and the estimated velocity pro-
file of the observer along with the velocity estimation error are
shown in Figure 4. The parameter estimation results are shownin
Figures 5, 6 and 7 respectively. As can be seen from these plots,
after the parameter estimates converge at around 12 seconds, th
observer estimation error converges to zero.

Persistence of excitation condition checks the richness of in-
put signals so that parameter estimates are updated only if the
input is rich enough. The comparative simulation results have
shown the improvement in the quality of the parameter estimates
through this practical modification. In order to check for persis-
tent excitation of the input signal, input signal time data for a
period of 12 seconds is used in the simulations, which is the rea-
son for the parameter adaptation to start after a period of around
12 seconds.

Output and Estimated Velocity Profiles
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Figure 4. ACTUAL AND ESTIMATED VELOCITY TRAJECTORIES

4.3 Experimental Results

In order to demonstrate the practical nature of the proposed
ARO design, the observer was implemented on the swing circuit
of the hydraulic robot arm. These experiments were conducted
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with no load at the end of the arm and with a load at the end of
the arm. The results for the velocity and parameter estimation
with the ARO without a load at the end of the arm are shown in
Figures 8, 9, 10 and 11. The experimental results from the ve-
locity estimation with a load at the end of the arm are given in
figures 12, 13, 14 and 15. In these experiments a load of 45 Kgs
is added to the end effector of the arm. As can be seen from these
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Estimate 0B, = d_ without load

50 T T T T T

figures, the proposed ARO achieves reasonable good velocity es-
timate, especially after the parameter estimates approach to their
true values after the initial adaptation period. It is also noted that
the results for the loaded situation are better than those in un-
loaded situation. This difference might be caused by the stronger
inertia effect of the loaded case, which makes the parameter esti-
mation less sensitive to the modelling errors like the stiction that
has been neglected in the ARO design.
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Figure 12. ACTUAL AND ESTIMATED VELOCITY PROFILES OF ARO
WITH LOAD

5 Conclusions typical nonlinearities of hydraulic systems. Effective parameter
In this paper, an adaptive robust observer (ARO) has been estimation algorithm has been constructed to handle the large pa-
developed for the velocity estimate of hydraulic cylinders using rameter variation range of hydraulic systems, and certain robust
pressure measurements only. The design is based on the actuafilter structures are employed to to attenuate the effect of vari-
nonlinear hydraulic dynamics and directly addresses the effect of ous modelling errors. Through the use of projection type adap-
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tation law structure, a controlled parameter adaptation process is
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