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ABSTRACT

In this paper, a robust adaptive control (RAC) décwo-hydraulic servo-system is
investigated. The dynamics of hydraulic systemshaghly nonlinear and the system may be
subjected to some discontinuous nonlinearities khimostly due to servo-valve
characteristics. Aside from the nonlinear naturehgtiraulic dynamics, our test bench
presents an intermediate interface between theatactand the servo-valve, which leads to
have some pressure drop between the servo-valvéhancylinder chambers. This pressure
drop depends on some operating conditions. Thereftire system may possess both
parametric uncertainties and unknown nonlinear tfans that may represent modelling
errors. To address these challenging issues, thesraadaptive control (RAC) is applied.
Based on adaptive update techniques, the parametertainties are compensated. Moreover,
a robust method is used to solve the problem dgrivem the modelling errors. The
proposed controller ensure that the position traglerrors of the system remains bounded
and can be made arbitrarily small. Simulation stsdon the control of hydraulic servo-
actuator show the effectiveness of the proposeenseh

KEYWORDS: electro-hydraulic system, nonlinear sgsteuncertainties model, adaptive
control, Lyapunov method, robust control.

1INTRODUCTION

Hydraulic actuators are widely utilized in induegj ranging from heavy-duty applications
such as hydraulic manipulators to precision mactooécontrol and ground base simulators.
Moreover, the compactness, the high force-to-masie and the reliable performance of
hydraulic actuators, are factors that could poadigti be exploited in sophisticated
manipulator design. However, the dynamic behavadinydraulic systems is highly nonlinear.
These nonlinearities depend on the servo-valve-floegsure characteristics, change of the
control volumes and the friction force equation Riirthermore, the electro-hydraulic system
have many uncertainties model, which engendereddbly the parametric uncertainties and
the uncertain nonlinearities. Parametric unceri@sntonsist to the large variations in the
hydraulic parameters due generally to the changbeobperating conditions such as the oil
temperature and the supply pressure. The othertamtées include an uncertain dynamics
such as leakage flow, dry friction which can becdiégd by the unknown functions.
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The complexity of the electro-hydraulic systems #relimportant range of control laws are a
real industrial problem where the target is to d®dhe best control strategy for an
application. For this reason, some research eftoatse been directed toward meeting this
requirement. Most of them have been based on tieardicontrol theory [2], [3]. But in such
work, some important dynamic information may be ben the hydraulic servo system is
linearized around some operating point, duringdsign.

Therefore, it is important to choose a nonlineartad method that is reasonably suitable for
hydraulic servo systems. Some numbers of investigmthave been conducted on feedback
linearization techniques used in some researchgqd9} [6]. But these methods did not
account for model uncertainties and also requiseceknowledge of the system dynamics. So
to overcome this problem, nonlinear robust contiethniques are essential used for
controlling this kind of systems with a good penfiance. For this way, a sliding mode
variable structure controller is adopted in elettydraulic systems in some research work
[7], [8] and [9]. A specific drawback associatedwimplementation of such technique is the
chattering phenomenon, which is essentially a Hrgljuency switching of the control. In
effect, the presence of a discontinuous functionairtontroller design can affected the
performance of the control system [10].

Despite all uncertainties, already indicated, for electro-hydraulic system an adaptive
control is considered as one of some valid methatl ¢an maintain consistent performance
of a system in the presence of some variationantgbarameters. There exists relatively little
general theory for the adaptive control of nonlmggstems. In the previous research, some
kinds of nonlinear robust adaptive control (RAG)laave been investigated and applied for
some application.

For example, a feedback linearization adaptive robri6] and a nonlinear robust adaptive
control based on backstepping technique [11], [[A3] are employed. In these latter works,
the backstepping design procedures [14] are predent order to design a global stable
controller for a class of nonlinear systems tramgfible to a strict-feedback form. Some
alternative approach, based on both sliding modeaaradaptive technique, which defined by
the integral-type adaptation law, [15]. In [16]ethuthors applied nonlinear RAC in single-
rod cylinder hydraulic system based on backsteppiaghnique to compensate the
uncertainties. A systematic design procedure to bioen the adaptive control and the
smoothed sliding mode control for tracking objeesivof robot manipulators is presented in
[17], where the control designer is described famati-input multi-output (MIMO) nonlinear
system. In [18], [19] the authors consider thatdhginal total control volumes are uncertain
unknown nonlinear parameter. This kind of consitienacan be useful when the dynamic
system is affected for a small variation of theymral control volumes.

The real contribution of our work is consistingth@ considered hydraulic system. Indeed, a
symmetric double acting electro-hydraulic servorgiis considered. This system disposes of
some interface block between the actuator andghassalve. The presence of this interface
generates some pressure between the servo-valvéhandylinder chambers. This derived
pressure decrease depends on the geometrical Erestacs of the different pipes constituting
this block, the velocity of the fluid and also tiheut exciting signal. In order to obtain a good
performance, with presence of an intermediary fate, a RAC is applied. Effectively, this
kind of technique can successfully solve the cdrgroblem, particularly in the presence of
the unknown parameters. Such control law can givedaa about the evolution of some
unknown parameters, for example the value of tlessure drop caused by the intermediate
block, in each operating conditions.
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The RAC of single-input single-output (SISO) noelm system in a strict-feedback form is
considered with allowing both parametric unceriamtand unknown nonlinear functions,
with assuming a prior knowledge of some boundsinByducing the projection technique to
the integral-type adaptation law and basing onliyepunov method, a simpler control law
and adaptive mechanism are designed. We combinefiaed adaptive controller with a
conventional robust control method to obtain a RAC.

The outline of the paper is as follows. In Sectonhe detailed nonlinear model is presented.
In Section 3, the designed robust adaptive corfitnothe electro-hydraulic system is given.
The following section is dedicated to the simulatiesults and discussion.

2ELECTRO-HYDRAULIC SERVO SYSTEM MODEL

The considered system Fig.1 is a symmetric doutiiagelectro-hydraulic servo-drive using
a double-rod cylinder with a stroke of 330 mm, colktd by a five two-way servo-valve.
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Fig.1: Schematic diagram of the hydraulic system.

The intermediary interface is specifically produd¢edour test bench to implement two servo-
valves in order to ensure different operating mofiine system. However the presence of this
block, let to have output flow of servo-valy@,,,Q,,) is different than the input flow of the
actuator(Q,,Q,), see Fig.1. In this paper, the intermediate blsciust approximated to a
resistive component which described by some pipks. simulation model of the system is
designed on the AMESIm software, by the figure RisTnodel introduces some components
which are neglected on the model control. One rsisbing to include two pipes between the
cylinder chambers and the servovalve in order fwesent the intermediary block in a
simplified way. Two accumulators and some linepeesively on the supply and exhaust
pressure way are added. In this model, the dynarhithe servovalve is described by a
second-order model. The pulsation of this modefixed in order to be higher than the
actuator. The viscous, stiction and coulomb frictiorce are taken into account in this model.
As a first step, the control law defined in thigpeais designed by a more simplified model
denoted by control model. The used equations of¢inérol model are explained as following.
The dynamic of the inertia load can be described by

Ma=SAP- Mg- bwv K} (1)

where M is the mass of the moving pafiP = p, — p, is the drop across load pist&hjs the

effective area of the two chambelsyepresents the coefficient of the viscous frictiorce,
v,a are respectively the velocity and the accelenatd the load. Dry friction force is
represented by the functidift) . This function must be a nonlinear and a diffaedsie one

-3-
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with bounded value. For this reason, the dry foictiorce is defined around null velocity by a
smooth function such as adhh” instead the “sign” function.
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Fig.2: Simulation model of the system.

The governing nonlinear equations that describdilting flow distribution in the valve can be
written in their simplest forms [1]:

_Vi(y) dp, | dV,

R B TRT )
o = Voly) dp, , dV,
&) dt dt

Where g is the effective bulk moduluy; andV, are the total volumes of the cylinder,
defined respectively by, (y)=V,+ Sy andV, =V, - Sy, with: V, =\, + SIE is the piping

volume of the chambers for the zero positidg, is a dead volume present on each
extremities of the cylindery is the displacement of the load atds the cylinder stroke.
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In this present work, some assumptions are coresidéiirstly consider that the spool valve
displacementx is related to the control voltageby a given equation, = K ,u. This type of

assumption is can be used in control [19] for soperating mode.
The flow laws can be written as follows

{Ql =ny,(py, B, B, sign(Y) u
Q, =-nY,(P, B, B, Sign( Y)

Where:
W(pu.py Py signWraly (W p= B signGe- pAv ~(4) » P siongp 34

(4)
Wa(Pa.Py Py osign(Wraly (W B~ H sion@- poy -( ) & b sionkp

With: y(u):@) and the function sign(u) is defined by:
l1u=0
sign(u) =
-1 u<O

P, Py are respectively the supply pressure and the sxiprassure of the fluid. The servo-
valve is supposed a symmetric one, which justigy phesence of the same variable gaim
the two flow laws. The coefficient flow gaim is defined by a given expressigr=C wy ,
C, is thedischargecoefficient of each restrictiony is the spool valve area gradient, amas
the pressure drop caused by the intermediary aterfLet define the known varialbte that

describe byy = KSV\F , Wherep is a fluid density.
Yo
Note that under normal practical working condititne domain of the pressure is defined by:

Pu P 0Q, 2] pr b (5)
With the assumption (5), the tersign( p, — p)andsign( p - p) introduced in (4) can be

deleted, withj ={1,3} .

Define the state variable= [y,v,a]T. The system can be expressed in state space form a

y=v
v=a (6)
-_BS__ sy P (- b,

Given the desired trajectorigs v,,a,the aim consisto synthesize a control inputsuch that

the position tracking error of the system remaiasclsely as possible in spite of various
model uncertainties.
The desired trajectories are assumed to be all demiandy, must be chosen in order to

respect the differentiability required.
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3 CONTROLLOR DESIGN

The system is subjected to parametric uncertaidtiesto the variations ob,w,C,,¢ andgin

the work process for different environments cowodis. For example, the influence of bulk
modulus due to entrapped air or temperature. Is plaper, the parametric uncertainties of
important parameterg,b and the coefficient flow gain are taken into account. Moreover
S, M,\; are considered as fixed and known parameters.

In this section we describe one class of SISO systedesign a RAC for a special nonlinear
systems. From the system (6), some conditions easabsfied such that the nonlinear plant
dynamics shall be linearly parameterized [19] and supposed that the full state is
measurable.

Letc=V—S°, so the third equation of the system (6) can beitten:

= 1 (B _Bg- _B B G0 4h®
a—m[(c Y)(Mﬂ%(-)u v S\a (e ))( VELAL (-)U"M Sﬂ VERARY (7)
The above equation can be transformed in termskriawn parameterg, as:

: 1 :

a=m[ﬂlm(pl,p2,pp,pr,Slgn(u)) t 2, VB, a d( 8)
Where: W(p,.p, . Pp. Py .sign(U)F (& W, (3 (& W, (
Thus,

WPy, P2, P, Py sign(U)F W, (F W, (3 Wy (B W, ( 9)
Define the unknown parameters as, =B—n, 8, =V—°B, 0, -b and d(t)=@

M M M M

Before starting the controller design, some prattssumptions on the system must be made.
The first one is that all uncertain parametersbaended such as:

ei |:||:eimin ’e'max:| ! i ={1’2’3 (10)
Physically, allg are positives parameters. So we assume that >0 and§ _ >0. The
second assumption is described by this inequelity < H, whereH is a positive constant

defined by knowing some maximum born of the funchig) .

The displacementsatisfies this expressieﬁlg < ys% . So we have c:VED +|E >|_2 :

Remark that in spite of the simplifications alreadsde, the system dynamics remains highly
nonlinear such as the nonlinear functiang.),¢,(.) and the change of control volumes
represented by, (y)andV,(y).

Consider now the position error ag:= y- Y.

Let a function erroio(t) described by (12). This function is defined bgtile [6], includes

the integral term og, in order to cancel a static error :

J(t):(k+%)3'[ey(r)dr
. ’ (11)
:k3J'ey(r)dr+3k2 e+3 ket g

-6 -
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Where g, , e, are respectively a velocity and an acceleratiooreffhe functiono(t) is a

Hurwitz polynomial, so it just chooses the paramétas a positive one.
Then the time derivative aff(t) along trajectories system is given as:

o(t)=¢é +3kg+3K e+ R
(12)
=a+ x(t)

With: x(t) = -4, +Zzlwie§”(t)

Where @, =k*,@, = 3k*,@, = 3K.

Basing on the Lyapunov approach, both a control Ewd an update mechanism is
constructed in order to guarantee that the devigaif a suitable Lyapunov candidate function
is nonpositive. With the chosen function ewtdt), a controller designer with a Lyapunov

theory is easily applied. This is justified by tredative degree o&(t) with respect to the
tracking errors, which it equal to one. Otherwibe, recursive design procedure must be used
[12], [16] and [17].

Let 8 the estimate of the parame#iand denote the error of parameter estimation defined
by § =4 -4, for eachi ={1,2,3 .

The integral-type update law is generally defingd some function which incorporate a
tracking error and the estimated parameters. Indeet adaptive law can be written by

éi:ri(x,él). So the aim consists to select a control inputhich can be expressed by
u:¢(X,1§i) and the adaptation functiorrs(.) to ensure a global stability of the whole

system. To achieve the required purpose, a Lyaptunostion candidatéV(X,éi)is defined.

This function is described by a quadratic termhe parameter estimation errors and the
tracking error, which given by:

3 ~. ~
V=to()+23 4T (13)
2 2

FOR®? is a positive symmetric matrix.
The time derivative of the defined Lyapunov funotdd along the system trajectories is
obtained as:
3 . A
V=00(t)-> 6774
= (14)

- o{rlyz)(elw(.)u -26,v)-,a- d(t)w} —izz,é?r'lé

In order to design a controller and adaptation Jats sufficient to replacé by é, +6?, in
the equation (15). Then the control law can bectiined as:

y=_ €-¥)
6w (p., Py, Sign(Y)
Whereu, = -y is part of controller permit to compensate the arrkknown components,
Zézv
-y

[u+u,+u] (15)

u, = +93a is an adaptive part used to overcome the problesm funcertain
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parametersy, is a robust part of controller defined in orderdmmpensate the function
d(t) related to the poorly modelled dynamics of drgtfan. Indeed, the robust controller is

designed bw3=—kla—ﬂ. This choice is explained in the follows pé&kt, H and € are
£

positive constants.
It is clear that the singularity of the equatio®)happens wheg(.) =0, which can be occur

when the pressure in the two chambers are equagctegely to the supply and the exhaust
pressure. Or according to the assumption (5)ptablem is avoided.

Substitute (16) into the relation (1¥)becomes as:

. ~ , N s H STy
V=-ko’-6, () ou- bo-Bao-cd)-—o-> 9T7'4 16
R M TR L AL R 4o
To make sure thaf is semi-definite negative, the adaptation lawslwaehosen as:
5 —r = ()
61 =0 = rllamu
A 2v
g=r,=-T 22—(02 =) o a7
673 =r7,=-T,0a

M., [ 5 are components of the matfix

With knowledge the set values of estimated paramgtds interesting to use this information
for the adaptation mechanism designer. Indeedkuioeviedge of thef and g __ for each

parameters helps to speed up the convergence pfiaanechanism, reduce the transition
effect and preven#, from tacking the value zero.

For meeting this requirement, a simple modificatisnintroduced at the equations of
adaptation law (18):

8. =Projt},i ={12,3
So this modification is just described by the dgwuous projection [11]
0if 8=6_ and ¢)>0
Proj¢)={0if 6,=6__ and ¢)< 0 8j1
« Otherwice

The projection method presented in (D®)arantees the condition (10) and always holds the
following equationd" (I ™ Proj (r; )-7 )< 0.
Thus, from (19) the system (18) can be rewritten as

éi :Proj{l’o{( () u,— 2v a} } (19)

-y) " (@-y)

Substituting the adaptation laws defined by (2@) the equation (17):
V<-ko? -o.d()-"o (20)
£
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Supposed thdp]= ¢ and already have thad(t) < H, so in this sense two cases can be
presented. lfo = ¢ andd(t) = —H the following equation can be written:

0.2 2
—20= >Ho (21)
E £
Ho > -od(t) (22)
With both equation (22) and (23), the followingdguelity is checked:
od(t) +%0’ >0 (23)

In the same manner, the equation (23) is obtaioed & —¢ andd ()< H.
Then, we haveV <0 which implies thata| < ¢ and the parameter estimation errors remain

bounded and also can be made arbitrarily small.
Basing on the work done in [21], the functieﬁ(rt):ey(t)é‘t can be defined. So we can

obtain:
o(t) =o(t)e" (24)
Integrating (25), the following equation is hold:

3(t) - 3(0) = g t)e* - 7(0)- kj;a(r)é“ o
Then we can write,
3t) - 8(0)+a(0) <|o t) e + kj;|a(r)| & o

And we haveo(t)| <&
Then,
{f(t) <2s€" + ¢ (25)
o(t)=-2e€" +¢
Where
{fl =3(0)-0(0)-¢
& =0(00)-0(0)+¢
Integrate the first equation of system (25) atehtienes, so these following inequalities are
hold:

ot)= %e“ HEP+EIHE) = g ()< k—zf F(EBHEHEYEN (26)

With &,, &, are constants which include the initial conditaind(0),J(0), where :
: 28
52 = 5(0) T
k
2
53 = 5(0) _F
Thus when time tends to infinity, the inequality Y&écome
< 2¢
e ()< el

From the second equation of system (25), we camw shahe same manner the following
inequality:
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28
ey(t) 2 _F
So we can deduce that for a bounded function ermdy,the absolute value of the error

dynamicse, (1) is bounded by%.

Finally we haver(t), the tracking position errcg, (t) and all state variables of system (6) are

bounded. Moreover with the discontinuous projectiocluded in the adaptation law, we
ensure that all estimated parameters are alwaysdeouand verified the equation (10), then
the closed-loop system is globally stable. In they, the semi-negative of the Lyapunov
function V implies that:

iéf(t)r‘lé (t)< 2V (t)< 2V (0)

Then
S 8O gn £ 0*(0)+ 360N 4 (0)

This bound shows that the possibility for reducthg estimation parameters errors lies in
o0(0). So it is more important benefit of settiag0) as an arbitrarily small.

4 SIMULATION RESULTS

To illustrate the above controller design, a siriataresults are obtained for a hydraulic
cylinder. The control model of system and the caldr design are both developed on the
simulink software. The sampling frequency of thatedl loop is equal to 1Khz.

The value of position tracking error is relatedctmtroller parametek ande, with the last
one can be chosen arbitrarily. As the placemempadés, the value of the gakican be
computed taking into account the natural frequeoicthe tangent linearized model for the
central position. This pulsation is abdii00Ofad /s). So we can impose the closed-loop
dynamics system by acting on the g&in For example, we can choose the valuekofn
order to obtain the closed-loop system twice fastan the open-loop one. On the other hand,
whenk is so high, the performance of the control syséem the update laws will be affected
by some chatting phenomenon. Therefore, it is ingmbito select an appropridte

Note that the stability and convergence of the RM&Cguaranteed for any positive
. I, M55 However, the performance of the controller webpend critically on these gains.
If small gains are chosen the adaptation will lmevshnd the transient tracking error will be
large. Conversely, when the magnitudes of thesgaia too large will lead to very oscillatory
parameters. Therefore, the choice of these parasnsta difficult task.

The desired trajectory is a sinusoidal curve gibgry,(t) =0.01sin(1® . The true system

parameters that are used in the control model ateas follows:b=400[N/ms'],
[ =17000pars] and/s = 2.545*10" [Kg /s.Pascal V.

A direct validation is carried out to the controbdel. It consists in comparing respectively
the actual position, velocity and accelerationheirt desired one (Fig.1, Fig.3, Fig.5). These
figures show the effectiveness of the control saneRigures 2, 4 and 6 illustrate that the
errors of position, of velocity and of acceleratame very small.

-10 -
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Figures 7,8 and 9 shows the evolution and the agewnee of the dynamic parameters along
the tracking trajectory and the control law is prged in Fig.10.

-11 -
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The identified parameters correspond to the a ipv@ues of the model system with small
relative standard deviations which can due to éa¢uires of the reference signals.

With appropriate chosen of adaptation gains, therpater convergence has the smallest
transient tracking error.

5 CONCLUSION AND PERSPECTIVES

In this paper, an RAC controller based on disca@us projection method is applied for the

high performance robust motion control of a speeilgctro-hydraulic servo-system. The

controller which based on the Lyapunov theory tak&s account the particular nonlinearities

associated with hydraulic dynamics and allows patamuncertainties as well as uncertain

nonlinearities coming from uncompensated frictiog fbrces. Simulation results show that

the proposed scheme achieves a better trackingrpehce. The basic idea in this applied of
controller is especially to estimate on-line thefticient flow gain, based on the measured
system signals and used the estimated parametidrs gontrol input computation.

From this study we can consider several future siotke is to show the effectiveness of the
presented controller on the simulation model alyepiesented and also on the test bench.
Another is the consideration of the partial meadwkethe state. So in this case, the study of
an estimator is required. The third one consistsepdace the actually robust method by a
sliding integral smoothing technique.
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