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Abstract

In the general framework of hydraulic servo systems, this paper addresses the problem of position control in the presence of
important friction nonlinearities. The accent falls on the variable structure methodology, as we try to use its intrinsic robustness
properties. Several friction observers, including the one based on a variable structure approach, were incorporated and tested in an
acceleration feedback control. Next, we present a novel implementation of a variable structure controller, which lumps friction and
load as an external disturbance. Results of extensive experimental testing encourage the use of variable structure methods in a class of
highly nonlinear hydraulic servo systems. ( 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In hydraulic servo systems friction is an important
source of nonlinearity, considerably diminishing the
force or torque available at the actuators. In addition, at
motion reversal and low velocity, a host of dynamic
e!ects have been observed, and appropriate friction mod-
els have been developed (Armstrong-Hèlouvry, Dupont,
& Canudas de Wit, 1994). Increasing the positioning
accuracy in such systems requires adequate measures to
alleviate the adverse e!ects of friction. One of the most
common ways is to provide the controller with quantita-
tive information on friction, achieving what is commonly
referred to as model-based friction compensation. As
direct measurement of friction is not possible, two op-
tions are models based on experimental friction identi-
"cation or the use of nonlinear friction observers. For the
system at hand, experimental friction identi"cation re-
sulted in a pressure-dependent model capable of describ-
ing friction over the entire velocity range (Bonchis,

Corke, & Rye, 1999). Nonlinear reduced-order friction
observers require at least position and external force
measurements (Friedland & Mentzelopoulou, 1992;
Tafazoli, de Silva, & Lawrence, 1995). In order to in-
crease robustness of estimates, an observer based on
a variable structure systems approach was suggested (Ha,
Bonchis, Rye, & Durrant-Whyte, 2000). Its application to
position control for hydraulic servo systems is high-
lighted in this paper.

In electrical servo systems, friction compensation is
a straightforward technique, due to the proportionality
between the control current and the output torque. This
is hardly the situation in their hydraulic counterparts.
Acceleration feedback has been used in order to achieve
friction compensation in such systems (Tafazoli, de Silva,
& Lawrence, 1998), on the ground that the estimated
acceleration bears friction information.

The use of friction models or compensation is not
a requisite condition for improving the positioning per-
formance of the system. In essence, any robust control
technique should provide a solution to the problem. We
will focus here on a variable structure control with sliding
mode, which proved its potential in electro-hydraulic
servo systems (Hwang & Lan, 1994; Fung, Wang, Yang,
& Huang, 1997). Most results have been reported for
systems operated by hydraulic motors, while our case
deals with an asymmetric hydraulic cylinder. The ap-
proach of Slotine and Sastry (1983) combined with
a fuzzy logic reasoning reported by Ha (1997) was used in
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Fig. 1. Mechanical system analysed.

order to minimise chattering and to determine the con-
trol in the boundary layer neighbouring the switching
surface.

We analyse model-based compensation in Section 2,
where the discussion focuses on friction estimators and
on the method used to compensate for friction in hydrau-
lic servo systems. Section 3 presents the development and
stability analysis for a variable structure controller in the
case of a hydraulic servo system with asymmetric cylin-
der which is of interest to us. Due to its widespread use,
a PD control was implemented and used as a test bench-
mark. The experimental set-up and results obtained fol-
low in Sections 4 and 5, respectively. Finally, conclusions
are presented in Section 6.

2. Model-based friction compensation

A straightforward technique to design a friction es-
timator is by using an experimentally identi"ed friction
model. For the mechanical system shown in Fig. 1, con-
sisting of a hydraulic cylinder moving a load, the equa-
tion of motion for the piston is
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the friction force, M the load

mass (including piston mass), and y its displacement. If
the piston moves with constant velocity motion, friction
can be computed based on pressure measurements at
both ports, assuming that piston areas are also known.
For the system under consideration, results of the friction
identi"cation experiments are detailed in Section 5.

An observer-based application for friction estimation
and compensation was reported in Friedland and
Mentzelopoulou (1992). The observer dynamics is postu-
lated in the form
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where a represents the piston acceleration, v the velocity,
and a
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is the acceleration component generated by the

external forces. The observer state is z
a
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The usual &hatted' notation is used for estimated values.
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v
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A slightly changed version has been introduced by
Tafazoli et al. (1995), by replacing (6) with
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Based on the theory of discontinuous observers with
a variable structure, a new friction and velocity observer
was developed (Ha et al., 2000). The main advantage
sought was to enhance the robustness of the observer
against plant parameter variations. The discontinuous
observer can be described by
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The convergence of the observer has been proved
for ¸
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(0 and ¸
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'0. To avoid chattering generated

by (12), a fuzzy technique replaces the signum function
with
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To test the options for providing friction information
discussed so far, an acceleration feedback control (AFB)
has been used. The control law for friction compensation
is given by
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with the controller gains chosen in the "rst instance
based on a heuristic method described in Tafazoli et al.
(1998), and then tuned to further improve the perfor-
mance of the positioning system. By using acceleration
feedback the controller receives, indirectly, a hint on the
friction level in the system.

Using the identi"ed friction model or one of the
friction observers described previously, the acceleration
estimate a( needed in (14) can be computed.
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3. Variable structure control for asymmetric cylinders

3.1. Controller design

The variable structure control (VSC) development is
exempli"ed here for the case when the piston extends.
The treatment of the retraction case is similar.

A third order model is suggested for the design of the
VSC, which will be expressed directly in control canoni-
cal form
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where B is the oil bulk modulus, <
L1,2

are the inactive
cylinder volumes, y

.!9
is the piston stroke, u is the con-

trol signal, p
4,3

are the supply and return pressures, and
K

2
is a constant #ow coe$cient which can be approxi-

mated using data supplied by the valve manufacturer.
Substituting (18) and (19) in (17), we obtain in compact

form
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with b
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and b
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being functions of the piston position y.
The system dynamics f is estimated by fK, and we seek
a bound for the estimation error
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the index d denoting reference values. Due to the multi-
plicative e!ect, the control input gain can be estimated as

bK "Jb
.*/

b
.!9

. (25)

By manipulating Eq. (22), we get

bK "
K

2
B

M S
1

2
Jp

v.*/
p
v.!9

Jmax(g)min(g),
(26)

where

g(y)"
A

1
<
L1
#A

1
y
#

A
2

<
L2
#A

2
(S!y)

(27)

and p
v.*/

, p
v.!9

represent the minimum and maximum
valve pressure drops. For the state error vector
e"[e

y
e
v
e
a
] with the components e

y
"y!y

d
, e

v
"

v!v
d
, and e

a
"a!a

d
, we de"ne a scalar time-varying

surface S(e, t)"0, with S being

S(e, t)"e
a
#2je

v
#j2e

y
, j'0. (28)

The equivalent control u
%2

is determined from the condi-
tion SQ "0, resulting in

u
%2
"bK ~1[!f K#a5

d
!2je

a
#j2e

v
]. (29)

To accommodate the estimation errors, a discontinuous
term is added to (29)
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%2
!bK ~1k sgn(S) (30)

3.2. Stability analysis

In essence, to achieve perfect tracking, all system tra-
jectories have to converge to S in "nite time and stay on
S afterwards, a condition expressed mathematically as
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where g is a strictly positive design parameter. We have
to determine k in (30) such that the above condition is
satis"ed. From (28) we obtain
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Fig. 2. Experimental mining manipulator.

Fig. 3. Measured friction in the hydraulic system.

Recall also (29) and with the notation (33), we "nd the
"nal condition for k
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In conclusion, for k satisfying (38) we are assured that the
sliding condition (31) is met.

As a "nal step, we replaced the signum function in (30)
with an expression resulting from a fuzzy technique (Ha,
1997)
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where /'0 is used for smoothing the control action
between the levels u(

%2
$(BK ~1k). Its value has to be ad-

justed to achieve an optimal balance between the posi-
tion error, and the level of control chattering.

4. Experimental set-up

The testbed used is part of a 4-DOF manipulator
shown in Fig. 2, having the mechanical structure and the
functional capability of the manipulators used in various
mining operations. Electro-hydraulic on}o! valves tradi-
tionally used in mining have been replaced with propor-
tional technology, and pressure and displacement sensors
have been added to the cylinders. The axis on which the
experiments were conducted consists of a double acting,
single-ended hydraulic cylinder (2.5A]1.5A), driven via
a proportional directional control valve. Connecting
them are two 3

8
A hydraulic hoses, approximately 6.5 m

long each. Their presence is one of the main character-
istics of mobile machinery used in the mining and con-
struction industries which puts additional burden on the
controllers. Pressures at both ports are measured using
typical transducers, while piston position is measured
by an internal LVDT. All controllers were run at a rate
of 50 Hz.

5. Results

Experimental data obtained for friction identi"cation
purposes is visualised in Fig. 3. Friction is plotted here as
a function of velocity, and two distinct zones are noticed
both in extension and retraction. A sharp increase in
friction occurs in areas close to the origin, corresponding
to small velocities, whereas for values of velocity above
a certain threshold, the rate of increase is one order of
magnitude smaller. The particular con"guration of seals
generates di!erences between the friction magnitude in
extension and retraction. A pressure-based model has
been shown to give a good "t (Bonchis et al., 1999)
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where F`
&

and F~
&

represent the friction in extension and
retraction motion, respectively. All variables in (40) and
(41) are expressed in SI units. The corresponding root
mean square errors between the experimental and
predicted friction are 30 N in extension and 12 N in
retraction.

The results presented for AFB involve the use of three
friction observers. One is the observer based on the
experimentally identi"ed friction model (FRID), another
one is the Tafazoli observer (TAFO), and the third one is
the variable structure observer (VSO). The numerical
values of the parameters in TAFO are k"1.5, k

v
"10,

k
a
"100, and for VSO are p

M
"200, c

ey
"0.1, ¸

1
"20,

and ¸
2
"!100.

Friction estimates obtained with the observers con-
sidered are compared in Figs. 4 and 5. The tuning of the
AFB controller resulted in K

AFB
"0.001, a

AFB
"420,

and b
AFB

"90 000. Test results for nominal and changed
operating conditions are shown in Fig. 6. The e!ect of
changing mass and supply pressure is attenuated in the
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Fig. 4. Comparison between friction estimates of TAFO and FRID.

Fig. 5. Comparison between friction estimates of VSO and FRID.

Fig. 6. Robustness test results for acceleration feedback controller with
di!erent friction observers: (1) nominal plant and (2) step-wise load
variation, reduced supply pressure.

Fig. 7. VSC output for nominal plant parameters.

VSO, due to the switching nature of the estimation and
a proper choice of p

M
which is large enough to absorb

the variations from the nominal values.
We switch our attention to the VSC case, where tuning

led to the following set of values for the controller para-
meters: j"3900, g"30 000, and /"0.1. For compari-
son purposes, a PD controller was also implemented,
with the control law

u(t)"K
P
e
y
(t)#K

D

de
y
(t)

dt
, (42)

The controller gains found in the tuning phase were
K

D
"4.06 Vs/m and K

P
"840 V/m. The VSC output

in the case of nominal plant parameters is presented in
Fig. 7 while the resulting position errors are indicated in
Fig. 8. The errors obtained with PD control are also
shown for comparison. In dealing with VSC one has to
remember that error minimisation can be achieved at the
cost of considerable control chattering. With the method
presented in Section 3 chattering can be signi"cantly
reduced. The inherent robustness of VSC was con"rmed
by the results obtained for step-wise load variation and

changed supply pressure, shown in Fig. 9. The level of
noise in the system was further increased by injecting
a white Gaussian signal at the plant input, with a vari-
ance of 0.25 V, which resulted in the control output and
the position error shown in Fig. 10. The piston motion is
much smoother in extension than in retraction, given the
di!erences in the hydraulic capacitance of the two piston
chambers.

6. Conclusions

In the work reported here, we investigated the suitabil-
ity of variable structure methods for the position control
of hydraulic servo systems. Friction is a major sources of
nonlinearity, and several techniques have been analysed
to address this issue. Model-based friction compensation
is not as straightforward as in electrical servo systems.
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Fig. 8. Position errors obtained with VSC and PD control for nominal
plant parameters.

Fig. 9. Tracking results for VSC: (1) nominal plant and (2) step-wise
load variation, reduced supply pressure.

Fig. 10. Tracking with VSC in the presence of additional noise at the
input.

Acceleration feedback coupled with a friction estimator
provides a solution to the problem. Three ways for pro-
viding quantitative information on friction were used.
One of them is based on an experimentally identi"ed
friction model, a second one was previously reported by
Tafazoli et al. (1995), and used successfully in a related
application. The third one was a variable structure fric-
tion observer reported by Ha et al. (2000). As an alterna-
tive to solve the position control problem, we presented
a novel implementation of a variable structure control
with sliding mode. For comparison purposes a PD con-
trol was also tested on the equipment.

Experimental results have shown that VSC produces
the best results despite the presence of the unmodeled
friction. In model-based friction compensation, the VS
observer proved more robust to system parameter
changes than the Tafazoli observer. Although the
experimentally identi"ed friction model works well in
a model-based compensator, there are several associated
drawbacks. Firstly, due to variation in manufacturing
tolerances, material properties, etc., identi"cation has to

be done for each actuator separately, which ampli"es the
time requirements. Secondly, wear, the aging of mater-
ials, temperature #uctuations, result in a variation of
model parameters.

Compared with a PD control, all the friction compen-
sation methods investigated resulted in a reduction of the
tracking error with at least a factor of 1.6 in extension
and 2.2 in retraction. We conclude by advocating for the
use of variable structure methods presented here in the
control of hydraulic servo systems.
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