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Nonlinear Adaptive Robust Control of Single-Rod
Electro-Hydraulic Actuator With Unknown
Nonlinear Parameters
Cheng Guan and Shuangxia Pan

Abstract—In this paper, a nonlinear adaptive robust control
method is presented for a single-rod electro-hydraulic actuator
with unknown nonlinear parameters. Previous adaptive control
methods of hydraulic systems always assume that the system’s
unknown parameters occur linearly, but, in a practical hydraulic
system, unknown nonlinear parameters, which enter the system
equations in a nonlinear way, are common; for example, when
the original control volumes are unknown or change, uncertain
nonlinear parameters will exist. The proposed control method
in this paper is to present a nonlinear adaptive controller with
adaptation laws to compensate for the uncertain nonlinear parameters due to the varieties of the original control volumes.
The main feature of the scheme is that a novel-type Lyapunov
function is developed to construct an asymptotically stable adaptive controller and adaptation laws. Furthermore, by combining
backstepping techniques and a simple robust control method,
the whole system’s controller and adaptation laws are presented,
which can compensate for all unknown parameters and uncertain
nonlinearities. The experimental results show that the nonlinear
control algorithm, together with the adaptation scheme, gives a
good performance for the specified tracking task in the presence
of unknown nonlinear parameters.
Index Terms—Adaptive control, electro-hydraulic system, Lyapunov method, robust control, unknown nonlinear parameter.

I. INTRODUCTION

H

YDRAULIC systems have been widely used in industry
by virtue of their small size-to-power ratios and the
ability to produce very large force and torque. For example,
they have been used in robot manipulators [1], hydraulic
anti-lock braking systems [2], hydraulic elevators [3], and
active suspension system, [4]. However, the dynamic behavior
of hydraulic systems is highly nonlinear due to phenomena
such as nonlinear servo valve flow-pressure characteristics and
variations in control fluid volumes and associated stiffness,
which, in turn, cause difficulties in the control of such systems.
Aside from the nonlinear nature of hydraulic dynamics, hydraulic systems also have a large extent of model uncertainties
due to parametric uncertainties and uncertain nonlinearities.
In the past, linear control theory has been used in much of the
work on hydraulic control systems, such as in [5]–[8]. However,
Manuscript received January 3, 2007; revised May 4, 2007. Manuscript received in final form June 17, 2007. Recommended by Associate Editor Landers.
This work was supported in part by the China Postdoctoral Science Foundation
under Grant 20060401038.
The authors are with the Mechanical Design Institute, Zhejiang University,
Hangzhou 310027, China (e-mail: gchzju@hotmail.com; psxx@zju.edu.cn).
Digital Object Identifier 10.1109/TCST.2007.908195

some important dynamic information may also be lost if the hydraulic servo system is linearized during the design. Thus, it is
important to select a nonlinear control method that is particularly suitable for hydraulic servo systems.
First, state feedback-precise linearization techniques have
been used in some research works [9]–[11]. However, this
control method did not account for system uncertainties, so
some works [2], [3], [12]–[14] adopted the sliding mode
control method in electro-hydraulic systems based on linearization techniques. Since adaptive control is a valid method to
solve system uncertainties, particularly uncertainties derived
from uncertain parameters, many kinds of nonlinear adaptive
control schemes have been adopted in hydraulic control systems to compensate for system uncertainties from uncertain
parameters, such as sliding mode adaptive control [4], feedback-precise linearization adaptive control [15], and nonlinear
adaptive control based on backstepping techniques [16]–[19].
For example, Alleyne and Liu [16], [17] applied the nonlinear
adaptive control based on backstepping method to the force
control of electro-hydraulic systems, and Yao et al.. [18], [19]
applied nonlinear adaptive robust control (ARC) in double-rod
and single-rod cylinder hydraulic systems based on backstepping techniques to compensate for the uncertainties from both
parametric uncertainties and uncertain nonlinearities. Recently,
some novel nonlinear adaptive control methods have been
presented for hydraulic systems [20]–[23]. These nonlinear
adaptive control laws not only solved the control problem
coming from uncertain nonlinear systems successfully in
some conditions, but also demonstrated that nonlinear control
schemes can achieve a better performance than conventional
linear controllers can.
However, one of the assumptions in these adaptive schemes is
that the original total control volumes between the servo valve
and cylinder, including volume of the servo valve, pipelines,
and cylinder chambers, are certain and known. The previous
assumption makes the system all unknown parameters occur
linearly. However, in realistic hydraulic control systems, the
original total control volumes are uncertain. The volume of the
servo valve can be neglected since it is smaller correspondingly,
but, in many cases, the volume of pipelines is too large to be
neglected, and, moreover, it significantly affects the performance of the hydraulic control system. Nevertheless, the exact
volume of pipelines is very difficult to obtain, and the length of
pipelines may be variable in different work places to the same
control system. Furthermore, the different original position
of the cylinder piston can also make the original total control
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is the mass of the
where is the displacement of the load,
and
are the pressure inside the two chambers of
load,
and
are the ram area of the
the cylinder, respectively,
two chambers, respectively, is the effective bulk modulus of
is lumped uncertain nonlinearities due to exspring, and
ternal disturbances, the unmodeled friction forces, damping viscous friction forces on the load and the cylinder rod, and other
hard-to-model terms.
Now, with the development of seal techniques, the external
leakage flow is almost zero, so the external leakage of the
cylinder is neglected here, and then the dynamics of cylinder
oil flow can be written as [24]

Fig. 1. Schematic diagram of the hydraulic system.

volumes change in different working processes. Therefore, the
original total control volumes (mainly including pipelines and
cylinder chamber) are uncertain but important, so, in practical
hydraulic systems, unknown nonlinear parameters, which enter
the system equations in a nonlinear way, are common, and
previous adaptive schemes of hydraulic systems cannot solve
the problem from the unknown nonlinear parameters. Hence,
constant approximate estimated values of these volumes are
always used, but this makes the performance of the control
system unsatisfactory in some cases. Therefore, it is a challenging project to propose a nonlinear adaptive control method
that can be used in electro-hydraulic system with unknown
nonlinear parameters due to variations of the original total
control volume.
In this paper, by utilizing a practice property of the hydraulic
systems, we develop a special novel-type Lyapunov function to
construct a Lyapunov-based controller and nonlinear parameter
update laws and combine the backstepping method to provide
the whole system controller and all unknown parameters update
laws. Moreover, a simpler robust method is used to solve the
problem derived from unmodeled uncertainties.
To test the proposed advanced nonlinear adaptive robust control strategy, an experiment is done. Experimental results have
been obtained for the position tracking control of the hydraulic
cylinder. Experimental results verify the higher performance nature of the proposed nonlinear adaptive robust control approach
in comparison to the proposed control without adaptation laws.
This paper is organized as follows. In Section II, problem
formulation and the detailed nonlinear model are presented. In
Section III, the proposed nonlinear adaptive robust control with
unknown nonlinear parameters strategy is given. In Section IV,
the experiment is set up and the results are discussed. In
Section V, the conclusions are presented.

II. PROBLEM FORMULATION AND DYNAMIC MODELS
The hydraulic system shown in Fig. 1 is comprised of a
single-rod cylinder, a
-way servo valve, and a load force.
The goal is to have the load track any specified motion trajectory as closely as possible. In the following, the nonlinear
dynamical model will be given.
The dynamics of the force balance can be described by
(1)

(2)
where is the coefficient of the internal leakage of the cylinder,
is the effective bulk modulus of the hydraulic fluid in the
are the original total control volumes of the
container,
two cylinder chambers, respectively (including the volume of
repthe servo valve, pipelines, and cylinder chambers), and
resents the supply flow rate to the forward chamber (or cylinderrepresents the return flow rate of the return chamber
end),
and
are given as [24]
(or rod-end).
(3)
Define function
if
if

(4)
where is the supply pressure, is the tank pressure, is the
are the flow gain
spool displacement of the servo valve,
is the discharge coefficient,
coefficients of the servo valve,
and
are the spool valve area gradients, and is the fluid
density.
The effects of servo-valve dynamics have been included by
some researchers [4], but this requires an additional sensor to
obtain the spool position. Since only minimal performance improvement is achieved for position tracking, other researchers
neglect servo-valve dynamics according to practice status, as in
[12] and [15]. Since a high-response servo valve is used here,
we assume that the control applied to the spool valve is directly
proportional to the spool position, thus the following equation
where is a positive constant and is
is given by
is obtained.
input voltage. Hence, from (4),
Therefore, (3) can be transformed to
(5)
where

and

.
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Define the state variables as
. The entire system, including (1), (2), and (5)
can be expressed in a state- space form as follows:

(6)
here

Given the desired motion trajectory
, the objective of
this paper is to design a bounded control input so that the
output tracks as closely as possible to the desired motion train spite of various model uncertainties, including
jectory
unknown nonlinear parameters. Based on the realistic hydraulic
system, the following practical assumption is given as follows.
Assumption 1: The desired position
, its velocity
,
are all bounded.
and acceleration
III. NONLINEAR ADAPTIVE ROBUST CONTROL WITH
UNKNOWN NONLINEAR PARAMETERS
A. Design Model and Issues to be Addressed
In order to simplify the state-space equation, firstly, define
parameters set
as
; paramas
, and
eters set
.
In order to make system (6) fall into the classic class of
systems known as strict feedback form to use the backstepping method appropriately, define a new state variable as
. Then, the state-space equation (6) is
transformed as

these parameters are uncertain. Accurate spool valve area gradient is difficult to be obtained and may be variable under
different conditions, so and are also uncertain. Sometimes
the load mass
is variational, so
is also uncertain. Thus,
are all uncertain.
linear parameters
is clearly an uncertain nonlinearity. However,
In addition,
the areas of two chambers and the effective bulk modulus of
spring can be obtained accurately, so they are treated as certain and known parameters in this paper.
Therefore, the uncertainties of nonlinear system (7) derive
from uncertain nonlinear parameters set , uncertain linear parameters set , and uncertain nonlinearities
.
Since the existing nonlinear adaptive control methods based
on conventional Lyapunov stability are invalid to the uncerand , most previous research
tain nonlinear parameters
assumed that
and
, that is,
and , are certain and
known and only took into account uncertain linear parameters
, such as [15] and [16], or both uncertain linear parameters
and uncertain nonlinearities
, such as [17] and [18]. Therefore, it is a challenging project to propose a nonlinear adaptive
control method that can be used in an electro-hydraulic system
and .
with unknown nonlinear parameters
In the following, by defining a special Lyapunov function, a
nonlinear adaptive control and parameters adaptation scheme
will be proposed to overcome the difficult problem from the
and . Moreover, the adapunknown nonlinear parameters
tive robust control and adaptation laws for the whole system (7)
compensating for all uncertain parameters and uncertain nonlinearities are presented by combining backstepping techniques
and a simple robust method.
and
are uncertain, in practical hydraulic sysThough
tems, they are both bounded and positive. In fact,
and
; in addition,
are also bounded. Thus, the following practical assumption is made.
Assumption 2:
.
1)
2)
, and
.
is the possible maximal value of the absolute value of
load negative displacement,
is the possible maximal positive
and are positive constants.
displacement of load, and
Thus, we have

(8)
(7)
From (7), it is clear that the nonlinear system state-space
equation includes nonlinear parameters
. In most previous
and
as known certain
papers, researchers always treated
parameters. However, in fact, since the value of the original conand
, including the volume of pipelines,
trol volumes
servo valve, and cylinder chambers, are very difficult to obtain
precisely and may change as indicated in the discussion in the
, so parameters
Introduction, and
and
are really uncertain.
, and
are variable in the whole work
Moreover,
process due to different temperature and environments, etc., so

B. Adaptive Control of a Class of Nonlinear Systems With
Nonlinear Unknown Parameters
In order to solve the problem derived from unknown nonlinear parameters, first we will discuss the tracking problem
of the following classical first-order nonlinear system with unknown nonlinear parameters like the third equation of system
(7). This system is defined as
(9)
where

is the state,
, and

is the control input,
are all continuous
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functions and differentiable, and
, and
are all uncertain constant parameters sets in which
are clearly uncertain nonlinear parameters like
and
of
system (7)
The control objective is to force to track a desired trajectory
asymptotically.
is existent and bounded.
Assumption 3:
in which
Assumption 4:
the sign of
is known, and
;
Define , denote the estimate of
and , and denote the
.
estimation errors,
Let tracking error
. In order to construct the controller and adaptation law for system (9) with nonlinear parameterization, we develop a different special-type Lyapunov function, instead of the most widely used Lyapunov function, which
is in conventional quadratic form. This Lyapunov function is designed as follows:
(10)
The function

is defined as
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The controller is designed as

(15)
where
is a positive constant.
Substituting controller (15) into (14), we have

(16)
In order to get the update law of parameters
define the following Lyapunov function:

and

,

where
are positive-definite constant diagonal
matrixes.
is
Taking into account (15), the time derivative of

(11)
where the function

is satisfied as follows:
is differentiable
Make sure that

(12)

Thus, is a positive definite function with respect to tracking
error . In the following, based on the Lyapunov function , we
to achieve asymptotic
will derive a controller such that
tracking control.
The time derivative of tracking error along the system (9) is
obtained as

(17)
and guarantee that
To make sure that
adaptation law is chosen as

, the

(18)

(13)
The function
of

is chosen to make sure that

Taking into account (10), (11), and (13), the time derivative
is obtained as

(19)
Here, we simply chose function
if

as
and
and

(20)

otherwise.
(14)
It is clear that the above equation does not include uncertain
nonlinear parameters, that is, all of its uncertain parameters are
linear. Thus, through defining the novel-type Lyapunov function
as (10), the problem of solving unknown nonlinear parameters
is converted to solve the problem of unknown linear parameters.
Subsequently, we can use the conventional adaptive method to
design a controller and adaptation law. Therefore, we can obtain
the following results.

In the following, we will verify that, if the function
is chosen as (20), the conditions (19) will be satisfied.
Proof: From (20), it is clear that
;
thus from assumption 4, it is known that
is
guaranteed.
From (20) and adaptation law (18), it is also shown that,
if
and
, we can get
and
, thus
we can obtain that
. If
and
, then we can get
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and
we can obtain that
another case, it is known that

, so
. In
, so
, therefore, we always can
. Hence, the conditions

obtain
(20) are satisfied.
Therefore, substituting the above adaptation law (18) into (17),
. Thus, it is easy to verify that the
we can have
.
closed-loop system is globally stable and, when
We summarize the above results into the following theorem.
Theorem 1: For the nonlinear system (9) consisting of
uncertain nonlinear parameters and satisfying assumptions 3
and 4, under the controller (15) and adaptation laws (18), the
closed-loop system is globally stable and asymptotic tracking
is achieved, i.e.,
.
Remark 1: It has been shown that the choice of the novel-type
Lyapunov function (10) plays an important role in the controller
design, with which the unknown nonlinear parameters can be
converted into unknown linear parameters. Moreover, it is worth
can be
noting that, for a given system, a different function
found to construct a different Lyapunov function . Hence, the
resulting controller is not unique, and the control performance
is also affected by different choice of function
. In general,
to make the controller much simpler, according to the feature of
the practical system, the function
should be as simple as
possible as long as the conditions (12) are satisfied.
C. Controller Design of Electro-Hydraulic System
In the following, we will use a backstepping-like method to
design the controller of the whole system, in which the above
method will be used to solve the problem derived from the nonand .
linear uncertain parameters
Step 1) Let denote the estimate of and denote estimation
. Define the system output tracking
errors,
. Then, we can have
error as

where, according to (22) and (23), we have

A controller consisting of adaptive control and robust control is designed as

(25)
is an adaptive control law and
is a hywhere
brid control law including adaptation parameter and
robust controller , in which is used to compensate for the unmodeled uncertainties coming from
. Usually, a variable structure control (VSC) law
is adopted to solve the kind of problem from
,
but the controller obtained by VSC is not differentiable, thus it cannot be used in the next step design, since it is necessary that any virtual controller
in each step must be differentiable in the backstepping method. Therefore, VSC cannot be adopted
here, so we present a simple method to overcome the
is designed simply as
problem. Robust controller
(26)
where and are both positive constants, and is
converges
the tracking error bound of , that is,
to in finite time, which will be expatiated later.
, taking into account (24), (25), and
Let
(26). Then, we can get
(27)
Define the Lyapunov function as

(21)
Here, treat
chosen as

as virtual control input, which is
(22)

is a positive constant.
where
Define the error between the real value of and the
virtual control
as
and, combining
(21) and (22), we can have

where
is a positive-definite constant adaptation
rate diagonal matrix.
is
Thus, the time derivative of
(28)
Substituting (23) and (27) into (28), we can have

(23)
It is clear that, if is small or converges to zero, the
tracking error will be smaller or converge to zero,
thus the next step is to make as small as possible.
Step 2) In this step,
is treated as virtual control, which is
synthesized such that is as small as possible. As
follows, the time derivatives of along the system
(7) is obtained as

(24)

(29)
The virtual adaptation algorithm of this step is
chosen as
(30)
Substituting the virtual adaptation algorithm (30)
into (29), we can get
(31)
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Thus, it can be deduced that, if
, then
, and, from assumption 2, we
, therefore, it is always true that
know
. Thus, in this case, it is
, then we will always obtain
shown that, if
.
that
converges to
Therefore, it is easy to verify that
within bound in finite time.
Thus, the following step is just to make converge
to zero or as small as possible.
Step 3) Rewrite the last differential equation of system (7) as

The time derivative of
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along system (7) is given by

(33)
where

can be obtained from (25), (26) and system (7), giving

(32)
(34)

where
Let

(35)
(36)
The above differential equation consists of uncertain
nonlinear parameters
and , and the adaptive
method of step 2) cannot be used, so most research
treats and as certain known parameters. Howand
are both unknown, as
ever, in practice,
mentioned above,
In the following, for subsystem (32) with uncertain
nonlinear parameters, we will use the method developed in Section III-B to derive the controller and update laws of uncertain parameters (including uncertain nonlinear and linear parameters) to make sure
of this step converges to
that the tracking error
zero or is as small as possible.
From Section II, we know is the displacement of load, and
and
from assumption 2 and (8), it is clear that
, so we can get

Then,
, in which
is certain, but, since
are uncertain,
is also uncertain.
Define unknown parameters set
as

and
as
, Taking into
account the realistic hydraulic system, we give the following
practical assumption as follows.
Assumption 5:
1)
2)
and
.
Also, from Assumption 2, we can get
(37)
Substituting (34)–(34)–(36) and the parameters
the following equation can be obtained:

Thus, according to Section III-B,
and then we have

and

into (33),

is chosen simply,

So, we define the following Lyapunov function as
(38)
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denotes the estimate of
and
denotes
. Thus, the controller is designed as
the estimate of

1) In general, the tracking error and the transformed states
and estimated parameters
, are all bound.
2) The maximal absolute value of the tracking error is smaller
, at
, that is,
than
Proof: Define the Lyapunov function as

where
derivative of

Thus, the time
is

(39)
Taking into account (37), we can design the robust controller
as

where
is used to compensate for the certain known items,
is an adaptive controller, which is used to overcome the
is a robust controller
problem from uncertain parameters,
,
which is used to compensate the unknown item related to
and
are positive constants.
and
are both seldom zero when
Remark 2: In practice,
and
are seldom
the system is operating smoothly, since
and
equal zero
close to and . In the rare case that
(e.g., due to the noise in
and ), it is set to a small positive
number to avoid the problem of dividing by zero.
Thus, according to adaptation (18), and to make sure that the
virtual control of step 2 is well defined, combining with (30),
the adaptation law is given by

Substitute (29), (38), the controller (39), and adaptation law
(40)–(43) into the above equation, and from Theorem 1, we can
get

(44)
From Assumption 2 and (37), we have

(45)
(46)
Combining (44)–(46) leads to

(40)
(41)

(42)
(43)
where
, and
denote
, respectively.
and
are positivethe estimate of
definite constant adaptation rate diagonal matrixes.
Theorem 2: For the nonlinear electro-hydraulic system (7)
with unknown nonlinear parameters and and Assumptions
1, 2, and 5 being satisfied, if adopt the controller (39), and use
the adaptation law shown by (40)–(43), the following will be
given.

where
is a known positive constant, so
is bounded
, and
are
together with the states
are all bounded too, so
all bounded, and since
are all bounded. Thus, 1) of Theorem 2 is proved.
, it is obtained that if
,
Moreover, since
, so
, then leads to
then
converges to within bounded , that is,
, in finite time.
From (23),
is obtained.
As [25], define
(47)
So,

and we have

Integrating the above equation, we can get
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Fig. 2. Experimental setup.

From (47), we can get

Thus

Similarly, we can obtain
, hence,
is obtained. Thus, 2) of Theorem 2 is
proved.
Remark 3: It is seen that the value of the system tracking
error is related to controller parameter and , which can be
chosen arbitrarily. In particular, when a certain is chosen, the
smaller is, the smaller tracking error will be. However, on the
other hand, when is smaller, the performance of the control
system will be affected; for example, the chatting phenomena
will be made with being smaller. Therefore, it is important to
select an appropriate .
are all
Remark 4: Although we obtained that
bounded, from which we can easily prove that the position
, the velocity, , and
are bounded,
it cannot guarantee that
and
are bounded. However,
in a realistic hydraulic system, when the system is operating
, which imply the pressure in the two cylinder
smoothly,
and
, respectively, are always smaller than
chambers
the system pressure
and bigger than the tank pressure ,
, where and are
that is,
and
are both bounded, and
both positive constants. So,
therefore all of the state variables of system (6) are bounded,
thus the closed-loop system is globally stable.
IV. EXPERIMENTS
A. Experiment Setup
To test the proposed nonlinear adaptive robust control
strategy and study fundamental problems associated with the
control of electro-hydraulic systems, in Fig. 2, the experimental
system installation of the model is presented. In this installation, the servo valve used is HRV-Servo solenoid valve made
by Bosch Company, of which the control input is
V.
Dimensions of the cylinder are 40 mm/22 mm/300 mm. The
pump used is a gear pump also made by Bosch Company, of
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which displacement is 25 cm /rev. The supply pressure s is
set at 60 bar by a relief valve.
The system states used in the controller, including load position and the pressures in two cylinder chambers
and ,
are directly measured by position and pressure transducers, respectively, and the load velocity is differential from position
with a PC, which is also implementation of the digital control of system in real time. In addition, in order to improve the
precision of control system, the supply pressure
and the tank
pressure are also directly measured by pressure transducers,
respectively. Also, all of the analog measurement signals (the
cylinder position , pressure
, , and ) are fed back
to the PC through a plugged-in 16-bit A/D and D/A board. To
attenuate the influence of noise, all measured signals are processed through a low-pass filter.
The estimated system parameters that are used as the original
values of the proposed nonlinear adaptive robust controller are
set as follows: the effective bulk modulus of spring
N/m, which is treated as a constant parameter during the control
kg; the effective bulk modulus of
process; load mass
Mpa; the coefficient of internal
the hydraulic fluid
leakage of the cylinder
m s /Pa);
m
V
. Set the original position of piston
at the end of cylinder, at which the original total control volume
of the two cylinder chambers is
m and
m .
The controller parameters are designed as

Here, in order to show the influence of the uncertain parameters, specify uncertain nonlinear parameters, and, to test
the performance of the proposed control scheme, three controllers are used and compared, among which the first is just
the proposed nonlinear adaptive robust control (ARC-NP),
and the second is the same control law as the proposed
control but without using parameter adaptation, that is, let
, and
.
The third controller uses the adaptive method but without
considering the uncertain control volume (ARC-LP), that is, the
nonlinear parameters
and
are tread as known constants,
of which steps 1) and 2) are the same, and step) 3 is different.
The controller is given by
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Fig. 3. First desired trajectories. (a) Desired velocity. (b) Desired position.

Fig. 5. Tracking errors with V ; V changes. (a) Without parameter adaptations. (b) ARC-LP. (c) Proposed control (ARC-NP).

Fig. 6. Pressures in two cylinder chambers with V

;V

changes.

Fig. 4. Tracking errors with no change. (a) Without parameter adaptations.
(b) ARC-LP. (c) Proposed control (ARC-NP).

The adaptation law is chosen as
Fig. 7. Control input with V

;V

changes.

where
,
is
the positive constant adaptation-rate diagonal matrix, the value
of
is selected as
,
and the remaining parameters are the same as given above.
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Fig. 8. Parameters estimations. (a) ^ . (b) ^ and ^ . (c) "^ . (d) "^ . (e) "^ . (f) "^ . (g) "^ . (h) "^ . (i) "^ . (j) '
^ . (k) '^ .

B. Experimental Results
The three controllers first track a desired motion trajectory
shown in Fig. 3 as in [18], which has a maximum velocity of
0.3 m/s and an acceleration of 3 m/s . Fig. 4 shows the tracking
errors when the system parameters are not changed. As seen,
ADC-NP control and ADC-LP control can both obtain better
control performance, but the controller without adaptation laws
cannot obtain good performance, of which the error is too large
to be accepted, since the selected original values of parameters
are different from the real values of the system. This illustrates
the effectiveness of using parameter adaptation.
To test the influence of variations of nonlinear parameters
and
on the performance of the control system, we increase
and
by
the values of the original total control volumes

increasing the length of pipelines between the servo valve and
cylinder approximately one time to change the values of and
. The tracking errors are shown in Fig. 5, from which it is
clear that the tracking error obtained by the proposed controller
has almost no changes, but, when the adaptation laws are not
used and the adaptation laws do not consider the nonlinear paand , their tracking errors increase significantly
rameters
during the last periods, and the oscillatory phenomena are made.
It is illuminated that the differential values of the original total
control volumes can significantly affect the performance of the
hydraulic control system, and the proposed adaptive robust control strategy can eliminate the effects. Thus, we have shown that
the objective of this paper is achieved.
and
are shown in Fig. 6, and
The transient pressures
the control input is shown in Fig. 7. It can be seen that they
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Fig. 10. Pressures in two cylinder chambers for sinusoidal motion with
V ; V changes.

Fig. 11. Control input for sine-wave motion with V

Fig. 9. Tracking errors for sine-wave motion with V ; V
changes.
(a) Without parameter adaptations. (b) ARC-LP. (c) Proposed control
(ARC-NP).

are all bounded and in the permissible capacity scope. All of
the estimations of parameters are shown in Fig. 8; it can be seen
that they are all bounded, and it is their update during the control
process that improves the performance of the hydraulic system.
Second, the reference signal is a 0.5-Hz sinusoidal motion
m. In order to show the influence of the variational value of the original total control volumes, we put the
original piston position at the middle of cylinder and reset de. The tracking errors are shown in Fig. 9.
sign parameter
It is seen that, when the adaptation laws are not used, the track
error is the largest, and the error of ADC-LP is much bigger
than that of ADC-NP, specifically at the direction of position
changes, which again illustrates the effectiveness of using nonare shown in
linear parameter adaptation. The pressures
Fig. 10, and it is clear that they are bounded. The control input
is shown in Fig. 11, which is also bounded.
V. CONCLUSION
A nonlinear adaptive robust controller has been presented for
an electro-hydraulic system driven by a single-rod actuator with
uncertain nonlinear parameters. Both the control structure and

;V

changes.

unknown nonlinear parameters tuning algorithms are developed
through the newly chosen Lyapunov function. The whole system
controller and adaptation schemes are given by combining backstepping techniques and a simple robust control method, which
can compensate for all system uncertainties from the unknown
nonlinear parameters, the unknown linear parameters, and uncertain nonlinearities. The experimental results show that the proposed control method and adaptation schemes can obtain a good
performance when the position signal trajectories are tracked,
even if the uncertain nonlinear parameters due to the varieties of
the original control volumes exist. The main contribution of this
paper is that a nonlinear adaptive control method has been presented to compensate for a class of uncertain nonlinear parameters of electro-hydraulic systems.
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