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Abstract: This paper proposes a fault estimation and fault-tolerant control strategy with two observers
for a pump-controlled electro-hydraulic system (PCEHS) under the presence of internal leakage faults
and an external loading force. The mathematical model of the PCEHS is dedicatedly derived in the
state-space form for developing control methodology. Two different observers are developed in which
an extended state observer is applied to estimate the internal leakage flow rate, and a disturbance
observer is used to deal with the external loading force. Then, the proposed control is designed based
on the backstepping sliding mode technique in which estimated information from the observers is
taken into consideration to guarantee the working performance of the system. With the proposed
methodology, the robustness and stability of the controlled system are theoretically analyzed and
proven by the Lyapunov theorem. Comparative simulation results are given to demonstrate the
effectiveness of the proposed methodology through different testing conditions.

Keywords: pump-controlled electrohydraulic system; internal leakage; external loading force; fault
estimation; fault-tolerant control

1. Introduction

Electrohydraulic systems (EHSs) are popularly employed in numerous industrial applications,
such as types of heavy machinery, aircraft actuator, robotics, and so on, due to their advantage of
generating large force/torque directly [1,2]. Nevertheless, the existence of nonlinearities, uncertainties,
and disturbances such as flow properties, friction, internal and external leakages, and uncertain
parameters are challenging tasks for developing control strategies to guarantee the desired performance
of the electrohydraulic system [3,4]. Various studies of algorithm developments have been published
to enhance the system working performance such as nonlinear controls [5,6], adaptive controls [7–9],
optimal controls [10,11], and observers [12–14]. However, these studies essentially focused on improving
the position-tracking control, force control, or even the regenerative energy of the hydraulic system
without consideration of problems relating to system level or system reliability.

Due to the ever-increasing demand for the stability and safety of hydraulic machinery systems,
the impacts of faults or abrupt abnormalities causing the decline of working performance or even
serious failures should be considered. In a critical working environment, faults of a hydraulic
system such as internal/external leakage in cylinders or valves [15,16], sensor faults (broken, noise,
offset) [17,18], vibrations and friction of an actuator [19], and so on, are considered as unknown and
uncertain factors that are difficult to measure directly but may easily suddenly occur. These have
led to increasing trends towards developing strategies to precisely estimate faults and develop
fault-tolerant control (FTC) algorithms that are essential demands as parts of a control system design
to maintain control performance [20,21]. Following the literature of the hydraulic system in the
relevant fields, many approaches were proposed to estimate the faults such as using Kalman filter (KF)

Actuators 2020, 9, 132; doi:10.3390/act9040132 www.mdpi.com/journal/actuators

http://www.mdpi.com/journal/actuators
http://www.mdpi.com
https://orcid.org/0000-0003-1217-0325
https://orcid.org/0000-0003-4859-7734
https://orcid.org/0000-0002-7927-3348
http://dx.doi.org/10.3390/act9040132
http://www.mdpi.com/journal/actuators
https://www.mdpi.com/2076-0825/9/4/132?type=check_update&version=2


Actuators 2020, 9, 132 2 of 21

algorithms [22,23], state observers [24,25], adaptive observers [26,27], unknown input observers [28,29],
or intelligent approaches [30,31]. Additionally, the accuracy of the estimation fault process was also
considered to promptly deal with complex faults, thus improving the reliability of the proposed
methods. Furthermore, to maintain system stability and minimize the potential risks in the presence of
faults, the FTC method was developed based on the acquired information from the fault estimation
process [32,33]. Through fault-tolerant controllers, the system can cancel out the effects caused by the
faults or accommodate automatically with faults among components in the system to guarantee the
desired level of the overall working performance [34].

In the EHS, internal leakage fault and sensor fault is specifically considered as one of the main
reasons impairing working performance or even making the system unstable unless appropriate
compensation strategies are taken. This problem has evoked much interest in exploring various
topics to tackle this fault in recent times [35,36]. In [37–40], the authors constructed a method based
on extended state observers (ESOs) to estimate uncertain nonlinearities, parametric uncertainties,
and external disturbances. The ESO-based control schemes are usually applied not only to give the
system states but also estimate the uncertain terms and unknown disturbances by using extended
states. In [37,39], the matched and unmatched disturbances of the hydraulic actuator were estimated
by linear ESOs and then compensated by the proposed controller to reduce the effects of undesired
disturbances. These results revealed that the estimation error converges to zero by increasing the
observer bandwidth. In [38,40], the ESOs-based backstepping control algorithm was proposed to
handle the load disturbance and mechanical dynamics uncertainties. The superiority of ESOs is
indicated through various other engineering applications [19,41–43]. The ESO is suitable for dealing
with the complicated nonlinear system due to the earning advantages of simple canonical form, ease of
implementation, less requirement of system knowledge, and direct generation of estimated parameters
through the error of state variables. Another popular method that can be referred to as solving problems
of the matched and unmatched uncertainties is a nonlinear disturbance observer (DO). Conventionally,
this technique is widely applied to cope with the force disturbance, which is one of the important
external impacts to be investigated on the hydraulic system [44,45]. To obtain good position-tracking
performance of an electrohydraulic actuator, Wonhee Kim et al. [46] proposed a disturbance observer
(DO) in the form of a two-order high-pass filter to estimate the disturbances consisting of external load
torque and constant friction. In [47,48], a nonlinear robust controller based on the DO was applied
to improve the control accuracy of EHSs in which the DO was considered as a good compensation
method to eliminate the effect of external disturbance and model uncertainties. Furthermore, in [49],
a high-order DO was developed to guarantee the asymptotic convergence of the observers by using
the bounded law of time-varying disturbances combined with the linear and nonlinear functions
of the estimation error. Experimental results of this research verified the reliability of the proposed
method, where the DO was a suited method to estimate external force disturbance with high accuracy.
Essentially, the DO takes advantage of simple principle and structure, high performance and robustness,
light computation, and compatibility when combining with other techniques. Although knowledge of
the system level is required along with a command input signal and measurable output, this operator
still achieves good performance and has some potential. Therefore, a combination of the ESO and DO
may lead to interesting topics to be explored for further development and expansions to other relating
fields of research, such as data-driven or signal-based processing.

Based on the literature overview, this paper proposes a fault estimation and fault-tolerant control
method to maintain the working performance for a PCEHS subject to internal leakage fault and
external force disturbance. The mechanical dynamics and hydraulic dynamics of the PCEHS are
derived for designing the proposed technique in which the leakage flow rate and varying external
payload are considered as primary elements that affect the robustness of the studied system. In order
to achieve the abovementioned problems, contributions in this paper can be listed as follows: (1) First,
two high-order observers are initially developed in which an extended state observer is used to estimate
the internal leakage flow rate, and a disturbance observer is exploited to deal with the external loading
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force. (2) With the estimated parameters, a fault-tolerant controller-based backstepping sliding mode
technique is designed to overcome system instability when the fault occurs. (3) The effectiveness of the
observers and control scheme for the whole system is theoretically proved by a Lyapunov theory in
the influence of the internal leakage fault and external force disturbances. Numerical simulations are
performed with different testing conditions including fault-free, internal leakage fault, change of the
external loading force, and variable working frequencies to validate the workability and reliability of
the proposed methodology.

The rest of the paper is organized as follows. Section 2 explains the system modeling and problem
statement. Next, the model-based fault-tolerant controller is described in Section 3. This proposed
control scheme including the extended state observer, disturbance observer, is designed with the
stability proof of the whole closed-loop system. Numerical simulations are presented in Section 4 to
illustrate the effectiveness of the proposed method under several conditions. Finally, the conclusion
and perspective of future works are discussed in Section 5.

2. System Modeling and Problem Statement

2.1. Mechanical Dynamics

In this research, a one-degree-of-freedom PCEHS driving a double-acting, single-rod hydraulic
cylinder is presented in Figure 1. The main components of this system are detailed in Table 1.
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Figure 1. Schematic of the PCEHS. 

Table 1. Components of the PCEHS. 

Symbol Component Symbol Component 
01 AC driver 06.1, 06.2 Pilot check valves 
02 AC motor 07 Directional valve 
03 Reservoirs 08.1, 08.2 Relief valves 
04 Hydraulic gear pump 09 Hydraulic cylinder 

05.1, 05.2 Check valves   

Figure 1. Schematic of the PCEHS.

Table 1. Components of the PCEHS.

Symbol Component Symbol Component

01 AC driver 06.1, 06.2 Pilot check valves
02 AC motor 07 Directional valve
03 Reservoirs 08.1, 08.2 Relief valves
04 Hydraulic gear pump 09 Hydraulic cylinder

05.1, 05.2 Check valves
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For the working principle, the system motion is adjusted by the double-acting single-rod cylinder
that is driven by the fixed-displacement gear pump through a control hydraulic circuit. The pump is
actuated by the AC driver. Flow differences between the two chambers are compensated by check
valves (05.1 and 05.2). The positive direction of the cylinder motion is chosen as shown in Figure 1.

The system dynamics of the actuator by applying Newton’s second law is expressed:

m
..
x = P1A1 − P2A2 − F f r − Fext (1)

where x and m are the piston position and the mass of the system motion, respectively. A1 and A2 are
bore-side and rod-side cross-section areas of the cylinder. P1 and P2 are pressures inside chambers 1
and 2, respectively. F f r refers to a lumped friction, and Fext is an external force of the load.

The term F f r is the lumped friction that can be approximated as follows: F f r = b1
.
x + b2tanh

( .
x
)

tanh(∗) = 1−e−κ1∗

1+e−κ1∗
(2)

where b1, b2, and κ1 are positive constants.

2.2. Hydraulic Dynamics

As presented in Figure 1, the PCEHS consists of the hydraulic cylinder, valves, and hydraulic
pump system. The PCEHS generates pressures inside the circuit, thus inducing force acting on
the cylinder movement. The pressure dynamics inside the cylinder chambers can be described as
follows [49]: 

.
P1 =

βe
V10+A1x (Q1in −Q1out −QLi −QLe1)

.
P2 =

βe
V20−A2x (Q2in −Q2out + QLi −QLe2)

(3)

where βe is the effective bulk modulus of the used hydraulic fluid; V10 and V20 are initial volumes
in the chamber of bore-side and rod-side, respectively. Q1in is the supply flow to chamber 1; Q2in is
the supply flow to chamber 2; Q1out is the discharge flow from chamber 1; Q2out is the discharge flow
from chamber 2; and QLi is the internal leakage flow inside cylinder chambers. QLe1 and QLe2 are the
external leakage of the two chambers.

The supply flow rate to the two chambers are calculated separately as follows:{
Q1in = Q1p −Q1d + Q1c −Q1r
Q2in = Q2p + Qcv4 + Q2c −Q2r

(4)

where Q1p and Q2p are the pump flows; Q1d is the discharged flows through the directional valve
(07); Qcv4 is the charged flow from the tank through the check valve (05.1); Q1c and Q2c are flows
from the pump through the two pilot check valves (06.1 and 06.2); and Q1r and Q2r are discharged
flows through the relief valves (08.1 and 08.2, respectively). It should be noted that flow rate values
Q1r and Q2r of the relief valves are zero in normal working conditions because these relief valves are
overpressure protectors.

The discharged flows from the two chambers are calculated as follows:{
Q1out = A1

.
x

Q2out = −A2
.
x

(5)

The internal leakage inside the cylinder can be linearly approximated as

QLi = Ct(P1 − P2) (6)

where Ct is the internal leakage coefficient of the main cylinder.
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The pump flow functions can be presented as follows:{
Q1p = ηvDw−QpLi −QpLe1

Q2p = −ηvDw + QpLi −QpLe2
(7)

where ηv is the volumetric efficiency of the pump; D is the pump displacement; w is the pump speed;
QpLi is the internal leakage of the pump; and QpLe1 and QpLe2 are external leakages of the pump.

The internal leakage flow of the pump can be calculated as

QpLi = −
4π2CpLi

ηvD

(
JHP

.
w + T f HPw

)
(8)

where CpLi is the coefficient of internal leakages of the pump. D is the pump displacement. JHP is the
inertia moment of the pump. T f HP is the coefficient of viscous friction torque of the pump.

The controller inside the motor driver is simplified, such that pump speed can be expressed by a
linear function of input voltage as

w = Kdru (9)

Assumption 1. (a) The hydraulic energy is not lost on the transferred pipelines. (b) All external leakages
are neglected:

QcLe1 = QcLe2 = QpLe1 = QpLe2 = 0 (10)

From (7) to (10), the pump flow function can be rewritten: Q1p = w
(
ηvD + T f HP

4π2CpLi
ηvD

)
+ JHP

4π2CpLi
ηvD

.
w = D1w + Cp

.
w

Q2p = −D1w−Cp
.

w
(11)

where D1 = ηvD + T f HP
4π2CpLi
ηvD ; Cp = JHP

4π2CpLi
ηvD .

The used hydraulic fluid is incompressible. Hence, the flows of the directional valve (07) and
check valve (05.1) can be approximated as follows:

Q1d = −
.
x(A1 −A2)sm

(
−

.
x
)

Qcv4 =
.
x(A1 −A2)sm

( .
x
)

sm(•) = (1 + e−κ2•)−1
(12)

where κ2 is a positive constant.
The flows through the pilot check valves can be approximated as follows:

Q1c = CdA01

√
2
∣∣∣P1p−P1

∣∣∣
ρ sgn

(
P1p − P1

)
Q2c = CdA02

√
2
∣∣∣P2p−P2

∣∣∣
ρ sgn

(
P2p − P2

) (13)

A01 =


Aleak f or Pe1 ≤ Pcrack
Aleak + k(Pe1 − Pcrack) f or Pcrack < Pe1 < Pmax

Amax f or Pe1 ≥ Pmax

(14)

Pe1 = P1p + kpP2p − P1 (15)

A02 =


Aleak f or Pe2 ≤ Pcrack
Aleak + k(Pe2 − Pcrack) f or Pcrack < Pe2 < Pmax

Amax f or Pe2 ≥ Pmax

(16)
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Pe2 = P2p + kpP1p − P2 (17)

k =
Amax −Aleak
Pmax − Pcrack

(18)

where Cd is the flow discharge coefficient; A01 and A02 are the instantaneous orifice passage areas of
the pilot check valve 06.1 and pilot check valve 06.2, respectively; ρ is the fluid density; P1p and P2p are
pressures of the pump to the pilot check valves (06.1 and 06.2); Pe1 and Pe2 are equivalent pressures
differential across the control member; Pcrack is the valve cracking pressure; Pmax is the pressure needed
to fully open the valve; k is the valve gain coefficient; kp is the pilot ratio; Aleak is the closed valve
leakage area; and Amax is the fully open valve passage area.

The state variables of the system are defined as [x1, x2, x3]
T = [x,

.
x, P1A1 − P2A2]

T. Then a full
model of the studied system is presented in state-space form as

.
x1 = x2
.
x2 = 1

m (x3 + f1 + d1)
.
x3 = f2 + gu + f3QLi

(19)

where QLi is the leakage flow inside the cylinder, and the detailed dynamics functions are summarized as

f1 = −F f r
d1 = −Fext

f2 = βe

 A1
V1t

(
−A1x2 + Cp

.
w−Q1d + Q1c

)
−

A2
V2t

(
A2x2 −Cp

.
w + Qcv4 + Q2c

)
g =

βeKdrD1
V1tV2t

(A1V2t + A2V1t)

f3 = −

 βe
V1tV2t

(A1V2t + A2V1t)

QLi = Ct(P1 − P2)

V1t = V10 + A1x1

V2t = V20 −A2x1

(20)

The parameters of the obtained model show that this PCEHS is an uncertain nonlinear system.
In practice, the term Ct is hard to define exactly. Values of βe and ηv change during working processes.
V10, V20, and m are also uncertain. Therefore, ensuring the tracking performance in the presence of
disturbances and internal leakage faults is a difficult task. For conveniently designing the observers
and controller, the following assumptions are presented:

Assumption 2. The system variables x1, x2, P1, P2 are measurable and bounded.

Assumption 3. The term g is Lipschitz concerning x1; f1 is Lipschitz for x2; f2 is Lipschitz for x1 and x2 in the
practice range.

3. Fault-Observer-Based Tolerant Controller Design

In this section, an FTC strategy is proposed to execute the control objectives. The values of the
internal leakage and external force disturbances are estimated by two different observers through full
state feedback. A nonlinear controller using the estimated information is designed by the sliding mode
and a backstepping technique. The diagram of the proposed strategy is depicted in Figure 2.
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Assumption 4. The force disturbance (d1) is bounded. Its time derivative is also bounded, and there always
exists a virtual bounded disturbance [49] satisfying

θ2(t) =
.
d1 + λ1d1 ≤

∣∣∣δ∣∣∣ (21)

where λ1 and δ are the positive constants.

3.1. Extended State Observer for Internal Leakage Fault Estimation

In this part, the ESO is applied to estimate the existing state vector (x3) and the extended state that
includes the internal leakage fault based on the output and control input signals. We define x4 = f3QLi
as an extended state variable and h(t) is the time derivative of x4. Here, h(t) is assumed to be unknown
but bounded as

∣∣∣∣∣∣h(t)∣∣∣∣∣∣
∞
≤ h, where h is a positive constant. By referring to [39], the last equations of

(19) and extended state variable can be rewritten as follows:{ .
x3 = f2 + gu + x4
.
x4 = h(t)

(22)

The observer is proposed as follows:
.
x̂3 = f2 + gu + α1

ε (x3 − x̂3) + x̂4.
x̂4 = α2

ε2 (x3 − x̂3)
(23)

where the observer parameters αi(i = 1, 2) are positive constants. The term ε is an arbitrarily small
positive constant.

In this research, the most important role of the ESO is to estimate the internal leakage flow
(
Q̂Li

)
inside the hydraulic cylinder as

Q̂Li = −
x̂4V1tV2t

βe(A1V2t + A2V1t)
(24)

Let x̃3, x̃4 denote the estimation errors between the actual and estimated values, i.e.,
x̃i = xi − x̂i(i = 3, 4). The dynamics of the state estimation error can be expressed by using (22)
and (23) as 

.
x̃3 = −α1

ε x̃3 + x̃4.
x̃4 = h(t) − α2

ε2 x̃3
(25)
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Assumption 5. The estimation error Q̃Li changes with respect to time, and it is bounded with the appropriate
constant

∣∣∣∣∣∣∣∣ f3Q̃Li(t)
∣∣∣∣∣∣∣∣ ≤ η2.

Define σ = [σ1, σ2]
T = [x̃3, x̃4ε]

T as the scaled estimation error. Then, Function (25) can be
written as

.
σ = A

1
ε
σ+ B1εh(t) (26)

where
.
σ =

[ .
σ1,

.
σ2

]T
and

A =

[
−α1 1
−α2 0

]
, B1 = [0, 1]T (27)

in which A is Hurwitz.
Therefore, there exists a positive definite matrix Pσ satisfying the following equation:

ATPσ + APσ = −I (28)

Consider a Lyapunov function as follows:

V1 =
1
2
σTPσσ (29)

The proofs of
.

V1 function are presented in Appendix A, in which the result is obtained as follows:

.
V1 ≤ −

1
2

1
ε
− ε2

(
λmax

(
PT
σB1BT

1 Pσ
))∣∣∣∣∣∣σ∣∣∣∣∣∣2 + 1

2
h

2
(30)

Referring to the stabilizing analysis method of the high-gain observer [38,50], the designed ESO
in (23) is stable, and the state estimation error can asymptotically converge to zero. The stability of the
closed-loop is proved later.

3.2. Disturbance Observer for External Force Estimation

From the second equation of (19) and Assumption 4, the dynamics of the external force disturbance
model is proposed as 

.
x2m = x3 + f1 + d1.
d1 = −λ1d1 + θ2

(31)

where x2m is defined as x2m = mx2.
By referring to [49], a new estimation model can be constructed as follows:

.
x̂2m = x3 + f1 + d̂1 − l1x̃2m
.
d̂1 = −λ1d̂1 − l2x̃2m −

t∫
0

(
l3x̃2m + l4

∣∣∣̃x2m
∣∣∣nsgn(x̃2m)

)
dτ

(32)

where l1, l2, l3, l4 are positive constants; x̂2m is the estimated value of x2m; and d̂1 is the estimated value
of d1.

Subtracting (32) from (31), the estimation error of the force dynamics can be derived as
.
x̃2m = d̃1 − l1x̃2m
.

d̃1 = −λ1d̃1 − l2x̃2m −
t∫

0

(
l3x̃2m + l4

∣∣∣̃x2m
∣∣∣nsgn(x̃2m)

)
dτ− θ2

(33)

where x̃2m = x̂2m − x2m and d̃1 = d̂1 − d1.

Assumption 6. The estimation error d̃1 is time-varying and is bounded
∣∣∣∣∣∣∣∣d̃1(t)

∣∣∣∣∣∣∣∣ ≤ η1.
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Lemma 1. Considering Assumption 3 and the bounded system (21), the estimation system is asymptotic stable
if the used positive gains (µ1,µ2,γ,ρ) satisfy the following conditions.

λ1 = γ+ µ1

l2 = µ1γ+ µ2 + ρ
l3 = µ2γ+ l1(µ1γ+ ρ)

l4 ≥ ∆ .
θ2

(34)

Proof of Lema 1. The non-negative definite Lyapunov function is expressed as

V2 =
1
2

(
ρµ2x̃2

2m + ρd̃2
1 + ζ2

2

)
+ψ (35)

where the additions of ζ2 and positive term ψ are determined as follows [49]:
ζ2 =

.

d̃1 + µ1d̃1 + µ2x̃2m

ψ =
t∫

0

(
ζ2

(
l4
∣∣∣̃x2m

∣∣∣nsgn(x̃2m) +
.
θ2

))
dτ

(36)

The proofs of the
.

V2 function are presented in Appendix B. The time derivative
.

V2 is obtained as

.
V2 = −ρµ2l1x̃2

2m − ρµ1d̃2
1 − γζ

2
2 ≤ 0 (37)

�

3.3. Backstepping Sliding Mode Controller Design

In this subsection, the controller based on the sliding-mode backstepping technique is proposed
to guarantee the robustness of the PCEHS based on the estimated information of external force and
internal leakage flow.

Step 1: The virtual control law is designed to ensure the position-tracking error to be as small
as possible.

First, we choose the sliding surface as

s1 = k1e1 + e2 (38)

where k1 is a positive constant; e1 = x1 − x1d; e2 = x2 − x2d; x1d is the desired trajectory, and x2d =
.
x1d.

The time derivative of the sliding surface is derived as

.
s1 = k1

.
e1 +

.
e2 = k1

.
e1 +

1
m
(x3 + f1 + d1) −

.
x2d (39)

We define the virtual control x3d as

x3d = m
( .
x2d − k1

.
e1 − k2s1

)
− f1 − d̂1 − η1sgn(s1) (40)

where k2, η1 are arbitrary positive constants, and d̂1 is the estimated result of the term d1.
We then define the different pressure error as follows:

s2 = x3 − x3d (41)
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Step 2: The controller is designed to ensure the robustness of the system under the presence of the
internal leakage fault. The differential of this state error is:

.
s2 = x3 −

.
x3d = f2 + gu + f3QLi −

.
x3d (42)

In Equation (42), the time derivative of the virtual control signal x3d may be invalid because
Equation (40) contains a signum function as a discontinuous term. Thus, this function is replaced by a
hyperbolic tangent function. The virtual control signal x3d is rewritten as follows:

x3d = m
( .
x2d − k1

.
e1 − k2s1

)
− f1 − d̂1 − η1tanh(s1) (43)

Hence, the final control signal is chosen as follows:

u =
1
g

− f2 +
.
x3d − f3Q̂Li −

s1

m
− k3s2 − k4z2 − η2tanh(s2)

 (44)

where k3, k4, and η2 are arbitrary positive constants, and the term z2 is defined as z2 =
∫

s2(t)dt.
The tanh function is defined as

tanh(si) =
e2si − 1
e2si + 1

, (i = 1, 2) (45)

3.4. Stability Analysis

Theorem 1. The control laws in (40) and (44) incorporated with the ESO in (23), and the disturbance observer
in (32) guarantee the stability of the closed-loop system for all bounded positive control gains and the bounded
disturbances estimated.

Proof of Theorem 1. For the closed-loop performance, a new Lyapunov function is considered
as follows:

V3 =
1
2

s2
1 +

1
2

s2
2 +

1
2

k4z2
2 (46)

The time derivative of the function in (46) is

.
V3 = s1

.
s1 + s2(

.
s2 + k4z2) (47)

Substituting (39), (42), (43), and (44) into Equation (47), the obtained result is:

.
V3 = −k2s2

1 − k3s2
2 +

∣∣∣∣s1

∣∣∣∣(d̃1 − η1) +
∣∣∣∣s2

∣∣∣∣( f3Q̃Li − η2) + χ0

≤ −k2s2
1 − k3s2

2 + χ0
(48)

where χ0 =

∣∣∣∣∣∣
∣∣∣∣∣∣ 2∑
i=1

ηisi(sgn(si) − tanh(si))

∣∣∣∣∣∣
∣∣∣∣∣∣.

The inequality in (48) shows that the system is uniformly ultimately bounded [9].
To prove the stability of the whole system, the comprehensive Lyapunov function is considered as

V = V1 + V2 + V3

= 1
2σ

TPσσ+ 1
2

(
ρµ2x̃2

2m + ρd̃2
1 + ζ2

2

)
+ψ+ 1

2 s2
1 +

1
2 s2

2 +
1
2 k4z2

2
(49)
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The time derivative of Equation (49) is expressed as follows:

.
V =

.
V1 +

.
V2 +

.
V3

= − 1
2

1
εσσ

T + BT
1 Pσσεh(t) − ρµ2l1x̃2

2m − ρµ1d̃2
1 − γζ

2
2 − k2s2

1 − k3s2
2

+s1
(
d̃1 − η1sgn(s1)

)
+ s2

(
f3Q̃Lin − η2tanh(s2)

)
+ χ0

(50)

.
V ≤ −

1
2

1
ε

∣∣∣∣∣∣σ∣∣∣∣∣∣2 + 1
2

(
BT

1 Pσσε
)2
+ 1

2 h2(t) − ρµ2l1x̃2
2m − ρµ1d̃2

1 − γζ
2
2 − k2s2

1
−k3s2

2 +
∣∣∣s1

∣∣∣(d̃1 − η1
)
+ |s2|

(
f3Q̃Lin − η2

)
+ χ0

≤ −
1
2

 1
ε − ε

2
(
λmax

(
PT
σB1BT

1 Pσ
))∣∣∣∣∣∣σ∣∣∣∣∣∣2 − ρµ2l1x̃2

2m − ρµ1d̃2
1 − γζ

2
2 − k2s2

1 − k3s2
2 +

1
2 h

2

≤ −cV + D

(51)

where c = min

λmin

 1
ε − ε

2
(
λmax

(
PT
σB1BT

1 Pσ
)), 2l1, 2µ1, 2γ, 2k2, 2k3

 and D =
∣∣∣∣∣∣∣∣ 1

2 h
2∣∣∣∣∣∣∣∣
∞

.

From Ref. [13], it can be seen that the proposed control is ultimately uniformly bounded in the
presence of force disturbance and internal leakage fault. As a result, the Lyapunov function (49) is
bounded by

V(t) ≤ V(0)e(−ct) +
D
c

(
1− e(−ct)

)
(52)

Thus, both the tracking error and the disturbances’ estimated errors are bounded. This proves the
results in Theorem 1. �

4. Simulation Results

4.1. Simulation Descriptions

In this section, the proposed methodology conducted for the PCEHS is examined in several
simulations to evaluate its workability. The simulations are implemented by the Matlab2019b/Simulink
program with a sample time of 0.001 s. According to the description in [51], the nominal values of the
system parameters are presented in Table 2. Furthermore, the gains of the proposed controller and
two observers are selected based on the model-based identification method [49] and are presented in
Tables 3 and 4, respectively.

To investigate the effectiveness of the proposed control, a conventional proportional-intergral-
derivative (PID) and direct backstepping (DBS) controllers are employed under the same testing
conditions for comparisons. The PID gains are obtained from manually tuning such that the best
system performance can be exhibited. By referring to [7], the DBS controller is designed as Equation
(53). The estimated terms in the DBS controller are originally followed by Equations (24) and (32).

u = 1
g

− f2 +
.
x3d −

1
m e2 − f3Q̂Li − k3e3


x3d = m

( ..
x1d − k1

.
e1 − e1 − k2e2

)
− f1 − d̂1

(53)

Table 2. Parameters of the PCEHS.

Parameter Value Parameter Value

m 9.32 kg A1 1.9635× 10−3 m2

b1 258 Ns/m A2 1.2566× 10−3 m2

b2 532 N V10 4.375× 10−4 m3

Kdr 10π rad/(sV) V20 2.88× 10−4 m3

κ1 15 βe 5.34× 108 Pa
κ2 10 D1 = ηvD 5.83× 10−7 m3/rad
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Table 3. Gains of controllers.

Controllers Parameters

PID KP = 5150.5, KI = 862.6, KD = 5.6
DBS k1 = 1225.68, k2 = 14.5, k3 = 4

Proposed control k1 = 1225.68, k2 = 14.5, k3 = 4, k4 = 22.3
η1 = 0.001, η2 = 12

Table 4. Gains of two observers.

Symbols Value Symbols Value

α1 3 l1 25
α2 6 l2 220,828
ε 0.001 l3 98,398
λ1 305.5 l4 380,844
n 0.8

4.2. Simulation Results

In this scope, it is notable that we concentrate on the investigations of the system robustness in
the presence of internal leakage fault. To evaluate the influence of internal leakage on the working
performance of the PCEHS system, the leakage coefficient profile is set as described in Figure 3. As can
be seen, we suppose that in the fault-free condition, the leakage coefficient (Ct) is smaller or equal
to 1 × 10−11(m3/s/Pa), corresponding to the working time from 0 to the 10th second. After that,
this coefficient gradually increases in an interval of 2 s, which describes the state transition between
normal working condition and internal leakage condition. The internal leakage fault happens at the
time of the 12th second if the Ct coefficient reaches a threshold of 7× 10−11(m3/s/Pa) or greater.
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4.2.1. The First Simulation Case

In the first simulation, the desired input trajectory is employed as a sinusoidal signal with an
amplitude of 100 mm and frequency of 0.1 Hz (x1d = (100 sin 0.2πt)mm), and no external loading force
is applied, Fext = 0 kN. Because the external force is not considered, this simulation case mainly focuses
on evaluating the robustness of the system when the leakage occurs. The tracking performances of the
proposed and the other two controllers are presented in Figure 4 in which the continuous black line
represents the reference input signal (REF), the dot-dash green line represents the PID controller (PID),
the continuous blue line represents the direct backstepping controller (DBS), and the dash red line
represents the proposed controller.
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In Figure 4a, the position-tracking performances of the three controllers are presented, while the
corresponding comparative tracking errors are depicted in Figure 4b. As can be seen, in the fault-free
condition, the PID controller takes an error in the range of (−0.3→ 0.35) mm, while the DBS controller
obtains a smaller tracking error approximated at ±0.005 mm, and the proposed controller achieves the
highest control accuracy with the error converging to ±0.001 mm. After 10 s of the working process,
the internal leakage coefficient increases, thereby resulting in the internal leakage fault occurrence that
makes the system lose efficiency. In the leakage fault condition, the tracking error from using the PID
controller is in the range of (−0.35→ 0.4) mm. Improved control precision could be accomplished
by tuning greater PID gains, but the control output could exceed its limits at the time and could
not guarantee system reliability in the wide spectrum of operations. To relieve the effect of system
dynamics on the quality of control, the DBS controller is applied wherein the influence of fault on the
PCEHS model is compensated by the DBS technique. As a result, the smaller tracking error converges
in the range of (−0.025→ 0.03) mm. To increase the control quality, the proposed methodology is
employed in which the internal leakage fault is handled by the extended state observer, and more
stable system behavior is achieved from using the backstepping sliding mode technique. The best
control accuracy is obtained where the tracking error converges in the range of (−0.007→ 0.01) mm.
This reveals that the proposed methodology is able to guarantee the accuracy and robustness of the
system not only in the fault-free condition but also in the presence of the internal leakage fault.

The estimation result of the internal leakage is shown in Figure 5 in which Figure 5a displays
the estimated internal leakage flow, while the estimated error is plotted in Figure 5b. Here, it can
be seen that the estimated internal leakage fault can track the actual one that occurs at the time of
the 10th second when the amplitude of internal leakage flow increases in the range of ±0.6 lit/min.
The proposed observer guarantees that the asymptotic converges to the smallest error bounded by
(−1.8× 10−4

→ 6.5× 10−4) lit/min.
Figure 6 displays control signals in which the control input of the proposed methodology is the

smallest compared with those of the PID and DBS. There is a significant rising in the PID control input
signal in the presence of internal leakage fault.
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Furthermore, in order to investigate the more challenging working condition for the proposed
control strategy, high-frequency reference inputs are given with different sinusoidal signals. In practice,
the hydraulic system normally works in low frequency. Increasing the frequency of the reference with
the same amplitude may cause the actuator response to fail in adapting to the desired setup. Therefore,
it is necessary to select the reference input signal with the appropriate frequency and amplitude.
Referring to [7,49], the frequency and amplitude of the desired trajectory are considered with four
profiles of (0.1 Hz, 100 mm), (0.25 Hz, 50 mm), (0.5 Hz, 20 mm), and (1 Hz, 10 mm). The comparative
simulation results in the condition of no loading force are compared in Figure 7. This figure shows that
in the normal working condition, the control effort guarantees small errors at the frequency from 0.1 to
0.5 Hz and slightly big errors at the 1 Hz frequency. Meanwhile, in the internal leakage fault condition,
the system response is significantly degraded at high frequencies. In the 0.1 Hz test, the proposed
controller is stable with the smallest tracking error inside a range of (−0.007→ 0.01) mm. However,
this tracking error is expanded from ±0.04 mm at the 0.25 Hz excitation to ±0.06 mm at the 0.5 Hz
excitation, and the largest error in the range of ±0.09 mm is generated at the 1 Hz frequency. As a
result, the proposed controller presents the highest effectiveness at 0.1 Hz frequency with no loading
force condition and the presence of internal leakage fault.
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4.2.2. The Second Simulations Case

In the second simulation, the tracking effort and robustness of the PCEHS system are investigated
under the presence of both internal leakage fault and external load condition at 4000 N. Similar to
the first case study, we suppose that the desired trajectory is a sinusoidal signal with an amplitude
of 100 mm and a frequency of 0.1 Hz (x1d = 100 sin(0.2πt)[mm]), and that the internal leakage
phenomenon happens at the time of the 12th second. The system tracking performances and estimation
parameters are depicted from Figures 8–11.

As can be seen in Figure 8, in the fault-free environment, the tracking performances under the PID,
DBS, and the proposed controller are degraded with the tracking error (−1.5→ 0.65) mm of the PID,
±0.01 mm of the DBS, and ±0.006 mm of the proposed control. When the internal leakage fault occurs,
the figure remarks that the PID response is significantly degraded with the position-tracking error
in the range of (−17.5→ 5) mm. The control accuracy is improved up to (−1.3→ 0.25) mm under
the DBS controller. Due to the benefit of the two proposed observers and the backstepping sliding
mode technique, the proposed methodology achieves superior performance with the smallest error in
the range of (−0.7→ 0.1) mm. Generally, the proposed control strategy can maintain the working
performance of the system in the heavy-load condition and internal leakage fault.

Figures 9 and 10 show the estimated results of the external force and internal leakage flow,
respectively. In particular, the estimated error of the external loading force converges to zero after
1.5 s. Moreover, this external force is the major term that directly affects the pressure dynamics of
the system, thus causing the amplitude of internal leakage flow to increase higher. As revealed in
Figure 10, the internal leakage fault occurs at the time of the 12th second where the amplitude of
the flow rate significantly grows to nearly 11 lit/min in comparison with that in the case of a no
external load condition. In spite of this, the system behavior is maintained in good qualification due to
employing the ESO to estimate and compensate the influence of the internal leakage. The estimated
error is accomplished in the range of (−0.001→ 0.01) lit/min. As a result, the proposed methodology
can guarantee the asymptotic convergence to the smallest error. In addition, the control input
signals, which are constrained in the interval of (−10, 10)[V], are performed in Figure 11. As a result,
the proposed control strategy has the smallest control signal over those of the PID and DBS when
saturated at 10VDC in the presence of a fault.
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Figure 11. The input control signals.

Finally, similar to the first simulation case, the performance of the proposed controller is also
examined in different frequency conditions with four profiles as (0.1 Hz, 100 mm), (0.25 Hz, 50 mm),
(0.5 Hz, 20 mm), and (1 Hz, 10 mm). The position-tracking errors with an external loading force of
about 4000 N are compared in Figure 12. The simulated results show that in the normal working
condition, the tracking error achieves a limited value at a frequency from 0.1 to 1 Hz. On the contrary,
the response of four signal lines significantly changes in the transition period between normal and
fault states at the time from the 10th second to the 12th second with a range of variations reaching
−0.7 mm. When the leakage fault occurs, the tracking errors maintain a steady state with a range of
±0.1 mm at the frequencies of 0.1, 0.5, and 1 Hz. In the 0.25 Hz test, there is a large tracking error
with amplitude from −1.25 to 0.1 mm in the interval of t = (12 ÷ 25) s. Then, this error preserves
the limitation of about ±0.1 mm. Additionally, one can observe that applied higher frequencies lead
to more chattering phenomenon. Therefore, considerations of chattering-free at a high frequency or
increasing the adaptive bandwidth of the control laws and observers may lead to the exploration of
interesting topics for further development.
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5. Conclusions

In this paper, we dedicatedly presented the methodology for solving the problems of fault
estimation and fault-tolerant control for the PCEHS. In this examined scenario, the internal leakage
fault was considered as a major factor for losing the working performance of the system. In addition,
the impacts of an external loading force and variable frequency input signals were also systematically
investigated due to its remarkable influence on the output behavior. In order to deal with those obstacles
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and achieve the output tracking requirement, the extended state observer and the disturbance observer
were developed to estimate internal leakage and the external loading force, respectively. According
to these estimated parameters, the backstepping sliding mode controller was employed due to its
advantages of system robustness and global stability assurance. The stability of the whole closed-loop
system in which both the controller and the proposed observer were taken into consideration was
mathematically proved by the Lyapunov approach. Based on the constructed strategy, comparative
simulations between the proposed control scheme with the other two conventional PID and direct
backstepping (DBS) controllers were implemented on the PCEHS under different working conditions.
The simulated results evidently confirmed the superior effectiveness of the proposed strategy over
the other two in maintaining the system performance under the presence of the internal leakage fault
and varying external loading force. It is noteworthy in this scope that the internal leakage coefficient
is supposed to gradually increase and be maintained at a constant value. Indeed, this parameter
can have stochastic forms with transient amplitude or increase over time depending on the working
process. Therefore, the proposed methodology in this work is a premise for further algorithm
development to deal with other real challenges such as incipient faults detection, fault positions
isolation; to maintain system performance in the presence of actuator faults, sensor faults, or faults with
consideration of input saturation or output constraints; or to expand other relating fields of research.
Furthermore, adaptive laws or approximation methods can be systematically integrated for adapting
control parameters to enhance the working requirements.
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Appendix A

Its time derivative expression can be written as
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Appendix B

The time derivative of the Lyapunov function
.

V2 in (45) can be analyzed by using Equations (41),
(42), and (44) as follows:
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