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ABSTRACT In this paper, a novel adaptive fault-tolerant controller is proposed for a typical electro-hydraulic
rotary actuator in the presence of disturbances, internal leakage fault, and sensor fault simultaneously.
To construct the suggested controller, a nonlinear unknown input observer is developed to effectively
identify the sensor fault, which is unaffected by not only internal leakage fault but also mismatched
disturbances/uncertainties. Furthermore, a radial basis function neural network is designed to compensate for
the mismatched disturbances/uncertainties caused by payload variation and unknown friction nonlinearities.
Besides, an adaptive law based on the projection mapping function is applied to tackle the effect of the
internal leakage fault. The integration of the above-mentioned techniques into the adaptive backstepping
terminal sliding mode is investigated to obtain high tracking performance, robustness as well as fast
convergence. The stability of the closed-loop system is proven by the Lyapunov theory. Finally, the capability
and effectiveness of the proposed approach are validated via simulation results under various faulty scenarios.

INDEX TERMS Mismatched disturbance, fault detection and identification, fault-tolerant control.

I. INTRODUCTION

Nowadays, with the development of modern industrials, the
hydraulic actuator has been the most popular and widely
used in many applications such as robotic manipulators,
ships, aerospace systems. Although this actuator has out-
standing advantages of a high-power-to-weight ratio, high
accuracy, cost, and fast response, the model uncertainty is
a big challenge in ensuring operational efficiency. In detail,
the hydraulic system always exists parametric uncertain-
ties, external disturbance, and unmodeled nonlinearities as
well as faults [1]-[4]. In order to improve the system
performance, the disturbance is not only needfully sup-
pressed but also compensated by assisted techniques such
as extended state observer [5], [6], neural network (NN)
approximators [7]-[10] fuzzy logic system (FLS) [11], time-
delay estimation (TDE) [12], [13], etc. In a certain way,
the disturbances or uncertainties can be considered as faults,
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which seriously affect system performance and safety [14].
In an electro-hydraulic actuator (EHA), the possible faults
have normally happened relating to the mechanism, elec-
tronic amplifiers, servo valves, hydraulic cylinders, sensor
components, or power supply with different features [3]. For
the closed-loop control in complex systems such as aircraft,
construction machines, automobiles, serious accidents may
occur due to system fault. Hence, the fault-tolerant con-
troller (FTC) is developed to deal with the impact of faults on
the system which can be classified into two main types [15]:
sensor fault and actuator fault.

In the engineering system, a measurement part plays an
especially key role in the tracking control. For instance, the
sensor fault could be happened in position sensors, pressure
sensors, load cells in the hydraulic robot [16], in generators
and rotor speed sensors of a wind turbine [17], in the sensor
measuring jacket temperature of chemical plants [18], and on
voltage sensors, current sensors and speed sensor of the elec-
trical traction system [19], etc. Thus, any sensor fault occurs
in the overall system that can affect significantly tracking
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performance [20], [21]. Inspired by fault estimation tech-
niques, the alarm system failures and the suitable acts are
decided as soon as possible to avoid heavy damages and
dangerous situations. The idea of fault detection and iden-
tification (FDI) method becomes a powerful tool to reach
the information of a sensor fault as well as an actuator
fault [22]-[25]. In order to deploy the mentioned aim, several
observer strategies have been investigated to estimate sensor
faults such as adaptive observer [26]-[28], extended Kalman
filter [29], [30], and Takagi-Sugeno fuzzy observer [17], [31].
Especially, an unknown input observer (UIO) is not only
an accurate estimation but also a helpful method to distin-
guish disturbances and faults. It had thus become increas-
ingly popular in the last decade in which observer gain
is designed based on the linear matrix inequality (LMI)
optimization algorithm [32]-[34]. In [35], the sensor faults
including position and pressure with noise have been pre-
sented for EHA, then an UlO-integrated extended finite
impulse response (EFIR) has been investigated to determine
the sensor fault but the actuator fault has not been carried
out. Meanwhile, a robust nonlinear unknown input observer
(NUIO) [18] has been also designed to detect only sensor fault
without fault estimation. It has been applied to a continuous
stirred tank reactor with respect to external disturbances. Fur-
thermore, a higher-order sliding mode observer [36] has been
proposed to regulate the vehicle speed in the event of sensor
faults/failures. Nevertheless, the effect of the disturbance has
not been completely resolved yet. The common advantage of
those methods is that they provide a valuable and uncom-
plicated design strategy to preserve an acceptable system
performance in presence of sensor faults and with/without
disturbances. Besides sensor faults, another popular reason
affecting control effectiveness is caused by actuator faults,
especially the internal leakage fault.

From the actuator fault perspective, many recent studies
determined actuator fault as loss-of-effectiveness faults or
lumped unknown components [37]-[39]. In [40], [41] an
internal leakage fault under the model uncertainties/time-
varying load has been accommodated via the adaptive param-
eter estimation. Then, the control performance has been
recovered by the FTC when the fault had been detected
through the available sensor measurements. In another study,
the actuator internal leakage and valve spool blockage are
diagnosed by the NN without the presence of disturbances or
sensor faults. Because the linearized model is used, it reduces
the inherent nonlinearity of the system [42]. In [43], the
position controller is tolerant with actuator internal leakage
and robust with parametric uncertainties in the EHA in which
the sensor fault is not considered. Different techniques like
wavelet transform [44], Hilbert-Huang transform [45] have
been applied to reduce the effects of the actuator fault. How-
ever, these techniques approach for FTC in general have not
clearly analyzed the decoupling between actuator fault and
disturbances/uncertainty. Consequently, it is worth pointing
out that most of all the above-mentioned methods are to
construct a fault estimation effective for sensor or actuator
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fault which helps to improve the safety and reliability as well
as the control performance of the system.

As the above analysis literature, most of the previous stud-
ies only considered either the sensor fault or the actuator
fault with/without disturbances for tracking control problem.
However, it is noteworthy that in the practical hydraulic sys-
tem, phenomena as mismatched disturbances, sensor faults,
and actuator faults may happen simultaneously. Therefore,
the FDI and FTC developments are important to ensure
the safety and reliability of the hydraulic control system,
especially, in the presence of concerned faults and mis-
matched disturbances. This approach combines the FTC
technique-assisted the fault information of FDI, called active
FTC [46], [47]. Hence, to overcome these aforementioned
drawbacks, in this work, an active FTC is proposed for an
electro-hydraulic rotary actuator (EHRA) based on a novel
NUIO and adaptive control laws. In detail, the NUIO is
designed based on the LMI approach to estimate the position
sensor fault under the effect of actuator faults and distur-
bances. Then, the fault detection (FD) performs the compara-
tive duty of the fault estimation with a determined threshold,
which is decided via [35], [48]. Next, the feedback position
signal at the principal controller is obtained by the estimated
values instead of the measured value when the fault exceeds
the predefined threshold in real-time. Moreover, the radius
bias function neural network (RBFNN) approximator and
the projection adaptive law are integrated into the proposed
control scheme to handle both actuator faults and mismatched
disturbances. Finally, an adaptive backstepping terminal slid-
ing mode controller (ABTSMC) [49]-[51] is proposed to
enhance the robustness with uncertainties and approximation
error. The proposed active FTC not only ensure the stability
of the controlled system but also maintain acceptable control
performances in the presence of faulty conditions. Compared
with existing works, the main contributions of this paper can
be shown as follows:

o According to the author’s knowledge, a novel active FTC
approach is firstly proposed for EHRA in the presence
of the mismatched disturbances, internal leakage, and
sensor faults, simultaneously.

o The novel NUIO-based FDI scheme is designed to take
part in estimating the system states, detecting and iden-
tifying the sensor fault under the influences of internal
leakage fault, and mismatched disturbances.

« The stability of the closed-loop system is proven by the
Lyapunov theory with the assist of an extended Bar-
balat’s Lemma. Additionally, the effectiveness of pro-
posed control approach is verified in various simulation
conditions.

The remainder of this paper is organized as the following:
In section II, the system model of the EHRA and the main
objectives are described. Section III proves the FDI method
and proposes a novel active FTC. Section IV presents the
simulation results. Lastly, the conclusions and future works
are expressed in Section V.
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FIGURE 1. Architecture of electro-hydraulic rotary actuator.

Il. HYDRAULIC ROTARY SYSTEM MODELING WITH
FAULT
The structure of the EHRA is described in Fig. 1. The control
signal from the controller is supplied to the servo-valve,
which regulates the flow rates and pressures in both chambers
of the rotary actuator. Hence, the inertial load is controlled
to track a reference trajectory. The sensor system is set up to
measure the rotational angle, rotational speed, and pressure of
both chambers. These signals are feedback to the controller,
which completes the closed-loop system design.

The mechanical dynamics is presented as

JGg=PLA—Bg+dn(t.q.q) ey

where ¢, J, and B represent the angular displacement, iner-
tia moment, and viscous damping coefficient, respectively;
d,(e) is a lumped disturbance/uncertainty term, which ¢ and
g are assumed to depend on time and angular velocity, Pr
denotes the load pressure which is computed as the following.

PL=P —P @)

where P; is the pressure value of i chamber (i=1,2).
The pressure dynamics of both chambers are expressed
by [2], [4], [5]

Pr=PeCag—q+0)
Wi
Py = % (Ag+qL — Qo) A3
2

where 8., A and ¢y, are the Bulk modulus, a ram area, and the
internal leakage, respectively. Vi = Vg1+ Ag and V, = Vo +
Agq are the trapped volumes of both sides of the actuator and
Vo1, Voo are the initial values. Q1 and O are the flowrate go
into 1% chamber and the flow-rate go from the 2¢ chamber,
which are described by the equations below.

01 = kg [stu)y/Py = P1 + s(—u)/Py = P, |
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02 = kyu [su/P2 =P, + s(-u/P, = P2 ] )

where P and P, are the supply pressure and return pressure,
k; is a proportional gain of the servo-valve, u is the control
voltage generated by the controller, and s(u) is defined as

I, ifu=>0
s = {0, ifu<0 ®
The fault is considered in this work including position
sensor fault and leakage fault because they show serious
failures and usually happen in the hydraulic control system.
When the internal leakage fault occurs, it can be described
as [40]

qr = Co(P1 — P2) + Ci+/|P1 — P3|sign (P — P2)  (6)

where Cy is the nominal coefficient of the internal leakage of
the rotary actuator; C; is the internal leakage fault coefficient.
When the position sensor fault occurs, the measured angu-
lar displacement ¢ is replaced by g + f;. In this paper, it is
assumed that the position sensor fault f; is generated by a
process with an unknown input signal ¢ as below [29], [35].

fs=—kii +¢ )

Define the state variables x = [x1,x2,x3,xa]f =

lq, 4, APL/J,fS]T. From (1)—(7), the total system is given
as

X1 =x2
X =x3+h(x2)+d(x1,x2,1)
X3 =f (1, x2,x3) + g (x1) u+ fo (x1,x3, 1) 3)
X4 = —ksxq + ¢
y=Cx
where

Bxy BekiA (R1 R
h = ——, = — | — — ),
(x2) 7 g (x1) 7 <V1 + V2>

BeA%xy 1 1
== 1 — 4+ —,
( Tt 0Bex3 v + V)

Ry = s(u)y/'Ps — Py + s(—u)y/Py — Pr,
Ry = s(u)y/ Py — Pr + s(—u)y/Ps — P2,

1001
0100
0010

f (1, x2, x3)

d, ,Xp, t
d(x1,x2,1) = %

C =

The internal leakage fault is considered in the following
formula.

Ja(x1,x3,1) = G <i + i) VIPLlsgn (PL) (9)
J Vi W
Assumption 1:
a) Except for the position sensor fault, all states are mea-
sured and bounded.
b) The sensor fault only occurs at the displacement sensor
and the remaining sensors are healthy.
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c) The position sensor fault and internal leakage fault
change gradually.

d) fa(x1, x3, t) and its derivative are bounded signal, i.e.,
famin Sfa Sfamax-

Notations: Given vector ¢ € R" and matrix D € R™*",
llell> = ¢Tc and |D|* = tr (D D)

Remark 1: The ideal of the control objective is to guarantee
a great position tracking performance under external distur-
bance, model uncertainty, actuator fault, and position sensor
fault. Inspired by the position sensor fault detection, the FDI
and the FTC are designed to achieve the control objective for
the plant (8).

Remark 2: The faulty condition occurs not only a single
fault, i.e., actuator fault or position sensor fault but also a
simultaneous defective situation.

Adaptive

law "-‘-_f;,
Ref. | i*1d e € | Sliding
Signal ~Q l : f; : 1 i
08 - e Control law
‘? -
o

Disturbances

©

Internal

RBFNN leakage fault
Srmhebaiatog | INLUIO)
] .
= 2 i Position
X1 | Fault sensor fault
detection Ll
v Proposed control approach Plant

FIGURE 2. Block diagram of the proposed control scheme.

IIl. FAULT DETECTION AND CONTROLLER DESIGN FOR
EHRA

The proposed control approach is described in Fig. 2, which
includes two main modules. At the firstly key block, the FDI
module based on NUIO is designed to detect and identify
fault occurring at the position sensor. Since the position
sensor fault is detected, the estimated position replaces the
measured position. Meantime, either the estimated position or
the measured position is feedbacked to the controller relying
on the FD result. Then, the FTC module using ABTSMC with
RBFNN approximator is employed to alleviate the effects
of the mismatched disturbance. Additionally, the projection
adaptive law is proposed to handle the internal leakage fault.
During the simultaneously concerned faults occurring in the
system, the proposed controller ensures high accuracy track-
ing performance with a similar quality of the control system
under healthy conditions.

A. NONLINEAR UNKNOWN INPUT OBSERVER

As above-mentioned, an observer is designed to estimate
the sensor fault, while minimizing the effects of the inter-
nal leakage fault and mismatched disturbance/uncertainty.
Taking advantage of the NUIO [34], [52], [53], the influ-
ences of the internal leakage fault and mismatched distur-
bance/uncertainty can be limited by considering them as
unknown input components. Besides, based on the sensor
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fault estimation, a fault detection mechanism is derived to
make the decision.

To be more convenient for designing the NUIO, the total
system model is rewritten as follows:

=& u) +Fy (10)
y = Cx (11)

where F € R*3 is a known disturbance matrix with an
appropriate dimension, ¥ = [d, f,, ¢]7 is an unknown input
vector, and £ (x, u) = [x2, x34+h (x) , f (x)+g () u, —kgxs]”.
Assumption 2: The nonlinear vector function & (x, u) is
assumed to satisfy the Lipschitz condition [32] as follows:

¢ o =& (ou) | =« |x - 2] (12)

where « is a Lipschitz constant and x is the estimation of x.

In order to simplify the notations in the following, let &, 3
denote & (x, u), & (fc, u) , respectively. A nonlinear observer
is designed for the new system (10), (11) in the form [18]:

i=ME+L(y—3) (13)
% =2z+Ny (14)

where the unknown matrices N and L are designed to decou-
ple the effect of unknown inputs from the state estimation
error. The matrix M is defined as

M =1—-NC (15)

The state estimation error is defined as ¥ = x — X.
From (10), (11), (13), and (14), its derivative is calculated by

fc:M(s—é)JrMFw—Lc(x—fc) (16)

To eliminate the effect of the unknown input component
Y, the following condition needs to be satisfied

MF=0< (I—-NC)F =0 (17)

To obtain (17), the necessary and sufficient conditions are
expressed as the following.

rank (CF) = rank (F) (18)

Then, the general solution (17) is described as

N =N1+JyN, (19)
where
Ni = F(CF)*"
Ny =1 — (CF)(CF)*"
(cht = [(cHT (cH17(CF)” (20)

and Jy is an arbitrary matrix.

Theorem 1: Applying the proposed observer (13), (14) to
the plant (10), (11), the state estimation error asymptotically
converges to zero, if there exists a positive symmetric matrix
Q and two matrices F, L such that condition (17) and the
following condition hold:

—Q(LC) — (LOTQ +kOMMTQ +«kI <0 (21)
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Proof: See Appendix A.

Remark 3: The LMI (21) can be solved via MATLAB LMI
control toolbox. Following (15) and (20), the procedure to
obtain the NUIO is derived as follows:

1) Calculate Ny, N from (20).

2) Obtain the matrices Q, Jy, and L by solving the follow-
ing LMI:

(—Q(LC) - (LC)TQ) ﬁ(Q(I _Nlc))
—QJyN>C

+xl
o -NMO) =0
\/E ( —0JyN,C ) -
(22)
3. According to (15) and (19), the observer gains N, M are
computed.

Remark 4: Either the estimation value of the NUIO or the
measured signal is utilized in the total control system design.
The FD mechanism is proposed by comparing the estimated
position sensor fault with a threshold, which is determined as
follows:

. yi if [fil < x
X1 =

. . (23)
X1 otherwise

where X is the estimation value of x; based on the NUIO,
x is a threshold value that is selected to keep away from
the false alarms caused by disturbances, uncertain parame-
ters [35], [36], [48].

B. ADAPTIVE BACKSTEPPING TERMINAL SLIDING MODE
CONTROLLER WITH RBF APPROXIMATOR
In this sub-section, the controller is constructed based on
the backstepping terminal sliding mode technique to achieve
not only high-tracking accuracy performance but also system
stability in the presence of sensor and actuator faults. The pro-
posed scheme retains the merits of the terminal sliding mode
control including rapid response, robust high-precision con-
trol, and fast convergence. Furthermore, the advantage of the
backstepping control technique in terms of globally asymp-
totic stability is based on the Lyapunov theory [46], [54], [55].
To handle the internal leakage fault as well as the mismatched
disturbance, the RBFNN and the projection adaptive law are
adopted, respectively. Finally, the final control law is synthe-
sized to ensure the robustness with faults while maintaining
the stability of the system.

To facilitate the recursive backstepping technique, the
errors between the measurement value and the virtual signals
are defined

i =X —Xg, (i=,1,3) (24)

where x14 is the output trajectory, xo4 and x34 are the virtual
control laws for x, and x3, respectively.
Considering the 1*' equation of the total system (8), taking

the derivative of z;, one obtains
21 =X — X14 (25)
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In order to stabilize the system (25), a virtual control law
is designed as

Xoq = —k1z21 + X14

= —kiz1 + X14 + k1 %} (26)

where 7| = X| — x14, X{ = x| — X1, ki is a positive constant.
Substituting (26) into (25), then taking the derivative of z;
with respect time, which becomes
21 = —kiz1 +kixf + 22 (27)
Meanwhile, the time derivative of z can be obtained as

22 =x3 + h(x2) +d(t, x1,X2) — X24 (28)

To ensure the error z; to be as small as possible, the virtual
control of x3 is given by:

X3d = —h(x2) — kozy — d + f2a (29)

where k> is a positive constant, d is the approximated value
of the real term d based on an RBFNN which is described as
follows:

d=Wl¢+e
= W ¢

Sy

(30)

where Wi, V%, ¢1,e1 are ideal neural network weight
values, its estimated value, Gaussian function, and the
approximation error, respectively. The basis function ¢ (x;,)
is commonly chosen to be Gaussian RBFs as

2
1 (xin) = exp <_M)

(€29)
2
er
where j = 1, N, N is the number of the basis functions, ¢; =
[c1) czj]T and r; are the center and width of the Gaussian
function, respectively. x;, = [x1, x2] is an input vector of NN.
Assumption 3: The approximation error and weight value
are bounded as €1 < ¢y, ||[W|F < Wy where ey and Wy
are positive constants.
The weight estimation error of the NN is defined as
wl =wl —wl (32)
and the adaptive laws for weighing factors of the NN is
designed by

Wi =T1(p1z2 — M Wi) (33)

where 'y, A are positive constants.
Substituting (29) and (32) into (28), the derivative of z; is
rewritten as follows:

H=—kzn+e+W ¢ +z (34)

The terminal sliding surface is chosen as:
s=z3+ A% (35)
where A is a positive definite; ¢ = o / a,l > a >

1 / 2, a1, oy are positive odd integers.
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The dynamic of the sliding variable s is expressed as

§ =123+ Ay 'z = f(x1, x2, x3) + gx)u

+falxr, X3, 1) — K34 + Aazd 'z (36)

The duty of the final law control is to reduce the effect
caused by fault while ensuring the system stability and
acceptable accuracy tracking performance.

To implement the final law control, a fast TSM-type reach-
ing phase [56] is designed as:

S+ ps+Als|Vsign(s) =0 (37)

where p, A are two positive constants for the reaching phase,
and0 <v < 1.

Hence, the control signal is designed as u = u, + u, where
u, is a model compensation term and u, is a robust term. The
designs of these control signals are mentioned as follows:

U, =

(—f(fq,m, X3) = fa+ ¥30 — Aaz%‘”iz)
g(x1)

L (s — sl sens)
Uy = —ps—Als s
g VP g

The adaptive law for the internal leakage fault is designed
as

(38)

Ja = Projj (I'2s)

where the well-known projection mapping technique is uti-
lized as

(39)

0. iffy =fimaxande >0
Projfa () =10, ifﬁz =famnande < 0
e, otherwise

(40)

and I'; are positive constant.

In the design of u,, the position signal X is utilized instead
of x; and fa is an estimation value of f,. Hence, the approxi-
mated errors are determined as

[ =f,x,x3) — f(F1, X2, %3)
fu = fa _fa
From (38), (41), the time derivative of the sliding surface s
can be expressed as:

(41)

s=—ps—Alsl"+F +fa (42)

Remark 5: The singular problem can be avoided by using
the modified terminal sliding surface as [57]

s=23+0(22) (43)
where
AZ5 ifs=00rs#0
0 () = and |z2| > Ay (44)
kisza + kaszasign (z2)  if § # Oand |z2] < A
where ki; = 2Q—V)A Lk = =1 A2, Agisa

positive constant, and 5§ = z3 + Az‘i‘.
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Theorem 2: For the system (8), with the NUIO in (13), (14),
if the control input signal is proposed as (38) with its param-
eter estimation law addressed as (33) and (39), that does not
only guarantee the stability of the closed-loop control but also
maintain good tracking control under faulty conditions.

Proof: See Appendix B.

Remark 6: The stability analysis in (50) is con-
sidered under a detected fault. In the circumstances,
the magnitude of fault is smaller than the thresh-
old, one obtains X} = x1 — y, Ifsl < X-
The stability analysis can be easily completed by a similar
approach. Hence, bounded tracking performance is achieved.

IV. NUMERICAL SIMULATION AND DISCUSSION

A. SIMULATION SETUP

To verify the effect of the proposed approach, numerical
simulation is conducted in MATLAB Simulink environment
as the sample time of 0.0001 seconds. The EHRA has been
widely utilized as a benchmark EHA in research [2], [4]. Its
parameters are described in Table 1. A reference trajectory
is chosen in a sinusoidal-signal form as g; = 10sin(¢) (deg).
The mismatched disturbance and the internal leakage fault
are designed later based on the case study in the simulation
results part. The position sensor fault happens at t = 4s with
ks =1,¢ =10 + sin(mt) (deg).

TABLE 1. Parameters of the EHRA system.

Symbol Quantity Value

J Moment of inertia 0.37 kg.m?

A Radian displacement 1.2x10* m*/rad

B Viscous friction coefficient 45 N.m.s/rad

P Supply pressure 10 MPa

P Return pressure 0.1 MPa

B Bulk modulus 1.5x10° MPa

k, Proportional gain 2x10% m¥/s/V/Pa?
G, Normal leakage coefficient 1.8x107"? m*/Ns
C, Leakage fault coefficient 4.5x10"° m*/(N"?s)
o The rate of fault evolution 10

Four controllers are carried out to test on the EHRA in
this work. Their results are compared to demonstrate the
effectiveness of the suggested methodology. Firstly, based on
the trial-error procedure, the control gains of the proposed
controller (ABTSMC) are set as k1 = 15,k =50, A1 = 0.1,
't =500, 2 = 1500, A =6,a1 =7, 00 =9,v =5/7,
A = 50, p = 50. The structure of the NN consists of three
layers and the parameters of Gaussian function RBF-NN in
the hidden layers are chosen according to cover the feasible
working range of each input. Consider the range of the first
input and second input are [—30; 30] (deg) and [—30; 30]
(deg/s), respectively. c;, r; are designed as ¢; = [—-30 —20
—10 0 10 20 30; —30 —20 —10 0 10 20 30], r; = 15. The
initial weight value is chosen as zeros. The parameters of the
NUIO, which are obtained by solving the LMI via MATLAB
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LMI control toolbox, are given as

[17.0351 0 0 17.0876
_ 0 341227 0 0
Q= 0 0 341227 0
| 17.0876 0 0 17.0351
000 02793 0 0
Je_ 010 L 0 0558 0
N=1lo001 | - 0 0 0.5586
(000 02793 0 0

The position threshold value is carefully selected and set
to x =5°.

The second controller is a backstepping terminal slid-
ing mode controller (TSMC) which does not consist of
the RBFNN approximator and the projection adaptive law.
To ensure a fair comparison, the parameters of the TSMC
with compensations of NUIO are suitably selected similar to
the proposed controller. The NUIO is utilized here with the
same parameters as the proposed controller.

Next, the control gains of the proportional-integral-
derivative (PID) control with sensor fault compensation
(PIDC) are selected as k, = 50, k; = 10, kg = 1.3. Because
of the well-known technique, the design of PID is skipped in
this paper and can be searched in [9], [12]. Finally, the PID
controller without NUIO is applied under the same parameter
as the PIDC.

In order to verify the effectiveness of the proposed control
when the fault occurs, the following case studies are

derived

1. Only position sensor fault.

2. Simultaneous position sensor fault and mismatched
disturbance.

3. Simultaneous position sensor fault, internal leakage
fault, and mismatched disturbance.

B. SIMULATION RESULT

The NUIO is of importance in the control design. Especially,
the position sensor fault is considered together with internal
leakage fault and mismatched disturbance. Hence, first of all,
the estimation performance of the NUIO is verified. A simple
simulation is conducted, and the results are illustrated in
Fig. 3. As seen, the NUIO successfully estimates the position
sensor fault (Fig. 3a) as well as the true angular displacement
(Fig. 3c) in the presence of the additive sensor fault, internal
leakage fault, and mismatched disturbance. Moreover, the
flag switch of the fault detection is immediately changed
(Fig. 3b) when the sensor fault estimation is bigger than the
threshold at the time r = 4.5s. It is worth noting that fault
occurs at the time ¢ = 4s but the fault is detected at the time
t = 4.5s because of the dependence on the threshold value.

1) CASE STUDY 1

In this case study, we assume that the fault only occurs in
the position sensor. The response results of the comparative
controllers, in turn, the tracking position, the error state, and
the control input are described in Fig. 4. It is observed that the
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FIGURE 4. Performances of the comparative controllers in case study 1.

fault is detected after 4.5s, the proposed FTC is reconfigured,
i.e., the measured position instead of the estimated position.
So, the tracking performances of the proposed controller,
TSMC and PIDC are impacted when the switching action
happens. However, the displacement of the rotary actuator
gradually recovers and tracks its reference trajectory without
any serious influence of the fault. In order to compare the
recovery of these FTC as well as tracking performance, the
performance index, namely, the integral absolute error (IAE)
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FIGURE 5. Performances of the comparative controllers in case study 2.

(Ly [e] = /( fOT |e|2dt) /T) (deg) are approximately given

as 8.56°,0.43°, 0.28°, and 0.24° for PID, PIDC, TSMC, and
proposed controller, respectively. Among these controllers,
the performance of the PID controller is the worse with
severe tracking error when the fault occurs because the sensor
fault compensation is not included here. In contrast, thanks
to the support of the NUIO, high accuracy tracking perfor-
mances are realized in the remained controllers, especially
the proposed controller due to the robustness of ABTSMC.
In addition, control signals of three controllers are presented
at the same level, without any large difference except for the
PIDC with a pulse when the fault is detected.

2) CASE STUDY 2

Besides the position sensor fault, the mismatched disturbance
is added in this case study to validate the robustness of the
proposed controller compared to the remains. In the prac-
tical hydraulic system, it is difficult to achieve the precise
mathematical model of the mismatched disturbances. So, for
the sake of results’ evaluation, it is hypothetical and can be
designed in the following form:

0 if t <2s

1= . . (45)
5xp 4 1.5sign (x2) otherwise

The simulation results are presented in Fig. 5 under a
similar situation with case study 1. In the presence of the mis-
matched disturbance, the IAEs of the PID, PIDC, TSMC, and
proposed controller, in turn, 8.6°,0.46°,0.32°, and 0.24°. It is
clear that the tracking performance of the proposed controller
is much better than the TSMC and PIDC by employing the
NN approximator to take care of the mismatched disturbance.

VOLUME 9, 2021

Time (s)

FIGURE 6. Performances of the comparative controller in case study 3.

N
o

Disturbance (deg/sz)
o

-20
Time (s)
=
S ' ! 1
™ | | |
2 ‘ 1 L. :
¢ 500 ¢ w i 7 | q
< ‘ 1 | |
= | | |
: H H H o
&£ 0 | A : |
.500 | i A | ]
~ i i I i
3 0 4 8 12 16 20
Time(s)

FIGURE 7. Mismatched disturbance and internal leakage fault estimation
performance.

3) CASE STUDY 3

In the third study, the internal leakage is simultaneously
considered together with the position sensor fault and mis-
matched disturbance to test the performances of comparative
controllers. To simulate the internal leakage fault, the follow-
ing slow-varying faulty coefficient is selected as

0 ift < 8s

C =
! (1 — e ®=8)C,y  otherwise

(40)

It means that the abrupt internal leakage fault occurs from
the time + > 8s. Fig. 6 shows that even under severe
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conditions, the NUIO still completes its role to detect and esti-
mate the position sensor fault, which is compensated in the
control design of the proposed controller, TSMC and PIDC.
Due to the effect of both internal leakage fault and mis-
matched disturbance, the IAE are 8.8°, 0.49°, 0.82°, and
0.25° for PID, PIDC, TSMC and proposed controller, respec-
tively. However, the projection update law adapts the inter-
nal leakage fault and the NN approximation helps to tackle
the mismatched disturbance. Thus, the proposed controller
achieves the best tracking performance.

The estimation performance of the mismatched distur-
bance and the internal leakage fault are depicted in Fig. 7a
and Fig. 7b, respectively. The estimated values successfully
track its physical values, which make contributions to the
final position tracking performance of the proposed controller
shown in Fig. 6.

From the simulation results, it can be concluded that the
proposed fault-tolerant controller shows the high-accuracy
position tracking performance under a bunch of problems
including position sensor fault, mismatched disturbance, and
internal leakage fault.

V. CONCLUSION

This paper has developed a new active FTC to deal with the
simultaneous sensor fault and actuator fault in the EHRA
system based on the combination of a novel observer and
adaptive control laws. In detail, the novel NUIO technique
is proposed to estimate both the sensor fault and the rotary
angular displacement, whilst the integration of the RBFNN
and the projection adaptive law into the adaptive backstep-
ping terminal sliding mode control is adopted to handle the
internal leakage fault and mismatched disturbance. Thus,
the proposed controller can guarantee control performance
when the sensor fault, internal leakage fault, and mismatched
disturbance exist in the system. The stability of the control
system is analyzed based on the Lyapunov theory. The effec-
tiveness of the proposed controller has been verified by the
numerical simulation results. Future research will be con-
ducted to improve the control design and test the algorithm
on a real test bench.

APPENDIX A

The Lyapunov function is selected in the form
Vo =i Q% 47)

Differentiating both sides of (47) and utilizing
Assumption 2, (16) and condition (17), one obtains

Vo = =& (QLC + (L) Q)% + 25" oM (& — §)

= =& (QLC + LO) @) ¥ + 2« I5QM | ]
i (0LC + L) Q) &+ (IFQMI? + I711?)
= 5T (QLC +@o)T 0 —koMmMTQ — KI) [

= - P¥

IA

(48)

where P = QLC + (LC)T Q0 — kQMMT Q — «I.1f (21) is

satisfied, from (48), it is concluded that the state estimation
errors asymptotically converge to zeros in a certain time.
The proof is completed.

APPENDIX B
The Lyapunov function is considered as

1 1 1
~T Nz 2 2 2
V=x QX+EZI+§Z2+§S
1 ~7 1~ 1 -
- EW}rr1 "Wy + 50 72 (49)
Taking derivative is calculated along (48), (27), (34), slid-

ing surface (42), the adaptive laws (33) and (39), after the
position sensor fault is detected (i.e. X] = X1), one obtains

V = —x"P% — kiz} — kazj — ps”> — Als"T + k¥
+2122 + 228 — AZ‘Q‘Jrl — WITTTI(WAG —T¢122)
- Fz_lfa(;a —T28) +5f + 261 + T fofa
—#TPE —kiz} — koz3 — ps* — AlsI"T + ki
+2122+ 225 — AZ‘Q‘Jrl + Wl (Wl - Wl)
+5f + 2261 + Fglﬁfa

IA

(50)

Using Young’s inequality, the following inequality holds
. ~T 4 kl ~ 1 2
V < —x" diag AP—E,AP,AP,AP x_i(kl — Dz

3 [
— <kz — 5) B—(p—1)s*— EMWITW]

1 T Lo 1o 1 0 2
+§MW1 W1+§f +§81+§F2 (fa +fa)

< U+ (1)

where Ap = Amin(P) is a minimum eigenvalue of matrix P,
“T o ki .1 )
v = x* diag )‘P_E’)‘p’)‘w)‘p )c+§(k1—1)z1
3 2 2 1 T 7,
+ k2—§ B+ —Ds —l—E)»]Wl Wi,

1 1- 1 1 ~ .
8§ = SUP{E)leTWl + §f2 + ES%WL 51“2‘1 (fa2 +fa2>} :

From the extended version of Barbalat’s Lemma in
Appendix C, it is easy to state that when r — oo, ¥ —
W, < é. Hence, bounded tracking performance is achieved.
In our future work, the asymptotic tracking control will be
developed to further improve the superiority of the proposed
method [58].

APPENDIX C

Extended Barbalat’s Lemma: For a non-autonomous sys-
tem X = f(x,t). If there exist positive-definite functions
V,W > 0 satisfying V. < —W + A where A is a positive
constant,V is bounded, and Wis continuous, one of the fol-
lowing situations occur

HDt—ooc0o=>W-—>A
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2)t—>o00=>W<A
Proof:

Define Q¢ = {x|W > A}, Q1 = (x|W < A}. If x(tp) €
Qo, the following 2 situations are considered:

1) If x(¢) € Q0 Vt > t9, Barbalat’s Lemma [59] is directly
applied here to conclude that W — A when ¢t — oo.

2)If 31 > 0: x(f1) € 1, then the following cases are
considered:

a) If x(r) € Q1 Vt > 11, one obtains W(x(t)) < A Vt >
1.

b) If 3, > 11 : x(rr) € Qp. Because W is continuous,
it is possible to choose 7 to obtain 0 < W — A < ¢,
Ve > 0. The situation is the same as when ¢ = fg. Then,
the arguments are repeated.

Hence, the proof of the extended Barbalat’s Lemma is
completed.
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