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Abstract: In recent years, electro-hydraulic systems have been widely used in many industries
and have attracted research attention because of their outstanding characteristics such as power,
accuracy, efficiency, and ease of maintenance. However, such systems face serious problems caused
simultaneously by disturbances, internal leakage fault, sensor fault, and dynamic uncertain equation
components, which make the system unstable and unsafe. Therefore, in this paper, we focus on the
estimation of system fault and uncertainties with the aid of advanced fault compensation techniques.
First, we design a sliding mode observer using the Lyapunov algorithm to estimate actuator faults
that produce not only internal leakage fault but also disturbances or unknown input uncertainties.
These faults occur under the effect of payload variations and unknown friction nonlinearities. Second,
Lyapunov analysis-based unknown input observer model is designed to estimate sensor faults arising
from sensor noises and faults. Third, to minimize the estimated faults, a combination of actuator
and sensor compensation fault is proposed, in which the compensation process is performed due to
the difference between the output signal and its estimation. Finally, the numerical simulations are
performed to demonstrate the effectiveness of the proposed method obtained under various faulty
scenarios. The simulation results show that the efficiency of the proposed solution is better than the
traditional PID controller and the sensor fault compensation method, despite the influence of noises.

Keywords: fault compensation; fault estimation; fault tolerant control; sliding mode observer;
unknown input observer

1. Introduction

Nowadays, the breakthrough in information technology has promoted the progress of
modern industry towards Industry 4.0. In meeting the requirements of precise control in
industrial applications, electro-hydraulic actuator (EHA) systems play a significant role
because they have the advantages of fast response, wide adjustment speed range, high
power ratio, high speed, high accuracy, and high durability. Therefore, the EHA has been
widely applied in industrial manufacture, agricultural machinery such as CNC machines,
robotic manipulators, ships, and aerospace systems. However, EHA systems also have
disadvantages including internal leakage, parametric uncertainties, external disturbance
which makes these systems unstable, and the fluids inside them being often caustic and
some seals [1-4]. To minimize the effect of parametric uncertainties in the EHA, nonlinear
control schemes such as PID controller [5,6], adaptive control [7,8], Fuzzy-PID [9,10],
sliding mode control [11-15], and neural network control [16-19] were proposed. The PID
controller and adaptive control can reduce the adverse effect of parametric uncertainties,
but they cannot completely deal with the influence of the above noises. Fuzzy-PID control
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depends highly on experience, which does not mention the system stability. Neural network
control requires a large amount of training data and high computational complexity. Sliding
mode control is applied to reduce uncertainty and turbulence but is effective only when
the magnitude of the uncertainty and disturbance parameters is within the permissible
limits and these disturbances and uncertainties in components can be considered as faults.

Hence, to ensure the stability of the EHA when operating and to prevent problems
caused by faults of sensors and actuators, sensor fault detection and isolation (FDI) and
fault accommodation are applied. These methods have become attractive topics, receiving
considerable attention during the past two decades, to improve reliability and guarantee
stability [20-23]. Reference [20] shows that fault detection and isolation filters are designed
by applying residual filter synthesis algorithms to enable monitoring the sensor faults of
electro-mechanical actuators to maintain possible adaptations in case of failures. In [21],
the authors tried to improve small faults in the FDI method, using multiple residual
generators. Here, the performance of FDI is characterized by the associated probability of
detection and false alarm. In another approach, a novel fault diagnosis method based on
quantum particle swarm optimization and least square support vector regression (LSSVR)
algorithm to detect sensor faults for EHA has improved the prediction accuracy of the
LSSVR model [22]. Further, to reduce the impact of faults, fault-tolerant control (FTC)
algorithm is addressed [24-28]. In [24], Hongmei Liu et al. proposed an unscented Kalman
Filter based fault diagnosis for hydraulic servo systems. The authors also examined two
types of hydraulic servo system faults (i.e., abrupt fault in servo valve gain and slow wear
fault in hydraulic cylinder piston) and conducted three different experiments to evaluate
the outperformance of the suggested solution. To investigate the recent achievements in
fault detection and isolation, and the pros and cons of various active FTC techniques, the
authors conducted an in-depth review as presented in [25]. The authors in [26] presented
tools of advanced fault-tolerant control systems to ensure fault detection efficiency and
timely response, enhance fault recovery, prevent faults from propagating or developing
into total failures, and reduce the risk of safety hazards. These methods describe a design
of advanced fault-tolerant control systems for chemical processes that explicitly deal with
actuator and controller failures, as well as sensor faults and data losses. A combination
of diagnosis and fault-tolerant control is shown in [27], in which an EHA-based FTC
model is proposed to track the system operation under unexpected sensor-fault conditions.
Here, an unknown input observer (UIO) using the extended Kalman-Bucy algorithm is
suggested in the combination with the robust sensor FDI model, system states estimator,
and time-domain fault information. Once a fault occurs, the faulty sensor is replaced by
the estimated output from the UIO to retain the system stability.

However, the FDI method and fault accommodation indicate only the alarm system
failures. They make appropriate decisions to isolate the faults immediately to avoid heavy
losses and dangerous situations that do not reduce the impacts of the faults. Thence, several
actuator and sensor failure estimation algorithms have been developed. Actuator fault
estimation is performed based on the UIO model, which is designed using the Lyapunov
analysis and the linear matrix inequality (LMI) optimization algorithm to determine ob-
server gain [28-38]. In [29], a UIO model is implemented utilizing Bayesian filter equations
and estimates the states in two steps: time update and measurement update. In [30,31],
the FTC scheme applied fault estimation (FE) to a system involving unknown input, un-
certainty, bounded disturbance, and additive faults. Here, the FE and FTC schemes are
integrated to ensure the stability of the closed-loop system affected by gain factors. In [32],
the authors focused on the estimation of the sensor faults and the state variables, in which
an induction machine-based UIO model was obtained from linear parameter varying (LPV)
systems and the rotation speed was considered as a variable parameter. The Lyapunov
theory is a promising solution to ensure the stability of the proposed approach. The ob-
server efficiency is not only to investigate the presence of the current sensor faults but also
to estimate sensor faults. It is done by calculating the observer gains based on the LMI
technique A sensor fault-tolerant control (SFTC) was developed to enhance the robust
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position tracking control capabilities of a class of electro-hydraulic actuators known as
small motion packages (MMPs). This technique utilizes the PID controller to ensure the po-
sition response, then to obtain the desired results as shown in [33-37]. The gain parameters
of the UIO model are achieved by solving the control error equations based on the LMI
optimization algorithm; if the algorithm is feasible, the UIO system reaches asymptotic
stability. A comparison between the PID control and the FIC error is provided to evaluate
the performance of the controller failure. Actuator fault and sensor fault estimation are
designed by augmented observers as shown in [38,39], and a scheme of sliding mode
observer is also performed in [40-43]. In [40], Wenhan Zhang et al. developed an aug-
mented descriptor to estimate the actuator faults via a robust fault estimation observer. In
another approach, sliding mode observers for fault detection was investigated. Especially,
some of the unique properties of sliding mode observer was thoroughly exploited in [41].
In [42], the authors developed an UIO-based augmented system which can estimate both
sensor fault and system states. Also, to reduce actuator faults in linear multi-agent system,
Shahram H. et al. [43] designed a distributed fault estimation model by applying sliding
mode observer for each agent.

In this paper, a fault-tolerant control approach based on a robust fault estimator is
carried out to reduce the impact of disturbance, actuator, and sensor fault, applied to
electro-hydraulics actuator systems in the presence of simultaneous faults. Additionally, a
fault estimator is designed by integrating the UIO model based on the LMI optimization
algorithm and augmented system, such that the control error dynamic reaches the asymp-
totic state stability. Here, the FTC model acts as the fault signal compensation against
impacts from actuator and sensor faults, as well as disturbance, and maintains the stability
of the closed-loop system. The robustness of the actuator fault estimator using the sliding
mode observer model for Lipschitz nonlinear EHA systems are presented. Further, a UIO
model integrating the LMI optimization algorithm and augmenting system to estimate
sensor fault and to determine residual are described for Lipschitz nonlinear EHA systems.
The contributions of this work include:

(1) Concurrent fault/state estimation techniques robust to partially unknown inputs are
developed under the support of the input-stable theory.

(2) A combination of fault compensation for fault-tolerant control model and PID con-
troller creates a robust fault estimation that makes tolerant strategies simple to apply
and to improve the control performance under the impact of faults and external
disturbances.

(3) Input-to-state stability theory based on LMI optimization algorithm and augmented
system is addressed by the tolerant closed-loop control system. The error dynamics
reach the asymptotic stable state, which is shown as an effective tool for handling
fault control issues.

(4) The proposed method is compared to the PID controller to evaluate the effectiveness
and performance of the proposed solution.

The remainder of this paper is organized as follows: Section 2 introduces the overview
of the mini motion package EHA model. Sections 3 and 4 respectively present the robust
actuator fault estimation and unknown input observers for nonlinear system. Our proposed
solution, namely actuator-sensor fault tolerant control, is described in detail in Section 5.
The simulation results and conclusion are shown in Sections 6 and 7.

2. Modelling Mini Motion Package Electro-Hydraulics Actuator

Modelling of the EHA system is shown in Figure 1. The dynamics of the object M,
can be written as [15]:

MPX + Byx + Nsp + Nfr 4+ =51P — 5P @)

where M), is the equivalent mass of the piston and object M, x, X, and x are the position,
acceleration; and the velocity of the piston, respectively, S1, and S, are the areas in two
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chambers, respectively, Ny is the external load force of the spring of the piston, P; and P,
are the pressures in two chambers, respectively, By, N, and ¢ are the viscosity damping
coefficient, friction force, and unknown disturbance, respectively.

sp

2] Note:

Lo
Opump a V), Va: Pilot-Operated Check Valve

V3, Vg4: Pressure Relief Valve

Ov1, Qv Ov3,0,4 : Flow Rate Through the Valves
Figure 1. Block diagram of an electro-hydraulic actuator EHA system [14].

@

The spring force N, can be computed as:
Nsp = Kspx (2)

where Ky, is the stiffness of the spring.
The Ny, friction force can be presented as [33]:

(X
epXx +sign(x) | Npc + Npse (5s) withVx >0
Nfrc = i 3)

enX + sign ()() Ny + ane_(%) withVx < 0

where Nys, and Ny are the static friction forces, Npc and Ny, are the Coulomb friction forces,

¢p and ¢, are the viscous friction parameters, vys, and vys are known as Stribeck velocity

parameters for the positive and negative velocity motion of the cylinder, respectively.
Based on [33], the mathematical model of the EHA system can be presented as:

X X2
x| M% [(51?(3 — S2x4) — Boxa — Npre — Kspx1 — 4 @
X3 ﬁ (Qpump + Quzi — S1x2)
X4 7vozisgsm (—Qpump + Qai + S2x2)
where
T . T
[x1 x2 x3 xa] =[x x P P ] Quzi= Q10— Q30— Qi; Qaai = Qoo — Qup + Qi

Scalar B, is the effective bulk modulus in each chamber and Q; is the internal leakage
flow rate of the cylinder; Vj;, and Vjy are the initial total control volumes of the first and
the second chamber respectively [4]. Q1,, and Qy, are the flow rate through of the pilot
operated check valve on the left, and on the right, respectively. Similarly, Qs;, and Qu, are
the flow rate through the pressure relief valve on the left, and on the right, respectively.
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Qpump, and w are the pump flow rate, and the speed of the servo pump as shown in
Figure 1, respectively.

To simplify the control process, (4) can be divided into two parts. The first part is
designed as a mathematical model of the EHA system and presented as:

{ X1 } _ X2 )
X2 Mip [(51?(3 - 52X4) — Byx2 — Nfrc - Kstl - g}
The second part plays the role of an input of system (6) which is described as:
X3 = __Pe (Bpp+ Quzi — S1x2) (6)
Vo1 +S1x1
X4 = / L(—Apﬂ + Qosi + Sox2) ()
Vo2 — S2x1

where y is the input control signal and y = w; A, is the displacement, of the servo pump.
The dynamics equation of the EHA system is established based on (5) in the following

form:
x=Dx+0Ou+ f(xt)+¥¢ (8)
where
0 1 0 0 0
D= [ :|r®: S Sy ;f(X/t) = N
Moo My M, ~
Ks . . Bv. . O . — X3
=T = Y = l —y | [ XJ
P

Based on the nonlinear dynamic equation of the EHA in (8), the observer design and
fault estimation are developed in the next section.

3. Robust Actuator Fault Estimation for Nonlinear System
The EHA system can be considered in the form:

{X:©x+®u+f(x,t)+Ffu+§ ©)

y=Yx

where xy e R", y e R?, f, € Rf and u € RY represent the state, output, unknown actuator

fault, and input vector, respectively ® € R**", @ € R"*9,F € R"*9,and Y € R"*" denote
known constant matrices with suitable dimensions.

Based on [43], a coordinate transformation z — Ty related to the invertible matrix

Ty=[ NI YT 1" (10)

where the columns of N € R"*("~7) span the null space of Y. Using the change of
coordinate z — Tyyx, z — Tyy, the triple (®, ®,Y) with det Ty # 0 has the following form:

D @ ©)
-1 _ 11 12 . _ 1. -1 _
Ty®Ty _{% q)zz],TY@_{@J,YTY =[0 I, |

Assumption 1. The matrix pair (®,Y) is detectable
According to the Assumption 1, there exists a matrix L € R" P such that ® — LY is
stable, and thus for any Q > 0, the Lyapunov equation below has a unique solution when
Q>0, U>0/[43]:
(®—LY)"U+U(®—-LY) = —Q (11)
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With U € R™", Q € R"™ ", these matrices can be expressed as:

_ | U Uy _ | Qu Qn
u_[uzl Uzz]'Q_[Qm sz} (12)

These satisfy the condition U;; € R > 0, Up € RP*P, Q17 € RI*T > 0, and
Qo € RPXPif U > 0and Q > 0.
Suppose that the F has the following structure:

F=[F F]"and F'U = FY (13)
where F; € R1*", and F, € RP*7,
Lemma 1. [43] If U and Q have been partitioned as in (12), then

1. F 4+ U 'UF = 0if (13) is satisfied
2. The matrix @11 + Uy LU, @5 is stable if (11) is satisfied.

Assumption 2. The actuator fault vector f, and disturbance vector { satisfy the following con-
straint:

[fal < 6a [C(B)] <04 (14)

where 6, and §; two known positive constants.

3.1. Sliding Mode Observer Design

The design of the sliding mode observer performs is based on a linear transforma-
tion construction of coordinates z = T [43] to impose a specific structure on the fault
distribution matrix z. The transformation matrix T has the following form:

Li—, Uz'u T
T — n—p 11 12 :| — |: 1 :| 15

where
T = [ Infp Uﬁlulz ], and T, = [ 0 Ip ]

Equation (9), can be transformed into the new coordinate z as:

{ z=0z4+Ou+Tf(T zt) + Efa+T¢ (16)

Y=Yz

where

_ [P P ] o I Ve e _[R+UjlURER ] _[ O
@, = TOT _[621 B [10:=T0=| & |:Y.=YT"'=[0 I, | E= u _

System (16), can be rewritten as:

_Zl = 6221 + 61222 + Tlf(T_li, t) + TiC
22 = Py1z1 + Dopzy + Tzf(Tilz, t) + Ou + FZfa + T2€ (17)
y =2

where .
z= [zl zI' | withthe columnz, € R"”andz, € RY

ol Lalu Zyl_ﬂbl
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Based on [16], the sliding mode observer is designed as:

}:1 = 61121 + 512y + Tlf(T_lf, t) +@1M
2y = 62121 —|-622,’22 + Tzf(T_lf, i’) + @zu + (622 — 60) (y — ]?) +v (18)
y=2
where Z; and Z, are the estimates of z; and z,, respectively; § denotes the estimate of y

dy € RP*P is a stable design matrix. The discontinuous vector v is computed by [43] and
is given as:

g 7YY 19
ki ifv 970 )

{ 0 if y=9=0
v =
\

where U is a symmetric positive definite matrix and the positive constant k = |F|p + 7,
p and 7 are the positive constants. If the state estimation error is defined by ¢ =z — 2 =

(&7 e )T, withg, =2z —21and §, = 22 — 2.
Assumption 3. Item of nonlinear function f(x, t) in (9) is Lipschitz with relation to the state x
and X:
1£Oot) = F(R DI < Alx — Rl (20)
Or
lafl < A|| T
where Af = f(x,t) — f(X,t) = (T z,t) — f(T1%,t)
A: the known Lipschitz constant

Note that2 = [ 2; # |. Therefore, we has:

HT‘lz — T3

I (5|

and
[Af]] < Al|Sa]] (22)

Then state error dynamic system can be described as
& =Puli+ TIAf +Tig (23)

&y = @11 + Pola + Bofa + Tol + HAf — v (24)

Theorem 1. For system (9) with Assumptions 1-3. If there exists matrices Uy = UlTl > 0 Uy,
Uy = Ul > 0, @, and initial conditions |||| < p||g|| with positive constants p, oo, and aysuch

that:
Uy Fr+Upk =0 (25)
P11 * * * * * * ]
UpPy1 ¢ * * * * *
GZTZT 0 —ulp * * * *
GizlT o0 0 -—mlip * * <0 (26)
GIzT o 0 0 —aq 1y * %
Gzt o o0 0 0 —ulh—p =
L o ul o 0 0 0 —aol, |
where

7’1" —
p11 = D112G, + zcl;bn + (a1 + 20)A%In—p + Ln—yp
(PZZ = CDO U() + UQCDO + In
UU = ZGl and U12 = ZGZ
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with G, = (I, —FP+)[ It } G, = (I —FF+)[ !

] and Ft = (FTF)leT then the
p

observer error dynamic is asymptotically stable.
Proof of (25). Based on Lemma 1 that if Assumption 2 is satisfied, then:
F + Uy UppF, =0 (27)
(27) can be inferred from (25). O
Proof of (26). Consider a Lyapunov function as:
Vv =gTug (28)

where .
U, =T "UT 'and¢=[¢& &l ]

In the new coordinate, U, has the following quadratic as:

Uy O

u, = [ 0 U } with Uy = — U}, Uy Uy + Uy (29)
Concerning the time derivative (28), we have:

. .T .
V=g U+ gTUZC

T . T .
= & Unér + & Uné, + & Uod + & Uok, 30)
=Vi+Vy

where .
Vi=2¢& Uné + & Uné, 31
(&L ® T T @1)

=0 (q’uUll + Unq’u)tfl +28 U TiAf1 + 28 Unn Thg
Since the inequality 2XTY < %XTX + aYTY holds for any scalar a > 0 [43] then

. _T —_

vi=¢l (‘19111111 + U11‘1>11)§1 +2eTUn T A f + 28T U T g 32)

< &f (®11Un + Un®yy + LUnTT UL +@1A%L-p ) &1 + 26T Un Tig
and
Vy = ngUOCZ + & UoZ,
= [®Pn&1 + Polo + Fofa + Tol + ToAf — v] TU0§2
+&T Uy [®2181 + Dol + Fafa + Tol + ToAf — ]
= &y Unlz + &5 B Ul + fTET Unla + T TJ Upla + AFTT Upa — v U (33)
+83 Ug®)181 4 &1 Up P0Gz + &3 UoFafa + &3 UoTol + &1 U ToAf — &1 Ugu
= &1 (o Uo + Un®0 ) &2 + 26T Uo®n 1 + 285 UoPofo + 268 UnTog + 285 UgToA f — 28] U
< (@?Uo + UpPo + ,%ZUOTszTUoT) 82+ 285 Ug®n &y 428 UoTag + aoA?E{ Gy + 283 UoFafa

ol Lalu Zyl_ﬂbl
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From (28) to (33); we have:
: T — T —
v o< (cpuun +Un @y + LU T T U], + alAzln_p)gl + &l (CDO Up + Up®p + D}—ZUOTZTZTUOT>§2
+28 T Ug P81 + 283 UpTol + aoA?ET & + 28T UoFaf + 28T UnTh g

o AT
&1 M * x| &
=1 & Updyr Oy * ) (34)
L ¢ ] Luj+up ul o 4
- ooT
61 &1
=& | X &
. g
where
—_T —
M =P U +Un Py + %1 (UnUf; + UppUfy) + (a1 + ag)A? L p
0y = By Uy + Up®y + L UoU]
and

X =

Ql * *
u0q>21 Qz *
Uuj+Up uj o

To obtain the asymptotical stability of the state estimation errors ¢1, and ¢, Equation

(30) needs to satisfy the following condition: V1 <0; V2 <0.
Based on the initial condition ||| < u||{]|, the matrix ] can be described as:

(:;’1 T In,p * * 61
J=1 ¢ 0 I, = & | <0 (35)
I 0 0 —ul, g

From (34) and (35), we can demonstrate:

) =V+]
1 ! O] +_Infp * * ¢1
=| & UpPyy D+,  * ¢
g uh+u, ul  —ul, 4 (36)
61 ¢1
=& | 1] & | <0
¢ 4

where
O + In—p * *
II= UQ621 0Oy + Ip *
UlTl + Uqp Ug — “qu

The system obtains the asymptotical stability then I1< 0 and apply Schur complement
Lemma (36) for IT < 0, we obtain:

P11 * * * * * *
Up®y o1 * * * * *
Usz UOT —ul, * * * *
12 1ip * *
u, o 0 0 0  —plip =
Lo ul o 0 0 0 —apl, |
<0

ol Lalu Zyl_ﬂbl
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Substitution Uy; = ZGy and Uy, = ZG; into Equation (37), then (26) is satisfied.
Proof is complete. g

Moreover, Equation (25) needs to transform into a linear matrix inequality (LMI). This
transformation is performed into the issue of finding the minimum of a positive scalar p
satisfying the following inequality constraint:

“l/llnfp U1F1 + Uze

i al, >0 (38)

By solving the LMI (26) and (38), terms U, Uy, Up and Q are obtained to calculate the
observer gain ®y = U, lQ by substituting Y = Y, T, R = TR, and U = TTU,T.

To compute the error dynamic system in (23) and (24), the sliding mode surface is
defined as:

S = {(¢1,¢2)|32 = 0} (39)

Theorem 2. Using the Assumptions 1-3, and the observer (18), the error systems (23) and (24)
can be given to the sliding surface (39) if gain T is chosen for satisfaction:

7= ||®alp + |Ellpa + 5+ AP+ (40)

where &y < ¥, P is the upper bound of ||&2||, fa < pa with pg is a scalar and ||&1|| < p with p is a
positive scalar.

Proof of (40). Consider a Lyapunov function as:

Vo =& Poln (41)
Derivative of V, in (41), we have:
Ve = &5 (PoUo+ Uo®0) & + 28] Uo®as + 28] UoFafy + 283 UoTog + 28 UgToAf — 283 Uov (42)

Based on (20), and since the matrix @ is the stable matrix. (42) is re-written as:

Vo <28 Uo®n & + 28T UpF fo + 28 UpTod + 281 Up T A f — 285 Ugv
< 2||Uob ||| Par| 61 ] + 2] ol [ E2ll 1 fall + 21| UG HI T2 1G] + 2 UoSo I T2MIAFIf = 27l|Uoball - (45
< 2|[UoI(|| @21 || IS1]l + 1 E2lloa + TN IEN + AllZ2]l = 7)
= 2[|Uo& || ([|@21]lo + | E2lla + 6 + A — 7)

If the condition (40) holds, then with Vy > 0, we have:
Vi < =29|Uoéa|l <0 (44)
O

Therefore, the reachability condition is satisfied. Consequently, an ideal sliding motion
will take place on the surface S in finite time [43].

3.2. Actuator Fault Estimation

The actuator fault estimation based on the proposed observer in the form of (19) is to
estimate actuator faults using the so-called equivalent output injection [43]. Assuming that

a sliding motion has been obtained, then ¢, = 0, and ¢, = 0. Equation (24) is presented as:

0=Dpl1 +Ffi+ TAf + Tl — vy (45)

www.manaraa.com
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where v,; is the named equivalent output error injection signal which is required to
maintain the motion on the sliding surface [43].
The discontinuous component in (19) can be approximated by the continuous approx-

imation as [43]:
Up(y—7)
o= My 670 (46)
0 otherwise

where § is a small positive scalar to reduce the chattering effect, with this approximation,
the error dynamics cannot slide on the surface S perfectly, but within a small boundary
layer around it.

Based on [43], the actuator fault estimation is defined as:

fa = Fy veg (47)

where )
E'=(FR) F

Equation (45) can be represented as:
fo—fa=—FE®né — B TAf — K Tg (48)

By considering the norm of (48), we obtain:

fo—fa = |5 ®n&1 + B TLAf — F T ||
< Omax (Fy @21) |11 + OmaxFy A|&2 | + OmaxFy T2 1] (49)
= B¢+ a1l

where o
= [ Umax(F;cDZl) Umax(F;/\) }/ and g1 = U'max<F2+T2)

Therefore, for a rather small B¢ + ¢1/C]|, then the actuator can be approximated as

P, E Up[y — 7]

1 =T 50
Jo = oy — a1 +o 0)

4. Unknown Inputs Observer (UIO) for Non-Linear Disturbance

In this section, an UIO method is designed to estimate the state vector for the com-
puting arm of the residual in Section 5. We consider a nonlinear system in the following

form: .
{ X=®x+0u+ flxu)+¥¢ (51)
y =YX +S5fs

where x € R”, and u € R are state vector and known inputs vector, respectively. { € R",
and y € RP are unknown input disturbance vector and output vector of the system,
respectively. ¥, and S are known matrices with the suitable dimension, respectively.f; is
the fault sensor.

Equation (51) can be rewritten as the following form:

{ Ef:6x+@ui+7(7x7,u)+§fs+% 52)
y=Yx
where
F_[@ 0]g_[@®
o’ P et e [ [0
' 0

www.manaraa.com



Electronics 2021, 10, 2774 12 of 28

The UIO model can be constructed in the influences of unknown inputs in the system
(52) as:
Z=Mx+Ly—Ly+Gf(X,u)+GNu
X<=zt+Hy (53)
y=YX
L=L1+1L;
where ¥ € R”, and § € R? are state vector estimation of X, and measurement output
estimation vector, respectively. Z € R is the state vector of the observer. M € R"™",G €
R™7" H ¢ R™P,L € R™P, L; € R"™P,and L, € R"*? are the observer matrices and
these matrices should be designed according to the state estimation error vector.
The estimation error ¢ can be calculated as:

i =x-x
=xX—z-Hy (54)
and .
¢ =x-x_
SAmE N (55)
= (I, -HY)x -z
=Gy—z
where
G=I;—HY (56)

The measurement error may be calculated as

Ey =y- ?
— (57)
=Y¢
From (52), we have:
GEx = GOx + GOu + Gf(x,u) + GS f; + G¥¢ (58)
From (58), we can write as:

= MX+ LYx — LYx + Gf(%,u) + GNu + HYx
By substituting (56) and (58) into (59), we have:

GEx-x _ _ . (60)
= GOx+ GOu+ Gf(x,u) +GS fs + GY{ — Mx — LYx + LYx — Gf(X,u) — GNu — HYx

The estimation error (61) can be reduced to

= (G®—LY){+ GAf+ GSf, +GY¥{ (61)
where _ _
GE+HY =I;
. M=Gd
Af =fxu)—f(Xu)
O-N=0

In which, matrix G is selected as:

I 0
G:[—nY O]andH:[O I |
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The matrix H can be computed from (56) as following:
H=-¥(Y¥)" (62)

This matrix depends on the matrix rank YV¥, H exists if rank(YY) = m.
In general, based on [32-37], the matrix H can be expressed as:

H =¥(Y®)' +Y(1- (Y¥)(v¥)")

=Us+ YV; ©)
where
U =¥ (Y0’ v = - (vn) (ye); (v9)' = [(ye) (ve)] (v
To simplify calculating, (61) can be presented as:
G®-KY=M (64)
where
K=MH+L
Gain L can be inferred from (64) as
L =K-(Gd—KY)H ©5)

= K(I+YH) — GPH

The nonlinear component Af of the nonlinear system satisfies the condition with
Lipschitz constant J, such as:

IAfI < 6sllx — Xl (66)
where
Af=f(Xz”)—f(7€r”)
and _ B
7] <& lx -7
with
< 55[11 O
=1%o ]
Equation (66), we can infer as:
I, = Af Af 8,35 5 <0 67)
where - B
¢ —(_SZEST ok ok ¢
Af 0 L o x Af
IL; = n <0
’ 4 0 0 0 = 7 |-
fs 0 0 00 fs

Lemma 2. [41] The necessary and enough conditions for the existence of UIO in (54), if the system
(52) guarantees as follows:
(@) rank(YY) = rank(¥)
-1, ¥ .
(b) { Y 0 } =n+p,and ¥ is a full column rank
D —zl, Y

0 ] =n+p Vzwith|z| > 1
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Lemma 3. [33] For the equation in the following form
L= ®g+Ysu (68)

The eigenvalues of a given matrix O € R"*" belong to the circular region D(ws, ps) with
the center as + jO and the radius ps if and only if there exists a symmetric positive definite matrix
P € R™ " such that the following condition holds

—P  P(®s — aly)

% _pZP <0 (69)

Theorem 3. The system (52) exists a robust UIO in the form of (53) such that output the estimation
error satisfies ||Cy|| < vs||C||, and a prescribed circular region D(ws, ps) if there exists a positive-
definite symmetric matrix P € R"™*", matrix Qs € R"*F, and the positive scalars 7y, and ¢s such
that the following inequalities (70) and (71) hold:

6w PG PGY PGS Y Y
*  —@sly 0 0 0 0
* * —¥sly 0 0 0 <0 (70)
* * * —egl; 0 0
* * * * _'7st 0
| x * * * * —SSI,, ]

01 = (GB) P+ PGB —Y QT — QY + 93 5

and _ —
—P PGP — QsY —asP
* _pZP <0 (71)

where

Qs =PL
Proof of (70). Consider a Lyapunov function as:

=T —
V=¢ P¢ (72)

Derivative the Equation (72), we have:
v o—F rgd P )
— [ME + GAf+G¥{ +GS fs} PE +EP [ME +GAf + GY{ + GS fs]
= Z'MTPE+ Af GTPE+ (T (G¥) P + £T(GS) PE+ &' PME

& PGAF + & PGY¥C + & PGS, (73)
1T M'P+PM PG PGY PGS [
Af * 0 0 0 Af
o 4 * * 0 0 ¢
fs * * * 0 fs

The steady state of the system is obtained if the (73) inequality < 0 exists.
According to (67) and (73), a matrix V} can be archived if there exists a scalar @5 >0
that satisfy for the system stable condition as:

VL = V_ GosHs

Ol Ll Zyl_ﬂbl
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VL =

T B

Or

MTP+PM PG PGY PGS |[ & 3 955 0 00| &
* 0 0 0 Af n Af * —¢sl; 0 0 Af
* * 0 0 g I * * 0 0 4
* * * 0 fs fs * x % 0 fs

1 Ten PG PGY PGS z

| AF x*  —@gsly 0 0 Af

VL= e * * 0 0 z (74)
fs * * * 0 fs
where

011 = MTP + PM + (PSST(_S

In addition, based on the initial measurement error condition ||¢, || < 7s||Z|| of output,
and ||&,|| < es]|fs|| with scalars -5 and ¢, then the matrix J; can be written as:

—T—
o= g%@ &y —1sCTC) + (F1fs — €2)
=TT =TTz
= 2TV YE— {0+ LT Y YE —eofl £ (75)
<0
Or e
(% + é)Y Y x * *
Jo =07 0 0 * * 9<0
0 0 —’)/sIg *
0 0 0 —egls
where

= .= T
0= [ ¢ Af T fs ]
A matrix T}, can be deduced based on (74) and (75) as:

Tw=VL+]s (76)

An inequality (76) can be rewritten as:

T

¢ Y1 PG PGY PGS 4
T — Af *  —@sly 0 0 Af
" 4 * * —ysl; 0 4 (77)
fs * * * —egls fs
= 9700
where . .
711 = MT'P+PM+ ¢SST3+ (— + —)YTY
Ys &
y1 PG PGY PGS
- * —(pslﬁ 0 0
Q= 3 § e 0 (78)
* * * —egls
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Apply Schur complement Lemma (78) for (2 < 0, we obtain:

6 PG PGY PGS Y Y
x  —@sly 0 0 0 0
* * —slg 0 0 0 <0 (79)
* * * —egl 0 0
* * * * —Yslp 0
| x * * * * —&lp |

Substituting the matrices M, G and H into (79), then (70) is satisfied.
d

Proof of (71). If we consider Af, f; and { in Equation (61) have characteristics similar to u,
we can application of the Lemma 2 for (61) with ®; = G® — LY, we has:

—P P(GB— LY — al,)
. _p2p <0 (80)

Substitution Qs = PL into Equation (80), then Equation (71) is satisfied. [J

In summary, the full order observer for the nonlinear systems is implemented in the
following steps:

Step 1: Find a suitable Lipschitz constant s that satisfies the Lipschitz condition of
the Equation (66)

Step 2: Calculate U; and V; based on Equations (61) and (63)

Step 3: Determine the matrices P, Qs, and K = P‘lQS using solve the LMI defined by
matrix inequality (70) and (71)

Step 4: Calculate the matrices H, N, and G using the Equations (56)—(64)

Step 5: Calculate the observer gain L using the Equation (65)

5. Actuator and Sensor Fault-Tolerant Control
5.1. Fault Tolerant Control Based General Residual and the Actuator and Sensor Fault
Compensation

Fault-Tolerant Control (FTC) is implemented by compensating the actuator and sensor
faults through UIO and SMO models. The residual has been proposed by [34-38], which is
calculated as:

r=ly -l (81)

The fault compensation process consists of two main processes: fault detection and
compensation. The fault detection process involves determining whether a fault has
occurred or not, depending on the information of the residual, which means that r = 0 if

s = 0 without fault and r # 0 if s # 0 with fault (s = [ fI fI ]T ors = f,). The fault
isolation process is executed to make a binary decision signal based on the fault detection
process. Here, making a binary decision is defined by a logical process that is constructed
out of the residual and the threshold value k. The binary decision signal is 0, if |r| < k, and
conversely, this signal is 1, if || > k. However, the selection of the coefficient k is realized
from the following experience.

5.2. Actuator and Sensor Fault Compensation

FTC-based actuator and sensor fault compensation is designed through residual shown
in Figure 2. The main PID controller will operate conventional closed-loop trajectory control.
The actuator compensation signal for the EHA system can be designed as uy = K, fa,
where
K,=O"F (82)
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Note:

fa: Actuator fault

Jp: Position sensor fault
12 Velocity sensor fault
K; K.: Gains

Figure 2. Scheme for fault-tolerant control based on actuator and sensor fault compensation.

The component of the measurement output can be described as:
ve=y-s| 7| )
fo

The binary decision signal is used to operate a logic process, when it has a value ‘1",
a fault occurs, and the fault compensation is performed. If no fault occurs, the binary
decision signal has a value ‘0’ as in [33-36].

5.3. Evaluating the Control Error Performance

The position tracking error is one of the important factors to evaluate the position
tracking controller performance. In this paper, the performance of the position tracking
controller PID is proposed. To simplify the calculation, the one-norm ¢ of a position error
vector y is presented as:

#e = 1G] (84)

The maximum value of the error ¢, is presented in a period from fy to ¢ is given as:

t
Hemax = max)_[|Zy | (85)
to

The position tracking error performance using the fault compensation method is
computed as:

= (1 - %)100% (86)
max

where imayx is the maximum value of the obtained error when applying for fault compensa-
tion in a period from £ to £.

6. Results
6.1. The Parameters of the MMP System

The basic parameters of the MMP system are shown in Table 1. Following these
parameters, the received data are shown as [33]:

0 1 0 0.2510~%
®= [ —554.57 —1464.2857 } ©= [ 1.857 104 } Y=[10;%= —1.4286110%

Ol LaCN Zyl_ﬂbl
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Table 1. Basic parameters of the EHA system.

Components Values Units
Ay, 0.0013 m?
Ay 9.4 x 1074 m?
Ve 2.09 x 1074 m3
Ver 4.0065 x 107° m3
my 10 kg
Be 2.9 x 108 Pa
Ky 2383 Nm
D, 3.5 x 10 m?

6.2. Actuator Fault
6.2.1. Actuator Fault Estimation

The basic parameters of the MMP system utilized in the observer model are as follows:

0 1 0 0 01 0 ¥
&, = | —55457 1464286 0 |;0,= | 1.857107* |;Y, = ; B =
0 0 0 0 0 01 0.001

A non-singular transformation matrix can be selected as:

—0.707 —0.707 —0.707
Ty = 1 0 1
0 1 0

With Lipschitz constant A = 0.5, and ap = 0.2, we can solve Equation (26) using
the LMI algorithm for Uqy, Up, Uy, Pp, and U; if the solution is feasible, the results are
obtained as follows:

ay = 0.52876; p = 0.0002; Uy = 4.145107%; Uy = [ —5.0910"1"  —530810~* |;

U — 1589101  —1.60910~13 @ — | —53735 —7.60078 1010
0= 1 —160910713 12021073 | "0~ | —5621078  —7.5075102

41451073 —5.09110"1! —5.30810*
U= | —5.09110711 1.5894510~1 6.358410~10
—5308107% 6358410710 75075102

The equation of the commanded input is given as:
yr = 1.5sin(0.975t) + 1.5 (87)

We assume that the actuator fault f,(t) is given as:

0 if t<25
] o00st—11/80 if25<t<3
fa) =94 Zoost+7/40 if 3<t <35 (88)
0 if t>35

6.2.2. Simulation Results for Actuator Fault

In this section, we consider the influence of actuator fault f, on the EHA system
that is given by Equation (88) in Matlab/Simulink environment with a sinusoidal input
signal, as shown in Equation (87). On the other hand, the actuator error compensation-
based FTC process is applied through the actuator fault estimation of the SMO model. As
shown in Figure 3a, the simulation results obtained from the EHA system for the no-fault
casedemonstrate that the system works well, using the traditional PID controller. From
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Figure 3b—e, the negative effects of actuator fault on the position response and actuator
fault estimation with and without actuator fault compensation are described respectively.
Figure 3b shows that the position feedback signal (blue line) is adversely affected by
the actuator fault (green line), and Figure 3c shows an increased efficiency of the SMO
algorithm in estimating the actuator fault. At the same time, the feedback signal affected
by the actuator fault is also effectively handled by the FTC compensation algorithm, as
illustrated in Figure 3d,e.

6.3. Sensor Fault
6.3.1. Sensor Fault Estimation

We assume that the position sensor fault f,(t) is given as:

0 if t <565
0.05sin(7.5t) +0.50025 if 5.65 <t < 6.71015
B 0.53 if 671015 <t <11.79
fa(t) = 0.918t — 10.6373 if 1179 < t <1235 ®9)
22.3125 — 1.75¢ if 1235 <t <127
0.9t — 11.3425 if 127 <+ <13.05

Suppose the position velocity fault f;(t) can be described as:

0 if0O<t<9.85
f() =4 25t—197/8 ifos5<t<10
v 165/8 —2t if10 <t <10.25

0.5 ift <20

Assume that we choose the Lipschitz constant {; = 5 and positive coefficients r =
a = ¢ = 0.1, and u = 0.2 by applying LMI algorithm. We can solve matrices P; Q and L by
(70) and (71) if the solution is feasible, then we obtain the results as follows:

7.8101 0.0057  8.0832 —0.0546 51.9785 —99.8584 2251138  —111.2963
p— 0.0057  0.0982 —0.0243 0.0247 | 0= 03824 —1.1467 | [— —725.6963 —877.7046
N 8.0832 —0.0243 83963 —0.0524 |"~ | 80.7266 —5.8503 |~ | —192.6286  120.0004

—0.0546 0.0247 —0.0524 0.0363 76.1973  108.0462 2654.0404 3580.4874

6.3.2. Simulation Results for Sensor Faults

e DPosition Fault

A consideration of the effects of the position and velocity sensor (PVS) faults on
the EHA system in the case of the sinusoidal input signal is also presented, as given in
Equation (87). An FTC process using PVS error compensation is also considered through
the PVS error estimation of the UIO model, as shown in Figure 2. In Figures 4a and 5a,
the position feedback signal (red line) is affected by position sensor fault (green line) and
sensor fault (orange line). Here, PVS fault estimation is effectively executed under the
support of the UIO model, which is shown in Figures 4b and 5b. By applying the FTC
compensation algorithm, the feedback signal under the negative impact of the position
sensor fault (Figure 4c,d) and velocity sensor fault (Figure 5c,d) is handled, respectively.

e  Velocity Sensor Fault

e Position sensor, velocity sensor, and actuator faults
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Figure 3. Simulation results of EHA system under the actuator fault impact. (a) Without faults. (b) Position response for the
case without actuator fault compensation. (c) Actuator fault estimation for the case without actuator fault compensation. (d)

fault compensation. (e) Actuator fault estimation for the case with actuator fault
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Figure 4. Simulation results of EHA system under the position sensor fault impact. (a) Position response for the case
without position sensor fault compensation. (b) Position sensor fault estimation for the case without position sensor fault
compensation. (c) Position response for the case with position sensor fault compensation. (d) Position sensor fault estimation

for the case with position sensor fault compensation.
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Figure 5. Simulation results of EHA system under the velocity sensor fault impact. (a) Position response for the case of only
velocity sensor fault (f, = 0; f; = 0). (b) Velocity fault estimation for the case without velocity sensor fault compensation.
(c) Position response for the case with velocity sensor fault compensation. (d) Velocity fault estimation for the case with
velocity sensor fault compensation.

In this section, the impact of three components (i.e., actuator fault f, (AF), position
sensor fault f,, and velocity sensor fault f,) on the EHA system is under consideration to
minimize the effect of noises, disturbances, and uncertain kinetic parameters. Specifically,
an FTC process of compensating for AF and PVS is suggested based on a sequential
combination of the AF and PVS estimation using the SMO and UOI models, as shown in
Figure 2. In Figure 6a, the position feedback signal (red line) of the system is simultaneously
affected by three fault components: actuator fault (black line), position sensor fault (green
line), and velocity sensor fault (orange line). Thanks to the estimated errors shown in
Figure 6b—d, we can easily compute the estimated actuator error difference affected by
the position sensor and velocity fault, which is illustrated in Figure 6b. Figure 6c.d clearly
show the effect of actuator fault on the estimated sensor fault. Here, the controlled error
signal is evaluated in Figure 6e, and the error magnitude is shown in Figure 6f. In addition,
to evaluate the performance of the proposed control method FTC under the impact of the
aforesaid faults, the control error is shown in Figure 6g when sensor fault compensation is
applied, and the error level is evaluated in Figure 6h.
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Figure 6. Simulation results of EHA system under the impact of the actuator fault, the position, and velocity sensor

fault. (a) Position response for the case without compensation of (f,, fp, f») faults. (b) Actuator fault estimation for the

case without compensation of (f4, fp, fv) faults. (c) Position sensor fault estimation for the case without compensation of
(fa, fp, fo) faults. (d) Velocity fault estimation for the case without compensation of (fa, fp, fv) faults. (e) Control error for the
case without (fq, fp, fv) fault compensation. (f) Control error evaluation for the case without (fa, fp, fv) fault compensation.
(g) Control error for the case with (fp, f») fault compensation. (h) The obtained error evaluation for the case with (fp, fo)
fault compensation. (i) Position response for the case (fs, fp, fv) fault compensation. (j) Actuator fault estimation for the

case (fa, fp, fo) fault compensation. (k) Position fault estimation for the case (fz, fp, fo) fault compensation. (1) Velocity fault

estimation for the case (fz, fp, fv) fault compensation. (m) The obtained error evaluation for the case without compensation
of (fa, fp, fo) faults. (n) The obtained error evaluation for the case with compensation of (fz, fp, fo) faults.

By applying the closed-loop control system with FTC to the actuator fault, and sensor
fault compensation method as shown in Figure 2, the effects of the fault are greatly reduced,
as shown in Figure 6i. Thanks to this FTC error compensation technology, the estimation
errors are almost eliminated and approximate to zero, as described in Figure 6j,k,1. The
control error shown in Figure 6m corresponds to the case where actuator and sensor fault
compensation is applied, as well as the evaluated value of the fault in Figure 6n.

Here, pzmax, Msemax, and Paszmay are respectively the maximum values of the errors
when using the PID controller, the sensor fault compensation method, and the actuator-
sensor fault compensation method, respectively; 77z, and 77,5z are fault efficiencies achieved
by the sensor fault compensation method and actuator-sensor fault compensation method.
Table 2 shows that the efficiency of control error is approximately 96.95% when using the
sensor fault compensation method, compared to the PID controller in the period from 1s to
5s. Moreover, when we use the actuator-sensor fault compensation method, the efficiency
reaches 97.41% and the result is, therefore, better than the sensor fault compensation
method. In addition, in the periods that the system suffers from position sensor fault (i.e.,
55-8 s and 11 s-15 s), although the performance of the fault compensation method is
much more efficient than the PID method, the actuator-sensor fault compensation method
still achieves higher efficiency than the sensor fault compensation method. In the period
from 8s to 11s, although the speed error adversely affects the system, the efficiency is also
relatively high at about 77.5%, and the efficiency of the actuator-sensor fault compensation
and sensor fault compensation methods is the same in this case. Based on the above results,
we can see that the actuator-sensor fault compensation method is more effective than the
sensor fault compensation method presented previously [33].
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Table 2. An evaluation of the error performance using the fault compensation compared to the PID

controller.
) . Error Value Error Performance e
Time Period
Hemax Hsgmax HKasgmax Hsg Has¢
From l sto5 1.634545 0.049849 0.042386 96.95026 97.40684
From5sto 8
. 0.224818 0.022824 0.022793 89.84799 89.86136
Fro‘;‘lsss to 0.099249 0.02229 0.022377 77.54112 7745363
From 11 s to
0.340294 0.032808 0.022219 90.35901 93.47057

15s

With the implementation of powerful control methods, the impact of the control input
signal is very large when the input signal is very high, as shown in [44,45]. However, when
the control speed is in the allowable limits (no more than 25 mm/s), a fault compensation
based robust fault-tolerant control method can greatly reduce the effects of faults after each
closed control loop. In practice, the sensor fault compensation algorithm has been proved
that it can successfully minimized the sensor faults under various conditions [33].

7. Conclusions

Recently, the EHA has been widely applied in many applications, from industry to
agriculture. Although this system has a lot of advantages, for it to better meet practical
applications, some disadvantages of the system, including disturbances, internal leakage
fault, sensor fault, and the dynamic uncertain equation components of the system that make
the system unstable and unsafe, need to be overcome, especially eliminating the influence
of noise on the system operation. In this paper, an actuator-sensor fault compensation
was proposed. To implement the proposed solution, we developed the Lyapunov-based
SMO to estimate the faults that come from the payload variations and unknown friction
nonlinearities. Next, we estimated the sensor faults thanks to Lyapunov analysis-based UIO
model. Then, we applied actuator-sensor compensation faults to minimize the estimated
faults. Simulation results demonstrated that this method achieved very high efficiency,
despite the influence of noises. Obviously, this result is superior to the traditional PID
method and even better than an advanced method, namely the sensor error compensation
method. The above analysis results significantly contributed to improving the performance
of EHA systems in practice.
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