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Abstract: In this paper, the mechanism for the fault estimation (FE) problem for a hydraulic servo actuator (HSA) with sensor faults is
investigated. To deal with the design issues, we transformed the nonlinear model of HSA into a new coordinate system to estimate the
sensor faults. In the new coordinate system, the Lipschitz conditions and system uncertainties are also considered. Then, we implement
a sliding mode observer (SMO) approach to introduce the transformation scheme to make the system rational. The proposed fault
estimation scheme essentially transforms the original system into two subsystems where the first one includes system uncertainties,
but is free from sensor faults and the second one has sensor faults but without uncertainties. The effects of system uncertainties on
the estimation errors of states and faults are minimized by integrating an H,, uncertainty attenuation level into the observer. The
sufficient conditions for the state estimation error to be bounded and satisfy a prescribed H., performance are derived and expressed as a
linear matrix inequality (LMI) optimization problem. Finally, the numerical example with simulation results is provided to validate the
practicability and efficacy of the developed control strategy.
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1. Introduction The research on FDI has received considerable attention

during the last two decades due to the increasing demand

Important properties of the HSA, such as fast and for safety and reliability of automatic control systems [4,

accurate responses, high force/mass ratio, and relatively 5]. Naturally, the nonlinear control problem for different

dynamics systems is always a hot topic and has attracted
With the

good stiffness, have attracted the great interest on the HSA

compelling attention from scholars, see [6-8].

and their applications. In the last two decades, high-

performance controller design of the HSA has attracted
increasing attention due to the expanded performance

requirements of technical systems in industry [1-3].

Modern control systems are prone to faults, which can
damage the systems themselves or the environments in
which they operate. For this reason, fault detection and
isolation (FDI) algotihms become essential, since they
enable fault-tolerant actions that minimize the effect of

faults and improve the overall system’s reliability and safety.

development of modern technology, autonomous systems
are more and more dependent on sensors which often
carry the most important information in automated/feedback
control systems. Faults occurring in sensors may lead to
poor regulation or tracking performance, or even affect the
stability of the control system. On the other side, the stability
analysis in dynamical systems has attracted widespread
interests on both theoretical and practical fronts in recent

years [9-13]. Therefore, the study of sensor fault diagnosis
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is becoming increasingly important.

The approaches of FDI developed in the past can be
grouped into three fundamental categories: knowledge-
based FDI methods, signal-based FDI and model-based
FDI [14]. Among the possible approaches, the model-based
FDI ones have been recognized as a handy tool by the
scientific community and have been applied successfully to
many physical systems, for example, lateral dynamics of a
vehicle [15], aircraft [16], satellites [17], unmanned aerial
vehicles (UAVs) [18], and wind turbines [19], among others.
The basic idea of the observer-based FDI approaches,
which fall into the category of model-based FDI, is to
generally compare the actual system’s behavior with the
predicted or estimated behavior based on its mathematical
model. Hence, the success of this type of technique directly
relates to the mathematical model, which in reality is not a
perfect representation. As a consequence, any discrepancies
between the system and the model, which appear in the form
of system uncertainties in the model, can cause a misleading
alarm and make the FDI ineffective. Therefore, there is
a need for a robust FDI which is sensitive to faults but

insensitive to model uncertainties [20].

On the other side, fault estiamtion (FE) is different from
the majority of fault detection and isolation (FDI) in the
sense that it not only detects and isolates the fault, but also
provides details of the fault, such as the location, size, and
duration. Thus, it is especially useful for incipient faults
Also
FE is vital in fault-tolerant control (FTC) systems which

and slow drifts, which are very difficult to detect.
improve the system’s performance. During the last two
decades, considerable research results have been reported
on sensor FE. In [21], an online estimation approach based
on adaptive observer technique was adopted to reconstruct
the sensor fault with an incipient time profile. A descriptor
system approach was introduced to investigate sensor fault
diagnosis for nonlinear systems in [22], which is applicable
for sensor faults of any forms. Most physical systems
are nonlinear, and therefore FDI should employ nonlinear
algorithms, which are difficult to generalize and apply in
many cases. It is well known that sliding mode techniques
offer good potential for increasing the robustness of FDI
by including a nonlinear discontinuous term that depends
on the output estimation error into the observer [23, 24].
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During the last two decades, the research on sliding-
mode observers (SMO)-based FE has received considerable
attention. Several results have been reported on this topic
[25-28].

In this paper, a sensor FE scheme is proposed for

By applying
we first transform the the

uncertain Lipschitz nonlinear systems.
coordinate transformations,
original system into two subsystems (subsystem-1 and
2) where subsystem-1 includes the effects of system
uncertainties but is free from sensor faults and subsystem-
2 has sensor faults but without any uncertainties. Therefore,
the FE can be carried out independently and is not affected
in the presence of uncertainties. This offers a significant
advantage over some of the existing methods. For example
in [22, 29, 30] the effects of uncertainties on the estimation
of faults can only be minimized. The proposed method
extends the results of [31,32] in which actuator FE of linear
systems was studied to sensor FE for uncertain Lipschitz
nonlinear systems. Moreover, most of the existing FE
methods such as those reported in [22, 33, 34] assume that
the value of the Lipschitz constant Ly is known and they
incorporate this knowledge to obtain feasible LMI solutions.
However, determining the value of Ly of a nonlinear system
is often difficult. Further, if the value of L, exceeds the
admissible value, those methods often fail to find feasible
LMI solutions. In this paper, the value of Ly is assumed
to be unknown and adaptation laws are integrated into the
proposed schemes such that L, does not appear in the LMI
formulation and the feasibility of LMIs is not dependent on
the knowledge of this parameter. Therefore, the proposed
method offer distinct advantages over some of the existing

methods.

The remainder of the paper is organized as follows:
Section 2 briefly describe model of the hydraulic servo
actuator. Section 3 describes the mathematical preliminaries
required for developing the FDI method and design
procedure of the implemented SMO. The results of the
simulation are shown in Section 4 and conclusions are given

in Section 5.
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2. Description of the HSA

The HSA under study is shown in Fig. 1, which consists
of the servo valve and the hydraulic cylinder. The analysis
of the properties of the HSA comes out from dynamics of
its components that involves the piston motion dynamics,
pressure dynamics at the cylinder, and servo valve dynamics.
Hence, the model of the HSA is derived from complex
nonlinear equations that depend on many parameters which
cannot be accurately obtained [35].

See Table 1 for the description of the HSA parameters.
Using the notation in Figure 1, and defining the area ratio of
the piston @ = Ap/Ay, Vi = Vao+YAus Vo = Vo +(L—y)aA,,

qri = cLi(ps — pp), Where cy; is the internal leakage flow
coefficient, c¢,; > 0 are discharge coefficients, the sign
. x, x>0 .
function sg(x) = , and assuming an external
0, x<0

leakage negligible, the considered model can be described

by the following equations:

ml‘y = Aapa - Abe - Ff(y) - Key = Fey, (21)

. Be .

a = 0 —AdY = qLi — qLea) s 2.2
p Vu@)(c] Y = qLi ~ qLea) (2.2)
Pp= V'B—(y) (gp + @AY + qLi — qLeb) , (2.3)
qa = 4svl — (452

= Cvlsg(xv)Sign(ps = Pa) \ |ps — Pal (2.4)
- Cvzsg(_xv)Sign(pa - Po) \" Ipu - P0|,
qb = qsv3 — qsva
= ¢y, 8g(=x)sign(ps — pp) VIps — pol (2.5)

— ¢y, 88(x,)sign(py — po) VIps — pol.

According to Eqgs (2.1)-(2.5) and defining the state and

input variables as

T
X0 =[x 00 B0 x0]

., (2.6)
o 30 pa) p0]

u(t) = x,(1), (2.7)
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Figure 1. The HSA configuration.

the governing nonlinear continuous-time dynamics of the

HSA can be expressed in a state-space form as follows
(1) = f(x(D) + g(x(D), u(®)) + h(),
y(#) = n(x(@)),
where f(x(¢)) and g(x(t), u(¢)) are the state dynamics and the

(2.8)

input function, respectively

X2

o AaX3 (lAa)C4 - Ff()Cz) — Kexl
FGx) =  ( 5 )

T A +Va

2.9)

(Agxz + cri(x3 — x4))

Ao (@A + cri(X3 = X4))

0
0

3 xlﬁ T (cvsetsign(p = xs) yips — xl -
—CV4sg( wysign(xs — po) Ixs = pol)
T ﬁ;) TV, (ense(-usign(ps = xa)
m 2 cusetsign(xs - po) Vs = pol )|

(2.10)

g(x(®), u(n) =

and output function n(x(¢)) = x;(¢), and disturbance function
h(?) [h1(®)  ~Fe/m+ o) h3(t) hy(0)] includes
loads, unmodelled dynamics and parameter uncertainties,

fs (%) includes sensor faults.

3. SMO-based sensor fault estimation

Consider a non-linear system described by
X() = Ax(t) + Wf(x, 1) + Bu(t) + EAY(2),
y = Cx(t) + Df(0),

3.1
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Table 1. Parameters of the HSA.

Notations Denotes

Xy The spool valve displacement

Pas Pb Forward and the return pressure
qa> 9b Forward and the return flows

y Piston displacement

L Piston stroke

K. Load spring gradient

Pss Po Supply and tank pressure

my, My, m total mass, piston mass, payload mass
Fy Friction forces

Fou Disturbance forces

Ay Ap Effective areas of the head and rod

piston side
Vs Vi, Vao, Vo Fluid volumes of the head and rod

piston side and corresponding initial

volumes
qLi> qLe Internal and external leakage flow
Be Bulk modulus of the fluid

where the state vector is x € R”, the input vector is u € R,
the output vector is y € R?, the sensor fault is denoted as f; €
RY?. The known constant matrices are A € R™" B € R™",
CeRP" DeRPM“Ee€R™ (p>g+r)and W € R™J
with D and E both being of full rank.

Remark 1. It should be noted that the system uncertainty
under consideration is unstructured, which is more general
than the type of structured uncertainty that has been
considered for fault diagnosis of Lipschitz nonlinear systems
in the literature [33, 36]. In the case of structured system
uncertainty, certain rank conditions of the uncertainty
distribution matrix are assumed to be satisfied such that the

fault can be completely decoupled from the uncertainty.

For the objective of achieving sensor fault diagnosis, the
following assumptions and Lemmas are intoduced. The
nonlinear term f(x,7) € R/ is assumed to be known and

Lipschitz about x uniformly Vx, £ € R"
f(x,0) = fR, DIl < Ly llx - | (3.2)

where Ly is the known Lipschitz constant.
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The unknown nonlinear term Ay(f) is structured
modelling uncertainty, but bounded, and satisfies Ay(r) < &.
Also, the unknown sensor fault and its derivative are norm

bounded, i.e. f;(f) < p and ﬁt) < Ps.

Lemma 3.1. Let’s assume rank(CE) = rank(E). There exist

linear transformations of coordinates

21 wi
Z:l =Tx and wz[ }zSy (3.3)
22 4%
such that in the new coordinates, the system matrices
become
A A B E
Tar' ="' 2| rB=|""|, TE=|""],
3 Ay B, 0
(34
4 € 0 0 Wi
SCT™ = , SD = , TW =
Cy p) W>

where T € R™", § e RP*P, Ty e R™" §| e R™*P, 7 € R/,
wy € Rr’ Al c Rrxr’ A4 c R(n—r)x(n—r), Bl c Rrxm’ El c Rrxr’
Wy € R™J, C; € R™, C4 € RPX0=D gnd D, € RWP%4,

C, is invertible.

After introducing the state and output transformations

(3.3), the original system is converted into two subsystems:

2= A2y + Ao + Wi (T2, 1) + Biu+

Subsystem 1: + E1Ay(1)

wp = C]Z]
3.9
Zp = A3z + Agzp + sz(T_IZ, 1)+ Bau

Subsystem 2:
wy = Cazp + Do f;

(3.6)

t
For Subsystem 1, we define a new state z3 = f wo(T)dT S0
0
that z3 = Cy4zp + D, f;. An augmented system with the new

state z3 is therefore given as:

= + 7+ +
23 Cs O]z 0 0
B, 0
+

u+ 55
0 D, °

3.7

w3 =23
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Subsystem (3.5) can be rewriten as in a more compact form

as

21 = A1z1 + Arzo + Wi f(T7'2, 1) + Biu + E1 Ay(2) 48)
wp =Ciz ‘

where zp € R"™P~% A, = [A2 O] e R™+p=2n)  Algo,

Subsystem (3.6) can be stated as

z0 = Agzo + A3Z1 + sz(T_IZ, t) + Bou + DOfs (3 9)
ws = CoZo .

Ag O _

in whichwy e RP ", Ag = |+ | & RU#p=20x(rep=20) f =
Cy

A3 c R(n+p—2r)><r, BO —

BZ:| c R(n+p—2r)><m
0 s

0

D,

o[t

DO = [ :| c R(n+p—2r))<q’ CO — [O Ip—r] e R(p—r)x(n+p—2r)’

Lemma 3.2. [37,38] The pair (Ay, Cy) is detectable if and

only if the minimum phase condition holds

I, - A

1
c (3.10)

s E
rank [ 0] = n+ rank(E)

for every complex number s with nonnegative real part.

Now, a scheme which consists of two SMOs to estimate
sensor faults is develepod. One of the SMOs is designed for
subsystem (3.8) to estimate sensor faults, while other one
is designed for subsystem (3.9) to eliminate the effects of
system uncertainties.

For subsystem (3.8), the proposed SMO has the following

form:
3 = A1z + Ayso + Wif(T7'5,0) + Biu+
[ ) . A
+ Eklplcll(wl — W) + (A1 = ADCT wy = W) + vy
wy = CiZ

(3.11)

where A} € R™" is a stable matrix which needs to

be determined, P; is the Lyapunov matrix of A, 2 =

[(CI"S 1y)T ([I,,_, O] 20)T]T. The discontinuous output

Mathematical Modelling and Control

error injection term vy, which is used to eliminate the effects

of uncertainties, is defined by

Pi(C'wi-21)
(EE +m1) HH@Tﬁ)H’

0 otherwise
(3.12)

C;1W| -721#0

where 77, is a positive scalar to be determined. It should be
noted that state z; can be obtained by the measured output y

aszy = C;'S 1v. ky satisfies the following adaption law:

b=t |y (w2 G.13)

where [;, is a positive constant. For subsystem (3.9), the

proposed SMO has the following form:
%0 = Aoo + AsCT'wy + Waf(T7'2,1) + Bou+
1. -
+ Lo(ws —W3) + §k2W2H0(W3 —Ww3)+ Dovy (3.14)

w3 = CoZo

Loy

where the observer gain Ly = [ ] € RmP=20X(p=n) jp

Lo
which Loy € RO-X0 [y e RF0= Py = PI ¢

RUmp=2r)X(n+p=2r)  The discontinuous output error injection
term v, is defined by

w3 —w3 #0

(3.15)

Fo(ws—W3)
V) = {(pY +12) [1Fo(ws—3)Il”

0 otherwise

where Fy € R~ is a matrix to be determined and 7, is a
positive scalar. k satisfies the following adaption law:

ka = Iy, |Ho (w3 = w3)II*, (3.16)

where /i, is a positive constant.
We now present the following theorem which provides

sufficient conditions for the existence of the proposed SMOs.

Theorem 3.3. Let’s consider system (3.1) with introduced
assumptions and lemmas. If there exist matrices A}, Lo, Fo,
Ho, Py = P} >0, Py = P] > 0 such that

D} Py = FoCo (3.17)
W1 Py = HyC (3.18)

H] P]Az
<0 (3.19)

A;PI HZ + 21n+p—2r
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where T} = AJ"Py + PiA}, Tl = (Ao — LoCo)' Py +
Po(Ag — LoCy) then the error dynamics, after the
occurrence of sensor faults
e = Ai€1A260 + W (f(T_lZ, 1) — f(T_li, l))
(3.20)

1.
— EklPlel + ElAlﬂ -V
&0 = (A = LoCo) eg + Wa (f(T'2,0) = F(T™'2,1)

L (3.21)
- EkZWZHOCOeO + Dy (fs - Vz)

are assymtoticaly stable, in which the state estimation errors
are defined as ey = z; — 21 and ey = 79 — Zo. The Proof of

Theorem 3.3 can be seen in [39].

In practice, it is often difficult to know precisely the value
of the Lipschitz constant in (3.2). This parameter plays
an important role in the design of observers for nonlinear
It should be noted that in [22, 33, 36, 40] the
Lipschitz constant Ly is assumed to be known and is one
This can be
considered as one of the limitations of those methods.

We have observed that it often fails to solve LMI if the

systems.

of the parameters in the LMI formulation.

value of L is too large. In order to find a feasible
solution of LMI, the value of Ly may be reduced by
introducing coordinate transformations for certain structures
of the Lipshcitz function [41]. However, this may bring in
an extra difficulty in the design of observers. In contrast
to some of the existing methods, the Lipschitz constant
Ly in this paper is assumed to be unknown and adaptive
SMOs are proposed to deal with this situation. Specifically,
the Lipschitz constants L5 and Ly are injected into the
constants k; and k, which can be adjusted by the adaptation
laws (3.13) and (3.16). Note that the asymptotic estimation
of states can be guaranteed even if the estimates of k1 and
k2 do not approach to their actual values [39].

Theorem 3.3 has shown that the error dynamics (3.20)
and (3.21) are asymptotically stable. The objective now is
to choose constants 77; and 7, such that the error dynamics
can be driven to the sliding surface in finite time and a
sliding motion can be maintained on it thereafter. For error
dynamics (3.20) and (3.21), we define the sliding-mode
surface as

S={(er,e0)| e1 =0, Coep =0} (3.22)

Mathematical Modelling and Control

The problem of finding matrices A, Lo, Fo, Ho,
Py = P > 0, P, = P] > 0 to simultaneously satisfy
the Inequality (3.19) and Equalities (3.17) and (3.18) can be

transformed into the following LMI optimization problem:

Minimize y; + v,

subject to
Py > 0, Py > 0
and
X + X7 P\A, 0
_ <
| AgPl PyAy +A(1)"P()—Y0C0—C5YOT+21,,+2P,,
(3.23)
I DIPy— FyC
. L B (3.24)
7(D0 Py - FOCO) Yilnip-or
[ I; WPy — HoC
e R (3.25)
7(W2 Py - HOCO) Yalnip-2r

where X = P1A] and Yy = PoLy.

Theorem 3.4. Let’s consider system (3.1) with introduced
assumptions, lemmas and the proposed observers (3.11) and
(3.14). Then the error dynamics (3.20) and (3.21) can be
driven to the sliding surface (3.22) in finite time and remain
on it if LMlIs (3.23)-(3.25) are solvable and the gains n; and

17 satisfy

m = (& £ |77 [ Iw 1) lleoll + 773,
_ Lol fiwal ol
= 1Dyl

(3.26)

+ 14, (3.27)

where n3 and ny are positive scalars. The Proof of Theorem
3.4 can be seen in [39].

After reaching the sliding surface, the sliding motion will
be maintained thereafter, i.e., Coeg = 0. It follows from
(3.21) that

0 = CoAoeo + CoWa (F(T™'2,0) = F(T7'2,1)
+ D2 (fs - V2eq)

where vy, is the equivalent output error injection signal

(3.28)

representing the average behavior of the discontinuous
function v,. Since tlirgeo = 0 according to Theorem 3.3,
it also holds that }Lrgf(T’lz, )= f(T7'2,1) = 0. From (3.28)
it follows that the sensor fault can be approximated as

P

Js= tll)rgfv = Vaeq (3.29)
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in which the equivalent output error injection signal v,., can

be obtained as

Foeys

—_— 3.30
Foewall +0 3-30)

V2eq = (ps + 772)
where ¢ is a small positive scalar to reduce the chattering
effect.

4. Simulation results

Effectiveness of the sensor FE approach will be
considered on HSA model with following parameters: the
viscous friction B¢ = 200 %, the supply pressure ps =
1.6 bar, the bulk modulus
of the fluid 8, = 2 - 108 Pa, the total mass m = 25 kg, the
initial chamber volumes Vo = Vi = 8.2 - 107 m?, the load
107!, the effective area of the head
side of the piston A, = 4.91 - 107* m2, the effective area of
the rod side of the piston A, = 2.43 - 10~* m?, the internal
leakage coefficient c;; = 5- 107, the piston stroke L = 1 m,

45 bar, the tank pressure py =

spring gradient K, =

discharge coeflicients of valve orifices ¢,; = 1.15,1 = m

It is assumed that there is an complex sensor fault
composed of a combination of abrupt, ramp, and sine-type
faults, which is represented as:

0 t <50
0.05 sin(0.15x1) 50 <t <90
0 90 < ¢ < 120
fi= 4.1)
0.002(z — 120) 120 <1 < 150
0.025 + 0.01 sin(0.277) 150 < ¢ < 180
0 180 < ¢ < 200

For simulation purposes, we set the control input u(¢) as
sinus function sin(rf) and the system uncertainty Ay(¢) as

0.1 sin(0.21)
0.1 sin(0.17)
0.2 sin(f)?
0.3 sin(r)?

Ay(t) = (4.2)

The results of fault estimation are illustrated in Figure 2.
This figure clearly demonstrate that the proposed observer
is able to estimate the sensor faults successfully, irrespective
of uncertainties in the system. In addition to gradual and
slow faults, such as a ramp and sinusoidal faults, it should

Mathematical Modelling and Control

Magnitude (m)

0.05

0.1 I I I I I I I I I
0 20 40 60 80 100 120 140 160 180 200

Time (s)

Figure 2. Estimation of the sensor faults.

be noted that fs changes abruptly at time instants 150 s and
180 s, which indicates that the proposed observer has the
ability to track abrupt faults.

Figure 3 shows the trajectories of the actual states and
their estimates. It can be seen from the figures that the
proposed observer can estimate the states accurately, before

and after the occurrence of any fault.

2 T T T T T T T T T

ARAAAAAAAAAA AR AARAAAAAAAAAAAAR AAARAA
VWY

2 I I I I I I I I I
0 20 40 60 80 100 120 140 160 180 200

I I I I I
0 20 40 60 80 100 120 140 160 180 200

0 20 40 60 80 100 120 140 160 180 200

- 0 20 40 60 80 100 120 140 160 180 200
Time (s)

Figure 3. System states and their estimates (actual

state: solid line; estimated state: dashed line).

It can be seen that despite the presence of system

uncertainties and measurement noises, the tracking
performances of states x and sensor fault f; have achieved

an ideal performance.

5. Conclusions

In this paper, a new sensor FE scheme for uncertain
Lipschitz nonlinear systems is developed. The proposed
FE scheme essentially transforms the original system
into two subsystems where the first one includes system

uncertainties, but is free from sensor faults and the second
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one has sensor faults but without uncertainties. Using
the integral observer based approach, sensor faults in the
second subsystem are transformed into actuator faults. In the
proposed scheme, two SMOs are designed. One of which is
used to eliminate the effect of system uncertainties, while the
other one is used to estimate sensor faults. Adaptation laws
are integrated into the scheme to deal with the situation when
the Lipschitz constant is unknown or too large. The observer
design parameters can be obtained using LMI techniques
in a systematic way. Effectiveness of the proposed FE
scheme has been demonstrated considering the example of
hydraulic servo actuator. Simulation results have shown
that the proposed FE scheme is effective and feasible in
the presence of system uncertainties. Future research may
include extending the proposed methodology to a single link

robotic arm with a revolute elastic joint.
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