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SLIDING MODE VARIABLE STRUCTURE
OBSERVER-BASED SENSOR AND
ACTUATOR FAULT RECONSTRUCTION
FOR NONLINEAR SYSTEM

Jing He,* Changfan Zhang,* Houguang Chu

Abstract

This paper presents the design of a sliding mode variable structure
observer, which is used for the fault detection and isolation of
sensors and actuators in uncertain nonlinear systems. Firstly, the
coordinate of a system output equation is transformed, and a sensor
fault is equivalent to an actuator one by using a low-pass filter.
Then using a coordinate transformation to transform the equivalent
equation into three sub-systems, and the uncertainties only exist
in the second one, while the first contains actuator faults and the
third has equivalent actuator faults. The design of three observers,
respectively, corresponding to the above sub-systems, the actuator
faults, sensor faults as well as the unknown input disturbances
are reconstructed separately as a result. Two simulation examples

confirm the truth of effectiveness of the reconstruction plan.
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1. Introduction

System faults and unknown input disturbances are
inevitable during operation of a complicated power system.
With regard to physical position, faults mainly include
actuator fault and sensor fault. Faults can damage the
normal system operation and lead the system to an un-
stable state. Therefore, the fault detection and isolation
(FDI) technique is significant in system operation. In the
past decades, the study on FDI made great progress, espe-
cially for the model-based fault detection [1]-[3]. Various
approaches have been presented to solve FDI problems,
such as differential geometry method, self-adaptive control
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method, and sliding mode variable structure observer
technique [4], [5]. Moreover, research on fault tolerance
control and stability analysis considerably promoted the
FDI [6]-[8]. The power system used in this study inevitably
suffers from unknown input disturbances and potential
system faults during operation. The sliding mode control
technique, as an effective method with high robustness
and insensitivity to system uncertainty, offers great po-
tential for robust FDI. Therefore, it has been extensively
employed in the study for FDI [9]-[11].

Faults reconstruction method that employs sliding
mode techniques has become an important field, which
mainly includes actuator fault reconstruction, sensor fault
reconstruction, and fault reconstruction considering un-
known input disturbances [12]-[15]. Different from an ac-
tuator, a sensor is a passive element that merely provides
the information of an operating system and does not di-
rectly affect system behaviour. Furthermore, the sensor
is located at a feedback channel and thus does not ad-
just the parameter perturbation and interference through
a feedback mechanism like other elements. Minor sensor
faults may result in system maloperation and damage the
system stability. Thus, study on sensor fault diagnosis is
vital to performance improvement of a complete system.
At present, studies on sensor fault mainly focus on the
linear system [16]. Brahim et al. discussed a type of linear
system, where a primary transformation was first made
on the output equation to obtain two output sub-systems.
The first sub-system did not include sensor faults, whereas
the second sub-system included the sensor faults. A first-
order low-pass filter for the second sub-system was then
designed [17]. The study on sliding mode variable structure
observer-based nonlinear fault diagnosis mainly focused on
actuator fault. There are few study methods on sensor fault
diagnosis. Tan and Edwards designed a low-pass filter that
transform sensor faults to equivalent actuator ones [18].
Consequently, the study methods on actuator fault diagno-
sis were used in sensor fault diagnosis. Yan and Edwards
proposed a sliding mode observer-based sensor fault re-
construction method by utilizing this transformation [19],
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and considered two cases. One case was the reconstruction
of sensor faults without unknown input disturbance, and
the other was the estimation of sensor fault with unknown
input disturbance. Alwi et al. advanced a new sensor fault
reconstruction method for an unstable linear system by
designing a sliding mode observer. The concerning sensor
faults were slow faults. The system state and sensor faults
were integrated as new state variable. The state equation
of the transformed system comprised faults of an equivalent
actuator as the derivative of sensor faults [20]. Raoufi, Lee
et al. discussed a type of nonlinear system with actuator
faults and sensor faults using a method in the literature
[20] and reconstructed and estimated such faults [21], [22].

This paper presents the design of a sliding mode vari-
able structure observer, which is used for the FDI in un-
certain nonlinear systems. The basic idea was presented
in [23], [24]. Unlike other reported methods, our paper
not only considers actuator fault reconstruction, but also
considers sensor fault reconstruction. The system out-
put equation was first transformed into two output sub-
system. Only the second output sub-system comprised
sensor faults. A low-pass filter was designed to transform
sensor faults into equivalent actuator faults for the second
output sub-system. Linear transformation was then carried
out on the system to obtain two sub-systems. After a series
of linear transformations and filter design, an original sys-
tem was transformed to three sub-systems. Sliding mode
variable structure observer is designed for each sub-system.
The problem of fault identification under disturbances is
solved.

In the rest of this paper, Section 2 describes the
nonlinear system and presents equation transformation
method. Section 3 investigates sliding variable structure
observers for the system. Section 4 presents the method
for sensor and actuator fault identification. Simulation of
two examples is illustrated in Section 5. A conclusion is
briefly given in Section 6.

2. Problem Description

Consider a class of systems described by a nonlinear dy-
namic model:

(t) = Ax(t) + ®(x,u) + Efa(t) + Dd(t) + Bu(t)
y(t) = Ca(t) + Fs fs(t)

(1)

where z € R, y € RP, and u € R" denote the state,
outputs, and inputs vectors, respectively. Assume that,
®(x,u) € R™is a known function vector. f,(t) € RIfs(t) €
R™ and d(t) € RY are unknown function. d(t) signifies the
total uncertainty and disturbance of the system. Assuming
it is limitary that ||d(¢)|| < 71, where = is a positive
constant. f,(t) and f,(¢) indicate, respectively, actuator
faults and sensor faults, which are also bounded, i.e.,
two constant v, and 3 exist such that || f,(¢)|] < 72 and
Ifs@)] <vs3. Ae R"™"™,Be R"™",C € RP*™, D e R"*1,
E € R4 and Fy; € RP*™ are known constant matrices
withn >p > q+m.

For the output signal y € RP of system (1), a trans-
formation matrix Sy € RP*P exists such that a following
equation could be obtained:

Ci 0

So[c F] = (2)
Cy, F
we obtain
y1 = Chiz
Soy=1{"" (3)
y2 = Cox + F f,

where 3, € RP~™, yy € R™, C; € RP—m)xn (), ¢ Rm*",
and F' € R™*™ are nonsingular constant matrices. The
purpose is to partition the output, so that only y» contains
potentially sensor fault.

A new state variable z, € R™ is then designed as the
first-order low-pass filter of the output signal yo [17].

Za - Asza + Bsy2 (4)

where filter matrices A, € R™*™, and B, € R™*™ are
filter matrices to be designed.

The following equation is obtained by transforming the
output signal ¥, of (3) and (4):

Zq = Aszq + BsCox + B,F f, (5)

Equation (5) and System (1) are then combined into a
new system.

z A 0 x O(x,u) E
= + + fa(t)
éa BSCQ AS Za 0 0
0
+ fg(t) + d(t) + u(t)
B,F
Y1 Cl 0 T
Za 0 I, Zq

A set of new state variables and the corresponding
matrix are then designed as follows:

T _ A 0
7= = Y1 _ Y1 A—

Za Za Ya B,Cy Ay
b= Ci 0

0 I,

Giving the following two sub-systems transformed
from (6):
z(t) = Az + ®(z,u) + Ef,(t) + Dd(t) + Bu(t)

yi(t) = Crz(t)
Za = Asza + BSCQx + Bsts

(7)

(8)

Ya = Za



Assumption 1. rank(CD)=rank(D).
Assumption 2. The (A,C) is observable
Divide (7) into the following form:

(t) = #1(t) — Any Ava | | 21(2) n Dy (x,u)
{ﬁQ(t) Asy Ago SCQ(t) <D2($7u)
9)
El D1 B1
F®) d(t) u(t)
E2 D2 B2

where z1(t) € R™ 9, x3(t) € RI, ®i(x,u) € R 9,
®y(z,u) € R, B; € R"=DX4 F, € RI*4 D € R("—9*4,
and Dy € R?7*? are nonsingular matrices.

Under the Assumptions 1, there exists a transforma-
tion of coordinates:

v1(2)

1(t) =871
! us(t)

Therefore, (9) is described by the following equations:

21(t)
210

2(t) =TAT12(t) + T®(z,u) + TEf.(t)

+TDd(t) + T Bu(t)

vy (t
o(t) = 1t — SO T 2(1)

v2(1)

(10)
011 0

where SCT! = and Csy are nonsingular
0 Cyn

matrices.

T is a nonsingular matrix satisfying the following struc-
ture [23]:

Accordingly, the coefficient matrix of (10) has a
following form:

12111 A12

-1 0 Bl
TAT " = B B , TD=1| |, TB=| _
_A21 Ago D, By

E Oy (x,u

TE = | '], T®(z,u) = (@)

Ey Doz, u)

where All = A11 — D1D2_1A12, Alg = (A11 — D1D2_1A21)
DD 4 Ayp—D1 Dyt Agy, Agy = Aoy, Agg = A1 D1 D3+
Aoy, ®y(x,u) = By(z,u) — D1 Dy ®y(x,u), Po(z,u) =
(I)Q(I‘,U)7 El = E1 — D1D2_1E2, EQ = E27 Bl = B1 —
D1D2_1B2, and BQ = BQ.

System (10) is then transformed into following sub-
systems:

() = Apz1(t) + Aoz (t) + @1(2,u) + By fa(t)
+Bju(t)
v1(t) = C1121(t)
(11)
Zp(t) = Ap121(t) + Agazo(t) + Pa(z,u) + Eafu(t)
+Dad(t) + Bau(t)
va(t) = Caa2o(t)

System (8) is converted as follows:

Za(t) = Asza(t) + BsCoT 7 2(t) + BoF fi(t)
Ya = za(t)
where 2 = (z; 20)%, Bs € R™™ Cy € R™*" and
T—1 € R™"; therefore, B;CoT~! € R™*". Afterward, we
assume that B;CoT 1 = (A, A, ), where A; € Rm>(n—q)
and Ap € R™*4. System (13) is converted as follows:
Za(t) = Asza(t) + A121 (t) + AQZQ(t) + BSFfS (t) (14)
Ya = Za(t)

Figure 1 illustrates the above series of linear coordinate

Iy fD1D2—1 transformation process.

T= Three sub-systems, i.e., (11), (12), and (14), are ob-
0 1 tained from system (1) by designing first-order low-pass fil-

. matrix T_| Sub—;ystcm

> Sub-system [ transformate Two equation(11)

System - equation
; »1 without > (7 matrix S| o0 systems Sub-system
cqtzi)lon sensor faults transformate " equation(12)
| matrix So
transformate Sub .
yowith first-order Y _S)i.s i
sensor faults low-pass filter | eq:.lla 41)on

Figure 1. Coordinate transformation diagram.




ter and matrix transformation. Note that the uncertainties
only exist in sub-system formulated in (12), meanwhile it
has actuator faults while sub-system formulated in (11)
contains actuator faults and sub-system formulated in (14)
has sensor faults. Corresponding to the above sub-systems,
three sliding mode observers are designed, the actuator
faults, sensor faults, as well as the unknown input distur-
bances are reconstructed separately as a result. The design
will be introduced in the following sections.

3. Observer Design

Assumption 3. (ﬁn,C’n)iand (/122,022) are observable.
Assumption 4. The ®; and ®5 are Lipschtiz terms
such that,

[®1(2,u) — @1(2,w)[| < yallz = 2l < 71 (lleall + lle2])
[®2(z,u) = D2(2, w)|| < 5]z — 2]l < 75 (leall + lle=])

where 4 and 5 are known positive Lipschtiz constant.

The sliding mode variable structure observers are de-
signed for the converted systems (11), (12), and (14),
respectively:

21(t) = An21(1) + Araza(t) + ®1(&,0) + Erry(t)
+Biu(t) + Ly (vi(t) — 91(¢))
01(t) = Cniz1(t)
(15)
E(t) = Ansi(t) + Anaaa(t) + (@, u) + Bara(t)
+Bou(t) + La(v2(t) — 02())
0o (t) = Caaza(t)

éa@) = Aséa(t) + Alél(ﬂ + Agé’g(t) + T‘3(t>

Yo = Za(t)

where 71 (t), r2(t), and r3(t) represent the input signals of
the sliding mode variable structure observers:

ri(t) = prsgn(Fi(vy — 1))
ra(t) = pasgn(Fa(vz — 02))
r3(t) = pssgn(za — Za)
where F} and F5 are the gain matrices, and p1, p2, and ps3
are positive scalar to be determined.
Assumption 5. F} and F and symmetric positive

definite matrices Py and P, that meet the following
equations:

PE, = CLFF
PyEy = CLF)

Assumption 5 is a normal hypothesis in fault isolation
[26], [27].

Assumption 3 ensures the existence of the matrices L
and L, that make Ag; and Agy stable:

A — LiChi = Ajp
Agy — LaCoy = Ay

If the definitions of state estimation errors are e (t) =
20— 21(0), ealt) = 2(t) — 22(t), €alt) = 2a(t) — Zalt),
and e = (e; e2)T as well as the output estimation errors
are defined as evl(t) = U1 (t) — ’01 (t) = C’Hel(t), evg(t) =
vo(t) — U2(t) = Cagea(t), and ey (t) = eq(t) = 24(t) — 24(2).
State estimation error dynamics can be obtained from (11),
(12), and (14)—(17) as follows:

é1(t) = (A1 — LiCha)er(t) + Agzea(t) + @1(z,u) (18)
—®1(2,u) + E1fa(t) — Exri(t)

ég(t) = (/_122 — Lgc_’gg)eg(t) + Aglel(t) + cf’g(.’l?, u) (19)
—(i)g(.f?, u) + nga(t) — EQTQ(t) + ng(t)

éq(t) = Arer(t)+Azea(t)+Aseq(t)+Bs F fs(t)—rs(t) (20)

Lemma 1. For the dynamic equation of the error (18)
and (19) and Assumption 4, and the following matrizc
inequality:

ATyPL + PiAg + €72 T_g AZ Py + P1Aq Py 0
AL, Py + Py Ay Ao Pa + PaAso + €42, 0 Py -0
Py 0 —fla_y O
0 Py 0o ¢,

holds, p1 and ps satisfy:

p1 > V2

|-

=117
2] "

p2 > Y2+

then e1 and ey are asymptotically convergent,
scilicet:

lim e () = 0, tlim e2(t) =0

t—o0

where € is a positive constant.
Proof. Consider the Lyapunov function as follows:

V= 6’1I‘P161 + egpgeg (21)

Differentiate V' and substitute the error dynamic sys-
tems (18) and (19) yields:
V = e (AT P + Pl Ajg)es + 2T Pi(Ajges + 1 (2, u)
— ®1(2,u) + By fa(t) — Evri(t) + €5 (AggPo + PaAxg)es
+ 2¢5 Pay(Agier + ®o(z,u) — Pa(2,u) + Eafa(t)
+ Dyd(t) — Eora(t)) (22)



Let,

Ay — LiCyy Aqp p P 0
Aoy Agy — LyCas 0 P

then,
V =€eT(ATP + PA)e + 2T P(®(2,u) — ®(2,u))
+2ei Pr(E1 fo(t) — Exri(t)) (23)
26T Py(Ea fu(t) + Dad(t) — Eora(t))

Since the inequality 2XTY < %XTX +&YTY is true
for any scalar £ > 0 [28], then,

2eTP(®(z,u) — ®(2,u)) < % Tp2e
+£ (i)(zau) - (i)('%,u)) ((i)(zvu) - (éau)) (24)
< 1eTP% + &92 e

holds.
Based on hypothesis 5,

2€?P1E1fa(t) — 2€?P1E17“1(t) S 2HF1011H
el (v —p1) <0

262TP2E2fa(t) + 26;P2D2d(t) — 262TP2E27‘2(t)
10 (26)
< 2[|F2Cas|[leal|(v2 + . p2) <0

Equations (24) to (25) are substituted into (22) to gain
the following:

V<e'(ATP+PA+ %PQ +&7°1)e (27)
To make V negative definite, it must holds that.
ATP+ PA+ %PQ + 421, <0 (28)
The following matrix inequality:

ATP 4+ PA+ €421, P

<0 (29)
P _gln
holds, such that,

A’1T0P1 +P1A10+€"Y2In,—q A;flpi + PiAg, Py 0
AT2P1+P2A_21 A;FUP2+P2A20+§’YQI<1 0 Py <0

Py 0 —&Ihn_q O

0 P, -

(30)

This makes e(t) globally asymptotically stable, which
will converge to zero.

lime;(t) =0, i=1,2 (31)

t—o0

Remark. Lemma 1 implies that e; and es are
bounded, i.e., tg exists, when t > tg

lexll <01, lez|| < b2 (32)

where 61 and §2 are two positive scalars with finite
values.

Lemma 2. Define sliding mode variable structure sur-
faces s1 = Fiey1, so = Faeyo, and s3 = e,. Suppose As-
sumptions 4 and 5 and inequality (32) hold, meanwhile,
if pi(i =1,2,3) is select as follow:

S (|[A11 — L1Cua || + va) 61 + (|| Ar2|| + v4) 62 + || B ||v2 + K1

o= Amin (ET PLEY)
| F2Ca2l(([|A22 — L2Ca2]|| + v5) 62 + (|| A21]| + ¥s) 61
+||E2||v2 + | D2llv1) + K2
p2 > )

Amin (BT P2E2)
ps > [|A1]|61 + [|A2]|02 + [| Bs F|vs

Then dynamic equation of the error (18)—(20) will
be driven to the corresponding s;(i = 1,2,3) in finite
time. Where Ky and Ko are positive constants.

Proof. (1) For system (18), consider a Lyapunov
function:

1
V) = 55?81 (33)

Differentiate the above formula and substitute (18):
‘-/1 = S?Flcu((gn — LlC’u)el(t) =+ /_11262(25) =+ @1(2, u)

—émzu>+Euuﬁ>—pwa$aEq§ﬁ— (34)

From (32), it follows that,

Vi < sl (1B Cua [l (|| Ars = LaCra| +74) 61

 ll 42052 1Bl — oo (BEPLE)
p1 is designed such that,
(141~ LCull + 30 1 + (| sa] +20)
+||E1ljre + Ki
p1 = N (BT PLE) (36)
Then,
Vi < —Ki|si|| (37)
(2) Consider a Lyapunov function candidate:
Vs = 2k, (35)

Substitute (19) into the derivative of the above for-
mula:

Vo = 53 FyCa((Agg — LyCaa)ea(t) + Agren(t)
—|-(i)2(2’, u) — (i)Q(é’, u) + E2fa(t) + ng(t)) (39)
—pQSgEgPQE_‘QH%H



It follows that,

Vs < HS2H(||F2022H((||/_122 — L2022H + 75) o2 + (HAle + 75) 01

+ ||E2H72 + |D2]|71) — p2Amin (EgP2E2))
(40)
p2 is designed such that,

| FaCoz||((||A22 — LaCas|| 4+ 75) 62 + (|| A21]| + 75) 61

+HE2||72 + [ D2||m1) + K2
)\min (EgP2E2)

then,
Vs < —Kaljsal (41)
(3) Choose Lyapunov function as:

1
Vy = 55?53 (42)

Differentiate the above formula and substitute (20):

Vs = elé, = eX (Arer+AgentAseq) el BoF fo(t)—elrs(t)

(43)
where Ag is a negative definite matrix which will be
designed. —K3 = Apax (As), where K3 is a positive con-
stant.

Va < Amax (4s) leall® + (1411161 + | A2]162 + | Bs Fllys — p3) |leall
Choose,
p3 > ||A1l[01 + [|A2]|02 + || Bs F||y3
then,
Vs < —Ksllea||* <0 (44)

The sliding mode is reached after a finite time [29].
The sliding manifold is defined by s; = §; = 0(i = 1,2, 3)
4. Fault Reconstruction and Disturbance
Estimation

Theorem. Let (1) be the corresponding sliding mode
observer for (15)—(17), the fault reconstruction is given

by fa(t) =P Sgn(Flevl)a fs(t) = (BSF)_1p3Sgn!ea);
Unknown input disturbances d(t) = Dy'Ea(pa
sgn(Faeyn) — prsgn(Fireq)).
Proof. When system arrives at the sliding mode

surface, s; = $; = 0(i = 1,2, 3), then,
Fiey1 = Fié,1 = F1C11é1 =0 (45)

FQ@UQ = Fgévg = FQCQQéQ = 0 (46)

a=6q=0 (47)

From (45), it follows that,

FlCu((Au — LlCn)el(t) + Algeg(t) + @1(z,u) (48)
— ®1(2,u) + E1 fu(t) — Exri(1) =0

From (31), it follows that,

fa(t) = r1(t) = prsgn(Fre.n) (49)

From (47), the following equation is obtained:
Aver(t) + Azea(t) + Aseq(t) + B F fo(t) —r3(t) =0 (50)
F € R™*™ is a nonsingular matrix and Bs; € R™*™ is
a full rank matrix to be designed. Therefore, a matrix B,

exists to make B, F to be a nonsingular matrix, and from
(31), it follows that,

Fo(t) = (BoF) "' rs(t) = (BoF) ™' pasgn(ea)  (51)
From (46), it follows that,

F2022((A22 — Lgégg)ez(t) + Azlel(t) + i’z(l‘, u) (52)
— ‘i)g(i‘, u) + nga(t) — Egrg(t) + ng(t)) =0

According to (31), the following equation is obtained:

d(t) = Dy'(Eary(t) — Exfa(t)) = Dyt (53)

Es(pasgn(Faew2) — prsgn(Fiev))

Decreasing chattering in the sliding mode by using a
consecutive function which substitutions the sign function
sgn(s) in (15)—(17).

Fien

8971(F1€ul) = m,SQN(Fbevz)
v
_ Fheyn sqn(eq) = €q
|Foepa| + 02’ “ lea| + o3

where 01, 02, and o3 are three minor positive constants.
5. Simulation Example

Two examples are given in this section. The first single
actuator and sensor fault system is an actual single chain
robot. In the second example, a theoretical model is
selected to simulate a nonlinear system with two sensor
faults and two actuator ones

Example 5.1. The motion equation of a single link ma-
nipulator is given by [30], [31]:

Jigy + Frdi + k(g — q2) + mglsing; =0 (54)

Iz + Findga — k(g1 — q2) = u

where ¢; and g9 are the link and rotor displacement,
respectively.  The robot parameters are include k=2



Nm/rad, F,,=1, F1=0.5 Nm/(rad/s), J,=1 Nm?, J;=2
Nm?, m=0.15 kg, g=9.8 m/s?, and [=0.3 m. The input
u = sin(5t) + 4 sin(20¢).

By choosing ©1 = ¢1, x2 = ¢1, 3 = 2, and x4 = ¢o.
The coefficient matrix corresponding to (1) is:

0 1 0 0
-1-0251 0

A=
0 0 0 1
2 0o -2-1
0 3 0

—0.2205sin x1 4 1
f(x7 u7 t) = 7E = 7D = b

0 4 0
0 1 i

0 1000 0

0 0010 0

B = 5 C = frg
0 0101 1
1 0001 0
The actuator fault is estimated as:
; €1 +es

«(t) =7r1(t) = p1sgn(Fre,) = pr————————
fult) = 1) = prsgn(Fren) = pr o

The sensor fault is estimated as:

o) = (BoF)™ pasgniea) = 05 i)

The disturbance is estimated as:

d(t) = D3 ' Es(pasgn(Faens) — p1sgn(Fiey))
. ey B e1 +e3
p2|€4|+02 n ler + es| + o1

The observer parameters are chosen as p; = 32, po =
60, ps = 20, 01 = 0.1, o9 = 0.02, and o3 = 0.01. The
simulation of f, = 2sin40t + 2sin5¢ is realized by two
superimposed sine waves, which represents incipient fault.
The sensor fault f,(t) is simulated using white noise by
joining abrupt and intermittent faults. The amplitude is
3 and the sampling period is 0.02 s. The disturbance d(t)
is simulated by a sinusoidal, which is d(t) = 4sin20¢. The
incipient value of state variable z is given by [0, 0, -3, —2]7".

Figures 2-5 show four state variable observations. Ob-
viously the observers converge rapidly, which is the basis
of fault reconstruction.

Figures 6 and 7 indicate the reconstruction results of
actuator fault f, and disturbance d(t). Figures 8 and
9 show the estimation results of filter state and sensor
fault fs. The aforementioned simulations show that both
of the actuator fault and sensor fault can be precisely
reconstructed.

The first state

Estimation of First state
1| — — The first state

01 02 03 04 05 06 07 08 09 1
Time (s)

Figure 2. Estimate of function ;.

The second state

45 _‘//1 ...... deoooees tronees oo H Estimation of second state
: ' H H i| — — The second state

0 01 02 03 04 05 06 07 08 09 1
Time (s)

Figure 3. Estimate of function x5.

The third state

Estimation of third state
— — The third state

01 02 03 04 05 06 07 08 09 1
Time (s)

Figure 4. Estimate of function x3.
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sin xo 10
0 015
T +sinz 6 0
(I)(x,u): ' ‘ 7E: s
0 0 2
0 2 0
0 01
00 0
00 1
30 0
D = ,B= ,
04 0
10 0
02 1
2030 01 30
0102-10 02
0000 1 0 00
C = an: ;
0000 O 1 00
1010 0 1 10
0101 10 01

T T
d(t) = [dl(t) d2(t)} s fa(t) = {fal(t) fag(t):| , and
1) = | fa(®) fSQ(t)]T.

From (51), the reconstruction arithmetic of actuator
fault f,(¢) is obtained.

A 261

t = e ——
fal( ) p11‘261|+0'1
A 362
a t = B ———
Jar(t) PRT3e5] + o

From (53), the reconstruction arithmetic of sensor fault
fs(t) is obtained.

r €al
s1(t) = 0.5p31 ———
fl() P31|ea1|+03
r €a2
so(t) = 0.5pgg ———
f2( ) P32|ea2| T o3

From (55), the estimation arithmetic of unknown input
disturbance is obtained.

~ 465 261
di(t) = 2 —
1(t) (,021|465‘ o Mg +01)

~ 265 362
do(t) = 0.5 -
2(t) (p22 2e6] + 0o 12 |3ea| + 01)

The observed parameters are as follows: p; =
p11 0 20 0 p21 0 10 0

y P
0 pi2 0 40 0 p22 0 60

p31 0 40 0
pP3 = =
0 P32 0 30

The actuator fault f,(t), where f,; = 2sin 40t+2 sin 5¢,
fa2(t) = 8sin(20t). The sensor fault fs1(t) = 5sin(40¢),
fs2(t) is simulated by a white noise with sample period of
0.02 s. The unknown input disturbances d; (t) = 4sin 15¢
and da(t) = 6sin (20t). The initial value of z is -2. The
simulation results are as follows:

Figures 10-15 show that the observers converge
quickly, which lays the foundation for estimating faults
and disturbances.

Figures 16 and 17 represent the reconstruction of ac-
tuator faults f,1 and f,2. Figures 18 and 19 represent the
estimation results of unknown input disturbances d; (¢) and
da(t). The simulation results show that the method accu-
rately estimates faults and disturbances at the same time.

Figures 20 and 21 show the estimation results of two
filter state. In Fig. 22, the incipient sensor fault is
simulated by a sine function, and in Fig. 23, the high
frequency sensor fault simulated by white noise.

,and o1 = 09 = o3 = 0.01.

0 1 T T T T
: : : : : Estimation of first state
— — The first state

0

The first state

0 01 02 03 04 05 06 07 08 09 1
Time (s)

Figure 10. Estimate of function z;.

T T T T T T <

The second state

Estimation of second state
i| — — The second state

0 01 02 03 04 05 06 07 08 09 1
Time (s)

Figure 11. Estimate of function 5.
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Figure 12. Estimate of function 3.
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Figure 13. Estimate of function 4.
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Figure 18. Estimate of function d ().
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Figure 19. Estimate of function da(t).
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6. Conclusion

This paper researched a type of system with actuator
faults, sensor faults, and disturbances. A fault reconstruc-
tion method for nonlinear system is presented. First, a
primary transformation is made on the output equation of
the system to obtain two output sub-systems. A filter is
designed for the output equation, which contains sensor
fault, to convert a sensor fault to an actuator one. The
system is transformed to three sub-systems. The accurate
reconstruction of actuator and sensor fault, and the esti-
mation of disturbance are both achieved by the designed
sliding mode variable structure observer. The applications
of fault reconstruction in a robot system and in a six-
order nonlinear model with disturbances, respectively, have
demonstrated the effectiveness of the presented method.
However, an actual industrial system is often more compli-
cated. Therefore, reducing the Lipschtiz condition limit is
of great practical meaning for the actual industrial system,
and will be carried out in the future.
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