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ABSTRACT

Measuring element is always accompanied by uncertainty disturbances and multiple faults during the long time operation of
industrial system in complex environment such as blade and pitch system of floating wind turbines. Timely detection of the fault
and fault-tolerant control (FTC) perform a significant part in ensuring the stable operation of the system and saving maintenance
fees. Sliding mode control is extensively applied to FTC because of its good robustness. Therefore, a sliding mode controller is
constructed to guarantee the stability of the industrial plant which suffers multiple faults and uncertain disturbances. At the same
time, most existing literature does not take into account several faults and uncertain disturbances. Firstly, employing generalized
sliding mode method, we devise a sliding mode observer for evaluating state vector, actuator fault and sensor fault of the system.
Secondly, according to the state estimation, we construct a sliding mode controller and prove its validity by Lyapunov’s theorem.
Our controller achieves satisfactory performance, and it is easier to be implemented in practical engineering than other controllers.
Finally, we establish a SIMULINK model of blade and pitch system and make simulation experiments. Simulation outcomes
validate the availability and practicability of our controller, which also provides a general scheme for fault estimation and FTC of
other industrial plants.

proposed a closed-loop synchronous fault detection diagnosis
and FTC strategy, where the estimated equivalent deviation was
evaluated by an improved Bayes classification. In 2009, Desh-

1 | Introduction

The performance requirements of complicated industrial sys-

tems with multiple faults and uncertainty disturbances increases,
fault diagnosis and fault tolerance control (FTC) is attracting
more and more scholars’ attention. In 1998, Zhou and Frank [1]

pande, Patwardhan and Narasimhan [2] proposed an innovative
intelligent nonlinear state estimation strategy. The strategy
automatically corrects the model online to fit the diagnosed
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faults or failures. In 2018, Cho, Gao and Moan [3] introduced a
sophisticated model-based approach for the detection, isolation,
and mitigation of faults within the blade and pitch systems of
floating wind turbines. In 2023, Zhu, Xia and Wang [4] developed
a Stable Kernel Representation-inspired residual generator and
designed to facilitate the online detection of actuator faults by
leveraging the system’s input-output (I/O) data. Subsequently,
they crafted an Iterative Learning Fault Estimation algorithm,
which enables the real-time reconstruction of the actuator fault.
He and Jia [5] crafted a novel design strategy that decouples the
estimator from the controller, relying on the measured output.
Ma, Tang and Sun [6] constructed a new observer to estimate
the aero-engine fault signal caused by external interference, and
proposed a co-design scheme of event triggering parameters and
fault tolerant controller.

In fault diagnosis, effective fault estimation is more beneficial to
judge the scale and position of the fault. Gradually, FTC based
on different observers has been applied in many fields. In 1996,
Chen, Patton and Zhang [7] proposed a trail of fault detection
by introducing a fresh perspective on designing robust filters.
In 2007, Gao and Ding [8] crafted a state-of-the-art state-space
observer that stands as a testament to robustness. This observer
is capable of estimating the states of descriptor systems with
precision, while also diagnosing actuator faults. In 2016, Gao,
Liu and Chen [9] honed an effective fault estimation technology
that accurately captures the system states while pinpointing the
associated faults. This approach can minimize the disruptive
effects of process and sensor disturbances, ensuring that the fault
detection process remains robust and reliable. In 2020, Nian
et al. [10] introduced a cutting-edge adaptive fault estimation
observer (AFEO) in order to realize precise fault detection for
quadrotors when it was subjected to actuator fault, exterior
disturbances and unknown parameters. Building on the above
robust fault estimation observer, they had further developed a
dynamic output feedback fault-tolerant controller to stabilize
the closed-loop system in the face of both faults and uncer-
tainties. Liu et al. [11] designed a novel intermediate variable
observer and a disturbance observer. In 2023, Cao and Wang
[12] designed a distributed observer for the state reconstruction
of continuous-time linear dynamical systems with unknown
inputs.

In the complex working environment of industrial systems,
uncertainty disturbances always affects the system perfor-
mances. As the sliding mode control (SMC) possesses great
robustness to uncertain disturbances and easy to implement, it
has achieved good results, and has been widely used in practical
systems. The SMC stemmed from Soviet scholar Utkin [13].
At present, SMC has made significant progress in Industrial
Control Field [14], especially SMC with sliding mode observer
(SMO) technology is widely used in fault estimation and FTC of
real systems. In 2006, Jiang, Staroswiecki and Cocquempot [15]
developed a cutting-edge fault estimation module that leverages
the adaptive capabilities of estimators, which is the core of their
FTC system to detect and adapt to faults. In 2007, Yan and
Edwards [16] conceived an ingenious sliding mode observer,
where the parameters that are calculated employing the linear
matrix inequality (LMI) method. In 2008, Alwi and Edwards [17]
crafted an innovative fault-tolerant SMC strategy specifically for
civil aviation that includes actuator and sensor faults. In 2013,

Liu and Shi [18] cooked up a SMC strategy for controlling a kind
of nonlinear stochastic systems that are subject to both input and
output perturbations. Based on the above SMC strategy, precise
estimates of the system state, fault vector and disturbance were
acquired. In 2016, Chen et al. [19] constructed a robust nonlinear
controller adopting SMC technology and reverse step control
technology for a four-rotor unmanned aerial vehicle. In 2023,
for a nuclear power plant with actuator faults and sensor faults,
Surjagade et al. [20] crafted a fault estimation and FTC strategy
employing sliding mode method.

However, the research of sliding mode control is still insuffi-
cient. Firstly, the design of controllers generally only includes
a single fault with uncertain disturbances [16,19] or two types
of faults without uncertain disturbances [15,17,20]. In fact,
there exist multiple failures and uncertain disturbances in the
actual industrial plants, and so it is of great importance to
research the fault estimation and FTC with multiple faults and
uncertain disturbances at the same time. Secondly, a number
of references only consider one type system, and the control
strategy is not universally applicable to different systems [15,16].
Finally, the design process of sliding mode controller is too
complicated, and it is difficult to implement in practical control
engineering [20].

Inspired by the above discussions, we propose a FTC strategy
on the basis of the sliding mode controller for linear and Lip-
schitz nonlinear systems with multiple faults and uncertain
disturbances. The industrial system is expanded to a descriptor
system, where the state and multiple faults produce a new state
vector. For the descriptor system, the corresponding SMO is
constructed, which will remove the influence of multiple faults
and uncertain disturbances in the generated error system, and
can obtain precise estimation of the system state, sensor fault
and actuator fault, all at the same time. This way, a FTC strategy
including linear matrix inequalities is designed in order to ensure
the overall closed-loop system.

The main contributions of this paper are as follows.

1. By considering multiple faults and uncertain disturbances,
suitable sliding mode observers are designed to achieve
accurate estimation of system states and multiple faults.

2. The proposed controller is simplified by adding the expo-
nential reaching law, which not only ensures the reachabil-
ity of the sliding mode surface, but also shortens the reach-
ing time and increases the accuracy of fault estimation.

3. The proposed sliding mode control methods applies to both
linear and Lipschitz nonlinear systems and therefore pro-
vides a general scheme for FTC of linear and nonlinear
systems.

The structure of the paper is as follows: we explain the layout of
the proposed FTC scheme for linear systems in Section 2, and
expound the process of the proposed FTC scheme for Lipschitz
nonlinear systems in Section 3. In Section 4, numerical instances
of blade and pitch system in floating wind turbine are supplied to
prove the correctness of our controllers. Finally, we summarize
this work in Section 5.
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2 | Fault Estimation and Fault Tolerance
Control for Linear Systems With Multi-Fault

21 | Linear System

Consider the following general linear system
X,(1) = A,x, (1) + By(u,(t) + f,(1)) + B,r (1) (1)
Ya() = Cox, () + D f() + D, f,(1)

x,(t) € R™ is the system state vector, u,(f) € R” is the control
input, y,(t) € R¢is the measurement output. A, € R™™ B, €
R™n C, € R*" B € R™ D € R, D, € R are the sys-
tem matrix, f,(r) € R™ R"is an actuator fault that exists in both
input and output, f,(r) € R? indicates that the sensor is faulty,
r,(t) € R! is an uncertain disturbance.

Throughout this paper, some assumptions for the subsequent the-
ory are made.

Assumption 1. Sensor failure, actuator failure meets the fol-
lowing norm bounded constraints [18]:

<o @

<9,

where ¢ > 0,9 > 0,9, > 0,0 > 0 are known constants.

Assumption 2. (4,, B,) is a stabilizable pair, (4,,C,) is a
detectable pair. There exists a constant 6 > 0 satisfying the
condition:

3)

rank
C, D

a a

5T, + A, Bb] R

We need to obtain an asymptotic estimate of x,(7), f,(?), f,(t) and
guarantee robust stability of the system that contains uncertainty
disturbances and multiple faults.

Therefore, we can construct new augmented variables and
matrices:

where 6>0 is the
Assumption 2 hold.

designed  parameter, making

Combining (1), we get an equivalent descriptor system:

EX,(1) = A%, (1) + Byuy (1) + B, f (1) )
Ya(1) = Cyx, (1)
where r, (1), f,(t), D, f,(t) are the components of the descriptor
state vector, augmenting the fault and state to the same vector.
This implies that we can craft a state observer capable of accu-
rately estimate both the system’s state and any occurring faults

with high efficiency. Then, according to these estimates, a FTC
scheme is designed.

2.2 | The Design of Sliding Mode Observer
for Linear System

The following lemmas are important for sliding mode observers.

Lemmal. ([18]). There always exists a matrix L, € R™c,
such that the matrix S = (E + LdC ) is non- smgular Further-
more, it holds that C, S, Ld =1I, and A, S, Ld =-M.

From Lemma 1, the following generalized SMO is designed for
system (5):

{?azm = (A, — L,C)z(1) = My,(t) + Bou, () + Lyu, (1) ©

50 =20+ 5, Ly,

where Z(1) 2 [27(1) z7(1) z7(1)]" € R is the middle variable,
~ T _ —
X,(t) 2 [’A‘Z(’) f:(t) fST(z)] € R™ is an estimate of X,(t), L, €

R™¢ L, € R™¢ and L, € R™+ are the proportional gain,
derivative gain and sliding mode gain to be designed. u(?) is a
discontinuous input that eliminates the influence of input dis-

= _[=r =1 =T T
turbance f(1). L, = [Ldl L, Ld3] = [0 ow ] ,Where W =

T2 ;‘*8 R LA ‘z‘* sl o0 |epma diag|g,.g,. ....g,] and g; > 0 fori: 1,2,3, ..., p, According to
a D ‘} ® e 0 0 " I ’ Lemma 1, choose the appropriate L,,.
sJ S c
B Next we need to design the proportional gain Zp. We begin by
BoA Ob c R C A [ C DI ] c RO presenting a set of lemmas that will be essential in our subsequent
b 0 Te a e e ’ discussion.
1 5B o Lemma2. ([18]). Given two matrices (A,,C,) with A, €
T A é" I b 0 | e g R™m C, € R™™, the following two conditions are equivalent.
e n )
0 0 0 -
- (i) The matrix A, is stable.
— . _5_131) 0 B (i) Ifthepalr (Aa,C )is detectable then the Lyapunov equation
A m+n n 1
B I, 0 0 |eRUmmoxtrath, AP, + P,A, =—C," C, has a unique solution.
0 D, 0
_ ) Lemma 3. ([18]). According to Assumption 2, there exists a
0 51,1 + f,(t) . = el — o — .
2|0 |eRrommox Ty & 70 c R+ gain matrix L, such that the matrix S, (A, — L,C,) is Hurwitz.
) s ,
[c ra(t) —_] _
- We choose p such that Re[4,(S, A,]1>—pu, Vie {1,2,...,m}.
P
m=n+m+c 4) Itisequivalent to Re[A,(—(ul + S, A,)]<0,Vie {1,2,...,m}.
1370 International Journal of Robust and Nonlinear Control, 2025
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_
It can draw the conclusion that (—uI — S, A,,C,) is detectable,
there is a matrix X, such that:

_— — —_1— [
—ul+S, A)'X,-X,(ul+S, A)=-C, A, (7)

—1—T
Design L, = S,X, C, ,onecan obtain:

(8)
=-C

a

C

a

_] — — —
it means that when Re[4,(S, (4, —L,C))]<-u, Vi€

_ ] — — — -
{1,2,....m}, S, (A,— L,C,) are designed as Hurwitz, L,
is obtained by solving the Lvapunov equation (7).

2.3 | Derivation of the Error Dynamics

From the descriptor system (5) and the sliding mode observer (6),
combined with Lemma 1, we can get:
S,X,(1) = S,Z(0) + Lyyy()
— — — A —_]
= (Aa - cha)xa(t) - Aa Sa LdYa(t) (9)
—_— ] J— J—
+ LPCa S, Lgy,(t) — My, (t) + Byu,(t)
+ Lu (1) + Lyy,(0)
Combined with Lemma 1, the above equation is simplified to
S.%,(0) = (A, — L,COX,(1) + L,C,X,(t) + Byuy(1) + Lu, (1)
+ L,C,x, (1)
o (10)
Add L,C,x,(1) to each side of system (5)
S_a)'_ca(t) = ?e;a(z) + Zda;a(t)
= (A, — L,C)X,(1) + L,C,X,(t) + Byu,(1) 1)
+ B, f(1) + LyC,x,(1)
Set state variable errors

a0 2%,0-%,0=1el0) () )] (12)

Subtract (11) from (10) to get the error system as below.

Rewrite the above formula as

Eox,(t) = Agx,(t) — L,Coé(t) + Byuy(t) + Lyu, (1) — L, Cye(t)
(14)

- = ~ a;=T =T —T v = A =T =T —T .1
Let Ly=B, L,=[L, L, L 1.L;=[L L,L,I,

ug () £ [ul (1) ul,(0) u () 1"
It is obtained by decomposition of Equation (14)

2o(1) = A,,(1) + Byuy(t) — L, C,&(t) + 67" Byuyy (1) s
. 15
+ Bou(t) — 671B, f (1)

24 | Observer Based Sliding Mode Control

This section mainly designs controller u,(7) and discontinuous
input u(¢). For discontinuous input u (), the sliding mode sur-
faces are defined as:

—T—T—_
s(t)=B_ S, Pe@) (16)

where s() € R, and the Lyapunov matrix P > 0 fits the follow-
ing constraints:

B S, P,=H,C, a7
H, € R0++)%¢ i5 the parameter matrix.
Design u(t) as follows
u () = —( + 69+ 9, + 0+ y)sgn(s(¥) (18)

where y > 0is the undetermined parameter, ¢, 9, 9;, o are shown
in Assumption 1.

Next, we design the following integral sliding surface 5(¢) accord-
ing to state estimation %, (7).

§=G,&,(t) — / G,(A, + B,K)%,(t)dt (19)
0

where G, € R™" and K € R™" are the parameters to be
designed. When ¢ = 0, §(0) = G,%,(0). We solve G, to make G, B,
non-singular, and design K to ensure A+ By K Hurwitz. It is
obtained from Equations (15) and (19)

§(1) = Go[=L,, Coet) + 67 By(uy, — ) + By(uy (1)

&0 =X,00 - %,(0) (20)
L _ __ (13) — K%,() + Bug (1]
=S8, [(A4,—-L,Cpé()+ Lauyt) — B, f(1)]
Citing exponential reaching law
AsXx,(t)in observer equation (6) is not facilitate a stability analysis
of system (6), there is a necessity for us to factor out x, (7). 5(t) = —esgnsi(t) — kit) €>0,k>0
We rewrite the formula (10) as we get controller
EX, (1) + LyCyx, (1) = (A, — L,COX, (1) + L,C,X,(t) + Byuy (1) u, (t) = —esgn(3(t)) — k3(t) — G, B,u (1) + K2,(1) o
+ Lo (t)+ Lyy,(0) + G, L, C,e(t) — G657 By(uy (1) — f,(1)
1371
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Substitute (21) into (15), and get

%.(t) = (A, + ByK)%, — e Bysgn(3(1)) — Bpks(t) + (—1, -
_ 22
+ B,(G,B,)'G,)L, C,é(t)

The combination of (22) and (13) produces an integral
closed-loop system:

£,() = (A, + B,K)%, — £ B,sgn(5(t)) — Byk3(1) + (=1,
+By(G,By)'G,)L,, C,e(1) (23)
6=, '1(A — L,Ce(t) + Lyu,(t) — B,7(1)]

2.5 | Stability Analysis of Error Dynamics

To assure the stability of a closed-loop system (23), we introduced
the following theorem which delineate the precise conditions of
stability.

Theorem 1. If there exist positive definite matrices Ee

R"™™ R, € R™" and matrix H, € RU"D%e such that the
equality constraint (17) and the following matrix constraint

II1I
I[I=|" 2]<o (24)
iR

hold, where
1 =R.A, + BK) + (4, + BK'R,
11
[1=Ra-1, + B,(G,B) "G, L,,C,
12
1 — < T'%

[-75 &-L,o+(L-5,a)s
22

Moreover, when the controller u,(7) is constructed as (21), the
complete closed-loop system is confirmed.

Proof.  Select an appropriate Lyapunov function.
Vi =nm+1ro
where V, (1) = 2/ R,%,(1), V,(1) = &T (1) P,e(1).

Taking the weak infinitesimal operator (£) along the trajectories
of system (23), we obtain

LV, (1) = 28T R,[(A, + B,K)%,(1)
+ (=1, + By(G,By) ' G,)L,, C,e(t) (25)
— eBysgn(3(1)) — Byk5(1)]
V(1) < 28" (OP, S, (A, — L,Ca0) + Lou,(t) — BF (1))
_T -1 — — = — = —\T—=—T1— _
<0, S, (A4 —L,Cp+ (Aa - cha) AL

+28" (0P, S, [Lyu,(t)— B, f(1)]
(26)

Let B, = L,, and get

26" ()P, S, [L,uy(t) — B,1(1)]
=2 ()C, H, u()-2" ()P, S, B,7 (1)
ANl

<2x"0|c ',
- a a

T (27)
=25 (O + 69+ 9, + y)sgn(s(t)

<2469+ 9 +o)llsll
=20 +69+ 9 +o+pIs —7ls@)I
< =2y|s@)|
From (25)-(27), we get
LV(1) = LV + LV,(0)
< 2I[R,(A, + B,K) + (A, + B,K)" R,]%,(1)
+ 23R, (1, + By(G,B,)'G,) L, C,&(1)

— eB,sgn(3(1)) — Byk3(0)] + & (t)[P, E_l(A_a -L,C,)

 — \T__p__
+ (A -1,6) 5 Rle - y1s)

<im0 a0 ][I0 ool

(28)
If [T < 0 is true, then it means that the system (23) is stable, so
we have completed our proof. O

Since the LMI of Theorem 1 is difficult to solve, we rewrite the
linear equality condition (17) as

a

T —\T 77— 7 —
(BS S, P, - HaCa> (BS S, P, - HaCa> <nl,  (29)
where # > 0. By Schur complement, rewrite (29) as

T —T— T
i, (BS S P - HaCa> o
* _In+q

(30)

g)m_bini_ng with (24) and (30), we will find the solutions of
P,, R,, H, using the LMI toolbox of MATLAB software.

2.6 | Design Process of Fault-Tolerant Control
for Linear Systems

The following is the design process of fault estimation and FTC
strategy for linear systems.

i. Add the original system to the descriptor system and select
the appropriate derivative gain fd. Zp is obtained by solv-
ing the Lvapunov equation (7). Design the corresponding
sliding mode observer.

ii. Design u(¢) as the form of (18), we get Fa R_a ?a by solving
the linear matrix inequality.

iii. Choose the appropriate K, so that A, + By K is Hurwitz. Set
L, = [I 0, O ]Lp, and construct u,(7) as (21).

mxm Ym mxp
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3 | Fault Estimation and Fault-Tolerant Control
for Lipschitz Nonlinear Systems With Multi-Fault

3.1 | Lipschitz Nonlinear System

Consider the following Lipschitz nonlinear system

{xa(t) = A x,(t) + By(u,(t) + f,(®)) + B.r,(t) + ®,(t, x,,u,)

Ya(0) = Cyx, () + D f() + D, f,(1)
(31
where @, (t, x,,u,) € R is a real nonlinear vector function with
a Lipschitz constant matrix L, and it satisfies

||<I>a(t, X uy) — D, (1, %y, ua)” < ||L(xa - J?a)“ (32)

V(t, x,, uy), (1, X,,u,) € RXR™ X R”, the other variables has been
defined in system (1). Throughout various practical applications,
systems governed by Lipschitz nonlinearities, or at the very
least, those exhibiting local Lipschitz nonlinearity, are commonly
encountered. The analysis of locally Lipschitz systems can be
adopted to the globally Lipschitz systems.

Define an augmented state vector of form (4), and

— T _
@, (1, x,, 1) = [fbaT(t, X, t,) 0 0] eR” (33)

The following equivalent augmentation system is obtained

(34)

EX,(1) = A%, () + Byuy(t) + B, f(1) + @, (1, x,, 1),
Ya(t) = CX, (1)

and other definitions are the same as (5).

3.2 | The Design of Sliding Mode Observer
for Lipschitz Nonlinear System

According to Lemma 1 and (32), the following sliding mode
observer is designed for system (34)

S.2(t) = (A, — L,C)Z(1) = My,(t) + Byu(t) + Lyu,(t)
+@,(t, R, u,) (35)
X,(0) =2(1) + S_a_lfd Y, ()

@, (,%,,u,) is the estimate of ®@,(z, x,,u,), and the other symbol
definitions are the same as (6).

3.3 | Derivation of the Error Dynamics

From (34) and (35), combined with Lemma 1, the following is
obtained

S_afca(t) = 8,Z(1) + L, ,(t)

- - — A - 11—
= (A, — L,C)x,(1) — A, S, Lyy,(0)

Add L,C,x,(r) on each side of system (34), and get

= (A, — L,C)x,(0) + L,C,X,(t) + By, () (37)

+ B f(t) + L,C,X,(t) + D, (1, x,. 1)

Subtract (37) from (36), and get the error system as below.

&) = x,(1) — %, (1)

=5 14, - L,Ce(t) + Lou,(t) — B, f(1)] + 5.6, G
in which ®, = @, (1, %, u,) — @, (1, x,, u,).
Rewrite (36) as
Ex,(0) = A__EQ ~LG0 + B0+ L
— L,C,e(t) + D,(t, X, u,)
After decomposition, get
%a(1) = A %,(0) + Byuy (1) — L, C,2(t) + 67 Byuy, (1) “0)

+ Bus(t) — 67 By f (1) + ®,(1, %, u,)

3.4 | Observer Based Sliding Mode Control
for Lipschitz Nonlinear System

If the sliding mode surface s(7) is in accordance with (16), u(f)
is devised as (18), and the integral sliding mode surface 3(7) is
designed the same as (19), then §(¢) is the following expression

§(1) = Go[—=L,, Coet) + 67 By(uy, — ) + By(uy ()
— K3,(1) + Bous(t) + (1, %, 1,)]

(41)
Combined with the exponential reaching rate, controller u,(7) is
obtained as follows
u,(t) = —esgn(3(t)) — k3(t) — G,B,us(t) + Kx,(t)
+G, Ly Cét) — G6 ' Bylug () — (1) (42)
-G, (1, %,,u,)

Substitute (42) into (40), and get

%,(t) = (A, + B,K)%, — £ B,sgn(3(t)) — Byks(t) + (—1,, )
o 43
+ B,(G,B,)"'G,)L, C,é(1)

The combination of (38) and (43) produces an integral
closed-loop system

%.(t) = (A, + B,K)%, — £ Bysgn(3(t)) — Byk3(t) + (—1,,

- _ . (36) +By(G,By)'G,)L,, C,e(1)
+ L,C, S, Lyy,(t) — My, (1) + Byu,(1) Sy = S—a—l[(A—a ~ Zpa)e_(t) F T, - B0+ ?a—l(,i)a
+ Lo (t) + L,C,X, (1) + D, (1, &, u,) (44)
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3.5 | Stability Analysis of Error Dynamics

The stability condition of the closed-loop system (44) is obtained

Hll HIZ 0
[I1=]  m, m,; |<o (45)
*x x Tl

hold, where
[ = R4 + B,K) + (A, + B,K)'R,,
11
[]=R(-1,+ By(G,B)'G)L,C,
12
1] —

R J— — e N\ —T—
[[=25 G.-L,c)+ (Aa - cha)TSa P+ LTL,
22

If there are E R_a Fa satisfying (30) and (45), and the controller
u,(t) is designed in (42), then the entire closed-loop system is
stable.

Proof.  We chose the following Lyapunov function:
LORACERA0)
where
Vi(0) = XL (R, %, (1), V5(0) = &7 () Pe(v).
Combine (32), and get
LVy(1) < 28" (OP, S, (A, - L,Ca0) + Lu,(t) - BJ (1) + B,]
_T -1 — — = — = —\T—e—T1— —
< WP, S, (A, —L,Cp)+ (Aa - cha) AL
+28" (OB, S, [Lu,(t)— B,J()]
+26"P,S. &+ (L) L,e(t) — ',
(46)

The proof process of LV;(¢) is the same as that of (25).

We obtained from (25), (27), (46), and
LV () = LVI() + LV, (1)
< 2T[R,(A, + ByK) + (A, + B,K) R,1%,(1)
+ 28R (-1, + By(G,B,)"'G,)L,, C,&(t)
— £Bysgn(3(1) — Byks()] + & (D[P, S, (A — L,Cy)
+ (A_a - ZpFa) "STTE 4 LTLe)
+28"P,S, & — &I D, — y]5(0)]

< [fcaT(t) &) ®F ] 11 [fc:(t) &) ®F !

47)
If [] < 0is true, then it means that the system (44) is stable, thus
we have completed our proof. m|

3.6 | Design Process of Fault-Tolerant Control
for Lipschitz Nonlinear Systems

The design process for fault estimation and FTC strategy in Lips-
chitz nonlinear systems is presented below.

(i) The Lipschitz nonlinear system is expanded to descriptor sys-
tem and a fitted derivative gain L, is selected. fp is obtained
by solving the Lvapunov equation (7). Design the corresponding
sliding mode observer.

(ii) Design u(r) as the form of (18), we get E R_a?a by solving
the linear matrix inequality.

(iii) Choose the appropriate K so that A, + ByK is Hurwitz.

Let fpl = [Imxm Oy Opixcp ]LP, and construct u,(¢) as the form

of (42).
4 | Simulation
4.1 | Linear System

Consider a blade and pitch system of floating wind turbine

. _2gwn _wzn a)zn
X (1) = x; (1) + B + f,(D) + B.r(®)
1 0 0
50 = [0 1|50+ D0+ D, £, )
(48)
‘We choose

a

13332 1234321 | _ [1234321
1 0 h 0

(49)
,D,=0.1,D,=0.1,¢ = 0.6,

0.5
Q=kdﬂﬁ[
0.1

w, =11.11, 4, = 7.11

Suppose f,(1), f,(t), r,(¢) have the following form:

0.2sin(7.51), for 0<r<4
f.) =14, for 4<t<10
—0.1976 + 0.2sin(5(t — 4)), for 10<t <30

0.1z, for 0<t<9
fi(@®) =
0.1+0.3cos(5(t—1)), for 9<t<30

and r,(¢) = 3sin(21).

It can be seen ¢ =0.9,9=4,9, =1.5,6 =0.5. Select 6§ =1,
which satisfies condition (3). Select the system state vector and
the initial values of the observer x(0) = £(0) = [1,-2]7, £,(0) =
0, f,(0) = 0 are the initial states.

To design observer (6), we choose L, = 000 l]T.
This means gl =1 and W =1, then S, can be calculated.

-1
Select  p = -2, (S, A,;)+0.0001 =13.3321, such that
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R, [lj(?a_lA_a)] > —y for j=1,2,...,n. Seek the solution of
Lyapunov’s equation (7) and get

—1166100
— 11474
P71 —9523.6
75.9928

Given n = 4.6621 X 1071,y = 2.4, solve LMI and get P,, R,, H,.
T

— e -
This means that the linear constraint B .S, P, = H,C, is true,

thus s(#), u,(¢) can be calculated.
For the proposed controller u, (), we have solved

K = [0.1004 —1.0106],
G = [0.0081 0].

Select € = 1000, k = 0.5, we can solve u, (7).

The simulation results of state estimation and fault estimation are
displayed in Figures 1-6. Figures 1-4 indicate the state vector
{xl, x2} and its estimated version. Figure 5 describes the actua-
tor fault and its estimated version, and Figure 6 shows the sensor
fault and its estimated result. Figure 7 shows the augmented sys-
tem state vector error.

From these figures, it can be seen that the system can still oper-
ate stably despite the accompanying faults and disturbances. As
shown in Figures 1 and 2, the SMO can successfully estimate

FIGURE1 | The state x; and its estimation for (48).

FIGURE2 | The state x, and its estimation for (48).

FIGURE3 | State vector x, with different initial values for (48).

FIGURE4 | State vector x, with different initial values for (48).

7 4
3 3
2 2
1 1
0 0

/4 4.5 5 5.5/ 10 105 11

FIGURES5 | The actuator fault f,(¢) and its estimation for (48).

state vectors and multiple failures. In Figures 3 and 4, the ini-
tial values of the system state vectors x; and x, are changed to
[20, —10], and the initial observer value is set to [30, —20]. By com-
paring Figures 1-4, when the initial value is not changed, it takes
0.469s for the state vector x; to achieve accurate estimation, and
18.365s for the state vector x; to reach a stable state. The state
vector x, took 0.284s to achieve an accurate estimate and 18.221s
to reach a stable state. After changing the initial value, it takes
0.620s for the state vector x; to achieve accurate estimation, and
13.053s for the state vector x; to reach a stable state. The state
vector x, takes 0.367s to achieve accurate estimation and 15.217s
to reach a stable state. These results show that although different
initial values have an impact on the system state vector initially,
they all converge under the action of the exponential reaching law
controller (ERLC).
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FIGURE 6 | The sensor fault f,(¢) and its estimation for (48). FIGURES8 | The state x, and its estimation for (50).

FIGURE7 | Linearaugmentation ofsystem state vector error for (48).
FIGUREY9 | The state x, and its estimation for (50).

Furthermore, from the tracking effects of actuator faults, sensor
faults and different controllers in Figures 5 and 6, It can be seen
that the accurate tracking time of the ERLC for actuator fault
and sensor fault is 0.559s and 0.506s, respectively. The tracking
time of the sliding mode control law (SMCL) in [18] is 2.285s and
1.852s, respectively. ERLC also tracks the fault more quickly than
SMCL after being affected by abrupt faults. Compared with the
SMCL, ERLC has faster approximation time and higher estima-
tion accuracy.

4.2 | Lipschitz Nonlinear System

Blade and pitch system of floating wind turbine with Lipschitz
nonlinear system is considered as FIGURE10 | The actuator fault f,(¢) and its estimation for (50).

. _Zgwn _wzn a)zn
X = x;(0) + B, + [,(1)
1 0 0

(50) 0, for 0<tr<2
+B,r(t) + @, (1, x, u) £, =40.5(t - 2), for 2<t<10
ya() = [0 1 ]xi(t) + D, f(t) + D, f,(t) 1+0.1sin(4r), for 10<7<30
We select and r,(t) = 0.5sin(2), { =4,9 =0.8,9, = 3,6 = 0.5.
D,(x) = . . . o
—0.333sin(x,) Select 6 = 1, which satisfies condition (3).
and other data are the same as (49). Select e = 3000, k = 0.5, and we can solve u,(t).

Suppose £, (1), f,(1), r,(¢) has the following form: The following figures show the simulation results of state estima-
tion and fault estimation. Figures 8 and 9 show the state vector
£ = 0.21, for 1<4 {x1.x,} and its estimated result. Figure 10 indicates the actua-
¢ 0.340.3cos(10(t — 3)), for 4<1<30 tor fault and its estimated result. Figure 11 shows the sensor fault
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FIGURE11 | The sensor fault f,(r) and its estimation for (50).

—

FIGURE 12 | Lipschitz nonlinear augmented system state vector
error for (50).

and its estimated result and Figure 12 shows the state vector error
of Lipschitz nonlinear augmented system.

From these results it is clear that both the state vector and the
faults are accurately estimated from the above figures. At the
same time, the nonlinear system maintains stable operation in
the presence of faults and disturbances.

5 | Conclusion

Fault estimation and FTC of linear and Lipschitz nonlinear sys-
tems accompanied by actuator fault, sensor fault and uncertain
disturbances were studied. An SMO based on generalized slid-
ing mode method was constructed to accurately estimate the
state vector and multiple faults. In the light of state estimation
from SMO, a sliding mode controller was devised to stabilize
the closed-loop system. The proposed method has been verified
through a numerical study of a blade and pitch system, which
holds immense importance for various industrial plants. In addi-
tion, the buffeting level can be further reduced by improving the
approximation law in the near future, and the reaching law in the
controller will provide a novel direction for future improvement.
The proposed controller will also be applied to more practical
industrial systems.
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