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Abstract
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In this paper, a class of nonlinear system with mismatched disturbance and actuator failure
is investigated. A disturbance observer is proposed to estimate the disturbance first and the

error of the estimation converges to zero exponentially. By introducing an integral sliding
mode surface, the disturbance observer based integral sliding mode fault tolerant control
scheme is proposed to attenuate the disturbance and to guarantee the stability of the
system. Specially, the control law is designed for decoupling the partial disturbance and
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attenuating the disturbance that cannot be decoupled. Finally, two examples are given to
illustrate the effectiveness of the proposed method. Index Terms—Actuator fault, Fault DOIL

tolerant control (FTC), Disturbance observer, Adaptive Integral Sliding mode control,

Nonlinear system.

1. Introduction

Faults frequently occur in the engineering system because of
the increasing complexity and scalability of industrial
applications. Unexpected deviations of performance or system
parameters can induce serious damage and even break down
the system in the presence of a fault. With the growing demand
for higher reliability, safety, and maintainability, it is desired
that the fault can be detected at the early stage, determine the
location and magnitude of the fault, identify the severity of the
fault, and then accommodate the effects on the system and
provide an acceptable performance. Abundant of results have
been reported on the theme and many achievements have been
applied to industrial systems such as aircraft systems [1],
electric systems [2], and motor systems [3-4], etc. Many
excellent methods were exploited such as robust control [5],
sliding mode control [6-7], observer-based control [8], intelligent
learning control [9], and adaptive control [10-11].

As aforementioned, the fault is vulnerable to occur in the
practical system, which certainly reduces the nominal
performance, results in vibration, destroys the stability of the
system, and even causes catastrophic accidents. Actuator fault
as the most common fault has caused wide attention. In Ye and
Yang [12], the flight tracking control system with actuator fault
was investigated; an adaptive controller was designed. In Zuo et
al. [13], a class of singular systems with actuator saturation was
developed; an adaptive controller was designed to compensate
for the fault effects through the linear matrix inequality (LMI)
technique. A class of nonlinear large-scale systems with
actuator fault was considered and an observer-based fuzzy
adaptive control was developed in Tong et al. [14]. The problem
of part loss of effectiveness of the actuator was addressed in Li
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and Yang [15]. In Van et al. [16], a class of nonlinear systems
with partial loss of actuator was considered; a third-order
sliding model control was developed to compensate for the
actuator faults. These results have considered linear or
nonlinear systems, however, the nonlinear function either
satisfies the matched condition [16], i.e., the nonlinear function
is in the control channel.

It is worth pointing out that disturbance exists widely in many
industrial processes, which affects the stability of the system
seriously. The basic characteristics of disturbance are its
uncertainty, nonlinearity, and complexity. In some cases, the
fault is considered as an additional uncertainty, disturbance, or
nonlinear function in the system [16,17]. The common method
is to make a compensator, i.e. construct an anti-disturbance
mechanism to compensate for the disturbance. As the
characteristics of the disturbance, observer design is necessary
and popular in the existing literature, i.e., disturbance observer
(DO). In Kempf and Kobayashi [18], a precision positioning table
system was studied and a discrete time-tracking controller was
designed based on the DO. In Chen et al. [19], the ball mill
grinding circuits system was investigated and a DO was
designed to estimate the strong disturbance, the controller was
designed based on the observer to compensate for the
disturbance. In Chen [20], a class of nonlinear systems was
investigated, by introducing a disturbance generator; the DO-
based control law was established. Yao and Guo [21] addressed
a class of Markovian jump systems with multiple disturbances;
the control law was designed by integrating the DO output
information and state feedback control. Wu et al. [22] take an
insight into a generic hypersonic vehicle system with modeled
and unmodeled disturbances. In these results, the disturbance
matrix B; and the control matrix B are assumed to satisfy the
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match condition, i.e., rank (B) =rank ([B By1), this limitation
may not be applicable in some control processes.

It should be pointed out that the mismatched disturbance, that
is, the disturbance enters the system in different channels, is
more practical in industrial dynamic systems. In Zhang et al.
[23], a class of nonlinear systems with actuator fault, sensor
fault, and mismatched disturbance was considered. In Wei and
Guo [24], the disturbance was considered as two parts, the
matched disturbance was compensated by the DO while the
mismatched disturbance was attenuated by variable structure
control. In Yang et al. [25], by constructing a nonlinear
disturbance observer (NDO), the sliding mode control scheme
was developed to counteract the mismatched disturbance.

Based on the aforementioned analysis, this paper attempts to
solve the FTC problem for a class of nonlinear systems with
actuator fault and mismatched disturbance. The main works
can be summarized as follows. First of all, an improved
nonlinear disturbance observer is designed to estimate the
mismatched disturbance. Then, the integral sliding mode
controller is presented based on the observer, where the
reachability of sliding motion is proved. Furthermore, the
mismatched disturbance is divided into two parts, in which the
matched part is compensated by the disturbance information
while the remaining part is attenuated by the adaptive
controller. Finally, the adaptive control law is proposed, which
can adaptively adjust controller parameters to compensate for
the fault and disturbance. The effectiveness of the method is
verified through two examples.

The remaining part of this paper is organized as follows. In
section 2, the system description and some assumptions are
presented. In section 3, the construction of the observer and
the design of the controller are presented. In section 4, two
simulation examples are used to illustrate the effectiveness of
the method, and some conclusions are obtained in section 5.

2. Problem formulation

Consider the following nonlinear system with actuator fault and
mismatched disturbance as

{X(t)=Ax(t)+Bu(t)+de(t)+Af(x,t)+E(x,t) )

y =Cx(t)

where x (t) € R" is the state vector, y (t) € R is the output of
the system, u(t) eR’ is the control input, Af(x,t) is a
nonlinear function, which can be regarded as the un-modeled
uncertainty, d (t) € R’ is the unmatched external disturbance,
¢(x,t) is the mismatched nonlinearity, A, B, B;, and C are
known constant coefficient matrices with appropriate
dimensions.

In this paper, the actuator failure problem is concerned. The
actuators can be divided into two parts uy and up, where ug
stands for the health actuator and uy represent the actuator in
a fault condition. Then system (1) becomes (2)

X (t) =Ax(t) +Bgyug (t) +Brup(t) +Bgd (t) + Af(x,t) +
y =Cx(t)
where By and By denote the healthy and fault matrices.

One can see that proposer designing of uy can guarantee the
stability of the system despite the existence of external
disturbance.

Assumption 1 [17]. The actuators in fault condition work
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abnormally, and the remaining actuators work normally.

With assumption 1, one can use Uy and u, represent the actual
control and designed control respectively for the actuators in
fault condition. Then system (2) becomes (3)

X (t) =Ax(t) +Bu(t) + BrAup(t) +Byd (t) + Af(x,t) +¢& 3')
{ y =Cx(t) )

where Aup = Ur - up.

Assumption 2 [15]. There exists a known function 7(X) and two
unknown constants 6, and v, , such that the following inequality
holds,

Af(x,t) <0y f(x) + v, (4)
Assumption 3. The disturbance and the derivative of the
disturbance are bounded, ie., |d(t) | <e, 1d(t)] <€
where €, and e; are two positive constants.

Assumption 4. The nonlinearity function £ (x,t) is bounded and
satisfies the following condition

EOGOTRAE (X, 1) <X (x,0)TQX (x, ) )
where R and Q are two positive symmetry matrices, Ex,t) =
E(xpt) —E(Xpt), X (X, t) =x1(X, 1) —x,(x,t).

Remark 1. The assumption 1 is general for the actuator failure
condition [16,17], in which the actuator fault can be treated as
an additional uncertainty or disturbance. Compared with the
results in [26], the assumption 2 in this study has been much
more relaxed. Assumption 3 is common in FTC control results
[15]. Assumption 4 is more general compared with the
traditional Lipschitz condition [16], it should be noted that if R=
I,and Q = leI, then assumption 4 degenerates to the normal
Lipschitz condition, where [ is the Lipschitz constant.

With assumptions 1 and 2, the object of the paper is to design a
control law to compensate for the effects of the disturbance and
fault so that the stability and convergence of the system can be
guaranteed in normal and fault conditions.

3. Main results

In this part, an observer will be applied to estimate the external
disturbance, and an observer-based integral sliding mode fault
colorant control scheme will be designed.

3.1 Observer design

For the feasibility of the observer, the following assumption is
necessary.

Assumption 5 [16]. The additional fault term ¢ (t) = BrAug(t)
satisfies the following condition, | BrAug(t) | < @,, where @,
is a positive scalar.

For system (3), the following observer is proposed in the form of

p(t) = -g(x)Byp(t) -g(x)[Byp (t) +Ax(t)
+Bu(t) +w, +Byd(t) +Af(x,t) +&(x,t)]1+ T, (6) 1)

d(t) =p(t) +q(x)

where p (t) is the internal state of the observer, d(t) is the
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estimation of the disturbance d(t), q(x) is a nonlinear
function to be designed, Ty is a parameter matrix with proper
dimensions, and g(x) is the observer gain and satisfies the
following condition

6g L0 7)

g(x) = 0x

6n is the error compensator and is defined by

__ "
I Tn

764 (C)

where §; = Wy, — | BFAug(t) | .

Lemma 1. With the assumption 4 and the observer (6), the error
of the observer converges to zero exponentially.

Proof. Define e, (t) =d(t) -d(t). From the observer (6), it is
easy to obtain that

d(t) = -g()Bp (£) - g(X)[Bp (1) +Ax(£) +Bu(t) + )
Wy
+Byd(t) +Of(x,8) +E(x,t)] + aqa(x")x(t)
=g (X)Bge, (t) + g(x) (BrAup(t) ~@y) + Tnbn (t)
It can be derivate that
€a(t) = ~g ()Baeq () 80 (Brdup () ~By) + 10
d(l’) = Tnén(t)
The solution of (9) is given by
-g (Bt Y g(x)B,(t-5)- ()
eme” 1 eg(0)+ | e Td(s)ds -
t
Le’g‘x’Bd“’s’g(x) (BpAup(s) - @, - TnSn (t))ds
From Eq.(10), one can deduce that
(12)

-8 (X)B;(t-s).

t
-8 (x)B
egs e’ dted(0)||+JO||e d(s) | ds

t - -
. L e *% g 00) (1 Brdup () 1 - @y -
Tnbn(t)) | ds

t
-g ()B4t -g(xX)B;(t-s)
<le ded(0)||+fo||e @ Teqlds

According to the inequality | e4! | < ce [3], where ¢ and p are
two positive constants. The one can obtain that

(13)
-g (0B (t-s)

t
-g(x)B;t
eg< lle ded(0)||+fo||e €qll ds

t
=cePhy+ cfoede'p(t_s)ds
- CE -
=Cepth0+Td(1_ept)

where h is a constant bound satisfy | e;(0) | < hg. Define k =

_ ce _ . o
cePhy+ Td (1-¢?), then (13) can be written as e, < & . This

completes the proof.
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3.2 Adaptive FTC design

In this section, the observer-based integral sliding mode fault
tolerant control will be designed. k and v, are supposed to be
unknown, the adaptive controller is designed as follows:

u(t) =um(t) +uy(t) (14)

where
Un (t) = (K1 (t) + Ky (t) + K3(t))x (t) - (Kg1 + Kg5)d (£)  (15)
Un (t) = uy (t) +u,y(t) +ug(t) (16)

where  K;(t), K,(t), K5(t) K;1(t)
parameter functions to be designed

and K;,(t) are the

_ (DB)'DB,B,'D”s (1)

up(t) = IST()DB, | (% +21) 7)
_ _(DBY'DDTs(t) (5,

W) = - =y om Pt ) (18)
-1n F Iy TnT

uy(t) = - PBYDFOOFOODIs (@) (19)

I1sT()DF(x) | !

where A, and A; are two positive scalars, v, 2 vy, yi 2 y;and y, is
defined in EQ.(23), &m is the bound of the nonlinear function
E(x,t), k, Ugand &m are the estimate of &, Uy and 8m , and the
adaptive control laws are designed in the form of

% =xq (1sT(t)DBy Il +Bq) (20)
Do=xp (IST(E)D || +Bp) (21)
Sm=x,(IsT()D | +B,) (22)

where xp Xq. Xr+ Bp, Bq and B, are positive parameters.

The control law will be used in the integral sliding mode control,
um is used to make the system asymptotically stable, u, is used
to compensate for the effects of the actuator fault, disturbance
estimation error, and nonlinear factors. In this paper, the sliding
mode switching function is designed as follows

t
s(t)=Dx(t)—Dx(0)—DIO(Ax(T)+Bum(1’)+ (23)
Bud(7))dr

where D € R*™ is a designed matrix that DB is invertible. In the
next section, the reaching ability will be verified.

Theorem 1. With the controller in Eq.(14), the state strategies of
the system will drive onto the sliding surface s (¢) in finite time.

Proof. Denote K =&k -k, D=0y~ Uyg, Sm =8m -8m . Consider
the following Lyapunov function candidate
V(t) = ds(e)s(t) + 5 &K%+ 12
2 2" @)

From the expression (20), the time derivative of s (t) is
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§(t) =D (Ax(t) +Bu(t) +BpAup(t) +Byd(t))- (29
DAx (t)
-DBum (t) ~DByd (t) +D (Af(x,t) +E(x,t))
=DBuy, (t) + DBpAuy (t) + DByd (t)
-DB4d (t) + DAf(x,t) + DE(x,t)

From assumption 2, one has
6o < ¥4 (26)
From Eq.(23), one has

§(t) = DBun(t) + DBpAus(t) + DByd (t) -DByd (t) + (27
DAf(x,t) +DE (x,t)
DB,B,"D"s(t) . _ DD's (1)
IsT(ODBg1 M TS OD
A)_DT(X)T(X)TDTs(t)V
: IsT(ODFOO T !
+DBge,(t) +D (y, f(x) +E(x,t) + BpAugp (t) +v,)

(5m + U+

The time derivative of Eq.(35) can be determined as
V(t)=s(t)T's(t)+ﬁﬁ'f<+ﬁﬁoi}o+x—1r3m8m (28)

By introducing Eqs.(17)-(27), Eq.(28) can be rewritten as

. _ s(t)"DB4B,D"s (1) .. (29)
Vo s [sT(DB )T
T T
)TDB —._s(t)y) DD s(t)
IS DB IR = = T D |

(8m+0o+A) + Is()'D | (6m +vy)
_s@'DFx)FX)'Ds () 7 _%
STODToO Vs @RI =X
(1s"(©)DBq | +Bq) ~To( 1" (D | +fp)
-Sm(1sT(t)D | +B,) < A IsT(t)DB, | -
A IsT(t)D | <0

Thus, the reaching ability is satisfied, this completes the proof.

Remark 2. The controller proposed in (14) is discontinuous, to
reduce chattering in the practical implementation, the
discontinuous function can be replaced, for example, u,(t) can
(DB)'DB,B,TD s (t)

IsT(t)DB,; | +a
small positive constant.

be replaced by - (% +21), where a is a

3.3 Stability analysis
In this section, the stability of the closed-loop system will be

analyzed. By solving the equation §(t) =0 in Eq.(25), the
equivalent control law can be obtained as

Ueq (t) = - (DB) 'DBrAus(t) - (DB) 'DB4e, (t) -

(DB)'DAf(x,t) - (DB) D& (x,t) (30)
Substituting Eqgs.(26) and (30) into the system (3) yields
X(t) = (A +B (K (t) +Ky(t) +Ks(£)))x (t) - 61

BK,d (t) +BrAup (t) +Af(x,t) +E(x,t) +Byd (t) -
B(DB)'DBrAuy(t) - B(DB)'DBge,(t) -
B(DB) D (Af(x,t) +E(x,t))
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By defining Ky, = (DB)'DBy, B4 =B;-B(DB) DBy, M =1 -
B(DB)™'D, Eq.(31) can be rewritten as

X(t) = (A+B (K (t) +K,(t) +K3(t)))x(t) + Bad(t) -

BK,,d (t) + MBpAug (t) +M(Af(x,t) +E(x,t)) €2)

As before mentioned, the disturbance-matched condition is not
satisfied, i.e. rank (B) < rank (B, By,). From the definition of B,
we can easily check that rank (B) < rank (B, Bg). In this paper,
the disturbance is divided into two parts, i.e.,

Bd = [Bdl de],d = [d1 dz]T,
then B,d (t) can be written as

Bad(t) = Bg1di(t) + Bgady (1),

where
B111: [Bdm dez dem1] ERnxml’dez
[Bag, Bey, Bagms] cRY
dy = [de1 dxz dem, " ™M,
dy = [do1 do> dom, |" eR™",
my+m,=v

Let rank (B) = rank (B, By4), rank (B) < rank (B, B,,) and the
parameter K,, in EQ.(15) can be chosen as K;,=
[Ks1 Ksq Ksv] € RP™, where BK,; = By for i <m, and
K,; =0 for i >m,. Then the equation BK,;, = By is solvable.
Note that M =BM and M = (B'- (DB)'D), where B'=
BT (BBT) ™. Then (32) can be rewritten as

X(t) = (A +B(Ki(t) +Ky(t) +K5(t)))x(t) +
Baady(t) + Baiey, (t) + BMBpAup (t) +BM (Af(x,t) + (33)
E(x,t))

Remark 3. We can see that if By, = 0, then rank (B) = rank (B,
B,), so the matched condition is a special case, i.e., this paper
considers a more general case. In addition, we can also obtain
that one of the solutions of K;, is K = B'Bgq and B'is the
general inverse of B.

The object of the next part is to design K;(t), K,(t) and K5(t)
such that the stability of the system can be guaranteed. The
control laws are designed as follows

wBTP | XTP |
Ki(t) = - —————— 34
' I XTPB [ G4
K;,w{Bg4,TP
Ky(t) = - —d21-d1 - (35)
2 IXTPBg |
a2 g2 T nT
Ky(t) = - — MV S COM BP (36)

I xTPBM | F(x)y1+0(t)

where w,, @ and y,; are estimations of w;, @ and y;,
respectively, w; and @ are designed in Egs.(59) and (60), P is a
positive symmetry matrix, and a(t) is a continuous function,
and satisfies
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J:a(t)dtgmoo. 37)

where ¢ is a positive scalar.

The adaptive updating control laws are given by

@ =-Byao(t)+2B, I xTP | (38)
Wi1= =~ Bwq0(t) +2B, | xTPBy, | (39)
V1= = Bsp10(t) +2B5 1 xTPBM | F(x) (40)

where B4, B, and B5 are three positive constants.

Denote w = w - @, Wy =w, -
following dynamics

W1, Y1 = y; — 1, We can obtain the

= -Biwa(t) +Bwa(t) -2B, | XTP | (41)
1= Bwio (t) - Byt (t) — 2B, | XTPBy, | (42)

V1=Bsy10(t) - BsY10(t) -2B; 1 X"PBM | f(x) (43)

Theorem 2. With the controller (34)-(36) and the adaptive
control laws (38)-(40), the closed-loop system is stable if there
exist two positive symmetry matrices P and Q , such that the
following condition holds

PA+ATP+Q Pi| g (44)

where P, = PB, Q is defined in Eq.(5).

Proof. Design the Lyapunov function candidate as

V(t)—X(t)TPx(t)+2 Gl =L g2+
1

1 52
ﬁ 2/32 2B3y1 (45)

Then the time derivative of Eq.(51) can be obtained as

V(t) = 2x ()Px (t) + L&y + L i+ L 2 Y131 (46)

B B:
=2x (t)"P((A +B (K (t) + Ky (t) +K5(£)))x (t) +
Baieyq) + 2x ()P (BMBpAug (t) +Bd2d2(t))
+2x ()T PBMAS(x,t) + 2x (t )TPBME (x,t) + o B o+
iﬁ/lﬁl’l’fg?ﬁ.’l
From Eqs.(41)-(46), it can be derivative that

i7BTP | xTP |
2xT (£)PBK,(t)x (t) = -2xT (t)ppEELIX 21 -
! I xTPB |* (47)
2t | XTP |

KgsW1Bg1"P _

r = _oyT
2x7 ()PBK,(t)x (1) B LR IXxTPBgq | G

2| xTPBgq | wy

P2 F2(x) | XTPBAT |

2x7 (£ )PBE,(t)x (t) = - 7
X" (t)PBK3(t)x (1) IXTPBM | f(xX)pq1+0(t)

(49)
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1 ~5 1~ & T
S WW = W wo(t wo (t) -2 P
B B (-prwwo(t) +pywa(t) -2, | X"P ) =
= -l (t) +@wo(t) -2 | XTP |
iwlﬁ/ = i17"1(52W1‘5(t) - Boivia(t) - &)
B B

2B, 1 x"PBy; 1)

=W w,0 () -0 (t) - 200, | XTPBy, |

3 Va¥1 = 294 (Bayio (€)= Bafao () - 265 | XTPBAT 1 ) )
=Pyy0(t) - 4o (t) - 29, | XTPBM |

By assumptions 2, 4, 5, and lemma 1, we can derivative that the
following inequalities hold

I BMBrAup (¢) | + 1 Baz |l 1da(t) | + |1BMug| < (53)

€41 S Wq (54)
2x (£)TPBME (x,t) <2 [ x(t)TPBM | | E(x,t) |
< IX(OTPBIT P+ 18,0 P =X (0 (PP +Q)x (1)
where @ and w, are positive scalars.
Substituting Egs.(47)-(55), Eq.(46) can be rewritten as
7(t) <x(t)T(PA +ATP +P,7P,+ Q)x(t) - (56)

26 | XTP | + 12x(t)"PByy | wy

p2. 7200 | XTPBM |
I X"PBI | f(x)y1+0(t)
2y1 | XTPM | f(x)

-21x"PBg1Ilwy+ 12x ()P | @ -2 | XTP | -
201 | xTPB4q |

-2y, I x"PBM | +

Note that the following equalities

12X ()P | wy =2 I XTPB gy | Wy + 2001 | XTPByy | =0 (57)
12x ()P |w-2a | XTP | -2& | x'P | =0 (58)

2y, I XTPM | F(x) - 29, IxTPBM | F(x) -
yLF 0O IXTPBRL P 2y, IXTPM | FOO)a () (59)
IXTPBM | F(X)P1+a(t)  IX"PM | F(X)p,+a(t)

Substituting Egs.(57)-(59) into (56) yields

V(t) <x(t)T(PA+ATP +P,TP, +Q)x(t) -0 (t) (&%~ (60)
Tw) -o(t) (W2 - Ww, + P2 - Poy1) +
2y, 1 X"PM | F(x)a (t)
I XTPM | F(x)y,+0(t)

For any positive scalar Am and An , the following equality holds
< Amfﬁ < An. Then we can obtain that

V() sx(t)T(PA+ATP +P, TP +Q)x(t) + {0 (1) (61)
where ¢ = 2+%(w2+w21+y21).

According to Eq.(45), by integrating Eq.(61) yields
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, : (62)
V(t) <V(ty)- Itolmin(Ql) I x(s) |2ds + ftofxc(s)ds

t
S V(to) - J‘toﬂmin(Ql) I X(S) ||2dS i (K@

which means the system described in Eq.(33) is bounded.
Amin (@) denotes the minimum eigenvalue of Q,, and - Q, =
ATP + PA +P,TP; + Q. Eq.(68) also implies

t
Jzoﬂmin(Ql) I x(s) IPds < V(&) + x0" (63)

According to Barbalat Lemma, we have tligl Ix(t) |?=0. This
completes the proof.

Remark 4. Compared with the results in [15], where the
nonlinear function is matched, i.e., Af(x,t) is in the control
channel. In this paper, Af(x,t) exists in the different channel
from the control input, i.e., which means that Af(x,t) is more
general.

4. Numerical examples

In this section, two examples are simulated to illustrate the
effectiveness of the proposed method.

Example 1.1n this example, the linearized longitudinal dynamic
of the VTOL aircraft which is borrowed from [23] is considered.
It is assumed that the system is subjected to unmodeled
dynamics, actuator fault, and external disturbance. Then, the
system can be described as system (1), where x(t) =
[x,(t) x,(t) x3(t) x4(t)]", x,(¢) is the horizontal velocity
(knot), x,(t) represents the vertical velocity (knot), x3(t) is the
pitch rate (degree/s), and x,(t) expresses the pitch angle (
degree). The parameters of the system are given as follows

-9.9477 -0.7476 0.2632 3.0337
A= 52.1659  2.7452 5.5532 -24.4221 B-
26.0922 2.6361 -4.1975 -19.2774
0 0 1 0
0.4422 0.1761
3.5446  -7.5922
-5.5200 4.4900
0 0
1 000 0.4422 0.116
c=|0 1 00f 5 _| 3546 -0102f p
0010 -5.5200 0
0111 0 0
[0.1767.5924.4900].
The nonlinear unmodeled uncertainty and mismatched

nonlinearity are assumed to be: Af(x,t) =sin(x,), §(x,t) =
sin(x;). The actuator fault and external are supposed to be as
follows

0(0<t<8)
0.5sin(2t +1)(8 <t <10),

0(10<t <15)
{ d(t) =2sin(2t +1)(0<t <15)

d,(t) =0.5sin(2t -3) (0<t <15)

f) =

Note that the mismatched disturbance and the condition
rank (B) # rank (B, By) hold, hence that the traditional method
will be failed in this example. Choosing the matrix D =
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101 0] , we can check that DB is invertible. By solving

-1 1 0 1
(50), we can obtain that
14843 161.7 226.9 -745.0
p = 161.7 25.50 12.80 -101.8
226.9 12.80 74.80 -47.40
745.0 -101.8 -47.40 896.5

Choose o (t) = 2e7t, the results of the simulation are as follows.

Figure 1 shows the trajectory of the system. Figure 2 illustrates
the estimation of the disturbance signals, the solid line is the
original signal and the dashed line is the estimated value. From
Figure 1, we can know that the states of the system have a fast
response with the proposed method. In addition, the controller
can ensure the stability of the system in the presence of the
actuator fault and mismatched  disturbance. Figure 2
characterizes that the observer has a good performance of the
disturbance.
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Figure 1. Response of state x (t)
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Figure 2. Estimation of disturbance d (t)

In order to illustrate the importance of the disturbance
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observer, the responses of the system are shown in Figure 3
without the disturbance observer. From the figure, we can see
that the closed-loop system becomes unstable when removing
the disturbance observer and compensator.

1
P
<R i
= 1 N e
= 0 ™ e e W
o H A 1 — stale Dfx1
5 ! i _
- 1 5 - State of *y
2z
=
L] _2 i i
0 5 10 15
Time(sec)
1
><v state ofx_.’
2
5 0.5 —nwma SlalE Dfx4 b
. L’
>
-
© o
) i Eﬂ V{ v
jog
ﬁ L
-0.5
0 5 10 15
Time(sec)
Figure 3. Response of state x (t) without disturbance compensator

Example 2. In this section, the two-cart system which borrowed
form is provided to illustrate the effectiveness of the proposed
method [27].

As shown in Figure 4, the first cart is connected to a rigid wall
via a damper, and is connected to a second cart by a spring. The
external force is applied to a second cart via an actuator. Both
carts have a nominal mass of a = 1kg, the damper has a
constant of by = 1N/m, and the spring constant ¢, = 1N/m. The
time constant of the actuator 7 = 0.2. The states are the force,
velocities, and positions of the two carts. The actuator fault and

mismatched disturbance are considered. The system
parameters are given as follows
-1
= 0 0 1 1
T T
o Bo-g gl o], |0
4z 1 c Co Brlo] BT of
a O 0 @ -7 0 0
0 1 0 O 0 0 0
0 0o 1 o0 0 L1
01000 0 02
- 00100 ,By=|o 02
00010 0 01
00001 0 02
position and velocity of both carts
tigid wall —
b(Ns/m)
¢ (N/m)
a(kg) (ke}
L] e

Figure 4. Geometric structure of the two-cart system
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The nonlinear unmodeled uncertainty and mismatched
nonlinearity are assumed to be: Af(x,t) =sin(x,), §(x,t) =
sin(x;). The actuator fault and external are supposed to be as
follows

0(0<t<25)
0.5sin(0.2t) (25 <t <40) ,
1(40 <t <80)
0(0<t<15)
di(t)={0.5sin(t) (15 <t <50),
1(50 <t <80)
0.5sin(3t) (0 <t <20)
0.5sin(3t) (20 < t <50).
1(50<t <80)

f) =

dy(t) =

Choosing the matrix D=[1 0 0 0 0], we can check that
DB is invertible. By solving Eq.(50), we can obtain that

0.0799 -0.000 -0.000 -0.000 -0.000
-0.000 1.1046 0.000 -0.000 -0.000
P=1-0000 0000 11046 0.000 -0.000]-
-0.000 -0.000 0.000 1.1046 0.000
-0.000 -0.000 -0.000 0.000 1.1046

Choose o (t) = 2et, the results of the simulation are as follows.

Figures 5 and 6 express the trajectories of the system. From
Figures 5 and 6, we can see that the stability of the positions
and velocities of the first and second carts can be guaranteed.
Figure 7 shows the estimation of the external disturbance, we
can check that the proposed method performs better than the
intermediate method proposed in [27], precisely, the method
proposed responds faster than the method in [27], and the
proposed method has less chattering.
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Figure 7. Estimation of disturbance d (t)

In order to illustrate the effectiveness of the proposed method,
the responses of the system are shown in Figures 8 and 9
without the controller. From the figure, we can infer from this
that the closed-loop system becomes unstable when removing
the disturbance observer and compensator.
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5. Conclusion

In this paper, the problem of a general Lipschitz nonlinear
system with actuator fault and unmatched disturbance is
investigated. Specifically, a disturbance observer is designed to
estimate the mismatched disturbance first. Then, an observer-
based integral sliding mode fault tolerant control scheme is
proposed. In order to guarantee the stability of the system,
three adaptive control laws are constructed because of the
unknown nonlinear function parameters and the unmodeled
uncertainty. Finally, two examples are given to illustrate the
effectiveness of the proposed method. In our future work, we
would like to focus on the fault-tolerant control methods for
multiple faults and disturbances and their applications.
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