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Abstract: This paper proposes a novel fault-tolerant control method based on the integral sliding
mode technique for unmatched uncertain linear systems with external perturbations. Differently
from the existing works, the uncertainties under consideration have an unmatched norm-bounded
form in the system and input matrix. Based on linear matrix inequalities, the existence conditions
of the sliding mode surface are presented. The unknown fault information is then estimated by
some adaptive laws. On the grounds of that, an integral sliding mode controller is also obtained
to guarantee the disturbance attenuation and fault tolerance for linear uncertain systems with
unmatched uncertainties and actuator faults from the initial time. Finally, the comparative simulation
results verify the effectiveness of our presented scheme.
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1. Introduction

A ubiquitous and inevitable factor for practical engineering systems is uncertainty,
which is caused by modeling uncertainty [1,2], exogenous disturbance [3], and communica-
tion noise [4]. Due to various attractive advantages, such as fast responses, easy implemen-
tation, and absolute insensitivity to matched uncertainties and disturbances [5,6], sliding
mode control (SMC) is one promising robust control method for handling the matched
uncertainty [7,8] for linear systems. When being faced with an unmatched one, traditional
SMC may be invalid. In order to get around it, a few authors have combined SMC and other
robust techniques [9,10]. Though lots of attractive results have been achieved to address
matched and unmatched uncertainty, the above-mentioned robustness to uncertainties is
just acquired during the sliding motion. In the presence of a reaching phase, the robustness
may be vanishing. An idea of adding an integral term in the sliding manifold was proposed
in [11,12]. By doing this, the system trajectories can exist in the manifold from the very
beginning. From then on, many authors paid attention to the integral sliding mode control
(ISMC) technique to get around uncertainty problems, such as [13,14].

On the other research front, actuator faults may bring about performance degrada-
tion, and even instability. Additionally, some fault-tolerant control (FTC) techniques for
uncertainty linear systems and corresponding results have been well developed, ranging
from passive control [15,16] to active control [17,18]. It should be mentioned that SMC is
considered a promising FTC tool to deal with actuator faults these days [19-21]. Addition-
ally, reference [19] dealt with the problems of actuator fault compensation for uncertain
linear plants based in sliding mode. Reference [20] considered the design of sliding mode
control for uncertain state-delayed systems with partial actuator degradation. Additionally,
reference [21] proposed a novel variable structure control law to address a pre-specified
subset of actuator failure. To obtain robustness from the very beginning, ISMC has been
applied to get around actuator faults problems. However, such an FTC design technique is
no longer available for uncertainty linear systems when unmatched uncertainty resides in
the state matrix and input matrix simultaneously. The literature [22] dealt with mismatched
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disturbances for discrete-time systems, and reference [23] purposed SMC for nonlinear
systems with mismatched uncertainty, but these failed to consider fault tolerance. We
therefore considered that it is timely to address the FTC control issue for uncertain systems
with unmatched uncertainties using ISMC controller design techniques.

Under the previous considerations, we came up with an integral sliding mode control
method to address the problems of uncertain systems with actuator faults, unmatched
uncertainties and external disturbances. Firstly, in a state of an actuator redundancy, a
novel integral sliding mode surface is derived by applying the matrix full-rank factorization
approach. The gain of the ISM control law can be changed online through several adaptive
laws which can compensate for actuator faults, perturbations and unmatched uncertainties
in the input matrix. In this paper, the chief technical contributions are as follows:

1. This study is the first attempt to apply the FTC technique based on ISMC to deal with
unmatched uncertainties in the input matrix. Existing related works in [14,24] both
only consider unmatched uncertainties in the state matrix.

2. Compared with the existing literature addressing liner systems with unmatched
uncertainty [22,23,25], actuator faults are considered into the sliding mode stabil-
ity. In particular, both fault information and unmatched uncertainty are taken into
account simultaneously.

3. Compared with [26], we purposed a novel integral sliding surface based on a matrix
full-rank factorization approach to guarantee a sliding mode existing throughout the
whole system response, and a sufficient condition, including actuator faults informa-
tion and unmatched uncertainty, is derived through linear matrix inequalities (LMIs).

The structure of this paper is as follows. The description of an unmatched uncertain
system and some preliminary results are introduced in Section 2. In Section 3, the brand
new integral sliding surface of linear systems with unmatched uncertainties is designed
first. Then, the SMC law that compensates for actuator faults, perturbations and un-
matched uncertainties is designed. Section 4 demonstrates the effectiveness of our designed
method through the a set of comparison simulations. At last, Section 5 ends our paper by
summarizing our work.

2. System Description and Problem Statement

We will consider unmatched uncertain system models of the form
x(t) = [A+AA(H)]x(t) + [B+ AB(H)][u(t) + f(1)]. ¢))

where the system and input matrices A € R"*"; B € R"*™; and x(t) € R", u(x) € R™ and
f(x) € ™ are the state vector, the control input and the disturbance input, respectively.
AA(t) and AB(t) are unmatched uncertainties in the system matrix and the input matrix.

In the next section, the faults covering actuator interrupt, stuck and failure are pre-
sented. The unified fault model can be built up as follows:

ub (1) = pu(t) + ous(t). (2)

where the matrix p is diagonal and semipositive-definite. Additionally, p models the
effectiveness level of the actuators. p can be obtained from the sets

8y = {pllo! = diag{pl,ph, - .o} 0] € l0], ]},
and the elements 0 < pg < pf < pﬁ: <1fori=1,---,mj=1,---,L. L indicates the

total number of fault categories. i and j represent the ith actuator and the jth fault case,
respectively. The diagonal matrix ¢ is defined as

J_]0 0<p<l 3)
! 0or1p=0.
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Obviously, in the condition of pg = ﬁg = 1, the actuator in this case is normal. However,
pf = ﬁ; =0and O'ij = 0 imply the actuator is interrupted in this failure condition. In the
case of pﬂ = ﬁ; =0and (7{ = 1, the actuator gets stuck in the condition. If 0 < p? < ﬁé <1,

it implies that the actuator gets partial failure.
Combining actuator faults (2) with (1), one can rewrite the system as

x(t) = [A+ AA(H)]x(t) + [B+ AB(t)][pu(t) + ous(t) + f(t)]. 4)

In order to achieve the purpose of fault tolerance and ensure the stabilization, un-
der state information availability, a few assumptions have to be made as follows:

Assumption 1. For given known constants p 4, pp and a known scalar function py, the following
constraints hold: [|AA(t)[| < pa, [[AB(t)|| < pg, [|f ()] < pr(x,t).

Assumption 2. Forany p € A ;, {A, (B + AB)p} is always absolutely stabilizable.

ol

Assumption 3. rank((B+ AB)p) = rank(B+ AB) forallp € A j,j=1,2,---, L.

ol
Assumption 4. The actuator stuck fault is unknown but norm-bounded, and then there is an
unknown positive constant iis meeting ||us(t)|| < is.

Remark 1. Assumption 1 highlights that the uncertainties AA(t) and AB(t), are unmatched in
the input and state matrix. In addition, AA(t) and AB(t) are norm-bounded. For the purpose
of fault tolerance, Assumption 2 gquarantees the realization of fault tolerance [26]. Just like [26],
Assumption 3 reveals an actuator redundancy assumption to completely compensate for stuck
faults of an actuator. Assumption 4 is greatly common and natural in this kind of robust FTC
literature [14].

Several preliminary results are introduced to accomplish our main works later on.

Lemma 1 ([25]). Given appropriately dimensional matrices X and Y, suppose that (I + XY) is
nonsingular; then, (1+ XY)™ ' =1— X(I+YX)~1Y.

Lemma 2 ([25]). Given appropriately dimensional vectors x and y, for any W > 0, the following
inequalities can hold:

24/ l1xlly/llyll < llxll + 1yl 2xTy < x"Wx+y"wly. ®)

Lemma 3 ([25]). For any matrices A(t) € R"™", B(t) € R™™, C(t) € RP*" and
D(t) € RP*™, suppose that I > n?>DT (t)D(t) holds for n > 0, and give this uncertain form
of system

€= | A1) + B - EODO]EMCH)]x, ©)

where the unknown matrix E(t) has a boundary as || E(t)|| < 5. Assuming that there is a positive-
definite matrix P satisfying

* -1 * < 0. (7)

Then, the above system is stable.
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Lemma 4 ([27]). After full-rank factorization of matrix (10), for any p, there is a positive constant
W satisfying

NoNT > uNNT. 8)
Lemma 5 ([28]). Consider the system:

ol = %" Z el 0

where x1 € R xp € R™; o is a positive constant; and A;(t) and Ay (t) have a bounded
norm. Then, the previous uncertain system is quadratically stable when the reduced-order system
%1(t) = Aq1(t)x(t) is stable.

3. Main Results

The diagram of our proposed FTC scheme based on the ISM technique is depicted in
Figure 1.

unmatched
faults uncertainty

x(1)

—— = Actuators —— s  Plant

Integral Sliding
u(r) Mode Controller

Tﬁ T{QS T&

Adaptive
Mechanism

Figure 1. Structure diagram of ISMC fault-tolerant scheme.

3.1. Design of Integral Sliding Mode Surface

Through full-rank factorization, the input matrix B is expressed as:
B = B,N, (10)

where B, € R"*!, N € R!*" and rank(B,) = rank(N) =1 < m.
Based on (10), the following equation can be obtained:

AB(t) = ABy(t) - N. (11)
Now, the switching function is defined by the set {x : a(x) = 0}, with
a(x) =Sx+z S= (BIXx1'B,)'BIx7!, (12)

where X € R"*" can be designed to make the sliding mode asymptotically stable. z is a an
m-order vector given as follows:

z =15x, z(0) = —Sx(0). (13)
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For convenience, we define that
1o = PBol|S||- (14)

Theorem 1. For given matrix By, B, is any basis of the nullspace of B, and A = \/Ain (BT By).
Let A, By, pa and pp, be given. If there exists a symmetric positive-definite matrix X > 0 and
scalars do,d1,d2 > 0,0 <6 < 1and 0 < w < 1 satisfying the following LMIs (15) and (16):

BI(AX + XAT +dyI)B, - * *
1By -1 * 0 0
AXB, nl —(1-=8)I 0 0 <0, (15)
paXBy 0 0 —dgl 0
0AXB, 0 0 0 —dI
X % 0 0
I dqil 0 0
0 0 dyl—X 0 >0, (16)
0 O 0 2nAp — PBv(dl + dz)

then the sliding mode dynamics is stable.

Proof of Theorem 1. We first can see that [|[SAB,(t)|| < 1, which is a premise for the
existence of the equivalent control [29] and has been proved in [25].
From [25] we can also derive that

ISABo ()| < [IS[[[[ABo(#)[| < pBolISI| =170 <17 < 1. (17)

Additionally, the LMI characterization of the sliding surface (16) also has been given
in [25].

Consider the system (4) with the equivalent control approach of [29] and set & = & = 0;
then, one can derive the following equivalent control:

tteq(t) = —[Np] *[S(By + ABo(1))]'S[(A + AA(H)) + y1]x(t) — [Np] " Nous(t)
— [No]"N£(1).

Substitute ue,(t) into the system (4). The following (1 — I) reduced-order system can
be expressed as:

(18)

x=[A+AA(t)]x — [By + ABy(H)][I + SABU(t)]_l[S(A + AA(t))x + TSx]. (19)
Next, a transformation matrix M and associated vector v are defined:

A {(EgXEU)lﬁ’ﬂ oD [vl

where v; € R, v, € R®R!. Then, one can obtain that M~! = [XBy, By]. By using the
transformation, Equation (19) can be converted as

- k)

(%) —ol | |v2
where

Aq(t) = (BT XB,) BT [1 — ABy(1)[I + SABy(t)]-ls} [A+AA(D]XBo,  (22)
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Applying Lemma 1, A1 (t) can be rewritten as
Aq(t) = (BTXB,) 18T [1 — I+ ABv(t)S]’lABU(t)S} [A+AA(H)|XB,.  (23)

We can note that ¢ > 0, ||A1(t)|| < oo and ||Ay(¢)]] < co. Lemma 5 indicates that
the reduced-order transformed system (21) is asymptotically stable when v; = A;(t)v; is
stable. Since (17) suggests ||AB,(t)S|| < 1 < 1, in light of Lemma 3 with £(t) = —AB,(t)S,
it is clear that when there is a positive-definite matrix Py € R"~)*("=1) such that the
following LMI holds:

Pvo(t) + % % *
nBLPRy -1 x| <0; (24)
Co(t) nl =1
then, the subsystem is stable, where Ag(t) = (BIXB,)"'BI[A + AA(t)]XB,,

By = (BIXB,)™'BI, Co(t) = [A + AA(t)]XB,. If we define Py = BIXB,, where X can
be obtained from LMIs (15) and (16), the above matrix inequality (24) can be expressed:

1B, I (25)

EE[A+AA(t)]XEU+* * *
B <0
[A+ AA(t)]XB, nl -1

For any nonzero vector 2T = [le, zzT , zg |, the previous LMI (25) can be rewritten as:

2zI BI[A + AA(t)]XBozy 4 221 [A 4+ AA(t)]XBozy 4+ 272 Bozy + 22320 — 2120 — 2123 <0, (26)

By Lemma 2 and ||[AA(t)]| < pa, the following inequalities satisfy:

- - U 1 ~ -
22] BIAA(H) XByzy < doz] BIByz1 + pid—z{ BIX?Byzy, (27)
0
~ 1 -« -
22T AA(t)XByzy < 62823 + pggz{ BIX?B,z, (28)

Taking (27) and (28) into (26), one can yield that

5T AXE AT 1 rorors
22T BT AXByzy + doz] BIByzy + pi?Z{BZXZszl
0
1 D 5] = ~
+ 0571 BY X*Boz1 + 22 AXBozy + 202] Bz (29)
+ 22320 + 02323 — 2320 — 2323 < 0.

Consider the Schur complement formula. The inequality (29) is expressed as the
LMI (15). Thus, LMI (25) holds with Py = BIXB, > 0, and the matrix X is just the
solution to the LMIs (15) and (16) which implies the reduced-order equivalent system (21)
is asymptotically stable. [

Remark 2. A novel integral sliding surface (12) design scheme based on full-rank factorization of
the input matrix is proposed. The stability condition of the sliding mode, including actuator faults
information and unmatched uncertainty, are given in terms of LMIs (15) and (16).

Remark 3. The stability condition of sliding mode is similar to [27]. The difference from the
existing literature is that the considered uncertainties have unmatched norm bounded uncertainty
in the input matrix.
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3.2. Design of Integral Sliding Mode Fault Tolerant Controller
Now, consider the following ISM control law:
(1) = —e(x, ) iNT ) (30)
[leeCx)
where fij is an estimated value of the unknown positive parameter yy = % w(x,t)isa

constant coefficient given as:

1
w(x,t) = ohs (PAIISH el + (U4 70) [Nlog(x,8) + [[S(A + T)x]|

A1 —1oflo

m (31)
+(1410) Y_|INi||Gds; + €> ,
i

where N; is the ith column of N. A; and A, are the smallest and the biggest eigenvalues
of NNT, respectively. ¢ is an estimate of the actuator failure impact factor o, and i is an
estimate of the stuck fault upper threshold #;. € is any positive scalar. fiy can be obtained
through the following adaptive law [27]:

) ‘ OifﬁOZﬁandl"<:0
ﬁo(t) = PT‘O][O )‘7}‘}{1—‘} = or ﬁ(] =0and T >=0 (32)
"ot T otherwise

where I' = ywAq [|a(x)]|, and the positive constant v is the adaptive gain which can be set
by the practical applications. Proj {-} projects fig to the range (0, ﬁ) to satisfy w(x, t) > 0.
Aiming to define the control law completely, it is henceforth assumed that when a(x) = 0,
we define u(t) = 0.

Moreover, the adaptive laws

{éaw—wmumme@mn—%m | -
0i(t) = yailla(x) ||| Nil|fisi, 03(0) = 039, i=1,...,m.

where ii ;9 and oy are initial conditions which can be given artificially. N; is defined in (31).
71; and yp; can be given same with 7.

Denote fig(t) = flo(t) — po, iis(t) = ils(t) — i1; and &(t) = 0(t) — 0. Based on the
fact that py, il5;, o; are all unknown but constants, and the previous error equations are
simplified into: fig(t) = fig(t), ils(t) = ds(t) and &(t) = &(t).

Remark 4. The designed controller is an active fault-tolerant one whose gain can be adjusted
dynamically when actuator failures occur. Additionally, the adaptive technique is applied to estimate
the lower bound of fault information and the stuck fault.

Theorem 2. Suppose that Assumptions 1-4 hold and LMIs (15) and (16) are feasible. Let the ISMC
law be given in (30) and some adaptive laws be given in (32) and (33). Consider the system (4) with
an actuator fault model, unmatched uncertainties and disturbance; then, a sliding mode is stable
from the very beginning.

Proof of Theorem 2. To demonstrate that robustness starts from the very beginning, it is
sufficient that the value of «(t) is initially set to a(0) = 0 and the standard 5-reachability
condition a”& < —el|a| is satisfied for all a(t) # 0.

Let us define the Lyapunov function as

1 1 4 . 1+ [ & 0'1'1/:12' "2
V=cala+ -y \uid+ y sy S,
2 2 HHo 2 -1 Vi i—1 Y2i
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The time derivative of V along the (4)—(13) meets

. 1 s Mool | 530
V =ali+qy l##o#o+(1+’70)<2,+2 )
i i i—1 Y2
=aT[S(A+ AA(t))x + (I + SAB,(t)NF(t)) + TS«] )
+aTNou(t) + aTSAB, (t) Npu(t) + aT Nous(t) + aTSAB, (t) Nous(t)

m

. I oyl Gi;i
oo + (14 50) (1 T+ y 9,
-1 i—1 Y2

Then, considering the control law u(t) in (30), Assumption 1 and Lemma 4, one can
secure that

. o(x
aTNopu(t) = —aTwpgNpNT ||“Ex;||
N (35)
< —wlopAq o]
= —wAfiop|af| — wAsf|ell,
m
ol Noug(t) + o SABy () Nous(t) < (1+10) Y_[|ee]|[|Ni|ovits;
i=1
(36)

m
= (141n0) Y_lla||[IN;]|(6iils; — Gl — o7l )
=

Notice that NNT and NpNT are both positive matrices. {1y and w are both positive
scalars in (31). Since the inequality p < I holds, it follows that

aTSAB,Nou(t) = —aTSABvawﬁONTHZ—H

< Jlal| - SABo|l - wito - | NpNT | 7
< [llowpiola,
where A; is defined in (31); 77g is defined in (14).
Further, substituting (35)-(37) into (34), the inequality can be converted into
V< allllIS(A+TDx] +pallSI - [1x]l + (14 170) [IN[lps (x, £)]
— wArfop||a]| — wAr|all + [Ja[powitoA2

m
+ (L +70) Y lleell[|N; || (058t — Gyt — 07dls;) (38)
=

moofof. M FE
+7_1Hﬁoﬁo+(1+ﬂo)<2%+zm>.

-1 i—1 T2i
Considering the adaptive laws in (32) and (33), V(t) can be reduced to:

V< lall[lIS(A + TDx]| + pallSI - 1]l + (1 + 7o) [Nlpf (x, )]

— w1l + [Jallrowfior2 39)

m
+ (L4 70) Y llallIN; 6.
i=1

Taking the (31) into (39), and simplifying terms, yields:

V < —¢flaf| <O. (40)
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The above inequality (40) conforms to the y-reachability condition, and indicates that
the sliding motion exists throughout all the time. [

The whole proposed FTC algorithm is shown in Figure 2.

Begin

Input: matrices 4. B,

unmatched uncertainties A4(7), AB(7),
initial conditions ,,.6,.

adjustable parameter z,

4.(B+AB) o} is always stabilizable
rank((B + AB) p) = rank(B + AB)

Yes

v

compute matrices B,.N. B,.
satisfying B,”B, =0.B,N = B

A

Find a feasible solution (X.d,.d,.d,.n.®)
to LMIs (15)-(16)

A
Give the positive constants 7> 71;-72; No
according to practical applications.
And the parameters [lo,zlls,é', are
updated by the adaptive laws online.

A
Design ISM control law u(f) in (30).
Apply u(r) to unmatched uncertain
liner systems with actuator faults.

&
<

A 4

End

Figure 2. Flowchart of fault-tolerant control based on the ISMC algorithm.
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4. Simulation Results

In this section, to demonstrate the effectiveness of the proposed fault-tolerant control
scheme, two comparative simulation results are shown with a numerical example from [25]
and a single-mode fairing model from [30], which also prove the necessity of considering
the unmatched uncertainty.

4.1. Numerical Example

Consider the unmatched uncertain liner system of (4) with the system matrices [25].

-1 1 0 0 0 0 0
A=|0 0 1[,B=|0 0 O0f,B,=|0[,N=[05 08 1]. (41)
0 00 05 08 1 1

where B, and N are obtained by the factorization of control input matrix B. Additionally,
AA(t) and AB(t) are chosen to be

0 0.2cos(t) 0 0
AA(t) = |0.2cos(t) 0 0|,ABy(t) = |0.1sin(t)|,AB(t) = AB,(H)N.  (42)
0 0 0 0

According to Assumption 1, we can have p4 = 0.2, o, = 0.1, 0¢(x,t) = 1. By applying
MATLAB LMI toolbox with the data (41) and (42), the solution to LMIs (15) and (16) can be
yielded by

0.8697  0.1310 —0.0419
X=01310 03086 —0.5913|,
—0.0419 —0.5913 4.4696

do = 0.2995, di = 5.5313, dp = 6.1998, 6 = 0.2464, 1 = 0.6482.

The existing sliding mode fault-tolerant scheme proposed in [26] fails to handle un-
matched, uncertain system with uncertainty in the input matrix. By contrast, the proposed
ISM fault-tolerant control technique of this paper can work well.

To prove the effectiveness of our designed control strategy, related parameters and
initial conditions are set by: x(0) = [1.5;0.6;0.1], i151(0) = #i52(0) = il53(0) = 1, 2p(0) =1,
01(0) =02(0) =03(0) =0,y =0L 91 =712=713 =01, 721 =12 =123 = 0.1, T = 1.

In order to weaken the discontinuity in (30), the nonlinear control law is smoothed by
employing the continuous approximation

5 NT a(x)

u(t) = —whoN e o ooT (43)
where w > 0 is a constant coefficient given in (31), which can be figured out by some
estimate based on adaptive laws and some known values. fiy belongs to the range (0, &),
and it can be obtained by the projection in (32). N is yielded by the full rank factorization
of Bin (10).

To show the ability of our designed fault-tolerant controller, simulations with different
faulty cases were sorted out such that

1.  The actuator does not have any faults until t = 15s.
2. There is 50% actuator failure in the first actuator; the second one gets stuck at
ug(£) =14 1 xsin(f) in the meantime.
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Additionally, the perturbations f(t) = [ 0.6cos(t) 0.6sin(t) 0.6cos(t) ]T, 15 < t < 20.

Additionally, for the sake of demonstrating the ability of the proposed method to
cope with the problems related to unmatched uncertainties in the input matrix, the results
in this paper are compared with those without taking the influence of the input matrix
uncertainties into consideration.

Figures 36 illustrate the comparison results in the above fault case. In Figure 3,
the states tend to zero under the control initially. After 15 s, actuator faults and disturbance
input occur. The states go to zero again under the ISMC law and then stay stable. By con-
trast, it can be shown that the response curve of the system states adopting the designed
scheme (blue solid line) is more stable than the one adopting the existing scheme (red
dotted-dashed line) when actuator faults and perturbations are added to the system. We
can see the comparison results of sliding surface response curves in Figure 4. Applying
the proposed scheme (blue solid line), as the actuator fault happens at 19s, the stability of
sliding control is better than the existing control (red dotted-dashed line). Figure 5 presents
the estimates of unknown parameter jio. Figure 6 shows the curves of adaptive laws ig;(t),
b;(t) in (33). We can notice that the estimates are convergent; only then can the system
be stable. By comparing the simulation results in Figures 3 and 4, it is obvious that the
amplitude without considering the unmatched uncertainty is larger. If the uncertainty is
large enough, divergence may be caused.

1 5 T T T T T T T
] X; in this paper
. \ ——— x. without considering input uncertainties
E% \\ I
0.5F N i
(0] = I t t A = t t
0 5 10 15 20 25 30 35 40
Time(sec)
0.6 T T T T T T ]
~ 0.4 . A
& 0.2 ’/ \ .
N
0 == % ———
1 1 1 1 - 1 1 1
0 5 10 15 20 25 30 35 40
Time(sec)

o
\V]
T
1

o
D
T
1

Time(sec)

Figure 3. The comparison result of the responses curves of the system states.
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Figure 4. The comparison figure of the sliding surface response curves.
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Figure 5. The estimate value of the unknown parameter .
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Estimate of the stuck fault upper bound
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Figure 6. The estimate of the stuck fault upper bound iis; and the unknown parameter .

4.2. Single-Mode Fairing Model

Apply our fault-tolerant control strategy to a single-mode fairing model. The single-
mode fairing model from [30] added with unmatched uncertainties and actuator faults can
be presented as follows:

0 1 0.0802  1.0415 1 155 075
A —0.1980 —0.115 -—0.0318 0.3 B 0975 08 0.85 ’ (44)
—3.0500 1.1880 —0.4650 0.9 0 0 0
0 0.0805 1 0 0 0 0
The matrix B can be factorized as
T
1 0975 0 0 1 0 1.0088
Bo=l155 08 o 0] N = [0 1 —0.167} 4
The unmatched uncertainties are given as
0 0.25c0s(t) 0 0 0 0.02sin(f)
_10.25c0s(t) 0 00 |0 0
AA(t) = 0 0 0 0 ,AB(t) = 0 0 (46)
0 0 00 0 0

it can be defined that p4 = 0.25, pp, = 0.02 and p¢(x, t) = 1.03.
Solving LMIs (15) and (16) with known parameters, one can obtain that

1.4702 —0.3230 0.1230  0.0631
—0.3230 1.2445 01597 —0.2668

0.1230  0.1597 04389 —0.2980|"

0.0631 —0.2668 —0.2980 0.4052

X =
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To present the advantages of our fault-tolerant control strategy, related initial condi-
tions and designed parameters are selected: x(0) = [1.5;0.6;0.1; —0.2], il5 (0) = ii52(0) =
ﬁs3(0) = 0.02, ﬁo(O) =1, @'1(0) = (3'2(0) = @'3(0) =0, Y = 1, Y11 = Y12 = Y13 = 0.01,
Y21 = Y22 = 723 = 0.01, T =5.

Similarly to the previous simulation, the ISM fault-tolerant control law can be de-
signed as

1o 10087 ax)
u(t) = —who [0 1 —0.167} Ja(x)]] + 0.001° “7)

Additionally, the disturbance input f () = [ 0.6cos(t) 0.6sin(t) 0.6cos(t) |7, 15 < t < 20.
The following cases were taken into consideration in this simulation.

1. The actuators being normal until f = 15s.
2. Thereis 50% actuator failure in the first actuator, the second one is normal and the third
one gets stuck at ug (t) = 0.02 + 0.02sin(t) simultaneously.

Figures 7-10 demonstrate the comparison simulation results in the above fault case. It
can be noted that the response curves of the system states and the sliding surface adopting
the designed scheme are more stable. This shows that it is necessary to consider the
unmatched uncertainty.

X; in this paper

—_ x. without considering input uncertainties
— 0.5&/ !
8 0 ~7
-0.5E I I I I I I I =
0 5 10 15 20 25 30 35 40
Time(sec)

O 4 T T T T T T T |
Q0.2r E
R or = \. —=

-0.2E ] ] ] ! ] ] ] =
0 5 10 15 20 25 30 35 40
Time(sec)

01F T T T !\ T T T ]
» O0fF 7
8 -0.1h -

-0.2 1 1 1 1 1 1 1 ]

0 5 10 15 20 25 30 35 40
Time(sec)
01 B T T T T T T T _I
01f ﬁ 1 1 1 1 1 1 _|
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Time(sec)

Figure 7. The comparison result of the responses curves of the system states.
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Figure 8. The comparison figure of the sliding surface response curves.
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Figure 9. The estimate value of the unknown parameter y.
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Estimate of the stuck fault upper bound
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References

Figure 10. The estimate of the stuck fault upper bound iis and the unknown parameter ¢.

5. Conclusions

In this paper, a novel integral sliding mode scheme has been designed to get around
fault-tolerant problems of liner systems with unmatched uncertainty in the input matrix.
Based on two LMIs, the existence conditions of the sliding mode surface have been solved.
Through adaptive laws estimating unknown fault information online, the design of the
adaptive fault-tolerant controller can deal with liner systems with actuator faults and
unmatched uncertainty. Finally, two sets of comparison simulation results have testified to
the efficiency and advantages of the proposed control method. In future work, nonlinear
systems with mismatched uncertainty and actuator faults should be investigated.

Author Contributions: Conceptualization, L.-Y.H.; methodology, L.-Y.H.; software, L.-5.Z.; vali-
dation, L.-S.Z.; investigation, L.-Y.H.; resources, L.-Y.H.; data curation, L.-S.Z.; writing—original
draft preparation, L.-S.Z.; writing—review and editing, L.-Y.H.; visualization, L.-5.Z.; supervision,
L.-Y.H.; project administration, L.-Y.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (grant
numbers 51939001, 52171292) and the Liaoning Natural Science Foundation Project (grant number
2019-KF-03-09).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Zhao, Z.; Yang, Y.; Ding, S.X,; Li, L. Fault-tolerant control for systems with model uncertainty and multiplicative faults. IEEE
Trans. Syst. Man Cybern. Syst. 2020, 50, 514-524. [CrossRef]

2. Peng, Z.; Wang, D.; Wang, J. Predictor-based neural dynamic surface control for uncertain nonlinear systems in strict-feedback
form. IEEE Trans. Neural Netw. Learn. Syst. 2017, 28, 2156-2167. [CrossRef] [PubMed]


http://doi.org/10.1109/TSMC.2017.2759144
http://dx.doi.org/10.1109/TNNLS.2016.2577342
http://www.ncbi.nlm.nih.gov/pubmed/27337727

Actuators 2022, 11, 241 17 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

Ghaemi, R.; Sun, J.; Kolmanovsky, I.V. Robust control of constrained linear systems with bounded disturbances. IEEE Trans.
Autom. Control 2012, 57, 2683-2688. [CrossRef]

Li, T.; Zhang, ].F. Consensus conditions of multi-agent systems with time-varying topologies and stochastic communication
noises. IEEE Trans. Autom. Control 2010, 55, 2043-2057. [CrossRef]

Hao, L.Y.; Zhang, H.; Li, T.S,; Lin, B.; Chen, C.P. Fault tolerant control for dynamic positioning of unmanned marine vehicles
based on TS fuzzy model with unknown membership functions. IEEE Trans. Veh. Technol. 2021, 70, 146-157. [CrossRef]

Hao, L.Y;; Yu, Y,; Li, T.S.; Li, H. Quantized output-feedback control for unmanned marine vehicles with thruster faults via
sliding-mode technique. IEEE Trans. Cybern. 2021. [CrossRef] [PubMed]

Shao, K.; Zheng, J.; Huang, K.; Wang, H.; Man, Z.; Fu, M. Finite-time control of a linear motor positioner using adaptive recursive
terminal sliding mode. IEEE Trans. Ind. Electron. 2020, 67, 6659-6668. [CrossRef]

Shao, K.; Zheng, J.; Wang, H.; Xu, F; Wang, X.; Liang, B. Recursive sliding mode control with adaptive disturbance observer for a
linear motor positioner. Mech. Syst. Signal Process. 2021, 146, 107014. [CrossRef]

Hao, L.Y.;; Han, ].C.; Guo, G.; Li, L.L. Robust sliding mode fault-tolerant control for dynamic positioning system of ships with
thruster faults. Control Decis. 2020, 35, 1291-1296. [CrossRef]

Li, T.; Zhao, R.; Chen, C.P; Fang, L.; Liu, C. Finite-time formation control of under-actuated ships using nonlinear sliding mode
control. IEEE Trans. Cybern. 2018, 48, 3243-3253. [CrossRef]

Castanos, F; Fridman, L. Analysis and design of integral sliding manifolds for systems with unmatched perturbations. IEEE
Trans. Autom. Control 2006, 51, 853—-858. [CrossRef]

Cao, WJ.; Xu, ].X. Nonlinear integral-type sliding surface for both matched and unmatched uncertain systems. IEEE Trans. Autom.
Control 2004, 49, 1355-1360. [CrossRef]

Gomez-Pefate, S.; Lopez-Estrada, FER.; Valencia-Palomo, G.; Rotondo, D.; Guerrero-Sanchez, M.E. Actuator and sensor fault
estimation based on a proportional multiple-integral sliding mode observer for linear parameter varying systems with inexact
scheduling parameters. Int. . Robust Nonlinear Control 2021, 31, 8420-8441. [CrossRef]

Hao, L.Y.; Zhang, Y.Q.; Li, H. Fault-tolerant control via integral sliding mode output feedback for unmanned marine vehicles.
Appl. Math. Comput. 2021, 401, 126078. [CrossRef]

Jadidi, S.; Badihi, H.; Zhang, Y. Passive fault-tolerant control strategies for power converter in a hybrid microgrid. Energies 2020,
13, 5625. [CrossRef]

Patel, H.R.; Shah, V. Fuzzy logic based passive fault tolerant control strategy for a single-tank system with system fault and
process disturbances. In Proceedings of the 2018 5th International Conference on Electrical and Electronic Engineering (ICEEE),
Istanbul, Turkey, 3-5 May 2018; IEEE: New York, NY, USA, 2018; pp. 257-262. [CrossRef]

Gao, Z.; Zhou, Z.; Qian, M.S,; Lin, ]. Active fault tolerant control scheme for satellite attitude system subject to actuator
time-varying faults. IET Control Theory Appl. 2018, 12, 405-412. [CrossRef]

Li, H.; Gao, H.; Shi, P.; Zhao, X. Fault-tolerant control of Markovian jump stochastic systems via the augmented sliding mode
observer approach. Automatica 2014, 50, 1825-1834. [CrossRef]

Corradini, M.; Orlando, G.; Parlangeli, G. A fault tolerant sliding mode controller for accommodating actuator failures. In
Proceedings of the 44th IEEE Conference on Decision and Control, Seville, Spain, 12-15 December 2005; IEEE: New York, NY,
USA, 2005; pp. 3091-3096. [CrossRef]

Niu, Y.; Wang, X. Sliding mode control design for uncertain delay systems with partial actuator degradation. Int. J. Syst. Sci. 2009,
40, 403-409. [CrossRef]

Liang, Y.W.; Xu, S.D. Reliable control of nonlinear systems via variable structure scheme. IEEE Trans. Autom. Control 2006, 51,
1721-1726. [CrossRef]

Singh, S.; Lee, S. Design of integral sliding mode control using decoupled disturbance compensator with mismatched disturbances.
Int. ]. Control Autom. Syst. 2021, 19, 3264-3272. [CrossRef]

Zhang, X. SMC for nonlinear systems with mismatched uncertainty using Lyapunov-function integral sliding mode. Int. . Control
2021, 1-16. [CrossRef]

Hao, L.Y.; Park, ].H.; Ye, D. Integral sliding mode fault-tolerant control for uncertain linear systems over networks with signals
quantization. IEEE Trans. Neural Netw. Learn. Syst. 2017, 28, 2088-2100. [CrossRef] [PubMed]

Choi, H.H. LMI-based sliding surface design for integral sliding mode control of mismatched uncertain systems. IEEE Trans.
Autom. Control 2007, 52, 736-742. [CrossRef]

Hao, L.Y.; Yang, G.H. Robust fault tolerant control based on sliding mode method for uncertain linear systems with quantization.
ISA Trans. 2013, 52, 600-610. [CrossRef] [PubMed]

Hao, L.Y,; Zhang, H.; Guo, G.; Li, H. Quantized sliding mode control of unmanned marine vehicles: Various thruster faults
tolerated with a unified model. IEEE Trans. Syst. Man Cybern. Syst. 2021, 51, 2012-2026. [CrossRef]

Choi, H.H. On the existence of linear sliding surfaces for a class of uncertain dynamic systems with mismatched uncertainties.
Automatica 1999, 35, 1707-1715. [CrossRef]

Utkin, V. Variable structure systems with sliding modes. IEEE Trans. Autom. Control 1977, 22, 212-222. [CrossRef]

Li, Y.X,; Yang, G.H. Adaptive integral sliding mode control fault tolerant control for a class of uncertain nonlinear systems. IET
Control Theory Appl. 2018, 12, 1864-1872. [CrossRef]


http://dx.doi.org/10.1109/TAC.2012.2192362
http://dx.doi.org/10.1109/TAC.2010.2042982
http://dx.doi.org/10.1109/TVT.2021.3050044
http://dx.doi.org/10.1109/TCYB.2021.3050003
http://www.ncbi.nlm.nih.gov/pubmed/33625993
http://dx.doi.org/10.1109/TIE.2019.2937062
http://dx.doi.org/10.1016/j.ymssp.2020.107014
http://dx.doi.org/10.13195/j.kzyjc.2018.1233
http://dx.doi.org/10.1109/TCYB.2018.2794968
http://dx.doi.org/10.1109/TAC.2006.875008
http://dx.doi.org/10.1109/TAC.2004.832658
http://dx.doi.org/10.1002/rnc.5371
http://dx.doi.org/10.1016/j.amc.2021.126078
http://dx.doi.org/10.3390/en13215625
http://dx.doi.org/10.1109/ICEEE2.2018.8391342
http://dx.doi.org/10.1049/iet-cta.2017.0969
http://dx.doi.org/10.1016/j.automatica.2014.04.006
http://dx.doi.org/10.1109/CDC.2005.1582636
http://dx.doi.org/10.1080/00207720802436265
http://dx.doi.org/10.1109/TAC.2006.880802
http://dx.doi.org/10.1007/s12555-020-0834-6
http://dx.doi.org/10.1080/00207179.2021.1930177
http://dx.doi.org/10.1109/TNNLS.2016.2574905
http://www.ncbi.nlm.nih.gov/pubmed/28129185
http://dx.doi.org/10.1109/TAC.2007.894543
http://dx.doi.org/10.1016/j.isatra.2013.04.007
http://www.ncbi.nlm.nih.gov/pubmed/23701895
http://dx.doi.org/10.1109/TSMC.2019.2912812
http://dx.doi.org/10.1016/S0005-1098(99)00081-3
http://dx.doi.org/10.1109/TAC.1977.1101446
http://dx.doi.org/10.1049/iet-cta.2017.0961

	Introduction
	System Description and Problem Statement
	Main Results
	Design of Integral Sliding Mode Surface
	Design of Integral Sliding Mode Fault Tolerant Controller

	Simulation Results
	Numerical Example
	Single-Mode Fairing Model

	Conclusions
	References

