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Abstract: The present paper attempts to investigate the problem of Fault Tolerant Control for a class
of uncertain neutral time delay systems. In the first time, we consider an additive control that is
based on adding a term to the nominal law when the fault occurs. This approach will be designed
in three steps. The first step is fault detection while the second one is fault estimation. For these two
steps, we consider the adaptive observer to guarantee the detection and estimation of the fault. The
third step is the fault compensation. Lyapunov method and Linear Matrix Inequality (LMI) tech-
niques were considered to improve the main method. Second, we propose a Pseudo Inverse Method
"PIM" and determine the error between the closed loop and the nominal system. Finally, simulation
results are presented to prove the theoretical development for an example of an uncertain neutral
time delay system.

Keywords: Uncertain neutral time delay system, Active Fault Tolerant Control (AFTC), LMIs, ad-
ditive control, PIM.

1. Introduction

In recent years, there has been a burst of research activities in the area of time-delay
control systems [1-3].

Time delay systems can be classified into two different categories: the first one ex-
pressed by retarded functional differential equations (RFDE) and the second one de-
scribed by neutral functional differential equations (NFDE).

The presence of delays more precisely for neutral time-delay system induces poor
performance and instability in closed-loop systems. Furthermore, some faults can be oc-
cur during the system operation.

Fault is understood as any sort of malfunction that occurs in actuator, sensor or pro-
cess level and that leads to any deviation from the nominal condition.

The system treated in this work has the particularity of the uncertain elements.

Uncertain RFDE systems have been studied in [1,3,4,9,10]. Their objective was to de-
termine the stability and control of this type of system.

Uncertain NFDE systems have been studied in [8,11] to achieve the adaptive robust
control.

Benjemaa, R.; and al. in [1] studied the stability and active fault tolerant control for a
class of certain neutral time delay systems; this work is a continuity of [1] such that, we
will consider the neutral time delay systems with parametric uncertainty and we will
compare two methods of active fault tolerant control.

The presence of parametric uncertainty, which can cause important error in system
parameters identification, guide to more complexity of the system model. Thus, neutral
variable time-delay and parameter uncertainty are sources of the oscillation generation,
instability and poor performance.
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An adaptive robust control scheme was proposed in [7] to stabilize uncertain neutral
time-delay systems, as well as in [8]. The authors proposed an adaptive Robust control of
uncertain neutral time-delay systems.

However, the main drawback of this work is that it assumes the delayed state of the
system in the adaptive process.

In this article, the uncertain neutral time-delay systems are studied, and a new active
fault-tolerant control is proposed to this type of system.

The comparison between additive and PIM control for uncertain neutral time delay
systems is the principal contribution of this paper.

First, the additive control approach (AFTC) will be presented. The main idea of this
control is based on adding a term to the nominal control law when the fault occurs, to
compensate the fault effect.

Second, the Pseudo-Inverse Method (PIM) will be designed for this type of system
based on the error determination between the closed loop system and the nominal one.

The remainder of the paper is organized as follows. The problems statement is given
in section 2. In section 3, the main results of the AFTC are presented; the method of addi-
tive control (fault detection, estimation and fault compensation) and the PIM, for uncer-
tain neutral time-delay systems.

Simulation results are presented in section 4 to demonstrate the efficacy of the pro-
posed method and finally, some concluding remarks are drawn in section 5.

Notation:

Let us consider the following notations used in this paper.

R" is the n-dimensional Euclidean space R™™ is the space of all real matrices, and
the superscript "T" denotes the transpose and LMI denote Linear Matrix Inequality. I is
the identity matrix of appropriate dimension. "*" denote the transposed elements in the
symmetric position.

2. Problems Statement

Consider a class of linear uncertain neutral time delay systems described by the fol-
lowing state space equation:

F(1)=(A+AA)E()+(A+AA)E(t-h)+
(A, +AA)E(t—d)+(B+AB)u(t)

y(1)=C(1)
£0)=0() ; telr . 0] o

Where f(t) € R" is the state vector, U(t) e R" is the input vector, Y(t) € R’is
the output vector. h>0 and d>0 are respectively state and its derivative delay.

A, A, A,, Band C are constant matrices with appropriate dimensions. AA;, AA,
AA, and AB are matrix-valued functions representing the parameter uncertainties in

the system model; and ¢(t) is a given continuous vector valued initial function.
The parameter uncertainties considered here are assumed that:

AA, = J,0W,
AA = J,0W,
AA, = J;0W,
AB=1J,0W,

J, J, J, J, W W, W, W . .
Where: "1, Y2, %3 ¥4 "0 T2 T3 T and O are constant matrices with

appropriate dimensions.
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Consider the uncertain neutral delay system affected by actuator fault:

E(1)=(A+AR)E()+(A+AA)E(t-h)+
(A, +AA)E(t—d)+(B+AB)u(t)+Ff (t)
y(t)=C&(t)

5(0)250 , t<0 2)

Where F is a constant matrix with appropriate dimensions and f (t) is actuator fault.

The presence of fault causes system damage. However, two fault tolerant control
(FTC) approaches are proposed for uncertain neutral time delay systems possessing the
ability to maintain nominal targets despite the presence of a fault.

3. Main results

In this section, the two methods, as detailed in introduction are considered to design
the FTC for the system (2).

3.1. Additive Control
3.1.1. Fault detection and estimation

Considering the system (2). As a first step, the following adaptive observer is used to
detect the actuator fault:

E ()= AL, (1) + AL (t-h)+ AL, (t—d)+
Bu(t)+L(Y(t)=Yn(t)+H(y(t=h)=y,(t=h))
Yo (t)=Cé&, (1)
5(0)=§0;t <0
r(t)=V (y(t)=ya (1)) o

Where & () eR" and Y, (t) € R" denote respectively, the state and the output vector

of the observer.
V: The residue weight.
The model error and residual are defined as follows:

é(t)=(A —LC)e(t)+Ag(t—d)+
(A —HC)e(t—h)+Ff (t)+AAL(t)+
AAE(t—h)+AAE(t—d)+ABu(t)
r(t) =Ve(t)
e(0)=e,;t<0

(4)

To calculate L and H; we consider the following theorem:
Theorem 1.[1]
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Given scalar h>0, considering the following Linear Matrix Inequality such that, if

there exist symmetric positive definite matrices P, Q, W, Z,, Z,, Z,, G € R™

and Y, Y, e R™P, M., N, e R"™, i=1,.,4, such that:

_¢11 ¢12 ¢13 ¢14 ¢15 h M 1 h N 1 ¢18 ¢19 ¢110

* ¢22 ¢23 ¢24 ¢25 hM 2 hNZ ¢28 ¢29 ¢210

* x4 AN, 0 hM, hN, 0 0 0

ook * -Z, -AJPF hM, hN, AP hA] P 0

* ook x * /- 0 0 F'P hFTP hFTP <0

ook * * * —hz, 0 0 0 0

* o x % * * * —hz, 0 0 0

* ok x * * * * -PZ'P 0 0

*oox * * * * * -hPZ;'P 0
o * * * * * * —thslP_ 5)

Where:

$,=PA+AP-YC-C'Y +Q+M,+M; + N, + N/
d,=PA -Y,C—ATPA, +CTYJ A —M,+M] =N, (A, +1)+N]
$s=M] +NA +N,]
b =My +N;
$.=—ANPF+CTY,F
do=AP-CTY]
b = P10 = hAJ P- hCTY1T
¢, =—A PA - ATPA, + AY,C+CTY,; A,—Q+W —M, - M; =N, (A, +1)
~(A,+1)'N;
s =—MJ +N,A, —(A+1)" NJ
b =-M] —(A+1) N]
¢ =—APF — ATPF +CTY, F
¢28:A1TF)_CTY2T
o = o = NAIP—hCTY,
By =W + Ny A, + ATNg
¢ =—2F PF +G
Then:

(6)

@)

In step 2, we use the same observer to estimate the fault with the following form:
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£(t)= AE(t)+ Ad(t—h)+ AL (t—d)+Bu(t)+Ff (1)
+LLY () -9 () J+Hy(t=h)-y(t-h)]

t) (8)

—_~

Where:

f (t)=—TFr(t)

©)
To find I the following theorem is considered:
Theorem 2. [2]
If there exists R>0, S>0 and T>0 symmetric positive matrices such that:
[2RA,-25C+C'2C+T  RA, —RF+C'V'F 0 0]
* ~(1-p)T 0 0 0
* * r? 0 0|<0
* * * O O
* * * *
L 0] (10)
With:
S=HR
Z=V'V

3.1.2. Fault compensation

To ensure a zero-static error between the system output and the desired one, we add
an integrator to the control law. Therefore, we can design the following state feedback
controller to stabilize the closed-loop system:

u(t)=Ke(t)+e(t) an
Where:
¢()=](%.(0)-y())d0
And
£(t) =, (t)-y(t)
Where:

& :The static error.
Y, : The desired output.
Where K the feedback matrix gain obtained by LMI resolution in the following theorem.
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Theorem 3.
For given scalars 7 >0 and g <1, the system (2) with the matrices A,, A, and

A, are constant, is asymptotically stabilizable by state feedback, if there exists

P=P =0, Q=Q =0, Z=Z" >0 and matrices with appropriate dimensions

G,

Where:

Then

(i=1,2,3) , D and O such that satisfy the following LMI:

E, Ep, Ey 7G
* * * *

£ _ E, E, 7G,
* * * *

E, 7G;

* * * -7

E,=Q+G,+G —-AO"—-OA" -BD-D'B

E,=G, -G -AO" -OA' -BD
E,=P+G; +0-A0"
E;, =—(1-4)Q-G,-G; —~OA’ - AQ’
E,,=-G, +0-AQ"
E,=7rZ2+0+0"

K=DO"

Proof theorem 3.
Lemma 1. the system (1) is asymptotically stable if it exists P, =P =0, Q =Q/ =0,

<0

(12)

Z=Z" >0 and the matrices of appropriate dimensions G, and O, (i=1,2,3) such
that the following LMI is satisfied:

Where:

To prove LMI (13), we choose the following Lyapunov function:

En E, Ej 2'*(-:’1
* Ep Ey z'*Gz
* *  Eg T*G3

* * * 4

E=

E11=Q1+Gl+Gir _A\JolT_OleT
E12 :GzT _Gl_AoOzT _OlAiT
E13:P1+GST+01_A003T
Ex :_(1_ﬂ)Q1_Gz _GzT _OzAiT _AlozT
Ezs :_GsT +02_A103T
E,=72+0,+0]

<0

(13)
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V(&) =£ (ORE()+] & (s (s)ds+
L& R L[, £ (e

(14)

Where the matrices Pl , Ql, Z and D are to be determinate.

Then, the calculation of the derivative of V (f , t) gives:

V(£1)=25T ()R&(1)+&T (1)QE() - (t-h)Q&(t-h)
+¢T (1) ZE(t)-¢" (t-d)Z5(t-d)
+ [£()DE(D)-& (t+ 5)DE(t+ ) i
=2¢T ()RS(t)+¢" (1)QE(t)-¢ (t-h)Q&(t-h)
+(1+d)& (1) DE()-£" (t-d)Z4(t-0)

-[' & (t+B)DE(t+ BYIB
<257 ()RE(1)+¢" (1)QE(1) =& (t-h)Qg(t-h)
~(1=u)&T (1) DS (1)-¢" (t-d)ZE(t-d)
_I_dg (t+4)DE(t+ BB )
The Leibniz-Newton formula provides:
E(t)-&(t-h)-[ £(t-s)ds=0

Therefore, for matrices of appropriate dimensions G; (i =1,2,3) the following expres-

sion is true:

0 .

2[5(t)el+gT(t-h)ez+gT(t)eaj*[g(t)-g(t-h)-jdg(t-s)ds}:o »

Moreover, from (1) for matrices of appropriate dimensions, O; (i =1,2,3) we have:

2[ £ (1)0,+&" (t-h)0, + £ (1)0, |*
[(A+88,)E(t=d)~(A +AA)£(t-h)~(A +AA )£(t) =0

(17)
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For a positive semi-definite matrix

0, 0, O
0=10, 0, 04|20
0, Op O

The following expression is verified:

* T vt
' (t)On(t)- T (t)©n(t)ds=>0 )

Where:
n(t)=[&"(t) & (t-h) & (t-d)]

Then, by adding the null terms (16) and (17) to the left part of the inequality (15) and by
increasing V (f ,t) in the same inequality by the term (18), this allows us to express

\Y; (§,t) as follows:

V(&)< ()an(t)-[ Q" (Ls)pa(ts)ds
Where:
o(ts)=[n" (1) &(s)]

E,+70, E,+70, E;+70,
A=|E, +7t0, E,+70,, E,+70,
E,+70, E,+70, E,+70,

®11 ®12 ®13 Gl

l//: ®21 ®22 ®23 GZ
®31 ®32 ®33 G3
G G G D

If A<O0 and >0 , then, there exists & sufficiently small such that

V(&t)<—¢le®)

precisely, if we select D > 0, the matrix ® can be chosen as:

, we ensure then the asymptotically stability of the system (1). More

0, G, G, '
0=|0,|=|G, |D*| G,
0, G, G,
Which allows having
®>0and w=>0

In this case A <0 isequivalentto E <0 according to Schur complement.
For theorem 3 based on Lemma 1, we will determine the return gain K.
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Consider the following hypothesis @, =6, =6, and substitute the control law in (19),

the closed loop system then becomes:
E(t)=(A +BK)&(t)+ A& (t—h)+ Ac(t—d)+Ff (1)
E()=op(t); te[-z,0]

To determine the return gain K, it suffices to replace the matrix '&o by ('Eb + |§K) in
LMI (13) of Lemma 1.

Where Aj=A +AA,A =A+AA,A =A +AA, andB=B+AB.

By developing the computation, we end up with a nonlinear LMI. To solve this problem,
we recourse to the dual system.

A system is stable. Then, its dual is also stable, since solution of:

det(sl —(A,+BK)-Ae " - Kze"*s): 0
Is the same that of:
det(sl ~(A+ I§K)T ~Ale - ng"*s) =0

Therefore, is equivalent to the following system:
E(0)=(A+BK) £()+ Ae(t-h)+ ATE(t-d)

t)=0p(t); te|-7,0

£)=p(t); te[-20) o
— —_—

To determine the return gain we replace A, by (A\) + BK) in (13) and we obtain (12).

We propose computing a new control law U, (t) to be added to the nominal one to

compensate the fault effect on the system. With U, (t) satisfies the following equation:

Bu,, (t)+ Ff (t)=0 n

Then:

(22)
Where:
B=B+AB

In addition, B is the pseudo-inverse of matrix B.
3.2. PIM for uncertain neutral time-delay system

In this part, the Pseudo-Inverse-Method is based on the error determination between
the closed loop system and the nominal one.
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The main idea of this method is to modify the constant feedback gains of nominal
system, then, synthesized controller gains that can stabilize the faulty systems.
The reference model is defined as:

E(1) =X E()+ X,E(t=h)+ X,E(t—d)

(23)
Where Xy , X, and Xs are given.
Considering the state feedback, the set of admissible controls is:
unom( ) GnomVref ( )_ Knomg(t) (24)
Where:
Vit (t) is the reference signal.
G,,, and K are the nominal feedback matrix obtained as:
Koo = (B+AB)"[(A,+AR)+ (A +AA ) +(A, +AA,)
_Xl - Xz - Xs]
G =[C(=(A +84)=(A+4A ) (A, + 4,
-1
+(B+4B)K,y, ) " (B+48)]
When the fault is detected, the system (1) can be presented as:
E(1)= (A + A (1) (A + AR )¢ (t=N)
+( Ay +AA ) E(t—d)+ (B, +AB, )upy, ()
y()=Ci&(t)
5(0) 0, Vv te[ T, 0]
(25)
Where Upy (t) represent the control law of the PIM and it is represented as:
PlM ( ) K 5( )+varef (t) (26)

Where K, and G; are the new feedback gain matrices to be determined.

The expressions of the controllers gain can be represented as follows:
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K, =argmin|((A, +AA)+(A +AA)+(A, +AA)
~(B+AB)K,,) ]
=(Bf +AB )+(<A0f +AA )+(A1f +AA; )+(A2f +AAZf)
_Xo _xl_XZ)
G, =arg minH(B+AB)G (B, +AB, )GfHF

nom

=(B+AB)(B, +AB, )G,
:[Cf (_(Abf +AA )_(Aif +AA )_(Azf +AA2f)
+(B, +4B, )K, ) (8B WLAE;f)]l

4. Simulation Results

In this section, a numerical example is presented to demonstrate the effectiveness of
the proposed theoretical development. Considering the linear neutral time-delay system
(2), with the system matrices described by:

[-07 02] , o2 o7 . [o0 -01
%_[0.3 0.1}’ A‘[o.l —0.1}' Az_[o.s 0.2}
{1 0] {1 o] {0.1] {0.1}

B= , C= , E=| i E=
0 1 01 0.1 -0.1
{—0.1} {—0.1} { 0 } H
E, = N ; Ej= o F=
0.1 0 -0.1 1

F=[0.01 03]; F,=[001 02]; F=[0.01 02]
F,=FK=002, L=02; h=d=1
f(t)=

7 =2.236: 1=0.5
r(t)=0.5sin(10t)+0.5

2 :;25<t<40
0 ;otherwise

From theorem 1 and 2, we obtain respectively:

_{16.0459 —14.8568} _ H—{13'3768 —10.9836}

~1-9.0311 11.1109 ~7.4135 8.3279

And
I'=2.684

From theorem 3, the feedback matrix gain is obtained as:

—0.5406 —0.1999
-0.3194 -1.2802
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Figure 2. y2 (t) with PIM and additive control law.

By the use of additive control law method. Figure 1 and Figure 2 show that this con-
trol is able to compensate the fault (for yladd (t) and y2add (t)).

The PIM method can minimize the error between the faulty system and the reference
one, Figure 1 (y1PIM (t)), but it is not the case in Figure 2 (y2PIM (t)) where the perfor-
mance is minimized.

5. Conclusion

In this paper, two methods of active fault tolerant control are presented for an uncer-
tain neutral time delay system.

With an additive control law added to the nominal control, the proposed AFTC
achieves the minimization of fault effects.

By using a Pseudo-Inverse Method (PIM), the performance satisfaction is guaranteed
for y1PIM (t) but for y2PIM (t) is not totally guaranteed. A numerical example has been
given to show the effectiveness and limitation of the proposed methods.
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