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Abstract

This paper deals with the problem of the design sliding mode ob-
servers for nonlinear systems subject to unknown inputs. In most ap-
proaches, sliding mode observers can be designed under the assumption
that the system can be transformed into a specific canonical observable
form. Then, the state and the unknown input of the system can be recov-
ered in finite time. In this work, the class of systems for which unknown
input sliding mode observers can be designed is enlarged by introducing
an extended triangular observable form and a higher order sliding mode
observers for which finite time convergence can be shown using Lyapunov
stability arguments.

1 Introduction

In the eighties, P. Kokotovic, H Khalil and J. O’Reilly published a seminal
book on singularly perturbed system [18], which was one of the first dealing
with iterative methods applied in control theory. This book, as well as V.
Utkin’s one [23], have inspired many works on nonlinear control for constraining
the system behaviour to evolve on a given submanifold of the state space. To
the best of our knowledge, all control or observer methods able to constrain
the system or observation error dynamics to a submanifold encounter some
problems under sampling, because, in this case it is only guaranty to reach
a neighbourhood of the submanifold. In a joint paper with Professor Khalil
[5], we have also shown the necessity for systems under sampling to take care
how the output measurement is realized with respect to the control setting for
singularly perturbed systems or systems with fast actuators. Works of Professor
Hassan Khalil also influenced strongly industrial applications and the way to
teach nonlinear control. Actually, like the book of A. Isidori [13] in the eighties
is one of the founding book of nonlinear system theory, the book of H. Khalil
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[17] is the first book which allows engineers and students to deal rather easily
with nonlinear control. For these and many other reasons as his kindness, we are
very pleased to be involved in this special issue dedicated to the 60" birthday
of Professor Hassan Khalil.

The problem of designing observers for multivariable systems partially driven
by unknown inputs has been widely studied. Such observers can be of impor-
tant use for systems subject to disturbances or with inaccessible inputs, and
in many applications such as fault detection and identification or parameter
identification. Robust observers have to be designed. For linear systems, this
can be achieved using a Luenberger type observers under some decoupling and
detectability conditions [6, 12].

Robust observers for nonlinear systems subject to unknown inputs, such as
high gain [11, 19] or sliding mode observers [2, 20], are usually designed under
the assumptions that the system can be put into a set of triangular observable
canonical forms (when the dynamics of the system is perfectly known, similar
forms are also derived for the problem of nonlinear observer design with linear
error dynamics [15, 16, 22, 24]), where the unknown inputs act only on the last
dynamics of each triangular form.

In the case of sliding mode observers, an estimate of the system states and
the unknown inputs can be obtained in finite time. The finite time convergence
property of sliding mode observers can be useful in observation problems such
as observer-based controller design for nonlinear systems (for a large class of
systems, the observer can be designed separately from the controller and the
separation principle does not need to be proved) or in applications that require
fast estimations of some unknown inputs like fault detection and identification
or on-line parameter identification. Finite time variable structure observers
can also be of interest to solve the observation problem of some class of hybrid
systems or the problem of observability singularities that may occur in nonlinear
systems.

This work aims at developing a method allowing for state and unknown
input estimation for a class of nonlinear systems subject to unknown inputs
when usual sliding mode observers can not be achieved. First, the canonical
observable form usually considered for the design of robust finite time sliding
mode observers is recalled in Section 2 and necessary and sufficient conditions
leading to such a form are given. In Section 3, a higher order sliding mode
observer is introduced and finite time convergence of the observer is proved
using Lyapunov stability arguments. Then, in Section 4, the class of nonlinear
systems for which such a sliding mode observer can be designed is enlarged
using nonlinear transformations that put the system in an extended triangular
observable form. Lastly, as a way of illustration, the problem of actuator fault
detection and identification for an aircraft is discussed in Section 5.
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2 A triangular observation form for nonlinear
systems with unknown inputs

Consider, on an open set U, the nonlinear system:

X = FO0) + 90w = f(x) + gmng(x)wi

y = h(x) = [h(x); - hp()]"

where x € U C R" is the state vector, y € RP is the output vector and
w = [wy,..., W] € R™ is the unknown input vector. The vector fields f,
g1, ---, gm, and the functions hi, ..., h,, are assumed to be sufficiently smooth on
U '. Without loss of generality, it is assumed that p > m, and that the dis-
tribution G = span{gi,...,gm} and the codistribution span {dhi,...,dh,} are
nonsingular on U. Define the unknown input characteristic indexes {p1, ..., pp}
(see [21]) such that, for 1 <i < p, for all y € U:

(1)

ngL’Jihi(X) =0, for k< p; —1,and for all 1 < j < m,
Lg].L?rlhi(X) # 0, for at least one 1 < j < m, ’
The system (1), with w = 0, is supposed to be locally weakly observable on
U. Then, there exist p integers (v1,1s,...,1,) called the observability indices

of system (1) (see [15] for a definition), that satisfy v4 + --- + v, = n, and such
that the change of coordinates

T
¢:(h1, O 7 TURY F L;P‘lh,,) ,

after a suitable reordering of the state components, transforms locally the system
(1) into

i = ale,n) + bz, ®)
Yi = Céq‘rl

with z = (J:f, ...,xg)T, r; € R%, & =min (v, p;), 1<i<p,

V;ii (xanaw) = L?hz(xan) + ZngL(Sfiilhi(xan)wj eR
j=1
01 0 0 O
001 0 O

Aso=| 0 00 | RV
0 00 0 1
00 0 0 O

Hs,=(0 0 .. 1)7€R% C5,=(1 0 .. 0)cR>"

1Tt is assumed that for all original states and all bounded w; € C° the Cauchy problem
has a unique solution. For more details, see the book of Professor Khalil [17], page 67.
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and a, b are smooth vector fields on U.
If 51‘ =V, ie.:
v; < p;forall 1 <i<p, (4)

the system (1) is transformed into:

iy = Ayxi+ H,V, (2, w) (5)
Yi = C,/i.']/'i

with ZngL?i_lhi(x)wj # 0 if and only if v; = p;. Finite time sliding mode
j=1

observers for the form (5) can be found in the literature?. For instance, one can
refer to the works [2, 8, 9] for design methods based on first order sliding mode
algorithms. However, the observer dimension increases drastically due to the
numerous filters used to avoid chattering problems. This can be overcome by
designing higher order sliding mode based finite time observers [10, 20] based on
the iterative use of the super twisting algorithm (a second order sliding mode
algorithm) and the convergence can be proved on the features of homogeneous
differential inclusions. Hereafter, an arbitrary order sliding mode observer based
on a step-by-step procedure, also involving the super twisting algorithm, is
designed. Due to the particular structure of the observer, finite time stability
of the observation error is shown using Lyapunov stability arguments.

3 A finite time step-by-step sliding mode ob-
server

Consider a SISO nonlinear system in triangular observable similar to a subsys-
tem of (5):

t=Ax+ H,V,(x,w) (6)
y=Cyx
where # = [z1,---,2,]T € R” is the state vector, y € R is the output and

w € R is some unknown input. Assume that the state of the system is uniformly
bounded, i.e. for all ¢ > 0, |x;(t)| < d;. The unknown inputs as well as its first
time derivative are also assumed to be ultimately bounded. A 2v-dimensional

20ne can find other finite time observers based on numerical approaches [7, 14] or algebraic
methods [3].
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observer is designed as follows:

.Z;'1 = 1+ M |$1 — .’f?1|1/2 Sign(:zjl — .’fil)

21 = agsign(x; — 1)

Jég = 29+ A |Zl — f:‘2|1/2 sign(zl — i‘g)

Z9 = «osign(z; — &9)

(7)

A _ A 1/2 _. A
Ty1 = zu_1t+ A |ZU72 - 1'1/71‘ Slgn(ZVfQ - xufl)
2y—1 = au—lsign(zv—Q - ju—l)

2, = 2,4+ A\, l2—1 — :%,,|1/2 sign(z,—1 — I)

2, = ausign(z,—1 — &)

Define the observation errors as: e; = x; — &; and § = 2,41 — z; for e =1, ., v
where 1 £ V., (z,w). The observer gains \; and «; are positive scalars yet to
be defined. The observation error dynamics is given by:

& = & —Aile|"sign(er) (8)
& = 3 — agsign(er) (9)
ér = & —Aales— &Y sign(es — &)
ég = x4 — agsign(es — &)

byo1 = &1 — Aaley1 — 51/72‘1/2 sign(e,—1 — &,-2)

fort = Tyy1 — aporsign(e,1 — &ya)
G = &= Nley— &l sign(e, — &)
£ = iy — ausign(e, — & 1)

1/2 .

Consider the two first equations (8)-(9) and note ¢ = [ Zl } = [ le1l glgn(el)
2 1

One has:

o 1 A1 1 0
b=l (0 g )er] o]
-1 0
My + . 10
ol (aro |5 ) (10)
Define the candidate Lyapunov function V = T Py where P = < z ! g 3 >
3 D2

is a symmetric positive definite matrix. The time derivative of V along the
solution of (10) is given by:

v -1 T T T 0
V = || (¢ (M"P+ PM) v+ 2¢ P[ | s D
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where
20T P [ |¢10| s } = 223 91| [p3th1 + paiha] -

Since, for all € > 0,
€ 2 5 2
p2 [Y1] [th2] < QUi+ 5,

one has
TP [

0
|¢1|.’L’3 :| S klw% =+ kZd)%

with ky = ds (2 |ps| + ¢) and ks = d322. Thus
. -1.,T T ki 0
VSTt (MTPEPM A () ) )0

Because M is a Hurwitz matrix, the observer gains A; and a; can be chosen
such that the matrix

Q=m"PypPu+(F 0
0 ko

is negative definite. Then

Vo< =] T 0TQw < — ] Amin {Q} 1017

Note that V' is not differentiable for ¢y = 0. However, Lyapunov and Lasalle
Theorems still apply since wlimOV < 0. Since

2 14 Vv 2
17 = 5y ond ol < 101 < (57
one gets:
y )\min {P} % )\min {Q} o . % )\min {Q} %
V<- ( % > - {P}V = —Amin {P} 7/\%)( {P}V

and this proves the finite time convergence of 1 to zero, i.e. the finite time
convergence of e; and & to zero.
Thus, after a finite time £&; = 0 and the observer dynamics is given by:

er = 0

é2 = & — Aolea|'? sign(es)

& = x4— agsign(es)
bo1 = &1 —Aaley1 — 51172\1/2 sign(e,—1 — &u—2)
§omt = Tyg1 — ap_isign(e,_1 — &a)

= &= Mles =&l sign(e, — &)

& = dyi1—ausign(e, — &n)
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In a similar way, it can be shown that the trajectories converge in finite time onto
{e2 = & = 0}. So, one has in finite time ¢; = z; —&; = 0and & = 2,41 —2; =0
for ¢ = 1,..,v. In the final step of the procedure, ¢, = z,41 — 2z, = 0 and
one gets a finite time estimate of V, (z,w) = z,. For MIMO systems (5), the
observer (7) can be generalized as follows:

A A 1/2 . A
Tin = Ziat+Aia|Tia—Eia| T sign(wig — £i1)
Zin = oyasign(xin —241)
2 . A\ A1/2 . .
Tio2 = Zi2+ A2 |Zi,1 - $1,2| Slgn(zi,l - xm)
2.,’1‘,2 = Oéi,QSigIl(ZiJ — iz)
(11)
2 . 1/2 . N
Tivi—1 = Zipi—1 T Nii—1|Zivi—2 — Tip—1| " sign(zi,—2 — mi,uiq)
Zivi—1 = Q1880 (Zin, 2 — i, 1)
2 A 1/2 . A
Tiv, = Zip + N [Ziw—1 — Tiw, |7 sign(zin, -1 — Ti,)

Ziv; = Oéi,y,iSIgn(Zi,ui—l_-ri,w)

where y; = ;1 and ¢ € {1,...,p}. After a finite time, all &; ; have converged to
zero and consequently z; j = x; j41 forall i € {1,..,p} and j € {1,...,1; —1}. Tt
is also to possible to estimate the unknown inputs because one has:

2, =V, (x,w) = LY hi(x) + > Ly L% hi(z)w;, 1<i<p 12
; : ¥ gty j
j=1

The relations (12) can be rewritten as:

Lo, L' ha(w) o Ly, L7 'ha(x) 2y, — L b (2)
: : w = :
Lo, Ly 'hy(z) . L, L7 hy(a) 2, — L hy()

Since the distribution span {g;(x), ..., gm(x)} is nonsingular for all x € U, the

matrix
Lo, L' ha(m) o Lg, LY ha(x)

Az) = : :
Lo, L' 'hy(x) . Ly, L7 hy(x)
has full column rank because:

AL hy ()

Alz) = (@) .. gm(z))
AL hy (@)
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Thus, an estimate of the unknown input is given by:

20 — L0y (2)
W= AT (%) :
2, — L hy (i)

where AT is a well defined pseudo-inverse of A.

4 A generalized triangular observable form

It may happen that the condition (4) is not satisfied. Here is provided an
observation scheme that allows for the finite time estimation of both the state
and the unknown inputs of (1) even if v; > p; for at least a j in {1,...,p}.
Consider again the general form (2-3). Applying the given finite time observer
(7) to the subsystems (2), for 1 <4 < p: (i) & can be estimated in finite time;
(ii) one can also recover in finite time the last component V;, of each subsystem
of (2). The problem is to recover the remaining state 1. Denote:

Vs, (x,w) L?}h(x)
Vs, (z,w) LY ho(x)
V(z) = : = : + s(z)w
: .
Vs, (z,w) L hy()
where s s
Lg, LY " 'hy(x) ... Ly, L3 'hi(x)
Ls(z) = : :
5p—1 5p—1
Lo, LY “hyp(z) . Lg, LY hp(x)

Let £ be the commutative algebra of the measured outputs and their successive
Lie derivatives up to order §;: £ = span{hy, ..., L‘;}*lhl, vy By ey L[sf”_lhp} and
let d£ be the codistribution: d.£ = span{dhi, ...,dL} " 'hy, ..., dhp, ..., dLY " hy}.
Assume there exists a 1 x p row vector K (z) = (ki1(x), ..., kp(z)) # 0, k; € £ for
1 <1 < p, such that:

K(x)Ts(x)=0for all z € U (13)
and set: § = h(z) = K(2)V(z) = f:lkl(x)fohz(x) Note that g is an available
information (after a finite time) zlmd is not affected by the unknown inputs.
Therefore, if d.£+span {dﬁ} ¢ d£, y can be used as an additional output. Then,
let p; and ©; be the unknown input characteristic indexes and the observability
indices of (1) with respect to the extended output [yT, g]T. If o; < p; for all
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1 <i<p+1, the system (1) can be transformed into:

C.-i = ADIQ +H171Vl71(5vw) fOI' 1 S i S p

yi = Cp, G
E = ADp+1<_- + Hf/p+1 Vl7p+1 (57 w)
?j = ClijrlC

where 5 = (C;f, e C;;F, ET)T € R™. Then, it is possible to recover both the state
and the unknown inputs in finite time.

The discussion above can be recursively generalized as follows. Assume that
the condition (4) is not still satisfied with the extended output obtained with
the solutions of (13). On the basis of this new output, the corresponding matrix
I's can be computed and another set of fictitious outputs can eventually be
found. One can iterate this procedure until the condition (4) is fulfilled for a
new extended output. Then, the original system can be put into an extended
block triangular observable form?:

yil:yi:CVilCilv I<i<p =p
412 = AnyzZ +Hyi2vui2 (€7w)
Bl 1<i<y

i

CF = A+ Hop Vo (C0)
Y=, 1<i<pf (14)

where the integers v are the observability indices of the system (1) with the

3

new outputs y;. The first subsystem is fed by the original outputs of the system.
A finite time observer is designed to estimate the state of this subsystem and
to provide in finite time the knowledge of the fictitious outputs y2, 1 < i < p?.
Then, the state of the second triangular observable form can be estimated as
well as the fictitious outputs y7. Thus, one can recursively obtain in finite time
the whole state of the system as well as the unknown inputs. An algorithm that
states if the system can be transformed into (14) and that provides the integers
p’, v} and the auxiliary outputs y! (j = 1,...,k*) was given in [4].

3Systems that admit such a form belong to the class of left invertible systems with trivial
zero dynamics (see [3]).
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5 Actuator fault detection for an aircraft

As a way of illustration, consider the 9 order dynamical model of an aircraft
given in [13], page 268:

v 0 W e p* P
g 1=10 cos(9) —sin(¢) ¢ | =M@,9,9) | ¢
¢ 1 sin(¢)tan(d) cos(¢) tan(V) r* r*
p p
¢ | =J"'Spar)J | q | +J'T
T T
7 o= 2D i
Vo= - gsin(v)
a6 = ¢q-— i (pcos(a) + sin(a)) tan(B)
B = r*+psin(a) — rcos(a)

The state variables v, ¥ and ¢ are the yaw, the pitch and the roll angles,
respectively, and characterize the attitude of the aircraft with respect to the
wind axes. p,q,r are the velocities of the aircraft with respect to a reference
frame fixed with the aircraft. V is the speed of the aircraft and «, 8 are the angle
of attack and the sideslip angle, respectively. The relations between p*, ¢*, r*,
the velocity angles expressed with respect to the wind axes, and p, ¢, are the
following:

p* = pcos(a)cos(B) + (¢ — &) sin(8) + rsin(a) cos(F)
¢ = o (Fy — mgcos(i) cos(6)
rto= mLV(_FS + mg cos(¥) sin(¢))

The vector T of the external torques can be approximated as follows:

ai2r + aisp a11 sin(B) b1z cos(B) 0 b13 cos(0) 0,
T=V a23q +V2 | a2 +axnp |+V? 0 b2z cos(a) 0 1)
asa” + assp asi sin(ﬁ) 0 0 bss COS(B) 1)

]

)

3

)

where d,, 6. and J,. are the deflections of the aileron, the elevator and the rudder,
respectively. The external forces (Fp, F,, Fs) are function of the relative aircraft
speed and 0p is the setting of the throttle:

Fp c11 + c1z cos(a) — cos(a) cos(3)
Fr, | =V?| co1+coasina) | +P sin(a) dp
Fg 31 8in(20) cos(«) cos()

10
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The matrices J and S are given by:

I, 0 -1, 0 T —q
J = 0 I, 0 , Sp,g,r)=| -r 0 p
_I:vz 0 Iz q —-p 0

m is the mass of the aircraft, g is the gravity constant, the a; ;, b; ; and c;; are
aerodynamical parameters and P is the maximum of thrust.

The available measurements are the speed V' and the angles (¢, %, ¢, «, )
and the control inputs are u; = 6p and us = (84, 6¢,d,)7. After some manipu-
lations, the dynamical model of the aircraft can be expressed in the form:

X, = F(X1,X2)+Gi(Xy, Xo)uy
X2 = FQ(Xl,X27X3)+G2(X1,X2)u1
X3 = F3(X1, X2, X3) + G3(X1, X2, X3)ug (15)
n = Xi
2 = Xo
where
X1 = (Va 1971/))T = (I1,1,$1,2,$1,3)T
Xo = (¢,0.0) i= (221,222, 723)"
X3 = (PaCL?")T = (903,17$3,2,3?3,3)T

For the sake of place, the exact expression of the vector fields are not given here.
Nevertheless, it is important to note that Fy, G; and G2 are only function of
the measured states X; and Xs.

The problem of state observation in presence of actuator fault and actuator
fault detection and isolation can be seen as follows:

X1 = Fi(X1,Xs) + Gi(X1, Xo)(u1 + wy)

Xy = Fo(X1, X2, X3) + Go(X1, Xo)(ur +w1)

X3 = F3(X1, X2, X3) + G3(X1, X2, X3) (uz + w2) (16)
yo= X

y2 = Xo

where the unknown inputs w; stand for defect in the actuators. For this system,
one has p; =1, 1 <4 < 6. This implies that there is at least a j in {1, ...,6}
such that v; > p;. Thus, the condition (4) is not satisfied and the aforemen-
tioned method can not be applied. Roughly speaking, w; appears in the output
derivative before all the state components appear independently. However, the
system can be transformed into an extended triangular form so that a step-by-
step higher order sliding mode observer can be designed to estimate actuator
faults. From (16), one has:

_ Fi (X, Xs) up + wy
Viz) = ( Fy(X1, X, X3) ) +1h ( ug + wo )

11
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with

(G1(X1,X2))1 0 0 0
(G1(X1,X2))2 0 0 0
ro_ (G1(X1,X2))3 0 0 0
! (G2(X1,X2))1 0 0 0
(Go(X1,X2))2 0 0 0
(Go(X1,X2))3 0 0 0

Thus, it is possible to find a K (X) with all its components in

L= Span{ml,l, T1,2,T1,3,T2,1,L22, »T2,3}

such that (13) is satisfied. For instance, one can choose:

( —(G2(X1,X2))1 0 0 (Gi(X1,X2)h 0 0 )
K(X) = —(G2(X1,X2))2 0 0 0 (G1(X1, X2))N 0 .
—(Ga(z1,22))3 0 0 0 0 (G1(X1, X2)1

Then, the auxiliary output ¥ is equal to:
y = (G1(X1, X2))1F2(X1, Xo, X3) — G2(X1, Xo2)(F1 (X1, X2))1
It can be shown that the codistribution
d£ = span{dw; 1,dz1 9, dr1 3,dT2 1,dT2 2, dTo 3, d(Y)1,d(Y)2, d(7)3}
is generically full rank * i.e. dim{d£} = 9. Thus, using the change of coordi-
nates (' = (X7, XT)T and (2 = ¢, one obtains a triangular form similar to (14)

and the state can be estimated in finite time using the observer (11). One also
has the knowledge of:

B Fi(X1, X2) w4+ 1w
V = EQ(X17X2,X3) —|—F2< u1+w1 >
F(X1, X5, X3) 2 2

where F = L, § + Lp,yj + L,y and

Iy
F2 = ( P cos(xz2,2) cos(x2,3) BFz(wl,x2,4)| GS(xl o ='L'3) )
xrs3 b) b

Since G3(X7, X2, X3) and g)fg are generically full rank, it is possible to recover
generically wy and wo.

P cos(z2,2) cos(w2,3) _ 0 or IF(X1,X2,.)
- 0Xs

is not full rank.
m

4Singularities appear when

12
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6 Conclusion

In this paper, iterative methods have been used for the design of a step by
step higher order sliding mode observer and for an iterative algorithm in order
to analyze if the state and the unknown inputs of a nonlinear system can be
estimate in finite time. Here, no studies with respect to measurement noise
and parameters uncertainties were given because such a study is linked to the
control algorithm which is out of the scope of the paper. This point of view
of deriving at the same time both the control algorithm and the observer is
strongly motivated by one of the most recent paper of Professor Khalil [1]. In
this paper, the authors show that measurement noise influences on the observer
based control behavior are drastically less than their influences on the observed
state.
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