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Abstract

This paper provides some new developments in the design of unknown
input observers for nonlinear systems. An algorithm which states if the
state and the unknown input of the system can be recovered in finite time
is introduced. This algorithm leads to the transformation of the system
into an extended block triangular observable form suitable for the design
of finite time observers. The proposed method is useful to relax some
restrictive conditions of existing nonlinear unknown input observer design
procedures.

1 Introduction

It is of importance to design observers for multivariable linear or nonlinear sys-
tems partially driven by unknown inputs. Such a problem arises in systems
subject to disturbances or with inaccessible inputs and in many applications
such as parameter identification, fault detection and isolation or cryptography.
The design of observers for nonlinear systems is a challenging problem, even for
accurately known systems. It has received a considerable amount of attention
in the literature. In many approaches, nonlinear coordinate transformations
are used to transform the system into suitable observer canonical forms. Then,
observers with linearizable error dynamics (see e.g. [9, 20, 21]), high gain ob-
servers [8] or backstepping observers [15] can be designed. Few works deal with
the design of unknown input observers for nonlinear systems. Some of them
are concerned with applications in the field of fault detection and identification,
and in particular the nonlinear Fundamental Problem of Residual Generation
[4, 10, 19]. Other ones deal with nonlinear systems subject to exogenous per-
turbations and are based on sliding mode considerations [22]. The convergence
is obtained in finite time under the assumptions that the system can be put



into a set of triangular observable forms, where the unknown inputs act only
on the last dynamics of each triangular form. This assumption is known as the
observability matching condition. The present work aims at the development of
a systematic method leading to the finite time observation of a class of nonlin-
ear systems with unknown inputs even if the observability matching condition
is not fulfilled. To this end, the procedure given in [5] is extended to the nonlin-
ear case. It also results in a constructive algorithm that transforms the system
into a similar type of block triangular observable forms. This transformation
relies on the introduction of suitable fictitious outputs. Sufficient conditions
for the existence of such auxiliary variables are given. After transformation of
the system, it is shown that it is possible to design observers that provide the
finite time estimation of both the state variables and the unknown inputs. An
illustrative example highlights the efficiency of the proposed methodology.

2 Problem statement and motivations

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

i = f(z) + g(x)w = f() + igxx)wi
Yy = h(m) = [h1<LL‘), "7hp(x)}T

where © € U C R” is the state vector, y € RP is the output vector and
where w = [wy, ..., w,,] € R™ represents the unknown inputs. The vector fields
f and ¢1,...,9m, and the functions hy, ..., h,, are assumed to be sufficiently
smooth on U. Without loss of generality, it is assumed that p > m, and that
for all x € U, the distribution G = span{gi,...,gm} and the codistribution
span {dhi,...,dh,} are nonsingular on U. Like in [17], let us first define the
unknown input characteristic indexes {p1, ..., pp} such that, for 1 < i < p:

(1)

Lg].L’JEhi(x) =0, for k <p;, —1,and for all 1 <j <m,
Lg].L?Flhi(x) # 0, for at least one 1 < j < m,

for all z € U. The system (1) with w = 0 is supposed to be locally weakly
observable on U [11]. Thus, there exists a change of coordinates

T
¢:(h1, e DRy L;P‘lhp)

such that, after a suitable reordering of the state components, the system (1) is
locally transformed into

gi = A&gl + H5iv5z‘ ((E, w) (2)
n=a(&mn) +b&nw (3)
yi = Cs5,&



with € = (¢],...€1)", & eRY, 1<i<p

m

Vs, (z,w) = L hi(z) + _;ng LY hi(z)w; € R

010 0 O
001 0 O
A= | 0 0 0 | eR
000 0 1
00 0 0 O
Hy,=(0 0 .. 1)7eR% C5,=(1 0 .. 0)eR>%
and a, b are smooth vector fields on U. The integers (v1,vs,...,1,) are the

so-called observability indices of system (1) (see [14] for a definition) and thus
satisfy v1 + - - - + 1, = n. From the definition of the p;, one has ¢; = min (v;, p;)
and g5, = 0 if v; < p; (ie. §; = v;).

2.1 A triangular observable form

Most existing nonlinear observers for system (1) are designed under the assump-
tion that the system satisfies the so-called observability matching condition.
This condition was first formulated for SISO linear systems in [18], Chapter
4. In the general case of MIMO nonlinear systems, a necessary and sufficient
condition is given by:

v; < piforall1 <i<p. (4)

Then, §; = v; for all 1 < i < p, and under the change of coordinates £ = ¢(x)
the system (1) is transformed into the form:

§i = AV’igi + HV'i VV'i (fa w) (5)
Yi = Cuigi

with > Ly, L;iilhi(a:)wj # 0 if and only if v; = p;. Each subsystem of (5) is in
i=1

the so-called triangular observable form. Finite time observers for such a form
can be found in the literature, based on step-by-step sliding mode techniques
[22], higher order sliding modes [6, 16], numerical approaches [3, 13], or algebraic
methods [2]. The design of such observers is left to the reader, since they are
straightforward applications of existing results. Nevertheless, depending on the
choice of the observer, some assumptions have to be introduced. For instance,
in all the previously mentioned works, the unknown input w has, at least, to be
bounded. A necessary and sufficient condition for the recovery of the unknown
inputs is that

Lo, L7 'ha(x) .. Ly, L} 'h(x)

[(z) = : E
P_l P_l

Lo L hy(z) .. Ly, LY hy(a)



has rank m. In this case, p = {p1, ..., pp} is the vector relative degree as defined
in [12], p. 220, when m = p.

2.2 An extended triangular observable form

The aim of this paper is to provide an observation algorithm 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 any of the aforementioned finite time observers: (i) for 1 < i < p,
&; can be estimated in finite time; (ii) one can also recover in finite time the
last component Vs, of each subsystem of (2). The problem is to recover the
remaining state n. Denote:

Vi, (2, w) Ly ()
Vs, (z,w) szhg(x)
Viz) = . = . + Is(z)w
Vs, (z,w) LY hy(x)
where 51 51
Ly, L3 (@) . Ly, L3 'ha(a)
Ds(z) = : :
Sp— -
Lo, LY 'hy(x) o Ly, LY 'hy(w)

Let £ be the commutative algebra of the measured outputs and their successive
Lie derivatives up to order §;: £ = span{hy, ..., L‘;}flhl, ey sy ...,L[sfrlhp} and
let d£ be the codistribution:

d£ = span{dhy, ..., dL} "'hy, ..., dhy, ... dLY " hy}.

Assume there exists a 1 x p row vector K (z) = (k1(x), ..., kp(z)) # 0, k; € £ for
1 <1 < p, such that:

K(x)l's(x) =0for allz € U (6)

and set: ,
§=h(w) = K(@)V(x) =Y ki(x)Lihi(x) (7)

i=1

Note that § is an available information (after a finite time) and is not affected
by the unknown inputs. Therefore, if d£ +span {dﬁ} G d.£, g can be considered
as an additional fictitious output. Then, let p; and ©; be the unknown input
characteristic indexes and the observability indices of (1) with respect to the

extended output [yT,y]T = [hT,fL(x)}T. Ifp, <p;forall<i<p+l1,the



system (1) can be transformed into:

éi = Ay & + H,;iV,;i(g,w) for1<i<p

yi = Cp,&;
5_ = Aljp+1§T + Hﬁp+1vl7p+1 (ga w)
g = ODp+l

where é: (§1T7 e fng)T € R™. Then, it is possible to recover both the state
and the unknown inputs in finite time. Let us give sufficient conditions for the
existence of a suitable fictitious output . For this, the following notations are
introduced:

i) G+ = span{wy, ..., Wy_m}, the annihilator of G (w; are 1-forms such that
tg,wi = 0, where ¢, is the inner product of the vector field g and the 1-form
w).

ii) ¢, the module spanned by d.£ over £.

Proposition 1 The following conditions are equivalent:
i) Equation (6) has a solution K and KV ¢ £.
ii) == span{w € G+ N Qg such that tyw & £} # {0}.

p
Proof: Set w = Ek;idef*lhi with k; € £. Clearly, w € Q¢ and
i=1

P P
v =1p Y kidLy T hi =Y kiLyhi = KV =17.
i=1 i=1

dL} " hy
KI5 =K : (g1 gm|=w 5 - gm |
dLy "' hy,
Thus: {K is a solution of (6) such that KV ¢ £} <= {w € Qg,t,w = 0 for
any 7 € Gand 1yw ¢ £} <= {w e Gt NQpand yyw ¢ £} <= E#{0}. O
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 (6). 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®:

& = Apél + H,i V(6 w)
yi =yi=Cp&l, 1<i<p!
& = A28 + H,2 V2 (§,w)
yi =Ceéf,  1<i<p?

& = A € + H oo Ve (€, 0)
Yk = C €l 1<i<p?” (8)

where the integers v/

] are the observability indices of the system (1) with the
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 y3. Thus, one can recursively obtain the whole

state of the system in finite time.

Remark 1 The finite time property is required to ensure that one obtains a fast
and accurate estimation of the fictitious outputs (for instance, via the equivalent
output injection in the case of sliding mode observers, see [6] and the references
therein). Furthermore, this property is often desirable in the framework of o0b-
servation and particularly for the purpose of observer-based controller design for
nonlinear systems. Then, for a large class of nonlinear systems, the observer
can be designed separately from the controller and the separation principle does
not need to be proved. It can also be of paramount importance in applications
that require fast estimations of some unknown inputs like fault detection and
identification or on-line parameter identification.

3 Nonlinear unknown input observer algorithm

An algorithm that states if the system can be transformed into (8) and that
provides the integers p?, v/ and the auxiliary outputs y! (j = 1,...,k*) is now
given.

T
Step 0: Compute G and its annihilator G*. Set p' = p, {h%, ..,h;l} =
s o] T, 5 =0, 29 = .. = 20, = 0.

Step a: [a] Consider y* = [h?, - hga}T € RP" and reorder its components
as follows:
a [ a a
19

T
« X
Yy = ceey oy Nja 17"’7h/p°‘j|

1Systems that admit such a form belong to the class of left invertible systems with trivial
zero dynamics (see [2]).



such that for 1 < j <[%:
Vie[l,...,m], Vk €N Ly Lih$ =0
and for 1 < j < p® —[¢, there exists an integer p§ such that:

Vi € [L,...,m]  LgLihji, ;=0 Vk<pf—1
3 € [l...om]  LyL% hi #0.

[b] Define ®* = {dhs, ..., dL} 'hS, ..., dhfx, ..., dL} bk }. Compute

I* = span { (dz‘f‘*l, e dzz;ll) U q)a} .

Let dimI® = p®~! + »®. I® can be written as follows:

1

I* = span{dz ™", 207 dhS ALY RS, dbg, L AL T R

lOé
with Y% = o If p@=1t + ¢ = n, set
i=1
‘uk* _ Mozfl + SDoz
{dzl*,...,dzl’jz*} {dzg™Y e dz0TY R, LS
and stop the algorithm.

[c] If u®~! 4+ ¢ < n, consider the outputs affected by the unknown inputs and
define:

1

¥, dh, . LT T hgk )

1

T = {dhfhyy, - AL T By, dhGe, AL LY

Compute the codistribution Q% = span {I*|JY*}. Let dimQ® = pu*~1 4 p* +
K = p® and write Q* = span{dz{, ..., dz{ } with

{deg, . dega} = {d2p 71, 207 l,dh%,...,dLﬁ?*l o
ey dhfs, ooy AL hﬁ,dh%+1,.. AL gy,
Kpo _ja—1,
O N i TR
P =1
and Z k¢ = k. If u* = n, the algorithm stops.
[d] Otherw1se u® < n. Define
£% = span{z{,..., 25}
ue
Q% = span{sz)idzf‘,qbiei’a}
i=1
E* = span{w € G" NQY such that 1w ¢ £°}.



Let pot! = dim =%, If p**! = 0, the state of the system (1) can not be recovered
with the method described in this paper and the algorithm stops. Otherwise,
there exist p®t! one-forms w; such that 2% = span{wl,.,wpwrl} and one
can define the following vector of fictitious outputs, suitable to the problem

T
(see Proposition 1): yo*! = I:LfW]_,...,wapaJrl]T. Set [hﬁ““,..,hzjjl} =

[Lpmo1, ey wapa+1]T. Go to [a].
If the algorithm stops for some p*" = n, the change of coordinates

_ (k" ke \ 7
o=z s 2k

is well defined and transforms the system into a set of block triangular observable
forms similar to (8). The functions h%, and the integers p*, I, ¢%, K} are obtained
in each i-th iteration of the algorithm.

Remark 2 If the condition (4) is satisfied for the measured outputs of the sys-
tem (1), u* = n after the first iteration of the algorithm and the system is
exactly transformed into the form (5) that is usually considered for the design of
asymptotic (see e.g. [8, 15]) or robust finite time ([6, 22]) nonlinear observers.

4 Estimation of the unknown inputs

If the algorithm ends in a positive way, the unknown inputs can also be obtained
in a finite time. Indeed, the use of a finite time observer provides an estimation
of the state, say &, and the knowledge of the following quantities (from the last
line of each block of the triangular form):

. m .
~ K4 - Ki—1_ 5 ~
00 =Ly hji, j(2)+ Y Lo, LY hioy(F)ws, (9)
s=1
for 1 < j <p'—1° and 1 < i < k*. The relations (9) can be rewritten as:
A(Z)w = O(z) with
n%fl 1 ~ n%fl 1 ~
Lg Ly hll+1(33) Ly, Ly hll+1($)
AE) = : :
NS ST
Lo, L, Wi (&) oo Loy Ly hEe (7)
~ nl ~
ot — L hh,,(3)
oE) = :
o




Since the distribution span{gi,...,gm} is assumed to be nonsingular, the ma-
trix

nifl ~
de hlll+1(a:)
A(E) = : (g1 gm |

>
Rops e =L e

dL;” h’;k* (2)

i

it

not belong to G+. Thus, an estimation of the unknown input is given by:

w = AT(Z)O(Z) where AT is a well defined pseudo-inverse of A.

-1
has rank m on every subset of U where at least m one-forms dL;'7 h does

5 Example

As a way of illustration?, consider the following nonlinear system subject to the
unknown input w = [wy, wy]”

.’kl = T2 — CL’?

By = w3+ ai—ad+ales,ry)w

.1'33 = X5 (10)
Ty = —X4-+ .’L'% + b(l‘g, .”[:3)’11}1

.’t5 = —Z3+ To2W2

Tg = —Tg+ wo

with outputs y1 = x1, y2 = 24 and y3 = xg. The scalar functions a and b are such
that a(xz, x4) = a1(z3)as(xs), b(xa,x3) = ay(x3)be(x2) and where a(0,0) # 0
and b(0,0) # 0, and by(z2) # 0, Vxo € R. For this system, one has p; = 2,
p2 =p3=1and vy =4, 1, = v3 =1 (as a consequence 61 = 2, 09 = d3 = 1).
Thus, the necessary and sufficient condition (4) for a system to be transformed
into a form similar to (5) is not fulfilled. Furthermore, the distribution G is not
involutive. As a consequence, the sliding mode observer proposed in [22], where
the distribution spanned by the unknown input channels has to be involutive,
can not be designed here. However, the procedure proposed in this paper is
applicable. The annihilator of G is given by:

Gt = span{dx1, dxs, badrs — asdry, drs — xodxg}
In the first step of the algorithm, I' is empty and
Q' = span{dh;, dLhy,dhs, dhs} = span{dz, —3x3dx, + dry, dry, dre)
with dim Q! =4 < n. One has
£ = span{hy, Lyhy, ho, h3} = span{z1, o — 2%, 24, 76}

= Span{$1,$27I47$6}

2A physical application of the proposed algorithm in the field of chaotic synchronization
for secure communication can be found in [2].



and bedzs — asdry € QL. Then

Gt ﬂ QL = span{dzy,bydry — asdrs}
1

(1]

= span{bodry — asdry}.

=! #£ 0 and one can define the following fictitious output:

y2 = Lf(b2d$2—a2d$4)

= bo(x3+ x% — x%) —ag(—x4 + m%) = by(x9)xzmod[£]

Since bo(x2) # 0 for all x4, the knowledge of 32 is equivalent to the knowledge
of x3. The second step starts by defining the output vector: y? = x3. I? is
empty and Q? = span{dz1, dvs,dw4, dze, drs, dvs} with dim Q? = 6. Then, one
can define the change of coordinates: z = ¥(x) = [x1, 2, x4, T¢, T3, x5]T. In the
new coordinates, the system is rewritten as:

3

21 = zm— 2

39 = 25+ 22 — 25 4+ a1(z5)as(23)wy

s3 = —z3+4 22 + a1(25)ba(22)wy (11)
2 = —z4tws

Z5 = 2

6 = —2z5 1 zowo

By the means of a finite time observer fed by the original outputs of system
(10), i.e. y1 = 21, y2 = z3 and y3 = z4, one can recover the state zo and

Vi = z5+ zg - zg’ + a1(z5)ag(z3)wy
V2 = —Z3 + Z% + a1(25)b2(22)w1
Vi = —z+ws

For the sake of place, the design of the observer is not given here. However, the
reader can for instance refer to [7] where an example of higher order sliding mode
observer, designed for a similar problem in the linear case, can be extended to
the problem of nonlinear systems. Then,

y? = Ly (b2(z2)dze — ag(z3)dz3)

ba(22) (25 + 25 — 25 + a1(25)as(z3)wr)
—az(z3) (z% + a1 (z5)ba(22)wr) = ba(22)V1 — az(z3)Va

= bo(2a)(z5 + 22 — 28) — an(z3)(—z5 + 22)

2 2
is known after a finite time and z5 = % + 23 — 23 is an available
information. Again, a finite time observer leads to the recovery of zg. Then, the

2 3
V1 —25—Z9 +22

unknown input can also be obtained since: w; = ar(es)an(zs) and wg = V3 + 24.

10



6

Conclusion

In this paper, the problem of the observation of nonlinear systems subject to
unknown inputs was considered. An observation algorithm that determines
whether it is possible to recover the state and unknown input in finite time
was introduced. When the answer is yes, the algorithm provides a change of
coordinates that transforms the system in a new type of block triangular observ-
able form well suited to the design of finite time observers. The observability
matching condition usually required for the design of nonlinear unknown input
observers is relaxed with the proposed method.
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