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Summary. This paper deals with the design of observers for linear systems with
unknown, time-varying, but bounded delays (on the state and on the input). In this
work, the problem is solved for a class of systems by combining the unknown input
observer approach with an adequate choice of a Lyapunov-Krasovskii functional for
non small delay systems. This result provides workable conditions in terms of rank
assumptions and LMI conditions. The dynamic properties of the observer are also
analyzed. A 4th-order example is used to demonstrate the feasibility of the proposed
solution.

1.1 Introduction

State observation is an important issue for both linear and nonlinear systems.
This work considers the observation problem for the case of linear systems
with non small and unknown delay. Several authors proposed observers for
delay systems (see, e.g., [15, 16]). Most of the literature, as witnessed in [15],
considers that the value of the mainly constant delay can be used in the ob-
server realization. This means that the delay is known or measured. Likewise,
what are defined as “observers without internal delay” [3, 4, 7] involve output
knowledge both in the present and at delayed instants.

There are currently very few results in which the observer does not assume
knowledge of the delay [2, 5, 11, 18, 19]. These interesting approaches consider
linear systems and guarantee an H., performance. They are based on stability
techniques which are delay independent and lead to the minimization of the
state observation error. It is interesting to reduce the probable conservatism
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of such results by taking into account information on a delay upper-bound
and hence derive an asymptotically stable observer.

In [18], the authors design an observer using a computational delay which
can be assimilated to estimation of the delay h. The conditions which guaran-
tee the convergence of the error dynamics developed for this observer do not
take into account the value of h. This means that the estimate of the state
is guaranteed whatever the delay estimate, h. The property is not related to
the conservatism of the conditions. The errors between the real and computa-
tional delays are controlled by the discontinuous sliding function. The greater
the error between the real and computational delays, the greater the gain of
the discontinuous function will be. It is thus straightforward to conclude that
a worse estimate of the delay can lead to a high gain in the sliding injection.

In this paper, another method is proposed to solve the problem of the
observation of linear systems with unknown time-varying delays which are
assumed to be “non small” i.e. the delay function lies in an interval excluding
0. The result is based on a combination of results on sliding mode observers
(see, e.g., [1, 6, 8,9, 14]) with an appropriate choice of a Lyapunov-Krasovskii
functional. For sake of simplicity, the unknown time delay 7(t) is assumed to
be the same for the state and the input. In order to reduce the conservatism
of the developed conditions, the existence of known real numbers d, 7 and 7
is assumed such that V¢ € R 4:

LT (1.1)

Here the delay used in the observer is the average of the delay (72+71)/2. Then
the design of the observer does not require the definition or the computation
of a delay estimate and the stability conditions only depend on the parameters
of the studied system.

Throughout the article, the notation P > 0 for P € IR"*" means that P
is a symmetric and positive definite matrix. [A1|Az2]|...|A,] is the concatenated
matrix with matrices A;. I,, represents the n x n identity matrix.

1.2 Problem statement

Consider the linear time-invariant system with state and input delay:

&(t) = Ax(t) + Arx(t — 7(t)) + Bu(t) + Bru(t — 7(t)) + D((t)
y(t) = Car(t) (12)
z(s) = ¢(s), Vs € [-7,0

wherez € R", u € R™ and y € IR are the state vector, the input vector and
the measurement vector, respectively. ¢ € R is an unknown and bounded
perturbation that satisfies:
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ICON < et y, u), (1.3)

where a1 is a known scalar function. ¢ € C%([—72,0], IR"™) is the vector of ini-
tial conditions. It is assumed that A, A,, B, B,, C' and D are constant known
matrices of appropriate dimensions. The following structural assumptions are
required for the design of the observer:

Al. rank(C[A,|B;|D]) = rank([A,|B;|D]) £ p,
A2 p<g<n,
A3. The invariant zeros of (A, [A,|B;|D],C) lie in C~.

Under these assumptions and using the same linear change of coordinates
as in [6], Chapter 6, the system can be transformed into:

i?1(t) = Alll‘l(t) + A121‘2(t) + B1u(t)
Ta(t) = Ag121(t) + Aawa(t) + Bau(t) + Di((t)

+Grx1(t — 7(1)) + Gaza(t — 7(t)) + Guu(t — 7(t))
y(t) = To(t)

(1.4)

where 1 € R" 7Y, 25 € R? and where G4, G2, Gy, D1 and A are defined

with 61 S IRpx(n_q), GQ S ]Rpxq’ Gu S Rpxm, Dl € IRPXT, As1p €
R @ P*m=a) Ay, e RP*(™ 9 and T an orthogonal matrix involved in
the change of coordinates given in [6].

Under these conditions, the system can be decomposed into two subsys-
tems. Al implies that the unmeasurable state x; is not affected by the delayed
terms and the perturbations. A3 ensures that the pair (Aj1, A211) is at least
detectable.

In this article, the following lemma will be used:

Lemma 1. [12] For any matrices A, Py > 0 and P; > 0, the inequality
ATPIA- Py <0,
is equivalent to the existence of a matriz' Y such that:

P ATYT

va —v-yTap| <"
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1.3 Observer design

Define the following sliding mode observer:

SAUl(t) = Allfl(t) + Algxg(t) + Blu(t)

+(LTTG1T - AllL) (1'2 (t) — .’22 (t)) + LTTI/(t)
1%2(25) = Aglfil(t) + AQQ.TQ(t) + Bgu(t)

+G1i‘1(t — h) + Ggl‘g(t — h) + Guu(t — h)

~TTu(t) — (Ag1 L+ TTGT) (w2 (t) — 22(t))
§t) = Taa(t)

where the linear gain G; is a Hurwitz matrix and L has the form [I_/ O] with
L e R™ 9%~ The computed delay h = (72 + 71)/2 is an implemented
value that is chosen according to the delay definition. It corresponds to the
delay average. The discontinuous injection term v is given by:

=ty ) prata=g 1 ¥(0) —9(t) £ 0
v(t) = (1.6)
0, otherwise.

where P, > 0, P, € R?*P and where p is a nonlinear positive gain yet to be
defined. Note that the non delayed terms depending on x5 are known because
x2(t) = TTy(t). Define p = (1o — 11)/2-

Remark 1. Compared to [18], this observer does not required an artificial delay
h. Tt only needs to have an average value of the delay. Contrary to the observer
proposed in [18], the implemented delay will appear in the conditions which
guarantee stability.

Defining the state estimation errors as ey = x1(t) — 21 (t) and e = 29(t) —
Zo(t), one obtains:

él(t) = Allel(t) —LTT (GlT@Q(t) + V(t)) + A11L€2(t)
éa(t) = Asier(t) + Grei(t — 7(t)) +£(t) + D1C(2) (L.7)
+(TTGT + Az L)es(t) + T v

where £ : R — IR? is given by:

§(t) = Gr(@1(t = 7(1) — &1(t = h)) + Ga(w2(t = 7(1)) — 22(t = h))
+Gu(ult —7(t) = ult — h)).

which can be rewritten as:
-

a=laaal[ o

t—h
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The function £ only depends on the known variables Z1, 2 and u and on the
unknown delay 7(¢). One can then assume that there exists a known scalar
function as such that:

€D < az(t, 21,22, u). (1.8)

Let us define an expression for p in (1.6) by using results introduced in the
case of control law design [10]. Define v, a real positive number and p such
that:

p(tayvu) = ”Dl”al(tvy’u) + a2(t7j171"27u) +7. (19)

Introduce the change of coordinates
e | €1
o] - []
I,y L }

Using the fact that LGy = LGy = LG, = LD, = 0, one obtains:

with

él (t) = (All + LAQl)é] (t)
ég(t) =TAy e (t) + TG e (t - T(t)) + Glég(t) (110)
~TGLea(t — 7(t)) + TE(t) + TD1((t) + v

Theorem 1. Under assumptions Al — A3 and (1.8) and for all Hurwitz
matrices Gy, system (1.10) is asymptotically stable for any delay 7(t) in
[11 72 if there exist symmetric definite positive matrices Py, Ry and Ry, €
R=0x(n=a) P, ¢ R symmetric matrices Zo and Zsq € R and a
matriz W € R "~ D*=P) such that the following Linear Matriz Inequalities
(LMI) hold:

v W 7 w0

x —2P; + hR; 0 0 0

* * —2P, +hRy, O 0 < 0. (1.11)
* * * Wg 7P2TG1

* * * x  —P

where
Uy = AL P+ P Ay + AT WT + W Ay,
U, = AT, P+ AT WT,
Wy = (A1 + G1)TTT P,
W3 = GlTPQ + PQG[ + hZQ + Q/LZQa + RQ,

and
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[—(1—d)Ry [W 0]"

W P }<0’

(1.12)

R, (TG))TP,
PTG, Zs

Y

0.

Ri, (TGP,
| TGy Za,

The gain L is given by L = Pl_1W.

Proof. Consider the Lyapunov-Krasovskii functional:

V(t) = el () Pe(t) + [, [/, eT(s)Riéi(s)dsdd
+ " [ €T (5) Riaéa(s)dsdd (1.13)
+e5 () Paea(t) + [ ;) € (5)Raea(s)ds

The functional V' can be divided into three parts. The first line of (1.13)
is designed to control the errors e;(t) subject to the constant delay h. The
second line presents a functional which takes into account the delay variation
around the average delay h. The last part which appears in the last line of
(1.13) controls the error es(t).

Using the following transformation

t t—h
éi(t — ’T(t)) = él(t) — ‘/t'_h él(s)ds - /t_ » éi(s)ds,

one obtains:

V(t)=ef(t J(An + LAo)" Py + Pi(An + LAz)Je (1)
+2e2 (1) PaT(A21 + Gy)ex(t)
+62T(t)[GlTP2 + PyGp + Roléa(t) — 28k (1) PTG Lex(t — 7(t))
—(1- T'(t))_ (t — 7(t))Roéa(t — 7(t)) + hél (t)Rié1(t)
— L T () Raéa(s)ds + 2uéT (t) Ruar (t) — [ €7 (s) Ruafa (s)ds

i (t ) + n2(t) +ns(t) — 2p(t, y, u) || P2e2(t) |,
where .
m(t) = —2e5 () PTG ft é1(s)ds,
n2(t) = —2e1 (t) TG, ft () é1(s)ds,
n3(t) = 2€3 (t) P2 [TD1((t) + TE(L)] -
The LMI condition (1.12) implies that for any vector X:

r| R (TGy)TP:
X [P2TG1 P x0

Developing this relation for X = { ] , the following inequality holds:
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—QEQ(t)PQGlél(S) < éQ(t)TZQEQ(t) + é,{(S)Rlél (S)

Then, integration with respect to s of the previous inequality leads to an
upper bound for 7 (¢):

1(t)

§ f Z262 dS—‘rj;ﬁ hel )Rlel( ) (1 14)
(t) S he. ( )ZQGQ + ft hel )Rlel( )
By using the same techniques, an upper bound for 7, is found:
t*th[L . .
n(t) < 208 (1) Zaaa (1) + / & (s)Ruaér(s)ds.  (L.15)
t—h—p

From (1.9) and from the orthogonality of the matrix T, the following inequality
holds:

13(t) — 2p(t,y, u) || Paea(t)|] < —27[|Paea(t)]). (1.16)
Taking into account (1.14), (1.15), (1.16) and the fact that

él(t) = (A11 + EAQH)él(t),
V can be upperbounded as follows:

V(t) S é ( )(PlAll + A P1 + hAllRlAll + QNAllRlaAll)el( )
—2’}/”P262( )” + 62 ( )(PQG[ + GTP2 + R2 + hZQ + 2uZ2a)é2(t)
+2e1 (t) Py (A2 + G1)én (1)

—(1—7(t))ed (t — 7(t))Raea(t — 7(t)) — 2e% (t) PTG Lea(t — 7(t))

where 1411 = (All + I/Agll).
Then, the last term of this inequality can be upperbounded by noting that:

—262 ( )PQTGlLeg(t — T(t))
< & ()Y PTGLPT (TGh)" Paea(t) + €3 (t — T(t))LTplLéz(t —7(t)
<es (PTG Py (TG Paea(t) + 25 (t — 7(4))(PLL)T Pr Y (PiL)éa(t — (1)),

which leads to the following upperbound:
: a®]” et _ o _
v < 20| v |20 |- 2ineni a0, 1

where ¥ = [1/)10 ¥ ] and :
* )20

Y10 = (A1 + LAg11)" Py + Pi(An + LAsi)
+h(A11 + LA211)" Ry (A1 + LAsy)
+2u(A11 + LAs11)" Ria (A1 + LAon),

oo = G| Py + PQGI + R + hZs + 2uZs,
+P2TG1 (TG1>TP27

V30 = (1 — d)Ry + (P [L o])*PrH (P [L 0)).

(1.18)
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This matrix inequality is not an LMI because of the multiplication of matrix
variables. Considering 15y and 139, the Schur complement can remove these
nonlinearities but for 119 Lemma 1 is required. As 119 must be negative
definite to have a solution to the problem (1.17), the use of Lemma 1 is
possible. Applying it twice to 19, the nonlinear condition can be expressed
as:

Uy ALYT ALYTw, 0

* 1o 0 0 0

x % s 0 0 < 0. (1.19)
* * * Spg _PQTGl
* * * * —P;
I"p,
—(1-dF { 0 ] <0. (1.20)
* —P1

where B _
A = A1+ LAsi
Yo=Y —-YT +hRy
3 =Y, — YT +hRy,
Choosing Y = P;, Y, = P; and defining W = P, L, the LMI conditions from
the Theorem appear. Then, if (1.11) and (1.12) are satisfied, (1.19) and (1.20)

are also satisfied. Finally the error dynamics are asymptotically stable and
converge to the solution e(t) = 0.

Theorem 1 provides conditions for asymptotic stability of the error dy-
namics. In the following corollary, it is shown that the error dynamic system
is in fact driven to the sliding surface Sop = {(€1,@2) : €2 = 0} in finite time
and that a sliding motion is maintained thereafter.

Corollary 1. With the observer gain given in Theorem 1, an ideal sliding
motion takes place on Sy in finite time.

Proof. Consider the Lyapunov function:
Va(t) = &5 (1) Péa(1) (1.21)
Differentiating (1.21) along the trajectories of (1.10) yields:

Vo(t) = &5 (1) (GT Py + PyGy)és(t) + 2e (1) P T [TTv + Asié(t)
+Ghe(t —7(t)) + GiLea(t — 7(t)) +D1((t) + £(1)] -

Noting that G, is Hurwitz and using (1.6), the following inequality holds:

Va(t) < 2[| Péa(t) || [[| A21e1(t) + Gren(t — 7(t) + GrLea(t — (1)) ]| — 1]

From Theorem 1, the errors e; and ey are asymptotically stable. There
thus exist an instant tg and a real positive number § such that V¢ >
to, HAQlél(t) + Glél(t - T(t)) + GlLéQ(t — T(t))” S Y — 0. This leads to:
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Yt > to, Va(t) < —26|| Paéa(t)]|

< =20\ Amin(P2)y/ V2 (1).

where A (P2) is the lowest eigenvalue of P,. Integrating the previous in-
equality shows that a sliding motion takes place on the manifold Sy in finite
time.

(1.22)

In [18], the observer convergence was improved by enforcing exponential
convergence (see [13, 17] for definitions). Following the same approach, ob-
server gains can be derived from LMIs in order to ensure the observer error
dynamics is similarly exponentially stable in this case.

1.4 Example

Consider the system with time-varying delay (1.4) and:

00 -10
All* 0—1 3A12 0 0.1/’

2 3 10
Aor= | 5 4| Az 0 —1l°

0 0 00
1= 010.21}’%_{0.21 ’

10 0 0
T|:01:|?Gu|:1:|7DlBlBQ|:O:|3

The delay is chosen as 7(t) = 19 + T sin(wit)), with 79 = 0.225s, 7, = 0.075
and w; = 0.5s~1. The control law is

u(t) = ugsin(wst)

with ug = 2 and wy; = 3 and the Hurwitz matrix Gj is {_05 03} Using

Theorem 1, the following observer gain is obtained:

_ [—0.1144
L= [ 0.0280 }

Since the system (1.4) is open loop stable, its dynamics are bounded. Thus the
function as(t, &1, x2,u) can be chosen as a constant K = 4. The simulation
results are given in the following figures. Figure 1.1 shows the observation
errors. Figures 1.2 and 1.3 show the comparison between the real and observed
states.

Figure 1.1 shows that the system enters a sliding motion at time ¢ = 2.8s.
The unmeasured variables converge asymptotically to 0.
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o, o o _._e
Y.

time

15

10r fi

—5F

~10 . .
0 10 15 20
time

Fig. 1.2. State =1 and its estimate 21

1.5 Conclusion

This Chapter has considered the problem of designing observers for linear sys-
tems with non small and unknown variable delay on both the input and the
state. Delay-dependent LMI conditions have been found to guarantee asymp-
totic stability of the dynamical error system. The conditions only depend on
the delay definition and do not incorporate values of an estimated or com-
puted delay. In addition, the dynamic properties of the proposed observer can

be characterized.
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30 T

— 0

25¢ ;&h\\ == =y,0 |]

201 :; \ - = ="yy0
;l \\ == Y0

time

Fig. 1.3. State x2 and its estimate &2
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