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plant-model matching conditions with unparallelin B, the asymp-  [13] A. T. Vemuri and M. M. Polycarpou, “Robust nonlinear fault diagnosis
totic state tracking is achieved by the adaptive control scheme. At the ilngigrl?DUt—OUtpUt systems/ht. J. Contro| vol. 68, no. 2, pp. 343-360,
time |nstan_t when one actuator fails, there is a tran§|ent response in tZle4] H. Wéng and S. Daley, “Actuator fault diagnosis: An adaptive observer-
state tracking errors because of the system actuation structure change.” p;seq techniquelEEE Trans. Automat. Control. 41, pp. 1073-1078,
As time goes on, with the help of controller adaptation, the tracking July 1996.

errors become smaller and go to zero. At the time instant when ong5] H. Wang, Z. J. Huang, and S. Daley, “On the use of adaptive updating
actuator fails, the controller parameters (ekg.in Fig. 2) also have a rules for actuator and sensor fault diagnosijtomatica vol. 33, no.
transient behavior, and then go to some constant values. These values 2, pp. 217-225, 1997.

are not necessarily to be the true matching parameters. All signals in

the adaptive control system are bounded, and stability and convergence

are ensured.

VI.  CONCLUDING REMARKS Stability Analysis and Observer Design for Neutral Delay

In this note, we derived a set of new necessary and sufficient condi- Systems
tions for actuator failure compensation for linear time-invariant system
with actuator failures characterized by unknown input signals stuck at
some unknown fixed values at unknown time instants, for state tracking
with state feedback. Itis shown that the number of active actuators anthpsiract—This note is concerned with the observer design problem for a
the actuation structure are crucial for compensation designs. With me¥gss of linear delay systems of the neutral-type. The problem addressed is
than one actuator active, the necessary and sufficient conditions for et of designing a full-order observer that guarantees the exponential sta-
tuator failure compensation design are much less restrictive than thB&# of the error dynamic system. An effective algebraic matrix equation

. . . L . roach is developed to solve this problem. In particular, both observer
conditions with only one actuator active. Such conditions are requwgﬁglysis and design problems are investigated. By using the singular value

for both the nominal design with system knowledge and the adaptiygcomposition technique and the generalized inverse theory, sufficient con-
design without system knowledge. An adaptive actuator failure confitions for a neutral-type delay system to be exponentially stable are first
pensation control scheme based on relaxed system actuation conditRsitgplished. Then, an explicit expression of the desired observers is derived
is developed for systems with unknown dynamics parameters and adfJ€'ms of some free parameters. Furthermore, an illustrative example is

. . . . . [ysed to demonstrate the validity of the proposed design procedure.
ator failure parameters including failure values, times and patterns. For _ _ ' _ -
the developed adaptive control scheme, the stability of the closed-loof’dex Terms—Algebraic matrix equation, exponential stability, neutral

. . . . __systems, observer design, time-delay systems.

system and asymptotic state tracking properties are ensured. Simtia-
tion results for the linearized Boeing 747 model (lateral motion) veri-

fied the desired system performance with failure compensation. |. INTRODUCTION
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tions with delays only in the states. The major difficulty results from the As discussed in the introduction, the system in (1) and (2) is of the
fact that neutral systems almost always have infinite spectrum, calleeutral type and can thus represent certain important kinds of physical
a neutral root chain, in a vertical strip of the complex plane (see, e.gystems. In this note, we consider the following full-order linear ob-
[3], [14], and [20]). Thus, in most existing literature, the authors aserver:

sumed that either there is no unstable neutral root chain or they can )

first use derivative feedback to assign the unstable neutral root chaiit) — Ji(t — h) = A&(t) + Aa@(t — h) + K[y(t) — C2(t)] (3)

to the left-hand side of the complex plane. In the stochastic setting, the

neutral stochastic delay systems have been introduced in [8], and \tHiere the constant matrik’ is the observer parameter vector to be
asymptotic stability and exponential stability of such kind of systenfiesigned.

have been studied in [8] and [11], respectively. Let the error state be
On the other hand, the problem of observer design has been well y
studied for more than three decades in various branches of science and e(t) = x(t) — (1) (4)

engineering. The celebrated Luenberger observer theory provides a so-
lution to this problem, but it no longer holds for linear neutral systemi1en it follows from (1)—(3) that:
We call an observer an exponential one if the dynamics of the estima-

tion error is exponentially stable. It is noted that the design of exponen- é(t) — Jé(t — h) = Ace(t) + Age(t — h) (5)
tially fast observers for linear and nonlinear stochastic systems is alsp

an attractive research topic, see, e.g., [15]-[17], and references ther‘é’fﬁ?

So far, the exponential observer design problemrmiartral-typedelay 4 = A_ KC. ©6)

systems has not yet been fully investigated in the literature, and remains

o be Important and challenging. . Assumption 1: The matrix.J satisfies] # 0 and||.J|| < 1.
In this note, we address the observer design problem for a class ONOW, observe the error dynamic system (5) and (et¢) denote the

linear neutral systems. Here, attention is focused on the design ogtgte trajectory from at timecorresponding to the initial datd) —
linear observer such that the dynamics of the estimation error is exa;i

. - . - . ¥8)on—h < 8 < 0inC([-h, 0]; R™). Clearly, the system (5) admits
nentlallystable,|ndependentqfthetlme delay..Suﬁ|C|entconFiltlons rivial solutione(#;0) = 0 corresponding to the initial data= 0
proposed to guarantee the existence of a desired exponential obses

o derved it fthe aoltions ¢ D ebraic mat Y&k [8] and [11]). Also, sincé # 0, it follows from [7, Th. 7.2] that
wnicn Is derivea In terms o € solutions to several algebralC matr esolutione(t) of (5) exists and is unique.

equations. Unlike most existing work, by using the present approaCﬁDefinition 1: Given¢ € C([~h, 0]; R"), the corresponding trivial
we do not have to perform a spectral analysis, that is, to consider %Q) : . L .

. ution of the system (5) is asymptotically stable if
effect due to the unstable neutral root chain. We demonstrate the use uT— 4 ®) ymp y
ness and applicability of the developed theory by means of a numerical lim [e(t;€)] = 0 @
example. t—oo

Notation: The notations used in this note are fairly stand&tt : : . . .
; . . ' and is exponentially stable if there exist constants 0 andg > 0
R**™ andR™ denote the:-dimensional Euclidean space, the set 0; P 4 > e

) o ~ ~such that
all n x m real matrices and the set of all positive scalars, respectively.
N is the set of all natural numbers. The superscript tienotes the le(t; §)] < \/aeﬂat/z sup [€(0))- ®)
transpose and the notatioi > Y (respectively,X > Y) where s —h<6<0

X andY are real symmetric matrices, means that— Y is posi- L . o )
tive—semidefinite (respectively, positive definité)is the identity ma-  Definition 2: The observer (3) is said to be an expo:entlal (respec-
trix with compatible dimension. We lét > 0 andC([—h, 0];R")  tively, asymptotic) observer if, for evetye C'([~, 0]; R"), the cor-
denote the family of continuous functiopsfrom [—A, 0] to R" with respondlr_lg error dynamics system (5) is exponentially (respectively,
the norm|| || = sup_, <90 |(8)], where]| - | is the Euclidean norm asymptotically) stable. _ _ ) _

in R™. If A is a matrix, denote bifA|| its operator norm, i.ej4|| = The primary objective of this note is to design an exponential ob-
sup{|Az: || = 1} = /Aroax (AT A) Wheredmax(-) [respectively, Server for linear neutral time-delay system (1)—(2). To be specific, we
Amin (-)] Means the largest (respectively, smallest)‘eigenvalmﬂﬁ shall focus on the design Qf the obseryer paraméf_ersuch that the
stands for the Moore—Penrose inverseloSometimes, the arguments€0r dynamic system (5) is exponentially stable, independent of the
of a function will be omitted in the analysis when no confusion cafime-delayh.

arise.

[ll. STABILITY ANALYSIS

Il. PROBLEM FORMULATION AND ASSUMPTIONS In this section, we tackle the observer analysis problem. Suppose

Consider the following linear continuous-time state-delayed systdfift the observer parameté, is given. We shall establish sufficient
of the neutral-type: conditions under which linear neutral delay system (5) is exponentially

stable.
#(t) — Ja(t — h) = Az(t) + Age(t — h) L To begin W_ith, we give a lemma that will be frequently used in de-
riving our main results.
y(t) = Ca(t) 2) Lemma 1: Let f € R, g € R" ande > 0. Then, we have® g +
g f<ef"f+e'g"g
wherez(t) € R" is the statey(¢) € R? is the measurement output. Proof: The proof follows from the inequality(sl/Qf -
denotes the constant time-delay which appears in both the state and:thd? g)T (=1/2 f — ==1/2¢) > ( immediately. n

derivative term of the system equation. The initial data) satisfies The next theorem will show that the exponential stability of the

z(t) = p(t) fort € [=h, 0] andy = {p(s): —h < s < 0} € system (5) is related to the existence of the positive definite solution
C([-h, O;R™). A, J, Ay, Eq, C, E, are known constant matricesto an algebraic matrix equation, and, therefore, offer a key for solving
with appropriate dimensions. the addressed observer design problem.
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Theorem 1: Let the observer parametéf be given,R > 0 be a In order to show the exponential stability, we need to make some
positive—definite matrix and > 0 be a sufficiently small scalar. If standard manipulations on the relation (17) by utilizing the technique
there exist positive scalats, =2, =3 such that the following matrix developed in[11] and [13]. The details are along the similar line of the

equation: proof of [11, Th. 2.1], and are thus omitted. Here, we just mention that,
. . ‘ - for the exponential stability of (5), the required constant 0 in (8)
AIP+ PA + 20 Al Ac + 51 PP 4 (55" 4+ 55 ) T P2 is the unique root of the equation

—1 T
€ 23)A A I+R=0 (9 )
+ ( ! + %) ¢ ! + 7 + ( ) lnin(/\min(_n)a 0’) - H)\max(P) - ﬁh)\lnax(Q>(?’/3h = 0 (18)
has a solutiorP > 0, then (5) is exponentially stable.
Proof: Fix ¢ € C([—7, 0]; R™) arbitrarily and writee(¢; &) =
e(t). For(e(t), t) € R" x R4, we define the following Lyapunov _ Bh
function candidate: = >\mm(P)[ max(P) + 77>\mu(Q)(1 + he )]

and the required constant> 0 can be determined by

This completes the proof of Theorem 1. [ ]

” Remark 1: The use of the matri® > 0 is justto ensure that < 0.

+ / e’ (s)Qe(s)ds (10) In general, this positive—definite matrix should be chosen sufficiently

t=h small in a matrix norm sense.

whereP > 0 is a solution of matrix equation (9) a@ > 0 is defined Remark 2: In Theorem 1, the analysis results for the exponential

by stability of the error dynamic system (5) are established. Note that the

results also hold for general linear neutral-type delay systems. It is

Qi=(3"+5) T ' PPT+(s7" +23) Al Ag + o (11) shown that the addressed observer design problem is solvable if the

solution to an algebraic matrix equation is known to exist. The results

Ve, t) = (e(t) — Je(t — h)) T P(e(t) — Je(t — )

The derivative ofi” along a given trajectory is obtained as in Theorem 1 may be conservative due to the use of the inequalities in
. (13)—(15). However, the conservatism can be significantly reduced in a
— V(e t) matrix norm sense by appropriate choices of the parametees, <;.

e o ) it For the relevant discussion and corresponding optimization algorithm,
(fH Pe(t) + e (¢ )P‘%Ce( )+ e ()P Aae(t = h) we refer the reader to [18] and the references therein.
+el (t=h)Ag Pe(t) = ¢! ) A PJe(t = h) Remark 3: As mentioned in Section |, different from most existing
—e"(t—h)J"PAce(t)—e" (t —h)AJ PJe(t — h) literature, we do not need to conduct a spectral analysis and reassign
eT(t — h)]TPAde(t —n)+ eT(t)Qe(t) the unstable neutral root chain when testing the stability of a neutral
— T (= W)Qe(t = h). (12) system. Theorem 1 shows that the stability of a neutral system is only

related to the solution of an algebraic Riccati-like equation, and thus
Letey, =2, €3 be positive scalars. Itthen follows from Lemma 1 thatProvides us with a more convenient way to deal with the stability of
the neutral system.
el () PAge(t—n)+el (t—h)AL Pe(t)
<erel () PPe(t)+er e (t—h)A] Age(t—h) (13) IV. OBSERVERDESIGN

_7 (t )A PJe(t—h)—e¢ (f h)J PAce(t) We _shall focus_ on th(_e observer design problem ?n t_h_is section. Note
T 1,7 T that since the pioneering work of Luenberger, significant advances
< esel (AL Ace(t)+ey e (t=h)T PP Je(t—h)  (14) have been made in the observer theory. Owing to its utility and its
—e"(t—n)Ay PJe(t —h) — e (t — h)JT PAge(t — h) intimate connection with fundamental system concepts, the observer
T T theory has long been one of the cornerstones of modern system theory,
<ege (t—h)Ag Aqge(t —h) : . . S
o T and has been substantially developed in many different directions,
+ez e (t—h)J P Je(t—h). (15)  such as system monitoring and regulation, fault identification and
detection.

Based on Theorem 1, the task of this section can be divided into two
parts. The first is to derive the conditions under which there exists an
observer gain matrix/{, such that the matrix equation (9) holds for
some positive scalars, 2, 3 and positive definite matrix > 0.

The second is to parameterize the desired observer gains, if they exist.

In the sequel, the following lemma is needed.

Lemma 2 [5]: Let X € R"*" andY € R”*? (m < p). There
exists a matri¥y/ that satisfies simultaneously

For simplicity, we denote
M:=A'P+PA. + A A, + P +Q (16)
where( is defined in (11), and then (9) and (11) indicate tHat=

—R < 0.
Substituting (11), (13)—(15) into (12) yields

% Ve, t) <e' (t)e(t) — oe’ (t — h)e(t — h)
N V=XV vvi=1

L] [0 2]
e(t=h)] [0 —o]let=h) if and only if
< —min( Amin (—1I), () Z xx' =yy”
- e(t —h) a4 = :
< —min( Ain (=11), o )]e(t)[* <0 (A7) Inthis case, a general solution fiircan be expressed as
which implies from Assumption 1 and [6] that the system (5) is asym I , (n—rx)X(p—rx) T
totically stable. P 0 U W, UER " e vus =119

Authorized licensed use limited to: Brunel University. Downloaded on March 23, 2009 at 08:12 from IEEE Xplore. Restrictions apply.



IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 47, NO. 3, MARCH 2002 481

whereVx andVy come from the singular value decompositionof By defining
andY’, respectively

+
’ X =25/ {I— (") }521/2 (30)
o [Zx 0].¢ . Zx 0] [Vxy
X =Uyx Vi =[Ux1 Ux2] 1 (20)
0 0 0 0 Vio bl Tt "
o Y = —ey! {I —c! (Cl ) }(P +epd” ) (31)
- - ZY 0 T - Z}' 0 .[”y 1
Y =Uy 0 0 Vi- =[Uy1 Uy2] 0o ollvz (21)
Y2 we can easily rewrite (29) as
andl'x = I"ank(X), Ux = Uy, Zx = Zy. XV =Y (32)
Now, to obtain the conditions for the existence of a desired observer
gain, I{, we can rearrange (9) as follows: which is, again by Lemma 2, equivalent to
A'P+PA+ e PP+ oA At (5 + 55 1) T P2 xx"=vv”. (33)

=1 4T AR — . : :
(0 +m)Aada+ R ol + A(K) =0 (22) SinceI — C¢T(C")* is symmetric, (33) can be expressed as

where {I —c” (CI)T {sz — et (P + ezAT) (P + 52‘4'1’)1
A(K)=—=(KCO)" (P +22A) — (P+24) (KC) ot
+ (KC)T(e21)(KC) ' {I -’ (c") } =0 (34
= [s;/ NEC), — V2 (P + 52‘41')] where( is defined in (25).
A , ST We can see from the above derivation that, given scalars 0,
. [sé/z(lx’C)T — ' (P + SQAT)] g2 > 0,23 > 0,0 > 0 and a matrix? > 0, the solvability problem
. . AT for an observer gain matrik to satisfy (9) is equivalent to that for a
-5 (P + 524 ) (P + 224 ) (23)  matrix P > 0 to satisfy both (25) and (34).
To this end, we sum up the above results in the following theorem

and (22) can be equivalently written by that offers the conditions for the existence of a observer gain métrix

such that matrix equation (9) holds.

—1 2 —1 W T =1, =1\ T p2
(2 —e)P = (v +es)dada— (2 +25)J PPJ-R-ol Theorem 2: There exist positive scalars, z2, 3, o, amatrixR >

— [65/2([{0)1' _ S;l/z (p + 62‘41)] 0 and an observer gain matri such that (9) holds, if and only if there
r exist positive scalars;, =2, £3, ¢ and matrixk > 0 such that (25) and
. [Eé/z(jg’C)T g (p + EQAT)] ) (24) (34) have a solutio® > 0.

Next, prior to characterizing the set of the desired observer gains, we
Notice that the right-hand side of (24) is positive—semidefinite. Ottroduce the singular value decompositions (20) and (21), where
viously, one of the necessary conditions for the existence of a desifédare defined in (30), (31), respectively.
observer gain is Suppose now that the conditions of Theorem 2 are satisfied. It fol-
lows from [1] that a general solution to (28) is given by
Qi=(s3" =) P? — (7' +23)Aq Aa .
(s 45 PP = R—ol >0. (25) K= { (Cl ) [6;1”52”%’ +eyt (P + oA )]

. T
Now, assume that (25) is true and f&t/* be the square root 2. + {I _ (CT)+ CT} Z} (35)
Then, (9) or (24) becomes
12 T _—1/2 AT whereZ € RP*" is arbitrary,V is any orthogonal matrix satisfying
[“2 (KC) =2 (P +eed )] XV =Y and can be expressed, by Lemma 2, as
o120 et _ 172 A\ (o2 (o2
[&2 (& C) 72 (P ted >:| (Q )(Q ) - (26) V=Vyx |:é 0’7:|Vy7’ Ue R("—TX)X(P—TX) (36)
Lemma 2 implies that (26) holds if and only if there exists an orthog-
onal matrixV (V € R"*") satisfying where the matridX’ is arbitrary orthogonal; x = rank(X).
We are now ready to characterize all desired observer gains satis-
E;/Q(IX'C)T _ 62—1/2 (P + 52AT) = Q2y (27) fying (9) by substituting (36) into (35).
Theorem 3: Assume that the conditions of Theorem 2 are satisfied.
or Then the set of all observer gains satisfying (9) is parameterized by
TyT _ —1/201/2y, —1 AT +7 _ .
CTET = 7' 202V 4+ 5 (P 247, 28) o _ {K: K:{(CT) {52‘/291”%{% 3}‘5

It follows from [1] that, there exists an orthogonal matfixsuch

T
that (28) has a solution fdk , if and only if there exists an orthogonal T (p + 52AT)} + {[ _ (CT>+ CT} Z} 37)
matrix V' such that

whereP > 0 is a solution to (25) and (34)? is defined in (25)Vx
andVy come from the singular value decompositionvfandY” in
(20) and (21).Z € RP*" is arbitrary, and/ € R(*~7x)X(P=rx) jg
where(C™)* denotes the Moore—Penrose invers€df. arbitrary orthogonaly x = rank(X).

{1 o7 (OT)W [;;”252‘/21/’ 1! (P n EQAT)] -0 (29)
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Finally, our main results, which are easily deduced from TheoremsLet us now consider the analytical expression (37). In this case, since
1, 2, and 3, are summarized in the following corollary. I-(C™)*C™ =0, the matrixZ does not affect the solution. Hence,
Corollary 1: Consider linear neutral delay system (1)—(2). If thersubstituting’ = 1 andU = -1 into this expression leads to the
exist positive scalars,, 2, =3, ¢ and matrixR > 0 such that (25) following two desired observer gains:
and (34) have a solutioR > 0, then corresponding to the observer (3) ,
whose gain matrix is determined by (37), the estimation error dynamic K, = {21-3658} Ky = { 7-9928}
system (5) is exponentially stable. 8.1347 —8.4055
Remark 4: It is worth mentioning that, the set of the desired ob- . ) )
server gains, when it is not empty, must be very large because of thdf W€ choosel = diag{3. 2.01}, then the desired observer gains
freedesign parameters in the expression of observer gains, su¢h agorrespondlng @ = 1andU = —1 are, respectively
Z. This yields much design freedom that offers the possibility for di-
rectly achieving further performance requirements on the estimation K = {
process, such as the transient propely;norm constraint and reli-

ability behavior. In particular, for the application of the freedom (in |t is not difficult to test that, with all obtained four observer gains, the

choosing an orthogonal matrix) contained in the parameterization ohgsspecified exponential stability constraint on the estimation process
set of filters, we refer the reader to [10]. This probably gives a specjalmet.

feature to the results obtained in the present note.

Remark 5: In practice, we often wish to solve (25) and (34), and
then construct the desired observer gains from (37) directly. In general,
this can be done as follows. First, the scalar parameters;, =3 can This note has studied the observer design problem for a class of
be determined by using the optimization approach proposed in [I@]ntinuous-time neutral delay systems. A modified algebraic matrix
and the references therein, respectively, in order to reduce the possfisigation approach has been developed to construct linear full-order ob-
conservatism that may result from the inequalities (13)—(15). Then, wervers assuring exponential stability for the estimation error system,

7.8062) o _ [21.4627
—8.5446 2 8.3463 |

VI. CONCLUSION

can solve the following linear matrix inequality (LMI) irrespective of the time delay. By using the generalized inverse theory
and singular value decomposition technique, we have derived both the

Q= (g,_jl — _1) r?- (5;1 + 53)A§Ad existence conditions and the analytical expression of the desired ob-
_ (52_1 n EJL)Jszj —sI>0 (38) servers. A numerical example has demonstrated the effectiveness and

flexibility of the present design approach.

We have emphasized that there exist much design freedom that can
e used to directly meet other performance requirements, such as the
constraints on thél, norm of the transfer function from possible noise
input to estimation error output. The main results can also be extended
to the parameter uncertain systems. These will be the subjects of further
investigations.

for P? by using the powerful Matlab LMI toolbox, and hence obtairE)
P > 0. Next, we can solve the linear matrix equation (34)fot> 0
satisfyingR < € or (25) (in the simplest case, we could take=
21), and obtain a set of desired observer gains from (37).
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. . The paper is organized as follows. A statement about the concerned
An Adaptive Compensator for a Class of Linearly problem is given in Section Il. The proposed compensation design is
Parameterized Systems described in Section IIl. To demonstrate the validity of the proposed
design, a case study of a one-dimensional servo system with friction is

Jeng-Tze Huang undertaken in Section IV. Finally, conclusions are made in Section V.

Abstract—A compensation design for a class of linearly parameterized Il. PROBLEM STATEMENT
systems is presented. The compensator consists of a typical linearizing con- . . . .
trol and an adaptive observer for online estimation of the system's pa-  Consider a class of linearly parameterized systems described by
rameters. The proposed method achieves the asymptotic stability of the .
tracking and the estimation error dynamics, provided the basis functions in Ty =2T2
the regressor vector are linearly independent in terms of the desired system
states. No persistent excitation and measurement of the highest derivatives
of the system states are required. A numerical example is given to demon-

strate the validity of the proposed design. Tt =&n
. . . ) . T =u — F(0, x) Q)
Index Terms—Adaptive observers, basis function, linear independence.
wherer =[x, @2, ..., ¥,.—1. z,]" € R" isthe system state vector;

v € R is the control input;F'(8, «) € R is the unknown structured

uncertainty and € R" is the unknown parameter vector. In the rest of
Parameter uncertainty, which may arise due to a lack of precigfis note F(4, «) is assumed to be expressible as a linear combination

knowledge of the system parameters and/or external structuggth set ofknownbasis functions, i.e.,

disturbances, is often encountered in the control of a dynamical ,

system and degrades the tracking performance. When bounds of F(6, #) = BTqb(;r) _ Z 0:6:(x) )

uncertainty are available, robust control methods provide simple and o ‘ ~

straightforward solutions to the issue for guaranteeing the practical ) . . .
hereo;(x), i = 1, ..., r are the corresponding basis functions of

stability of the tracking error dynamics [1]. However, the system mét%e regressor vectar(+). Meanwhile () is assumed to be contin-

ously differentiable in: and is bounded for bounded states. It is noted

) MAa““SFTtiPtEfg_CteiVXdDM?trChTﬁsr 200&? revised JULY(}% 2th11\1 Fi_eCOTQW?”Ciﬁ‘ét the expression in (2) covers a wide variety of applications.
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