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Adaptive Output-Feedback Control of MIMO Plants with Unknown,
Time-Varying State Delay

Boris Mirkin, Per-Olof Gutman and Paolo Falcone

Abstract— In this paper, we develop a simple model reference
adaptive control (MRAC) scheme for a class of multi-input-
multi-output (MIMO) linear dynamic systems with unknown
time-varying state delay which is also robust with respect
to an external disturbance with unknown bound. A suitable
Lyapunov-Krasovskii type functional with “virtual” gain is
introduced to design the adaptation algorithms and to prove
stability.

I. INTRODUCTION

Adaptive control is an effective method for controlling
systems with uncertainties and delays. Recent research in this
area can be found in [1] — [7] and the references therein.

Adaptive signal tracking based on state feedback can be
found in, e.g. [1], and, in the papers [2], [3], [4], [9], based
on output feedback. The problem of output reference model
signal tracking by state feedback for linear systems with
bounded multiple delayed nonlinear state perturbations, and
a bounded disturbance was considered in [1], where the refer-
ence model was an autonomous dynamic system. The output
adaptive tracking control of a class of linear, minimum-
phase, single-input-single-output (SISO) and MIMO systems
of relative degree one described by functional differential
equations was considered in the framework of functional
differential inclusions in [2], [3]. Tools from differential
geometry were used in [4] for a special type of nonlinear
tracking problem. In [9] the backstepping technique was
used to form an adaptive control scheme for a class of SISO
parametric-strict-feedback nonlinear systems with unknown
state time delays whereby the sizes of the unknown time
delays are bounded by known constants.

Most of the developed results with output feedback track-
ing are applicable to SISO systems with known delay. Only
small progress was made towards the extension of these
ideas to the MIMO case. Recently a new approach, [7], was
developed for the output model reference adaptive control of
linear continuous-time MIMO plants with known state delay.
The main idea is to treat the state delay element not as a part
of the plant but rather as the input to the system without delay
and then decompose the control law into two components.

The present paper addresses further the MIMO MRAC
problem considered in our paper [7]. Here we make an initial
step in the direction of a more realistic situation, where the
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plant state delay is unknown. To the best of the authors’
knowledge, the MIMO output tracking problem within the
framework of MRAC was not previously solved for plants
with unknown delays. We focus on the case with a single
time-varying delay, and propose a simple MRAC scheme
which is also robustly stable with respect to an additive
bounded disturbance vector where an a priori bound on its
magnitude is not known.

II. PROBLEM STATEMENT

In this section we formulate the control problem, including
the state delay plant model and the reference model, assump-
tions and control objective. The uncertain multi-input (u(z))
multi-output (y(¢)) linear continuous-time plant with state
delay is of the form

x(t) =Ax(t) + Ax(t — 7(t)) + Bu(t) + Bu(r)
(1) =Cx(t) )]

where x(r) € R", y(r) € R™, u(t) € R" u(r) € R™ are,
respectively, the state, output, control input and disturbance.
The constant matrices A, A; and B of appropriate dimensions
have unknown elements. The time-varying delay 7(¢) is
assumed to be unknown. t(t) is a nonnegative differentiable
function, satisfying

0<1(t) < Ty, T1) < T° <1 )

where 7,,,; and 7" are some unknown positive constants. It
is also assumed that the states are not accessible and only
input-output measurements are available.

The specification is that all signals of the closed loop
system remain bounded, and that the plant output y(z)
asymptotically exact follows the output y.(t) of a stable
reference model with the transfer function

)}r(t) ZW,,(S)}’(I) 3

where W,(s) € R™*™ is a stable rational transfer matrix, and
r(r) € R™ is a bounded reference input signal. Asymptotic
tracking is demanded, i.e. lim, . e(t) =0, with e(¢) = y(¢) —
yr(t).

The following assumptions are made on the plant (1) and
the reference model (3): (A1) When there is no term with
state delay, the plant (1) can be described by

y=Wo(s)u Wy(s)=C(Is—A)"'BeR™" @

where Wy(s) is the transfer matrix associated with the un-
delayed plant. (A2) The observability index v of Wy(s) is
known. (A3) The transmission zeros of Wy(s) have negative



real parts (minimum phase plants). (A4) Wy(s) is strictly
proper, full rank, and has vector relative degree 1, i.e.,
rank(CB) = m. (A5) A; = BA:T, where the constant matrix
Ay is unknown. (A6) Because of the assumption (A4), and
without loss of generality, we select a diagonal SPR reference
model as

W,(s):diag{ } a;>0,i=1,....m. (5)

S+ ay
(A7) The signs of the leading principal minors of the high
frequency gain matrix K, = lim,_.. sWy(s) are known. (A8)
[l (2)]] < u*, where u* is unknown.

The minimum phase assumption (A3) is fundamental in
MRAC schemes [?], [8]. Assumption (A4) focusses on the
simplest case amenable to Lyapunov designs. We hope,
however, that the our idea of adaptive control parametrization
in this note can be extended to higher relative degree. For
the case of relative degree greater than two, it is required to
use “error augmentation” and/or “tuning error normalization”
[8]. Assumption (AS5) is a matching condition usual in many
MRAC schemes without delay, see again [?], [8].

III. PROPOSED ERROR EQUATION PARAMETRIZATION

Let us assume that all the parameters of (1) are known,
and let us define u] as the standard matching control [10],
[8] for the plant without delay (4)

uj (1) =6y(t) + 6 x1 (1) + 6572 (1) + 671(1)  (6)
where

xi =Hp(s)[uj] x e R"VD )
x =H,(s)] x € R™v-1) ®)

Hy () = lroems"™ A(f;xmslmxmf Hyn(s) € RM-1xm
‘ ©
o = [6/1.673,....01y_|]". 65 = [65].65],....65) ,]"
with 67 € R™"i=12j=1,...,v—1, 6 R

6 € R™™ A(s) =s¥"' -+ Aus+ Ao is a monic Hurwitz
polynomial, and I,x,, € R™™ is the identity matrix.
With the definition of A(s), H,,(s) and Wy(s) in (4), there
exist 67 =K, ', 6;, 6 and 65 [10], [8] such that
W (s)Wo(s) =
Lsem — 05 Wo(s) — 6;T Hy(s) — 657 H, (5)Wo(s)

(10)
When applying (6) to the actual plant (1), then from (1) and
(10) and for any u, the tracking error e =y —y, is given by
e =W, (s)K, [u — 0y — 0 x — 05 %y — 0 r + A x(t — 1(1))

= 07T Hy ()47 x( — 7(0)) + A()|. an

where Q(t) = H,(s)u(t) and Hy,(s) = I — 0;TH,(s) is a
stable matrix, see e.g., [8].

To find a suitable error equation parametrization, we
manipulate the term —0;7 H,,(s)A:T x(t — t(¢)) in (11). First,
we introduce a new dynamical system

2(t) =6{" Hu(s) AT x(t —7(1))] = 67 2:(t)  (12)
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where 0;7 = [0;T AT, 0;TA:T, ... 0;T_|A:T] and
2x(t) =Ha(s) [x(t = 7(1))]

[Inxnsv_za ooy Inxns, Inxn}T
A(s)

13)

Hy(s) = (14)
Here z, € R™V=D, H,(s) € R"V=1D*" and I,,, is the n x n
identity matrix.

Remark 1: The transfer function matrix H,(s) in (14) has
the same structure as the transfer matrix H,(s) in (9), only
instead of the identity matrix Iy, in the numerator of (9)
we have the identity matrix [,

Secondly, we decompose the signals z, in (13) into two
components z,(¢) = z.(t) +z-(t) where

2(t) =Hn(s)[ex(t = 7(1))], 2-(t) = Hy(s) [x(t — (1))]
ex(t = (1)) =x(t = (1)) =t = 7(1)) (15)

where x,(¢) € R" is the state of the reference model (5) with
the state space triple (A,,B,,C;).

Then, using (12) and (15) from (11) we obtain the error
equation

e(t) =W.(s)K, [u(r) —0re(t) — 0 xy (1) — 0T xa(£) — O r(1)
— 0%, (t) — 0; T x, (1 — (1)) — 027 2 (1)

=0T erlt = 2(1)) + 6 2(r) + (1) (16)

where 67 = —A} and 6] =CJ6;7.
Remark 2: Note that e,(f) and z.(¢) are not available for
measurement and we shall use them only for analysis.
The following two lemmas are useful in the sequel:
Lemma 1 [11]: Every m x m matrix K, with nonzero
leading principal minors Ay, ... A, can be factored as K, =
SDU where S is symmetric positive definite, D is diagonal,
and U is unity upper triangular.
Lemma 2 [11]: For any W,(s) from (5) a positive
definite S = ST exists such that W,(s)S is SPR.
By substituting the high-frequency gain matrix decompo-
sition K, = SDU in (16), we obtain

e(t) =W, (s)SD [u(t) —(I=U)u(t) U8 e(t) —U6;Tx (1)
U6 x (1) — U0, (1) — U0 x, (1 — T(1))
—~U8r(t) — U6 z,(t) +UL(t)

~ U6 erf—7(0) + U6 2.1 an

By defining 7 = U6}, ;" =U6;T, 8,7 =vUe6;T, §; =
U6, 6; = (Luxm—U), ;T =06, ;7 =U6;", ;7 =
UGZ*T, and éz*T = UGZ*T, we obtain from (17) the basic error

equation
e(t) =W,(s)SD [u(t) - ée*e(t) — él*Txl (t)— éz*sz(t) — é:u(t)
—6;r(t)— 6, x,(1) = 0, x, (1 — (1)) — 072, (¢)

=0 et —7(0) + 67 2(1) + UA()|. (18)



where the matrix étf has the specific upper triangular form
with zero diagonal elements

0 6*12 9*13 e*lm
0 ‘6 eLfk23 9’121’&’1
0 = S (19)
0 0 ... 0o gmbm
0o 0 0 0 0

IV. PROPOSED CONTROLLER STRUCTURE

For the output feedback control problem we look for the
adaptive controller in the class defined by

u(t) =6,(t)e(t) + 6y (1)x1 () + 65 (1)xa (1) + 6, (1)u(2)
—TySen(e(r)) /0 le(1)| dt

=67 ()(0) + 0,(1)ulr) ~TrSen(e(r) | o) ar

(20)

where 0,(1), 0,,(t) € R™V=1xm_g,(r) € R™™ and 6,(r)
are the adaptation gain matrices, x; = H,,(s)[u] € RV,
and x; = Hy,(s)[y] € R"V~1), taken from (8)-(9). The diag-
onal matrix

Sen(e(r)) = diaglsgn(e1 (1))....sgn(ex(1)).... sgn(en(1))]

with sgn(eg (7)) =1, if ex(r) > 0; sgn(ex(r)) =0, if ex(r) =
0; and sgn(ex(r)) = —1, if ex(t) <0, k=1,...,m. The
constant design matrix 1’7 is a some diagonal matrix with
constant entries Y, k=1,...,m.

The coefficient matrix 6,(z) has a specific upper triangular
structure with zero diagonal elements like in [11] for the case
without delay, i.e.

0 6,°(r) 6,°(r) 0," (1)
0 0 62 02"(1)
6u(1) = : : : : 2n
0 0 o0 gmimy
0 0 0 0 0

This upper triangular matrix structure guarantees that the
control law is implementable without singularity, i.e.,

m

a(0) =07 ()0(0) + Y 0¥ ()~ ysgn(er) [ lea (1)
k=2 0

ur(1) =6 (1)o(t) + f 05 (t)uy — 712Sgn(€2)/l lea(t)| dt
k=3 0

in(6) =61 (10() ~ psznen) [ len(o)] 22)

where the vector 6;(r) (i = 1,...,m) is the ith row
of the matrix () = [6,(¢) 6] (z) 65(t)]T and w(r) =
[e(r) x1 (1) x2(0)]"
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If we denote

©,(1) =[6{ (1) 6,°(1) 6,°(1) ... 6, (1)]"
©,(r) =[63 (1) ,° (1) 6;*(1) ... 65" (1)]"

(23)
and

Qi(r)= [wT(t) Up U3 ... Up_1 um]T
Qo (1)

[(JJT(I) Uz ... Up—1 I/tm]T

Q1) = [0 ()] (24)

we can rewrite the control (20) as

O (1)Qu(r) — ysgn(ei (1)) J ler (1) | at
u(t) = : 25)
GE(I)Qm(I) — Yimsgn(em(?)) f(; lem(t)|dt

Remark 3: The main contribution of the suggested
parametrization of the adaptive control law is the introduction
the new integral terms Ysgn(ex(t)) fo lex(t)|dt, k=1,....m
with constant gains Yy which is present instead of an
adjustable feedforward term driven by the reference signal.
When comparing the new control u(t) with our previous
work [7], we notice the following main difference: in the
adaptive control law all adjusted feedforward terms are
deleted. Hence, the number of adaptive parameters is greatly
reduced. Moreover, a nice feature is the fact that in the new
control parametrization the time delay not only does not
increase, but reduces the dimension of the adjusted parameter
vector, even in comparison with the corresponding case of
plants without delay, see e.g. the textbooks [8], [10]. Missing
are the adjustable feedforward term driven by the reference
signal r(t), and the full matrix adaptation gain 6,(¢) found
in the traditional adaptive control component 6,(¢)r(t).

V. ADAPTION ALGORITHMS AND STABILITY ANALYSIS
A. Adaptation Algorithms
Let the adaptation algorithms be

04(1) =~ m(0) ~mele) ~me(r— )~ [ mils)ds, 20
T’k(l‘) = yksign(dk)Qk(t)ek(t), (k = l, e ,m).

In differential form we have

O (1) = —m(t) — (1) — (2 — ), 27
Nk(t) = yesign(dy) Qi (t)er(2), (k= 1,....m)

where 9 >0, k =1,...,m and h > 0 are some design
parameters and d are the entries of D.

Remark 4: For stability and exact asymptotic tracking,
only the integral component 1;(7) is needed in (27). The
use of the proportional 1);(z) and the proportional delayed



Mk (t — h) terms in the adaptation algorithm (27) makes it
possible, however, to achieve better adaptation performance
than the traditional I and PI schemes, see e.g. [12]. This
adaptation algorithm approximately realizes a proportional
integral derivative (PID) law of parameter adjustment, since
the component 1 (¢ — k) is proportional, on the average over
time A, to the derivative 7(¢). This follows from the fact
that —n(t —h) = [, 7(s)ds —n(t). The design parameter
h is chosen in the same way as the traditional gains 7
in (26), (27). The PITD (Proportional-Integral-Time Delay)
algorithm (26) includes the traditional I and PI adaptation
schemes as special cases.

B. Stability analysis

Now by introducing the parameter error vector 5( ) =
6 (1) —6* with 0* = [8; 6;7 8;7 §;]" and using the control
(20), (25) the equation for the tracking error follows from

(18):
e(t) =W,(5)SD [0 (n)@(r) ~T1Sgn(e /|e )\ di

— 0 r() = 0.5, (1) — 672, (6) — 677, 1 — 7))
FUR() — 0T er(r — (1)) + é;Tzea)} . 28)

To design the mechanism of updating the controller matrices,
the usual way of MRAC for delay free systems is used,
see, e.g. [11]. The augmented vector %(t) = [x x| x2]7 is
introduced, and the state of the corresponding non-minimal
realization C(sI —A)~'B of W,(s)S is denoted by %,(¢). Then
in view of (25) we can write the following state space
representation for (28)

&() =Ae(r) +BD( —677(t) = 0T (1) — 0T, (e — 7(1))
— 072 (1) + UR() = 0 erlo = (1)) + 02 (1))
OF (1)1 (1) = msan(er (1)) Jyler (1) dr
+BD :
®nT1( 1)Qu (1) — %mSgn(e’m(f))./i; lem(1)|dt
Ze(1) =AZe(t) + Bl (1t — 7(1))
Ze(t) =CeZe(t)
e(t) =y(t) —yr(t)
where é(t) = Xe — X,e, the triple (A,,B,,C,) is a minimal
state space realization for the stable transfer matrix H,(s),
and ©,(1) =0, (1) -0}, k=1,....m

‘Because C(sI —A)~'B = W,(s)S is SPR [11], the triple
(A,B,C) satisfies the following equations [8]

=Cé(t) (29)

ATP+PA+(Q =0 PB=C" (30)
where P =PT > 0 and Q = Q.+ 0. Since A, in (29) is stable,

it also holds that
ATP,+PA+Q,=0 31)

where P, =P >0 and Q, = Q! > 0.
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For the stability analysis we use the following Lyapunov-
Krasovskii type functional

V=V+W+V;

Vi=¢'Pe+z Pz + 1 / T (s)Qce(s)ds

v: :k; i el (7T (@) 0) + /H, 07 (5)me(s)ds

Vs = Z o (Be(r)+B*)? (32)
where Q, = QT>0 0y >0,k=1,...,m and
Me(r) = k(l)+n0k+nk(f)+nk(l—h) (33)
The “artificial” vector
Mok =ro(2dy) gk, k=1,...,m (34)

with
g1 =[1,0,...,0,0,...,0]
N——
g2 =[0,1,...,0,0,...,0]
——

gm =[0,0,...,m,0,...,0]
——

has the same dimension as ®;. The “virtual” scalar adapta-
tion gains Pi(¢),k =1,...,m, the selective parameters ry, Oy
and the positive constant * > 0 will be defined later.

Using (30) and (31), the time derivatives V;(¢) and V;(t)
of (32) along (29) can be written as

Viloy =—2" (1)Qe(t) — z; (1)0:Z (1)

—(1=1())e" (t — o(1))Qee(t — 7(t))
— 28" (1)PBD [é,*r(t) + 0T x (1) + 6: T x (1 — (1))
+0:72,(0) + UR(r)| — 28" (1) PBDO; T I"e(t — (1))
—2¢" (¢ )"Dé*Tceze( )+zzZPB Te(t — (1))
+22dkek )0f (¢ ZdeYIk|€k|/ lex|dt
V3|20) =2 Z o ldi| (Be(t) +B*) Be(r) (35)
k=1
with 0=0"T=0—-0, > 0.

To obtain the time derivative V(¢), we at first note that,
in view of (27), the time derivative of 7;(¢) from (33) is

1ik(t) = Ou(0) +1k(0) + gt =) = =me(0)  (36)
Then, using the last expression and (33), we have
Va(0) s Zn e[| () + i = 1) |5
- Zk; A ACHOURG)
- 2; T ldelmiTni (1) 37)



In view of (34), (30) and (26) we can write

m m

-2 Z Y im0k (2) Z roex(t
=—roe’ (1)P'BB Pe(r)  (38)

Further using (2), (38), (35) and (37) and dropping negative
terms we obtain

Vio) < -2 (1)Qe(t) —&" (1 —(t)) 7Qe.e(t — (t))
— 71 (1)0.Z.(t) — 28" (1)PBDO;T " e(t — 1(1))
27 (1)PBD [é:r( )+ 0T, (1) + 0T x, (1 — 7(1))
—roé! (t)P TBBTPe( 1) (39
28" (t)PBDO;" Cz (1)

lde nfoTne(r)

t
+0T7.(1) +UL(®r)
+22TP.B,ITe(t — t(1)) —

*227’k_l|dk\@k HM(t) Z

k=1 k=1

3

where T=1-—1*

Using the known fact that for any vectors x,y, and any
positive-definite matrix G = GT > 0 of appropriate dimen-
sions, it holds that 2x”y < x” Gx+y"G~'y by which we can
estimate some of the terms in (39) as follows

2" (1)PBDO;T " é(t — ) <& (r)PBY B Pe(r)
(

+é' (t—1)Ge(t—1)
—2&" (1)PBDE}TC,7,(1) <é” (1)PBY,B" Pe(r)
+Z.(1)GZ (1)
27T P.B,ITe(r — 1) <zT(1)GZ(r)
+eél (t—1)¥se(r—1)  (40)
where W = DO:TITG-1i6;DT, ¥, = Déz*TCeG_lCeTé;DT

and W3 = [BTP.G'P.B,I".
Let us denote

[«] = [0+ 670+ 00— 2(0) + 672+ UR) @)

which can be viewed as “the total bounded input”.

Then using boundedness of the reference and disturbance
signals and the stability of the transfer functions H,,(s), Hy,(s)
and H,,(s) from (9), (14) and (11) we obtain

[[<]], <l6r ], + 10 s, +
+6: @), +lvaml, < /3*

xr( ”1

42)

where B* > 0 is a some unknown constant and ||.||; denotes
a l-norm.

Using (42) and (30) it can be easily verified that

—2e-T(t)PBD[*} <2 p||, H M H1 gzki|ek||dkﬂ*
. 3)
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Then applying (40) and (43) to (39) yields

Vi) <~ & ()02() 2/ (1) : 26|z (1)
& (1= x(1)[70. ~ G~ W3] el — v(1))
— & (1)P"B[rol ¥ — W, | B Pes)

m t m
2 ) lexld [ lexldr+2 Y. Jexl |
k=1 k=1

+2i°'1:1 i (Be (1) + B*) Be(2) (44)
=1

Let us define Yy = oysgn(dy), and the “virtual” adaptation
gain f(¢) in (32) as

Bi(t) = —orlex(t)|, Br(0)=0,k=1,....,m. (45

For convenience, let us define TQ, = Q.1 + Q.2 and Q. =

Q-1+ Qx with Q.1 = Q! >0, 0n =01, >0, 0.1 =01, >0
and O, = QZT2 > 0, and select values for rg, Q, and Q, of
(44) from the inequalities

1o >Afmax (‘pl +1AP2> )
Amin(QeZ) >21max (G+‘P3)

/lmin(QzZ) > )vmax (2G) 5
(46)

where Apin(e) and Ay (e) are the minimum and maximum
eigenvalues of (e) respectively.
Then we obtain from (44)

V<—e(nge(t) —e (1 —t(1))TQee(r — (r))

—2 (1)QaZ(1) <0 @7
This implies [13] that V and, therefore, é(t), e(t), Z(t),
O € Lw. The remainder of the stability analysis follows
directly using the steps in [8]. Because é(¢) = x(z) — %.(¢)
and %,(t) € Lo, it holds that ¥(¢)=[x" (¢), xT (t),xL (¢)]T € Lo,
which implies that x(¢),x1(¢),x2(¢) and y(¢) € Le. Since r(¢)
is uniformly bounded and the transfer matrix H,(s) from
(15) is stable, Q(¢), k =1,...,m are bounded and u(t) is
bounded. Therefore, all the signals in the closed-loop system
are bounded. From (32) and (47) we establish that &(z)
and therefore e(t) € Ly. Furthermore, using &(z),Z,(t), ®(t),
Qu(f) € Lo in (28) we have that &(¢),é(f) € L. Hence,
e € L)L, and é(t) € L, which by Barbilat’s Lemma [8]
implies that e(z) — 0 as t — co.

Remark 5: We note that the coefficient matrices Q, Q, and
Q. are used only for analysis and do not influence the control
law. Controller gains adjust automatically to counter the non-
desirable effects of delayed state and parameter uncertainties.

VI. EXAMPLE

To illustrate the application of the proposed adaptive
scheme, let us consider an unstable system described by the



x(;):[l(')o } t)+{i8 28} x(t—1)
+[_§8 10 |0
+H8 10 || smtoon |
y(t)z[l(‘)o }(t), x(O)—{ 11%} (48)

To build the adaptive controller we choose the reference
model

W) = {—1.0 0

0 —10 }x’(t”{ s 10 }r(’)

) = |9 s, wo=[7]

The simulation results was performed with the adaptive
control

() =7 (02(1)+ 6, (1)ua(e) ~ ysenler () [ Jea(1)]

(1) =07 ()01~ posen(ex(t) [ lea(o)]

(49)

Q1) = [e1 (1) e2())" (50)
and update laws
01 (t) = — oysign(d))Q(t)e (1)
6.(r) = — orsign(di Jua()e: (1)
O, (t) = — opsign(d) )Q(t)es(t) (51)

The some simulation results are shown in Figurel, where
we show the robustness of the adaptive control law to delay
uncertainty.

o 0.8 b
= 06F 1
E
S 04} 1
g 0.2K 1
[}

0 ) ok A

0 5 10 15 20 25 30 35 40

tsec

1
S 08 1
I
£ o6f J
E
G 0.4 1
<
S o2 i
RN PN T

0 5 10 15 20 25 30 35 40

t sec
Fig. 1. Simulation of the adaptive control system for the plant with state

delay (48) and the controller (25), (26). The upper and lower graphs show
the time history of the error norm for the plant delays 7 =15 and 7 = 10,
respectively.
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Figurel was generated by the plant model (48) and the
controller (50), (51) with

(1) = sin(t) +2sin(3t) + 3sin(0.5)¢
= c0s(0.51) +2cos(2t) + 3cos(0.31)

The parameter values of the controller are sign(d;) = —1,
sign(dz) =1, 01 =5, o0p =10, Y = —5 and Y2 = 10.

VII. CONCLUDING REMARKS

A simple output feedback adaptive control is developed
for a class of linear multi-input multi-output (MIMO) sys-
tems with time-varying state delay. An effective controller
structure, based on a new error equation parametrization,
is proposed to achieve tracking of reference signals with
asymptotical zero error. To achieve robust properties both
with respect to an unknown plant delay and to an external
disturbance vector with unknown bounds, we introduce a
new controller parametrization with a new integral control
component and a diagonal constant gain matrix. The pro-
posed adaptive control law constructions make economical
use of known results from model reference adaptive control
to the considered class of delayed system. Adaptive laws
are developed using a suitable Lyapunov-Krasovskii type
functional. To the authors’ knowledge, this is the first work
that applies output MRAC design to MIMO systems with
unknown constant or time-varying delay.
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