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Control of Uncertain Sampled-Data Systems: An
Adaptive Posicast Control Approach

Khalid Abidi, Yildiray Yildiz and Anuradha Annaswamy

Abstract—This paper proposes a discrete-time adaptive con-
troller for the control of sampled-data systems. The design is
inspired from the Adaptive Posicast Controller (APC) which
was designed for time-delay systems in continuous time. Due
to the performance degradation caused by digital approximation
of continuous laws, together with the problem of assuming time-
delays as integer multiples of sampling intervals, the benefits of
APC could not be fully realized. In this paper, these approxi-
mations/assumptions are eliminated. In addition, a disturbance
observer is incorporated into the controller design which mini-
mizes the effect of disturbances on the system. Extension to the
case of uncertain input time-delay is also presented. The proposed
approach is verified in simulation studies.

I. INTRODUCTION

Theoretical development and various experimental demon-
strations of the Adaptive Posicast Controller (APC), which
is developed for uncertain linear systems with known input
delays, are presented in [1]-[4]. The core ideas utilized in the
development of APC is extracted from the Smith Predictor
[5]-[11], the finite spectrum assignment controller (FSA) [12]-
[14], and their adaptive versions [15], [16]. Although APC per-
formed considerably better than the industrial grade controllers
during the experiments, the full advantages of the method
could not be exploited due to 3 main reasons: The continuous
control laws had to be approximated; the disturbance com-
pensation was not explicit but relied upon the slowly varying
disturbance dynamics; and the time-delay values were assumed
to be integer multiples of the sampling interval. Although it
is conventionally assumed that fast sampling is advantageous
during digital approximations, it is shown in [12] that, as the
sampling frequency increases, the phase margin of the FSA
controller decreases. (A remedy is provided in [13].) APC,
utilizing FSA structure, suffers from the same issue.

In this paper, the above mentioned approxima-
tions/assumptions are eliminated by representing the dynamics
of the plant in sampled-data form with a time-delay that is a
non-integer multiple of the sampling interval and designing
the controller in discrete time. In addition, a disturbance
observer method is incorporated into the controller design.
Finally, a rigorous stability analysis is provided.

Several methods are proposed in the literature for
continuous-time control of time-delay systems. Some exam-
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ples can be seen in [17]-[29]. The book [30] is also a recent
contribution, demonstrating predictive feedback in time-delay
systems with extensions to nonlinear systems, delay-adaptive
control and actuator dynamics modeled by PDEs. In discrete
time domain, many approaches exist for the adaptive control
problem [31]-[34]. The contributions of the proposed approach
are that 1) the controller enables the utilization of the full
benefits of the APC, which, unlike many advanced controllers,
is experimentally verified and shown to be performing better
than industrial grade controllers, 2) an extension to the control
of sampled-data systems with uncertain input time-delay case
is provided, (uncertain input time-delay case is solved for the
continuous time systems without approximating the time-delay
in [35]), 3) a disturbance observer is incorporated into the
design which minimizes the effect of disturbances and 4) the
case where the delay values that are not integer multiples of the
sampling interval is addressed. The approach incorporates a
modified version of the disturbance observer method proposed
by the author Abidi in [39]. Preliminary results of this work
is presented in [36] without any stability analysis and a
disturbance-free, ideal case where the time-delay is an integer
multiple of the sampling interval is presented in [37] and [38].

The organization of this paper is as follows: Section II
gives the problem definition, Section III gives the controller
design, Section IV gives the extension to uncertain delay case,
Section V gives a simulation example and Section VI gives
the conclusion.

II. PROBLEM DEFINITION

Consider a continuous-time system given as
x(t) = Ax(t) + B (u(r — ) +£(¢)) (D)

where x € R" is the vector of states, A € R"*" is a constant
uncertain state matrix, B € R is a constant uncertain input
matrix, u € R™ is the vector of the control inputs, T >0 is a
known input time-delay and f(¢) is a matched unmeasurable
exogenous disturbance.

Assumption 1: The sampled data representation of the plant
dynamics has stable zeros.

Assumption 2: There exists a known nominal input matrix
B, such that B = B,A where A € R™*™ is a constant uncertain
positive definite matrix representing control failures.

Assumption 3: The disturbance f(¢) is smooth and bounded.

The reference model is given as

Xm (1) = AmXm + Bmr(f — 7) 2)

where A, € R is a constant Hurwitz matrix, B, € W"™*9 is
a constant matrix and r € N? is the reference command. Note
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that the dynamics given in the reference model (2) is the best
that can be achieved with any kind of control law in terms of
handling the time-delay [30]. The control problem is finding a
bounded control input u such that lim, e ||Xm () —x(#)|| = 0,
while keeping all the system signals bounded.

III. ADAPTIVE POSICAST CONTROL LAW DESIGN FOR
SAMPLED-DATA SYSTEMS

A. Controller Design

Consider the system (1), if a constant p € Z is selected such
that pT <7 < (p+1)T, where T is the sampling interval, then

the sampled-data form of (1) is obtained as
ZCI)Xk—FF]ukfp—Flelk,p,l +dy, 3)

where the matrices ® € R, T'; € R™M, T, € R are
considered uncertain and are computed using the relations

(p+1)T-7
AT’ 1—‘1 :/
0

Xk+1

T
d=¢

#*9doB, and FZ:/
(p+1)T—7

and the disturbance vector di is computed by the relation
T
d, = / *°Bt((k+1)T — o)do.
0

Based on the assumptions on f(¢), the following properties are
defined for dg, [39], [40]:

Property 1: The difference between two successive distur-
bance signals is, at most, of the order of the square of the
sampling interval, i.e., |dy —di_; | < A for some A € O (T?).

Property 2: The disturbance d; can be represented as

di =Ty (Lofe + Life) + 0 (T7) =Tawe + 0 (7°),

where I' is a known nominal input matrix, (Lo,L;) € R™*™
are uncertain matrices, f, = f(kT') and wy = Lof}, + Lify.

Remark 1: If the time-delay 7 is an integer multiple of the
sampling-interval then p is selected such that pT = T and,
consequently, [y = [ ¢A°doB and Ty = 0.

Remark 2: For typical implementations, sampling intervals
are selected as 7' < 1 and, therefore, minimizing the influence
of the disturbance to at most O (T?) is desirable.

Consider the reference model (2) in sampled-data form

“4)

where @, has eigenvalues inside the unit-circle. The objective
is to design a proper control law that will ensure that the
system (3) will track the reference model (4) and, thereby,
achieve limy_,e ||Xm t — X¢|| < € for some constant €.

To design a proper control law for the system (3), assume
that the system is without uncertainty and that there exists
a ® € R™", a positive-definite @y, € R™*” and a positive-
definite @y, € R™*" such that

Xmk+1 = (I)mxm,k + 1—‘mrkfpv

P-I0=,,I'I =110y, and I, =1,0,,. 5)
Consider the delay observer given as
di=d 1 =x— x| —Tug_p1 —Dotgg_po (6)

%doB,

and select a matrix D € R™*" such that from Property 2 and
(5) it is obtained that

Wi_1 =Dy (% —Pxp_1) — Opu_p_1 —Opuwy_, >+ 0 (T3)

@)
where Dy = (DI,) "' D and D is selected such that DI, is
non-singular. Adding and subtracting dy_; on the right hand
side of (3) and using Property 2 it is obtained that

=Ox; + Ty p+Tow g +dp —di g
+Iaw_ 1+ 0 (Ta)
=&x; + Ty, +ouy_ o +Tawi g + &,

Xi+1

®)

where [|G | = [|dx —dx—1 + O (T?) || <A € O(T?) and that,
for a reasonable selection of 7', O (TQ) ~ 0 (T ) +0 (T3).

Remark 3: Although [|G]| € O(T?) for a smooth distur-
bance, if a discontinuity occurs, ||| becomes O(T), which
may negatively effect the controller performance. However,
this is rare in practice and after the discontinuity the expression
|G|l € O (T?) will be valid eventually.

Substituting (5) and (7) in (8) it is obtained that

X1 = PrXye + T (Oxf — DXy | + Oy iy + Oy iy
— Opwp2) + 5, ©)
where @ = ©+Dy, Py =Dy® and Oy, = O, —0,,. Perform-

ing successive substitutions on (9), it is obtained that

Xt pr1 = PmXpsp + 1 (G)x)_(k + ®u§_k + 0y, uk) + Sk+p7 (10

where the matrices ©, € R"*21, @, € R™*m(P+2) contain the
mﬁtrices 0, @y, Oy, Oy, Oy, and ¥ = [x] x| € K",
_ } € Rm(P+2) The disturbance term

— |l 1
[“kq:
O € R" is given as

5k+p Serp + 0[O p—1+ (00— By) Gy pn + ..
+ (0,2 —DY)3) &, <11)
where
MTJ ( 1)l+1 i _ ) .
Y, =d1 + Z H n—2i+j)| S B!
- 0 (12)

with @, = &, + 17,0, ® =T, and |-] is the floor function.
Note that the number of terms on the right hand side of (11)
is finite and is equal to p+ 1. Furthermore, from [39], it can
be shown that the order of the norm of each term on the right
hand side of (11) is at most O(Tz) and that, therefore, &
is bounded. Finally, since O(TZ) terms are summed p + 1
times, the order of |8,/ is at most O(pT +T)-O(T)
O(t+T)-O(T). The control law is then selected as

Uy = _@;lfk (®x,k9_(k + @u,kék - ®rrk> (13)
where (:)x‘k, @u’k, (:)7,1 & are the estimates of O, Oy, Oy
respectively and ®; € R4 is selected such that I'y, = I,0;..
In order to derive the adaptive law for Oy, Oy and O, ; it
is necessary to derive the closed-loop system.
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Consider a p sampling instants delayed (10), adding and
subtracting the term I',®y, r,u;_, it is obtained that

Xt 1 = PrnXp + Do (O Tk p + Ou&ip + Opuy_

— Oy k- pWip+ Oy sk pip) + 8, (14)

Substitution of (13) in (14) and defining the estimation errors

as Ox = Ox — Oy, 0,1 =0, — Oy and Oy, 4 = Oy, — Oy, ;
the closed-loop error dynamics is obtained as
€1 = Pmex +Tn (O pip+Ousp&i, (15
+0y, J—pWi—p) + S
where e; = X; — Xp . (15) can be rewritten as
e = Pmex + 0¥, 04, + 6, (16)
where ] = [0y 10y Oy | € R rmp+3) and Q_’kT =

[ZJE,{T“;} € R2mp3) - Defining 71 = Dy(erys —

®,e;) and substituting (16) it is obtained that
= lPljfpak—p + ‘Dk,

where z; € R™ and ¥ = Dygk € R™. Minimizing z;, | makes
the tracking error follow the dynamics e;,; = ®Ppe; + &.
Therefore, the adaptation law is formulated as follows

k— p+ (pEkQCk pzk+1 VkE[ )

S
lP() Vk € [0,[7)

where 0 < o < 1 is used to ensure a non-singular ®71 ko
Q € REtmp+3))x2ntm(p+3)) i a positive-definite adaptive
gain matrix and @ =1+ E;pQé k—p- Considering that the
disturbance term f(¢) is bounded then there exists a bound on
Uy such that the weighing coefficient f§; defined as

B = {1_|Umax||, if [|Z4 1] > Dmax

Zjt1 )

, (18

211 ' ~
0, if [|Zg11 || < Dmax

) 19)

where || || < Dmax € O(t+T)-O(T), ensures that the closed-
loop system is robust to the influence of the term 0.

Remark 4: In order for ©,, ; to be non-singular then, using
the approach in [31], oy ! must be selected such that

o %2 s£08, yai]

where A[-] is the set of eigenvalues and S =10 ---
9{»1><(2n+m(p+3)).

®7’1k 14

0] €

B. Stability Analysis

Theorem 1: The closed loop system, consisting of the plant
(3), control input (13) and the adaptive law (18), together with
the reference model (4), results in a closed-loop system with
a bounded P, and limy ... ||er|| < €€ O(T+T).

Proof: To proceed with the proof, let z, =
(214 szv"izm.k]T and ¥ = [Wlk Vol q/m,kf,
where §;;, € RErtm(p+3)x1 and j=1,...,m. Now, consider
the followmg positive function

T

m

)

P
) lffzkfiQfl Vi (20)
i=0

The forward difference, AV = V1 — Vg, of (20) is given by
m

AV =Y {q/;'r,k—HQ_lq/j,k—}—l Vi pQ Wi, 2D
j=1

Consider the adaptive law (18), subtracting both sides from
v, and defining ¥;, =y, — ;. it is obtained that

_ _ o Pr
Vil =Vjk—p— o =0, PRt (22)
Substituting (22) in (21) it is obtained that
m [ 2040, ,  02BRLi 0%k
AVk — Js [7 [1 Ck 7 k+1
e " &
(23)
¢ ,08
Using the fact that M < 1, (23) is reduced as
2.2
AV, < Z 2akBk‘I/jk ka plik+1 n Okaij.kH
j=1 (3 (73
20, Bt +
<- (;ﬁk Ck o Phpip +—— y AT E 24)
Furthermore, from (19) it is obtained that
Bl 11* = Bellzas 1 I” — B Ommax - 1241 - (25)

Thus, substituting (17) and (25) in (24), it is obtained that
2
AV, < ——FKgl 2y (26)
%
which implies that V; is non-increasing and, thus, ‘i’k is
bounded. Note that for any k € [kg,0) the following is true

k—kq
Vigr =Vip + Y, AViysi 27)
i=
Substituting (26) in (27) it is obtained that
k— k() o ﬁ
kPr
hm Vk < max Vi, — lim e it1Z (28)
+1 ko€l0.p) Koo IZ() (Pko N ko-+i+1%ko+i+1-

Consider that Vi, is non-negative and Vj, is finite in the
interval [0, p), then it is obtained that
Lo
lim —~

2
k T
=0. 29
k= Qp Zy i1 Zk+1 (29)

To guarantee that limy_,. Bt||Z1| = O it must be guaranteed
that ||§ || < po + 1 max;e(o g 1) [|Zi|- Consider the relationship
between e; and z; given as e, = Ppe; + Inzpyy + [ —
WDy 8. Using the fact that &, has eigenvalues inside the
unit-circle, e; = Xp, x — X; and that X, x is bounded then there
exists constants cg and ¢; such that, [32],

X1l < co+crllzxsa ], (30)
and, from Assumption I, the control input is bounded as

lu—pl < Ko+ max |||, (31)
i€[0,k+1]

for some constant Ky and k;. Looking at the signal growth
rates, § is a vector containing x; and ug, then there exists

I1Ckpll < g+ lzll <ch+¢f max [zl (32)
i€[0,k+1]
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and, therefore, using the Key Technical Lemma, [31], [32],
limy_sco B ||Zx+1]| = O. Further, using the definition of f; given
by (25), zxy1 will converge to a bound of || € O(t+T)-
O(T) and from the definition of z, as k — o, the following
stable error dynamics is achieved

€11 = Pmer + Uy (33)

and, based on [37], limy_,. ||€x]| < € € O(T+T) is guaranteed.
| ]

IV. EXTENSION TO THE UNCERTAIN TIME-DELAY CASE

Consider the system (1) with an uncertain input time-delay
7 such that its sampled-data representation is given as

X1 = Oxp + g + oy +dg (34)

where the delay ¢ € Z is uncertain and given as {T < 7 < ({+
1)T. The delay is assumed to have an upper-bound as 7 < 1,
where 7, is an integer multiple of the sampling-interval, i.e.
T, = pT for some known p. Similar to the known time-delay
problem, the controller design is preceded by the reformulation
of the system dynamics (34) such that the influence of the
disturbance d; is minimized. This is accomplished by using
the delay observer (7) which in this case is given by

Wit = Dy (X — PX_1) — Op iy — Op 2+ O (T7)
(35)
Substituting (5) and (35) in (34) it is obtained that

X1 = PrXy + T (Oxg — PyXp— 1 + Oy g+ Oy gy
—Opw2) + 5, (36)

Performing successive substitutions on (36), it is obtained that

Xt pi1 = PmXpyp+1n (®x7_fk + ®u§k+p—é +®71 uk+p—£) + 8k+p7

(37)
wlTlere O, O, are defined similar to in (10) and
Skrpt = “/<T+pfzf1§"'§“/lé 2| € R Let @, =

[Qpp1 11904 pan | € R™PH2) and revise (37) such that

Xt pi1 = PmXihp + T (Ox Tk + Loy p—r + Qo 1 Wiy p—r—1
o Qe QoW 2) + S, (38)
where €, = ©, for convenience. Let the matrices
Qr, ..., Q1 and Qy py3, ..., Q512 be null matrices such
that (38) is written as
Xt pt1 = PmXgyp +1Tn (@)ka + QU p1 o+ QoW
+ quker,g +Qg+1uk+p,g,1 +...+ Qpllk +...
+ QpypioW—p—2+ Qi p 33+ ...

+ 92p+2uk—p—2> + Sk+p- 39)

Now define Q) = [Q;}---{Q, 1] € Rrxm(p=1) and Q, =
[Qpiii1Qopia] € Rmxm(p+2) guch that (40) simplifies as

Xy ptr1 = PmXpqp+In <®ka + Qi+ Qpui + ngk> + Ot s

(40)
where 0] = |u_, u,lpﬂ] € R"P=1). The control law
can then be selected as

=0k (Ot + Ooib—0m ). @D

where Q,, 1, Oy and Qy; are the estimates of Q,,, ®, and Q,
respectively.

To select that adaptive law for the parameters Qi Ock
and Qz,k, substitute (41) in a p sampling instants delayed (40)
and subtract the result from the reference model (4) such that
the error dynamics is obtained as

1 = Pmex + 1] 0, +TnQ W+ 6. (42)

where \PZ— = |:(:)x,k§§2,k§f2p.k:| € 9{"1><(2n+m(l’+3>) and él—: =

[ X EZ ukTJ e R2+m(P+3) Note that the error dynamics (42)
is similar to (16) with the only difference being the additional
term l"nQITﬁk which exists due to the uncertainty in the delay.
If ¢ is known and ¢ = p then &; would be a null matrix.

Remark 5: The number of terms in Qlﬁkﬂ, increases with
increasing delay upper-bound, p, and decreasing the sampling-
interval, T, values. An increase in the number of terms in
Qlﬁkﬂ, may degrade the performance and therefore, while it
is desirable to use smaller T in order to reduce the effect of
the disturbances, care must be taken to pick a suitable value.
Using ziy = Dy (€x1 — Pmey) it is obtained that

21 =¥, 0, + QU+ Dy, (43)

where z;11 € R™. Based on (43), and following an approach
similar to that in [41] the adaptation law is proposed as

li’k+l _ {l{jk—p + ak%iQCk—pszJrl Vk € [pvoo) (44)
Yo Vk € [07[7)
where the scalar function ¥ = 1 + Otkz,poé —p T
oY A2||k]|?, the matrix Q is a constant positive definite
adaptive gain matrix of dimension 2n+m(p +3), %, A are
positive tuning constants, 3 is a positive weighing coefficient
and og > 0 is a coefficient used to ensure a nonsingular Qp’k.
Remark 6: o must be selected such that og ' is not an
eigenvalue of —Q;’LPS%’;QE,FPZLI where S=1[0---01/] €
Rmx (ntm(p+3))
Assuming that ||Q|| = Acp, where p is an uncertain positive
constant, it is seen that ||Q[ ;|| < Acp||ic||. The weighing
coefficient f is defined as,

B — {1—W i (201 | > Ac |G| + D

. e _ (45)
0, if (251 [| < AcPr [0k ]| + Dmax

where ||Og|| < Omax, Pk is the estimate of p and A. is chosen
as any constant as long as it satisfies 0 < Ac < Ac max, With
Acmax being defined later. The adaptive law for p is given as

BiAe Ve ||| - | Zxs1 ]|

) (46)

Prr1 = Pr+
Using (45), it is obtained that

Bl 1zt = B2kt — Be(AePrll el + Omax) - |21 ).
(47)
Theorem 2: Under the adaptation law (44) and the closed-
loop dynamics (43) the tracking error e; is bounded if
Acpch < 1, where p is an upper bound on P and ¢} is a
constant obtained from the bound on .
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Proof: Consider the positive function given as

m k 1
Vi=) ( Y q/;iQ_lqjj,i> + ?p,ﬁ

Jj=1 \i=k—p

(48)

where W = [V, Wi, k} . The forward difference,
AVy = Viy1 — Vg, is given as

m

AV =Y (lp;k+1Q_l¢j,k+l - f[/;'r,k—pQ_lfifj?k—p)

j=1
. N

+ o (Be = A7) - (49)
Y

Defining p; = p — Py, then it is possible to obtain
» » A Ug|| - ||Zx
Bewt = Br— o PPl el Nz 50)

O
Substituting (44) and (50) in (49) it is obtained that

AVi= Y (‘Wj,kp — O

Jj=1

Beot, vz o1 (s
5 f—pZik+1 | @ (Wj,kfp

- (Xkﬁ QCk pZi, k+l> - Z q/kainlek*F
=1

1 /. oaBrAcyellugll||z LA
Jr<Pk 1 Br %|z|9k|||| k+1|> _1s
Y k Y
P -
< Z ( Ck 9% kt1— Zﬁszk—p> CrepZiikt
ZB B
_ B, -
2k 1A 021 Zas —ZT%PkHukHHZkH |
O!kﬁk akBk
<—2—— o A NS ;chkHukH”Zk-Q—lH
ot B

_T - _
+ (Ck_,,QCk_pwcﬂtfllukIIZ) IRCITRNC)

o
Consider the first term on the right hand side of (51), using
the definition of z;,; in (43) and (47) it is obtained that

o B > P+ =T - _
—2—— Y g0, =2 Y Z [Zk+1 Q'lTuk_Uk]
o Br _
<28 ol - Geplm]

Oy
+ Do) ||zk+1|} . (52)

Substituting (52) in (51) and simplifying, it is obtained that

oves =B o B (g 02 rAlul?) e
o (53)
Using akg"*”Qg"*gjakmcz”ﬁkllz < 1 it is obtained that
B +
AV, < _akaZkJr]Zk_;'_l. 54

Following the same steps in Theorem 1, it is concluded that

Bt
lim oy —~
k—o0 k Uy

2} 1741 = 0. (55)

The result (54) shows that O, s p ks Qz x and Py are bounded.
Using arguments similar to in Theorem 1, it can be obtained
that ||§,|| < ¢l +c}|lzir] for positive constants c| and ¢},
satisfying the condition required by the Key Technical Lemma
that guarantees that limj_,e Bi||Zx+1]] = 0. There exists a
positive constant € such that max;c(o «{Bil|zi+1/} < €. Then
according to the definition of B in (45)
max [|z;[| < &+ Acp max [[iy]| < &+ Acp max |G| (56)
i€[0,k] i€[0,k] i€[0,k]
where max;c(o ) fi < p. Following the analysis in Theorem I
and the bound on ¢, the maximum bound of z is found as

,m[gi]llzzmll §8+%ﬁiren[3§]{6% + bz} (57)

1€|0,

which results in
it | < (Apeb) Nz || + (6 + Acpet) Z 2pch)’ (58)

implying that ||z|| is bounded if |Ac| < Acmax < Al
From (58), the steady-state bound on ||z is given as
(e+Acpcl) iy (Acpcy) and, since, e = Pex+ Tzt +
[I —T',Dy| & then the bound on ||e|| can be similarly evaluated.
|
Remark 7: The requirement /lcﬁcé < 1 can be satisfied with
a careful tuning of A., or, with a careful selection of the
sampling interval T since it effects p. However, since cé and p
depend on uncertain system dynamics and therefore may not
be known a priori, this requirement is an inherent restriction
of system structure.

V. SIMULATION EXAMPLE

Consider the nominal longitudinal dynamics of a four-
engine jet aircraft, [42].
0323 1

)= 156 olso] [+

where xj, xp and u are the angle of attack, the pitch rate
and the elevator deflection, f(r) = 0.025(1+ sin(0.57 — %))
and 7 = 0.41s. To introduce uncertainty, the delay value is
assumed to be 0.5s during the controller development, elevator
effectiveness is decreased by 30%, proximity of the open
loop poles to the imaginary axis was halved and the damping
ratio was reduced by 48%. To obtain the reference model, the
nominal system (59) is stabilized using the LQR method and
the closed loop system is sampled at 7 = 0.02s resulting in:

] [ 0.9924 0.0179] [x] | [0.0021 60)
et ]~ [—0.06220.9078 | [ | T | 0.0905 | K

?2%2] (u(r =)+ £ (1)) (59)

The controller parameters are tuned as 9. = 50, A, = 0.015
and Q = diag(3,0.5,4,1,...,1) while the initial value for fy
is selected as 0.1. As seen in Fig. 1, the proposed method
provides convergence within a reasonable error bound around
the desired trajectory as opposed to the approach in [37].

0018-9286 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAC.2016.2600627, IEEE

Transactions on Automatic Control

9 T T T T
8
7
6
EE
o,
g 4
3
2
Reference
1 New Approach
0 ) ) — Approach in [37]
0 20 40 60 80 100

t [sec]

Fig. 1. Performance of the proposed approach vs the approach in [37]

VI. CONCLUSION

In this work, a discrete version of the Adaptive Posicast
Controller is developed for sampled-data systems, in the pres-
ence of disturbances and input time-delays that are possibly
non-integer multiples of the sampling interval. A disturbance
observer is introduced to the controller design, the utilization
of which minimizes the effect of the disturbance on the closed
loop system performance. In addition, the extension of the
method for the case of uncertain input delays is presented.
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