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Technical Note and Correspondence

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

Khalid Abidi, Yildiray Yildiz, and Anuradha Annaswamy

Abstract—This technical note proposes a discrete-time adaptive
controller 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 con-
tinuous 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 technical note, these approxi-
mations/assumptions are eliminated. In addition, a disturbance ob-
server is incorporated into the controller design which minimizes
the effect of disturbances on the system. Extension to the case
of uncertain input time-delay is also presented. The proposed ap-
proach is verified in simulation studies.

Index Terms—Delay systems, digital control, uncertain systems,
adaptive control.

|. INTRODUCTION

Theoretical development and various experimental demonstrations
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 [S]-[11], the finite spectrum assignment controller
(FSA) [12]-[14], and their adaptive versions [15], [16]. Although APC
performed considerably better than the industrial grade controllers dur-
ing 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 compensation 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 con-
troller decreases. (A remedy is provided in [13].) APC, utilizing FSA
structure, suffers from the same issue.

In this technical note, 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 mul-
tiple of the sampling interval and designing the controller in discrete
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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 examples can be seenin [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 technical note 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.

Il. PROBLEM DEFINITION
Consider a continuous-time system given as
x(t) = Ax(t) + B (u(t — ) + £(t)) (1)

where x € R” is the vector of states, A € 1" *" is a constant uncertain
state matrix, B € " *™ is a constant uncertain input matrix, u € 1™
is the vector of the control inputs, 7 > 0 is a known input time-delay
and f(¢) is a matched unmeasurable exogenous disturbance.

Assumption 1: The sampled data representation of the plant dy-
namics has stable zeros.

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

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

The reference model is given as

Xm (t) = Amxm + er(t - T) (2)

where A,, € R"*" is a constant Hurwitz matrix, B,, € R"*? is a
constant matrix and r € R? is the reference command. Note that the
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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, . ||x,, (¢) — x(¢)|| = 0, while keeping all the system
signals bounded.

I1l. 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 4+ 1)T, where T is the sampling interval, then the
sampled-data form of (1) is obtained as

Xpp1 = Oxp +Tiup, +Toug oy +dy, (3)

where the matrices ® € R&"*", 'y € R"*™ 'y € R**™ are consid-
ered uncertain and are computed using the relations

(p+1)T -7
o= T, Ty :/ e doB, and
0

T
n/(erl)T—T

and the disturbance vector dy is computed by the relation

Iy, = e do B,

T
d; :/ e Bf((k+1)T — o) do.
0

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

Property 1: The difference between two successive disturbance
signals is, at most, of the order of the square of the sampling inter-
val, ie., ||dy —di_1]| < A forsome A € O(T?).

Property 2: The disturbance d;, can be represented as

di = T (Lofic + Loy ) + 0 (T°) = Twi + O(T%),

where T',, is a known nominal input matrix, (Lo, L;) € R™*"™ are
uncertain matrices, f; = £(k7") and w;, = Lof;, + L, £,

Remark 1: If the time-delay 7 is an integer multiple of the
sampling-interval then p is selected such that p7" = 7 and, conse-
quently, I'; = fOT e’“doB and Ty = 0.

Remark 2: For typical implementations, sampling intervals are se-
lected as 7' < 1 and, therefore, minimizing the influence of the distur-
bance to at most O(7?) is desirable.

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

Xm k+1 = <I>mxm,k + Fm ry_p, (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 .o, ||X, & — X1 || <
€ 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 ©,, € " *™ and a positive-definite ©,, € R™*""
such that

71

¢®-1,0=9,,I'=1,0, andI';, =T,0,,. (5)
Consider the delay observer given as

dy =dy =% —Dx;; — Tyur oy —Toupp o (6)

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

— 0,0, + O(T7)

(7
where D, = (DT,,)"'D and D is selected such that DI, is non-
singular. Adding and subtracting d, _; on the right hand side of (3) and
using Property 2 it is obtained that

Wip_1 = D’Y (X/\‘ - @Xk,l) - @71 Wi —p—1

Xpe1 = Oxp +Thupp, +Toup 1 +dp —di
+ ankfl + O(Tg)
= @Xk + 111 u;—p + FZ Ui —p-1 + Fn,wk'—l + ’fk; (8)

where [|G.|| = ||dr, —di1 + O(T?)|| < A € O(T?) and that, for a
reasonable selection of T, O (T?) ~ O (T?) + O(T3).

Remark 3: Although ||5;|| € O (T?) for a smooth disturbance, if
S || becomes O(T'), which may negatively
effect the controller performance. However, this is rare in practice
and after the discontinuity the expression ||, || € O (17?) will be valid
eventually.

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

Xp+1 = ¢, x; + T, (éxk —®,xp 1 + @'71 u;-p + @’\,21 Ug—p-1
- 0, uk*p*Z) + Sks )
where ® =0 +D,, ®, = D, ® and ©,,, =0, — O,,. Perform-

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

Xk4pt+1 = @, Xk+p + 1, (Orik + eugk + e'yl uk) + 6k+p7
(10)
where the matrices ©, € R"**" 0, € R"*™(+2) contain the ma-
trices ©, ®,, ©,,, 0,,, ©,,,, and Y, = [x]|x/_; ] € R*", £ =
[u |-+ uk,fpfz} € ®m»+2) The disturbance term &, € R" is
given as

gk+p = Sk+p + r, [@€A‘+p—l + ((:)TU -
+ (C:)’rp72 - (i.r T[}*S) g_k:lv

1) Sk4p—2 + -
(1)

where

nl

TU = i)z;rl + Z
(12)

with ®,, = ®,, +1,0, &, =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 (T’ 2) and that, therefore, 0, is bounded. Finally, since
O (T?) terms are summed p + 1 times, the order of |5, is at
mostO (pT' 4+ T) - O(T) = O(r + T) - O(T). The control law is then
selected as

z+1 i

z+1 H

2Z+] é;%72i71é3+1

u, = *@;ll,k (@x,k)?k + 0,18, — ®rrk> (13)
where (:), ks (3)u L ,(:)A,1 « arethe estimates of ©,, ©,,, ©,, respectively
and ©, € R™*9 is selected such that I",, = I',, ©,.. In order to derive
the adaptive law for o, 2k @u r and @A it is necessary to derive the
closed-loop system.

Consider a p sampling instants delayed (10), adding and subtracting
the term T',, ., ; ,u;_, it is obtained that

Xip+1 = q)m, Xp + Fn (G):r)zk—p + (-)u gk—p + 971 uy—p

— 0, W, + O, ) + 6, (14)
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Substitution of (13) in (14) and deﬁmng the estimation errors as  Substituting (22) in (21) it is obtained that
er,J\ —9 _9.7,.k7 eu,k —eu _Ouk and @*)1 k —6,1 _671.k ~T
i ’ m
the closed-loop error dynamics is obtained as —2a; By 7/’_7-,1@-7,7 o By CA pQZ_/ k+1
. - B AVj = Z o 2 Ck —pRjk+1-
€rr1 = @m e; + Fn (em‘k*pxkfp + eu,krfpék:—p J=1 F k
(23)
T .
+0,, 5, ,) + 6, (19 Using the fact that <292 < 1, (23) is reduced as
where e; = X;; — X,;, .. (15) can be rewritten as
T = N " [ =204 Bt oy ziiin auBEE2
€1 =Pne, +0,9,_ ¢y + 0y, (16) AV, < Z Wi k—pSk—pZik+ i kZjk+1
- ~ _ ~ ) o i=1 Pk P
where U] =[O, k|®u k|(~)71>k] € RmxCnitm(p+3))  and ¢, =
n m 3 2
¥ |£k |u,‘ | e 3‘%2 +m(p+3), .Deﬁnlng 2z = D,y (ep41 — Ppeyp) < - o Ck p\I/k p 41 + 2 —t ) . (24)
and substituting (16) it is obtained that Pk
Zio1 = \i,zip zkip o, (17) Furthermore, from (19) it is obtained that
where z;, € R™ and U;, = Dwgk e R™. Minimizingﬁzk“ makes the B}? 1Zi 11 H2 = B llZr+1 ||2 — B Omax * [|Zk+1]- (25)
tracking error follow the dynamics e 1 = @y, ey + 0. Therefore, the py |\ i ivuting (17) and (25) in (24), it is obtained that
adaptation law is formulated as follows
N Oékﬂ
b, Oékﬁk QC_,zl,, k€ [p,o0) AV, < — b2y 1z (26)

\ij/\%»] = )
\I/o Vk € [0,p)

(18)

where 0 < ap <1 is used to ensure a non-singular @Al r, Q€
RErtmp+3))x(ntm(p+3)) js a positive-definite adaptive gain ma-
trix and o, = 1 + ¢ Z_I)Q& 1—p- Considering that the disturbance term
f(t) is bounded then there exists a bound on ¥y, such that the weighing
coefficient (3, defined as

UH] ax

s
B = { sz+1
0,

where |0 || < Omax € O(1T +T) - O(T), ensures that the closed-loop
system is robust to the influence of the term vy, .

Remark 4: In order for (:)m & to be non-singular then, using the
approach in [31], a;l must be selected such that

if Zj Z U
H7 ‘ H +1H 7111dX , (19)
if {|z 1] < Omax

,1#)\

i
S LT

where A[-] is the set of eigenvalues and S = [0 --- 0 [] € ™ *(2n+

m(p+3)).

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 \ilk and
limy, o ler] <e€O(r+T).

Proof: To proceed with the proof, let z] = [ 21 |221k | . |zm a7
and \i’kT = [ﬂhkl{ﬁul s |1~ﬁm,k |7, where ’lZJJk c R2n+m(p+3))x1

and 7 = 1,..., m. Now, consider the following positive function
m P T _
= Z Z 11’;&71'@_171’]',1«4 : (20)
—1li=o0
The forward difference, AV, = Vi, — Vj, of (20) is given by
m T - T e
AV = Z [¢j,k+1Q 1[’,;/«“ _¢j,k—pQ ¢j,k—p} . (21)

j=1
Consider the adaptive law (18), subtracting both sides from 1); and
defining 12:] p = — 12)1 i it is obtained that

~ ~ ay, 5k

’¢j,k+1 = ¢j,k'fp

QCk —pRjk+1- (22)

which implies that V}, is non-increasing and, thus, 0}, is bounded. Note
that for any k € [k, 0o) the following is true

k—kq
Veir=Vi + Y AV, @
i=0
Substituting (26) in (27) it is obtained that
k—ko a3
hm Vig1 < max Viy — lim il an+7+lzl\u+l+1 (28)
€[0.p) kAOOi o\ Pro+i

Consider that V}.,; is non-negative and V},; is finite in the interval
[0, p), then it is obtained that

2
.
Jim 20k 7,121 = 0. (29)
To guarantee that limy_.. Oy |z,11|| =0 it must be guaranteed

that || || < po + w1 max;e(o 4 1) || ||. Consider the relationship be-
tween ey, and z; givenase, = e, + Lz + [ — T, D, 0.
Using the fact that ®,, has eigenvalues inside the unit-circle, e, =
Xm r — X, and that x,,, ; is bounded then there exists constants ¢, and
¢y such that, [32],

i1l <eo+eillzrsals (30)
and, from Assumption 1, the control input is bounded as
-l < Ko + K1 o Il ], (€3]
1€[0,

for some constant r, and ;. Looking at the signal growth rates, , is
a vector containing x; and u;, then there exists

Gk | < i +clllzell < + ¢ max |lz]| (32)
iel0,k+1]

and, therefore, using the Key Technical Lemma, [31], [32],

limy, oo Ok |21+ 1| = 0. Further, using the definition of 3, given by

(25), zx41 will converge to a bound of |0y.| € O(7 +T') - O(T') and

from the definition of z;,, as k — oo, the following stable error dynam-

ics is achieved
ey = D€ + U (33)

and, based on [37], lim; ., ||e;|| < € € O(7 + T') is guaranteed. W
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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

Xpr1 = Oxp +Thup o+ Toup g +dy (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 < 7,,, where 7, is an
integer multiple of the sampling-interval, i.e. 7, = 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 dj, is minimized. This is accomplished
by using the delay observer (7) which in this case is given by

Wi = Dn’, (Xk — CI)Xk,l) — @71 Wy (-1 — eﬁ’z Uy ¢ + O(TJ)
(35)
Substituting (5) and (35) in (34) it is obtained that

Xpi1 = Pxp + 1, ((:)xk — X1 +O0,, 0+ 04, w0
-0,, uk—(:—z) + ks (36)
Performing successive substitutions on (36), it is obtained that
Xpipi1 = PuXpip + L0 (00X + Ouliipr + O Uiy )

+ Sk +ps (37)

where ©,, ©, are defined similar to in (10) and E,Lpfﬂ =[ul,
|- fu)_, ] € R Let ©, = [Quy1] - [Qrypra] € R™M

(P+2) and revise (37) such that
Xpdpr1 = P Xpqp + 1y (@z)_(k + Qi pr + QW
Fo QU Qo) Gy, (38)

where (0, = ©,,, for convenience. Let the matrices €2;, ..., €,_; and

Qiipes, -5 2y 4 o be null matrices such that (38) is written as

Xk+p+1 = ‘I)mxk+p +T, (@LXL" + Qluk'+pfl + e

+ QW QW+ Qe 1+
+Qu + -+ Qe prop o + Qegprsup g3+
+Q2p+2uk—p—2> +5k:+p- (39)

Now define Q; = [Q|---|Q, 1] € R™>*™P~1) and Qy =[Q, ]
Qa4 o] € R ™ (PF2) quch that (40) simplifies as

Xktp+1 = q)mxk+p + Fn <er>_(k + Qlﬁk+1; + quk + Q2gk>

+ 0kt (40)
where ) = [u_|---|u_,,,] € R" =1 The control law can then
be selected as

u, = —Q;lk (éz,kik + Qo1& — errk> . 41)

where €, 1, ©,.1, and Q, ;. are the estimates of ,,, ©, and €, re-
spectively.

To select that adaptive law for the parameters Qp.k, (:)I‘ » and QM s
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 = (I)m € + Fn lil;—pakfp + Fﬂﬁfﬁk + Slﬂ?‘ (42)

where U] = [0, ,[Q4|Q, 1] € R *@n+m@+3) and ¢ = [y]|
E,‘T\u;] € R2n+m(r+3) Note that the error dynamics (42) is similar
to (16) with the only difference being the additional term I', Qfﬁk
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 € Uy, increases with in-
creasing delay upper-bound, p, and decreasing the sampling-interval,
T, values. An increase in the number of terms in Q; 11, | , 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 z;, 11 = D, (ex+1 — ®,, e;) it is obtained that

Zpy ) = ‘i’Lp &kfp +Qf u; + vy, (43)
where z;,,; € R . Based on (43), and following an approach similar
to that in [41] the adaptation law is proposed as

R )y +ay %sz z, Vk € [p, o0)
Uy = { ! % e (44)

U, vk €[0,p)

where the scalar function ¥, = 1 + ay, ZI,ank,p + a2 ||,
the matrix () is a constant positive definite adaptive gain matrix of
dimension 2n + m(p + 3), 7., A are positive tuning constants, [
is a positive weighing coefficient and oy, > 0 is a coefficient used to
ensure a nonsingular €2, ;..

Remark 6: o), must be selected such that oz,j] is not an
eigenvalue of fQIj}kfij‘;—ZQék_pzZH where S =100 --- 0] €
pem x(n+m(p+3))

Assuming that ||, || = A.p, where p is an uncertain positive con-
stant, it is seen that || Q] @, || < A.p||t ||. The weighing coefficient 3,
is defined as,

o )\(‘,[)k, Hﬁk” + Q_Jmax

1 ) if ||Zk+1 ” 2 )\cﬁk Hﬁk || + 'Dmax

2k 41l
07 if||zk+1|| < )LLﬁk Hﬁk” + Umax
(45)
where ||T; || < Omax, P is the estimate of p and A. is chosen as any
constant as long as it satisfies 0 < A. < Ac max, With Ac .y being
defined later. The adaptive law for p is given as

Brreve vl - llze 41|

P11 = pr + 3 (46)
"
Using (45), it is obtained that
/Blzzz+1zk+1 = ﬁkZ;+ 12k +1 — /Bk ()"Cﬁk Hﬁk H + 'Dmax)
Nz 1l 47

Theorem 2: Under the adaptation law (44) and the closed-loop dy-
namics (43) the tracking error e, is bounded if A.pch < 1, where p is
an upper bound on p; and ¢} is a constant obtained from the bound
on (.

Proof: Consider the positive function given as

(4%)
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where U] = [t , [hy |-+ |9, ] . The forward difference, AV}, =

Vi1 — Vi, is given as

m

AV = Z (72’;1@41@71{%',“1 - TZ’kaprlﬂ’j.kf,,)

j=1

1, ~
+ o (Bl =) - (49)
Defining p, = p — pi, then it is possible to obtain
~ ~ ﬁ)‘c cla |z

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

A‘/k = Z ('12’]‘11@7;; -
j=1

B = ! -
akﬁil;QCkfpzj,kJrl) Q' <1/}j7k7p

m

Z TZJIk*inl"Z’j.kw

J=1

- Qy %szfpzj,kdrl) -
k

1 /. g Br A uy. ||z 2 1 .
+*<pk* k Pk c'YcL|9A||HA+1H) **Pi
k Ve

c

m
akﬁk akﬁk ~T =
< Z ( ¢ Q% k1 — I Yoy | CropZik+t
j=1

a? 32 ay By
+ k ‘%)»ZHUkH Zy1Zhi1 — 2—— o Mo prc [0 ||z 1 |
Oékﬂk z = apBr. - -
< —2——z W,y — 25— A 0 [l Za s |
9 9
2B /o1 o _
+ :;2k (Ck—pQCk—p “"Yc)\zHukHQ)ZkTHZHL (51)
k

Consider the first term on the right hand side of (51), using the definition
of z; 1 in (43) and (47) it is obtained that

a Bk = = a Bk ST = _
-2 )1 Ui, Gy = —2 2y [Zrer — Q[0 — O
19k: 19k
ay B _
e

+ @max)||zk+l‘|:|- (52)

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

a3 _
avi <=2 a8 (¢, 00, + ) ol mn
(53)
. ¢ Er apYe 2 lag |12 o .
Using £ p @ 7‘; £k 10T it is obtained that
AV %, 54
< —ong- Z) 2 (54)
Following the same steps in Theorem 1, it is concluded that
li ﬂ/% T —
im oy —~2;,12r+1 = 0. (55)
k—o0 79]»

The result (54) shows that é,,,.,;“ Qp,k? QM and pj are bounded.
Using arguments similar to in Theorem 1, it can be obtained that
€|l < el + ch||lzes || for positive constants ¢ and c}, satisfying
the condition required by the Key Technical Lemma that guarantees
that limy, ., B ||zx+ 1] = 0. There exists a positive constant € such

9 . . . .
8 -
7 -
6 L
Esr
=,
— 4t
S
3 -
2 - B
Reference
1r 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].

that max; (0,1 {5i|zi+1]/} < e. Then according to the definition of
By in (45)

max fl2i g1l <&+ Acp max U] < e+ hcp max i1 (56)

i€l0,k

where max;ep 1] p; < p. Following the analysis in Theorem I and the
bound on ¢, the maximum bound of z;, is found as

Ierfax |z v 1]] < e+ rep max{c1 + ey llzi ||} (57)
which results in
k .
lzicsky | < (2ep3)" 1z, || + (2 + hefic] Z hepey) (58)

implying that ||z || is bounded if [A.| < Ac max < el

From (58), the steady-state bound on ||z || is given as (¢ +A.p
cl) Zf:lo (hepcs)’ and, since, ey 1 =P e, + T,z 1 + [ —
I',, D, 0, then the bound on ||e; || can be similarly evaluated. [ ]

Remark 7: The requirement A pcy < 1 can be satisfied with a care-
ful tuning of A., or, with a careful selection of the sampling interval 7’
since it effects 5. However, since ¢} 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].

|:.i‘1:| {—0.323 1 } {xl} [
= +
Ty —1.169 —0.480 | |z
where x1, x5 and u are the angle of attack, the pitch rate and the
elevator deflection, f(t) = 0.025(1 + sin(0.5¢ — %)) and 7 = 0.41
s. To introduce uncertainty, the delay value is assumed to be 0.5 s
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" = 0.02 s resulting

—0.018

1.379} (ut =)+ 1)
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in:

|

m
L1 k1

m
Ty k+1

—0.0622 0.9078

]

0.9924  0.0179 | | =7, 0.0021
+ Tk—p-
0.0905

m
Lo

The controller parameters are tuned as 7. = 50, A, = 0.015 and @ =
diag(3,0.5,4,1,...,1) while the initial value for pj 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].

VI. CONCLUSION

In this work, a discrete version of the Adaptive Posicast Controller
is developed for sampled-data systems, in the presence 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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