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Adaptive iterative feedback control for nonlinear system
with unknown control gain
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Abstract: An adaptive iterative feedback control approach was proposed for a class of single-input, single-output uncer-
tain nonlinear systems with completely unknown control gain. Unlike the ordinary iterative learning control which required some
preconditions of stability on the learning gain, the adaptive iterative feedback control achieved the convergence through an un-
known feedback gain in a Nussbaum-type function. It was proved that the repetitive tracking error sequence was asymptotic to
the interval [ - &, 8] for arbitrary prescribed & > 0 when iterations go to infinity. Simulation is carried out to show the validity
of the proposed method.

Key words: adaptive iterative feedback control; unknown control gain; repetitive tracking

CLC mumber: TPI18 Document code: A

& TR IR ER M RS B EMIAR RIRES

RER, B F
(RFX%E B 5EHIRER, £ 200092)
WRE: s —XEBARREARE R EERERE, B —FE T 2R A EHIE 860 BEMERR
sl SEESAE I ERNTEE USRS AR KRR, it B 8 B 0R S 14288 S 84 5% Nuss-
baum FE 2652153 2 A B GEB AR i — o B, ER IR RET —BRAEIHER /DR 6. HEBRTHN

EEGTEOERE.

X BERSURBER; RAOERIEE; EERE

1 Introduction

Iterative learning controls are designed based on the
discrete Lyapunov method and the control output is up-
dated in an affine fashion such as P type or D type leamn-
ing (see [1,2]). They require some preconditions of
stability on the learning gains. For example, given a
linear dynamical system

{x(t) = Ax(t)+Bu(t) € R", x(0) = xo € R",

y(t) = Cx(t) € R, u(t) € R,

(1)
the ordinary iterative learning control requires the pre-
condition of || 7 — CBL || < 1 for the stability on the
leamning gain, where L is the learning gain and || - ||
denotes a function norm. [3] proposes an adaptive itera-
tive learning controller for a class of single-input, single-
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output linear time-invariant system that does not require
the above precondition, but needs to know the sign of
the first Markov parameter i.e. the sign of CB.
Nussbaumn-type gain was originally proposed by [4],
and has been adopted in the adaptive control of first-or-
der nonlinear systems and nonlinearly perturbed high-or-
der linear systems (see [5 ~ 10]). [11] proposes an
asymptotic regulating control scheme for a class of time-
varying uncertain nonlinear systems with both additive
nonlinear uncertainties and unknown multiplicative terms
with Nussbaum-type gain in adaptive feedback control.
This paper proposes a new approach — adaptive itera-
tive feedback control — for a class of single-input, sin-
gle-output unknown nonlinear systems. Without any pre-
conditions of stability on the feedback gain, the adaptive
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iterative feedback control obtains the convergence
through an unknown feedback gain in a Nussbaum-type
function. Through rigorous proof, this paper shows the
repetitive tracking error sequence is asymptotic to the in-
terval [ — &, 8] for arbitrary prescribed 8 > 0 when iter-
ations go to infinity.
2 Problem formulation
In this paper, we consider the single-input, single-

output uncertain nonlinear system

%:(8) = fx(e), )+ b(x,(2), )u () € R,

%;(0) = %9 € R,

yi(t) = Cx:(t) € R, u;(2) €R,

(2)
where i denotes the iteration sequence, x;(t) € R* is
the physically measurable state vector, u;(t) € Ris the
control input, and y;(t) € R is the system output.

Given a finite initial state x;(0) and a finite time in-
terval [0, T¢], the control objective is to design an itera-
tive feedback control such that, as i — o, the system
output y;(t) of the nonlinear uncertain system (2) tracks
the desired trajectory y4(t) € R which satisfies the fol-
lowing dynamical system over [0, 7]

24(8) = f(xa(8), ) +b(x4(2), 1) ug(t) € R”,
x4(0) = x € R",
ya(e) = Cxg(t) € R, uy(e) €R,

(3)
i.e. as i = o, the repetitive tracking error sequence
e;(t) = ya(t) — ;(t) —0. As part of the repeatabili-
ty, the initial state x;(0) = x4(0) = xis available for
all trials.

For notational convenience, we define

fi(): = flx(e),0), b(¢): = b(x(2),2),

fa(t): = f(xqg(t),t), ba(t): = b(xg(2), ).

For this system we make the following assumptions:

Al) Cfi(t),Cfy(t),Cb;(t),Cby(t) and uy(t) are
unknown but have both upper bound and lower bound.

A2) 0 < Opin < | Cb;(t) | < Opax, Where | = | de-
notes the absolute value, 8, and 8,,, are positive con-
stants, and the sign of Cb;(t) is unknown but un-
changed during the trials.

3 Design of control law

Throughout this paper, we choose a Nussbaum-type

function

Vol.20
v(€): = cos (%E)eXp (&%), (4)
~ where £ € R.
Define
{ya, if 'U(E) = 0,
752, i (@) <0,

where ya’)’b E R and ‘Yaf‘Yb > 0’ ﬂlenforﬁveryso e
R, the Nussbaum-type function v( -) has the proper-
s al4]

ties

lim sup L[ (e =r 0, (5)
.. 1§
1_132 inf :j yv(€)d€é = - o, (6)

where s = sgand s 5« 0.
The proposed control law is given below

w;(8) = v(k(t))e(t), )

k-(t):{l e(t) I+ (e (e)1-8), if 1 e(t) 1> &,

' 0, if |e(t) <,
| (8)

k(0) = k,_((Tp), (9

where i denotes the iterative sequence, u;{¢) is the con-
trol input, and k;(t) is the parameter of the Nussbaum-
type function .

Theorem Under the control laws (7) ~ (9), if
x;(0) = x4(0), then k;(¢t) and e;(t) are bounded and
e;(t) is asymptotic to the interval [ — &, 8 ] for arbitrary
prescribed 8 > O when iterations go to infinity, i.e.
le;(t) | < dasi— oo,

Proof Define the function

1 .
=B, if »
V(B):={2'32 £>0
0, ifB<O,
then
V(I et) 1-8) =
L) e(e) 12802, if | e
[2(|e.(t)| &), if 1 e(t) > 8, t € [0, T;].
0, if | ¢(¢) 1< &,

Ife;(t) > 8, then
d%v(l (1) 1= 8) = (e(t) - &)ei(t) =

(e;(t) = L C(fa(t) = £i(£)) + Cha()uy(e) -
Ch;(t)v(ki(2))e(t)].
Similarly if e;(t) < - &, then
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%V(‘ Ci(t) |-— 3) =

(e(1) + S C(falet) - £i(£)) + Cba(t)ualt) -
Chi()v(ki(1))e(t)].
Suppose | ¢;(t) | << 8 as i = o« does not hold, i.e.
| €;(t) | > &. Then from (8) and (9) we know k;(t)
isunbounded i.e. k;(t)— = asi = . From Al) we
know C(f3(t) - f;(¢)) + Cbs(t)uy(t) is bounded, so
we can obtain — ¢ | ¢;(t) | < C(fa(t) — fi(t)) +
Cba(t)uy(2) < c1e(e) | whenl e (t) 1> &, where
¢ is a finite positive constant.
From (8) we know
e(t) - (e(t) - 8), if ¢(t) > 3,
k() = [0, if 1¢(t)1<9,
e;(t) - (e;(t) + ), if ¢(t) <- 9.
If Cb;(t) > 0,i.e.0 < Opin < Cb;(t) < Opuy» de-
fine
Ormins if v(k(2)) =0,
b: = {6,,,,,,, if v(k:(£)) <0,
then — Cb,(t)v(k;(t)) <- Gv(ki(t)).
So when ¢;(t) > ¢,

TV () 1-8) <

(e;(2) — 8)cle(t) - Ou(k(2))e(t)] =
(c = Bo(k;()))ki (1) (10)
Similarly when ¢;(t) < - &,

iV(I ei(8) 1= 8) < (e - B(k()))ki(2).

(11)
Integrating (10) and (11) separately, for i-th itera-
tion, in-th interval [ ti9, 2ioc] in which | ¢;(s) | > &,
0 < tig < tis < Ty, we obtain
0< V(e(t)) =

[* e = k(e =
in0

[ (e = (ki (D)ARD), ¢ € Lrus b

ke,
Supposing there are im intervals in which | ¢;(t) | > &
in every i-th iteration, and from (8) and (9), we can
obtain

O$ ‘Z-)iV(ej(tmf))-l'iV(ez(tjrf))-l-V(e'(t)):
S "J(T}) k.'(’)
Ejkim) (¢ - Ow(k))dk + jki(o)(c — 6v(k))dk =

j=1

k(o)
[~ onyan =
K, (0)

k(o)
cUet) = k(@) - [ oo(mrak,  (12)

here t € [t39,tic] and | €;(2) | > §.

When k;(t) > 0, divided by k;(z) in (11), we ob-
tain
k(O k(D)
k%ét_;) - ﬁjw"”(")d"' (13)
From the previous assumption we know the monotone
function k;(¢) is unbounded as i — . Then when
k;(t) — =, (13) contradicts one or the other of prop-
erties (5) and (6). So k;(t) is bounded as i - « and
the previous assumption does not hold. And from (8)
and (9) we know ¢;(¢) is bounded and | ¢;(t) | < &
asi—> o,

If Cb;(t) < 0si.e. — Oppy < Cb;(t) <~ O < O,
then 0 < Opin < — Cp;(t) < Opngy» similarly we know the
theorem holds. '

4 Example
Define x(z) = [£,(z),&,(+)1"and consider the two
order single-input, single-output nonlinear systems X, :
£1(t) = ~sin (£(t)) +0.5cos (£(2)),
&,(t) =0.5cos (& (1))+(2.5+0.15sin (&(t))-
0.1cos (&()Nu,
y(t) = 36, () + 26,(¢),
and 3,
£1(t) = - sin (§(2)) +0.5cos (&(¢)),
£,(1)=0.5cos (&,(1))-(2.5+0.15sin (&,(t))-
0.1cos (&(t)))u,
y(t) = 3&6,(2) +26(¢).

The parameters are unknown to the controller. The
only difference between =, and =, is that b(t)zl = -
b(t)s i.e. (Cb(1))sz =- (Cb(2))s,. Obviously
>, and I, both satisfy the assumptions Al) and A2).
By way of illustration, the control tasks of 3, and 5, are
both to track the desired trajectory y4 = 812 — 5¢3,1 €
[0,1].

The continuous feedback strategies (7) ~ (9) guaran-
tee the tracking errors of X, and 3,, which both con-
verge asymptotically to an arbitrary prescribed small
bound & when the iterative sequence i — .

Figures 1 ~ 3 depict the iterative trackings of the sys-

0< c(l-

E
;
3
]
[
;
3



http://www.cqvip.com

694 Control Theory & Applications Vol.20

tem 3; and 3, with the initial data x;(0) = [0,0]",
k,(0) = 0and & = 0.1. From Figs. 1 ~3 we can see
that the adaptive iterative feedback control can obtain the
error convergence without knowing the sign of Cb;(t).
And from Fig.3 we can see with the increase of the iter-
ation sequence i, the feedback gain v( k;(¢)) is bounded
and its sign is changed to be the same as the sign of
Ch;(t).
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Fig. 1 Desired trajectory y4(¢)
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Fig. 3 Feedback gain v( k;(¢)) for 1st to 8th tracking

5 Conclusions

Based on the idea of adaptive feedback control, this
paper proposes that an adaptive iterative feedback control
obtains the error convergence through an unknown feed-
back gain in a Nussbaum-type function in repetitive
tracking control.

Without any preconditions about feedback gain and
through rigorous proof we have concluded that the un-
known feedback gain is bounded. This as a result guar-
antees the validity of the adaptive iterative feedback con-
trol .
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