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SELF-TUNING TRACKERS*

P. R. KUMARY AND L. PRALY#

Abstract. We examine the problem of obtaining adaptive control laws which tune themselves to control
laws minimizing the variance of the tracking error between the output of the linear ARMAX system and a
specified reference trajectory. If the reference trajectory is sufficiently rich of order greater than or equal to
the sum of the degrees of the control and noise polynomials in the ARMAX system, then an adaptive
controller is exhibited for which the parameter estimates are strongly consistent. For the linear model
following problem where the trajectory to be tracked is generated as the output of a linear system, it is
enough for the order of sufficient richness to be greater than the degree of the noise polynomial alone.
Further, if the order of sufficient richness is even smaller, as is often the case, then a lower dimensional
adaptive controller which does not attempt to estimate all the coeflicients of the noise polynomial is self-tuning.
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1. Introduction. The problem of stochastic adaptive control of linear ARMAX
systems has received considerable attention over the past decade. The notable pioneer-
ing contributions are due to Astrom and Wittenmark [1] and Ljung [2], [3]. Sub-
sequently, Goodwin, Ramadge and Caines [4] and Goodwin and Sin [5] have proved
the self-optimality of some adaptive control algorithms for minimum variance regulation
and tracking. By self-optimality it is meant that the cost, the time average of the square
of the tracking error, is minimal.

Recently a stochastic gradient algorithm has been proved to be self-tuning for the
regulation problem (see [6]). (Recall that in the regulation problem one wants the
output of the system to stay as close as possible to zero, whereas in the tracking problem
one wants to track a given arbitrary trajectory.) By “self-tuning” it is meant that the
adaptive control law converges to the optimal control law. This is clearly a property
of fundamental interest since it implies that the adaptive controller can be used as a
mechanism for tuning to the parameters of an optimal control law.

In this paper we examine the problem of minimum variance tracking where the
goal is to ensure that the output of the system tracks a specified reference trajectory
with minimal average squared tracking error.

From a purely technical viewpoint the analysis of the tracking problem along the
lines of [6] has until now been stymied by the fact that a key geometric property of
the adaptive control algorithm, which renders the regression and parameter estimate
vectors orthogonal, holds only in the regulation problem and not in the case of tracking.
Our first contribution here is to show how to overcome this difficulty by enlarging the
dimension of the regression vector.
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Another well-known difficulty with the tracking problem is that when the reference
trajectory to be tracked is a general nonzero trajectory (we call this the general tracking
problem), then the control law which allows the trajectory to be tracked with minimum
variance does require explicit knowledge of the coefficients of the colored noise
polynomial, see [4],[6], [12]. This is another feature distinguishing the tracking problem
from the regulation problem. Consequently, it is necessary to identify some additional
parameters pertaining to the colored noise polynomial in order to obtain self-tuning.
Such identification is established in this paper under the natural assumption that the
reference trajectory is sufficiently rich of appropriate order.

The second essential contribution of this paper is the examination of how one
may obtain self-tuning when the reference trajectory is not so rich as to allow one to
identify all the coefficients of the colored noise polynomial. For example, in an
important class of practical problems, called set-point problems, the output of the system
is required to stay as close as possible to a certain specified level. Thus the reference
trajectory is a nonzero constant, which is sufficiently rich of order one only. We examine
such problems, which violate the richness assumptions of the general tracking problem,
by examining the problem of following trajectories which are generated by linear
models. We call these the linear model following problems. (The set-point problem is a
special case of the linear model following problem.) Our second class of main results
is to show how one may adjust the dimension of the regression vector to the degree
of excitation present in the reference trajectory. We then provide a proof of self-tuning
of the resulting reduced dimension adaptive controllers.

Our main results are therefore the following:

(i) The adaptive control laws in both the general tracking problem as well as
the linear model following problem are self-optimal, i.e., the average squared tracking
error is minimal (Theorem 3).

(ii) In the general tracking problem, if the reference trajectory is sufficiently rich
of order at least equal to the sum of the degrees of the control and noise polynomials
in the ARMAX representation of the system, then the parameter estimates are strongly
consistent, i.e., they converge to the true values almost surely (Theorems 6 and 7).
This result also implies that the adaptive controller is self-tuning, i.e., the adaptive
control law converges to the optimal control almost surely (Theorem 7).

(iii) For the parameter estimates to be strongly consistent in the linear model
following problem it is enough for the order of sufficient richness of the reference
trajectory to be equal to the degree of the noise polynomial alone (Theorems 6 and
7). This again implies self-tuning (Theorem 7).

(iv) Often, the degree of sufficient richness is even smaller than the degree of the
noise polynomial (e.g. the set-point problem). In such linear model following problems,
a lower dimensional adaptive controller can be used. This lower dimensional adaptiver
controller is self-tuning (Theorem 7). The parameter estimates also converge (Theorem
6). However, since no attempt is made at estimating all the coefficients of the noise
polynomial, the parameter estimates do not converge to the true values (i.e. we are
using a direct adaptive control law).

Some comments on the nature of these results in comparison with the results in
deterministic adaptive control are useful. In deterministic adaptive control, where there
is no noise in the system, one can asymptotically obtain zero tracking error. However
in stochastic adaptive control there is noise and one wants to reject as much of the
noise as possible. Clearly optimal noise rejection will depend critically on the knowledge
of the correlations inherent in the possibly colored noise. This is where the central
problem of estimating the colored noise coefficients enters into the stochastic adaptive
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control problem. Indeed, in the present paper, the need for richness in the reference
trajectory is intimately related precisely to the need for estimating the model of the
colored noise.

2. The adaptive control laws. We consider the ARMAX system
P q s
(1) y()=% ay(t—i)+ ¥ bu(t—i)+ ¥ cw(t—i)+w(r)
i=1 i=1 i=1

where y, u and w are, respectively, the output, input and white noise. The parameters
(ay,"+-ay, by, -+, by,c, -+, c;) are unknown. The goal is to design an adaptive
control law which ensures that the output follows a given bounded reference trajectory
{y*(t)} with minimal average squared tracking error, and such that the adaptive control
law asymptotically self-tunes to the optimal control law. It is an added bonus if the
true parameters (a;,---,a,, b;, -+, b, ¢, +,¢) can also be asymptotically
identified.

If the reference trajectory is arbitrary, we shall refer to this problem as the general
tracking problem. In many problems however the reference trajectory is generated as
the output of a linear model. We shall refer to such a special case as the linear model
following problem. The special properties of a reference trajectory generated as the
output of a linear model can be usefully exploited, as we will see in the sequel. We
now discuss separately the general tracking problem and the linear model following
problem.

2.1. The general tracking problem. In this case {y*(#)} is just a reference trajectory
to be tracked with no special properties. We will use the following adaptive controller
(with the notation p v s :=max (p, s)).

t
@) 0(t+1)=0(t)+%—)[y(t+1)—y*(t+l)]
where, for the time being, 0 < u <2 is an arbitrary constant (but see the remark at the
end of § 4).

3) m+mﬂ+g¢7mau
4) d(t)=(y(t), -+, y(t—pvs+1),u(t), -+, u(t—q+1),

-y, —y*(t-s+1),
pvs

(ﬂum:A&[zmmﬂhﬁn+§&mwwwn—§%MﬁW4ﬂﬂ

i=1 i=2
where
(6) (@r(8), "+, apys(8), Bi(1), -+ =, By(2), Yo(1), = - -, (1)) T = 6(1).
Note that (5) can equivalently be written as
(7) ¢ (1)6(1) =0.

The motivation behind this adaptive controller is the following. Rewrite the system
(1) as,

y(t+1)—y*(t+1)=[f ap(t+1-1)+ 3 bu(t+1-i)+ ¥ c,~w(t+1—i)—y*(t+1)]

i=1
+w(t+1).

If one could observe the past of w(-) at each time ¢, then an optimal controller would
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choose u(t) so that the term in [ - -] on the right-hand side above is zero, i.e.

-1 » q
u(t) =3 [ Y ay(t+1-i)+ Y bu(t+1—i)+
1 i=1 i=2
for this would result in y(t+1) =y*(t+1)+ w(t+1), clearly yielding the best possible
tracking error. However, the sequence w(-) is not observed, and so let us replace it
by y(-)—y*(+), which is what we hope it would be, at least asymptotically. This gives
the implementable control law,

1

ciw(t+1—i)—y*(t+1):|,
=1

_1 pvs q s
u(t)=—b— [ Y (ai+c)y(t+1-i)+ Y bu(t+1-i)— ¥ ciy*(t+l—i)—y*(t+1)].
1 Li=1 i=2 i=1
It can be shown that this control law is actually optimal with respect to the long run
average of the square of the tracking error; for more details, see [12]. Let us define,

(8) 0°:= (al+cla' o ’apvs+cpvs9 bls e ,bqa la Cip " ,CS)T

(where, for convenience, we define ¢;:=0 for i>s and q;:=0 for i>p in (8)), and,
under optimal control, the system (1) can be represented as

y(+1)—y*(t+1)=¢T(1)0° +w(t+1),
while the optimal control law can be written as one which chooses u(t) to satisfy,
¢7(1)0°=0.

Our adaptive control scheme (2)-(6) can be interpreted as trying to estimate 6° when
the system is being optimally controlled.

Remark. Note that the (p v s+ g+ 1)th component of °is 1, and hence is a known
quantity. However, the estimator ignores this knowledge and estimates it anyway by
vo(t). We can therefore regard (2, 3) an an unnormalized parameter estimator. It follows
that this parameter estimator is one dimension larger than that considered in Goodwin,
Ramadge and Caines [4]. In this connection, it is also of interest to note that recently
Wei [7] has proposed an estimator for the regulation problem which is one dimension
less than [4], [6].

2.2. The linear model following problem. In many situations of interest the refer-
ence trajectory is generated, at least asymptotically, as the output of a linear model.
We shall suppose that there is a sequence {y,,(#)} such that

1
©) y(0)= 3 hyn(1=1)
and the trajectory to be tracked y*(t) is asymptotically close to y,(¢) in that
(10) Zl (Y*() = ym(1))* < +o0.
t=

Without loss of generality we can make the following two assumptions:

1)) There is no lower order difference equation satisfied by {ym(1)}, i.e., there
is no nontrivial polynomial H(z) of degree strictly less than I such that
H(z)y,,(t)=0 for all t. (z is the backward shift operator.)

(11)(ii) The roots of H(z):=1 _2:=1 hiz' are exactly on the unit circle and there
are no repeated roots.
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Assumption (11)(i) is without loss of generality since otherwise we could simply replace
H(z) in (9) by H(z). Note that this also means that the initial conditions on (9) are
sufficient to excite all the modes of H(z). Assumption (11)(ii) is also without loss of
generality due to the following reasons. First, since we intend to work only with bounded
{y*(t)}, and since all the modes of H(z) are excited, we have to assume that H(z)
has roots on or outside the unit circle, and also that the roots on the unit circle are
not repeated. However, since we are only interested in the asymptotic behavior of
{y*(t)}, we can eliminate all the modes corresponding to roots of H(z) which are
strictly outside the unit circle, since they decay geometrically to 0. This leaves us with
(11)(ii).
It is worth noting that (11)(i) and (11)(ii) together imply that

ym(t) = d0+d1("'1)t +Z d,' sin ((o,t+ 3,‘).

Depending on how large I is, we will use adaptive controllers with parameter
estimators of different dimensions.

Case 1. I1=s. Recall that s is the degree of the noise polynomial in (1). When
1= s, we will reduce the dimension of the parameter estimator by (s +1— 1) components
by replacing (4)-(6) by the following:

(12) $()=(y(1), -+, y(t=pvs+1),u(t), -, u(t—q+1),
=y*(t+1), o, —y*(e+2-D),
(13) ()= (ay(1), "+, apys(1), Bi(2), " =, Ba(1), yol1), -+, via (1)),

and

-1 pvs q -1
(14)  u()= [Z a;()y(t—i+ )+ ¥ Bi(u(t—i+1)— ) %(t)y*(t—i+1)],
Bi(t) Li= i=2 i=0
or equivalently by (7).
The idea underlying the above adaptive control law is the following. If the
parameters were known, the minimum variance adaptive control law would be,

.._1 pVvs q s
u(t)=—b—|:Z (a;+c)y(t—i+1)+ Y bu(t—i+1)—y*(t+1)- Y c,-y*(t—i+1)],
1 Li=1 i=2 i=1
see [12] for details. In this control law the only terms featuring y* are y*(t+1)+

Yo, y*(t—i+1)=C(z)y*(t+1). Thus the control law really only requires knowledge
of C(z)y*(t). Let

-1
(15) G(z)= Eo gz’
be a polynomial satisfying,
(16) C(z)=F(z)H(z)+ G(z)
for some
s—1
(17) F(z)= ~Z:of,.z".

Such polynomials G(z) and F(z) are the remainder and quotient, respectively, when
the polynomial C(z) is divided by the polynomial H(z). Then, asymptotically at least,

C(2)y*(t) =[F(2)H(z)+ G(2)Iy*(t) = F(z) H(2)y*(1) + G(2)y*(1) = G(2)y*(1),
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since by (9.10), H(z)y*(t) =0 holds asymptotically. Thus we only need knowledge of
G(z)y*(t) in order to implement the true minimum variance control law. We can
therefore interpret the parameter estimate (13) as trying to estimate

(18) 00:= (al+c19 Y apvs+cpvsa bl’ Y bqa gO’ gl’ e ’gl—l)T'

Remarks. (i) The adaptive controller need not be provided with the precise
information about what the polynomial H(z) is. It only needs knowledge of the degree
of H(z).

(ii) It should be noted that the parameter estimator is no more ‘“unnormalized,”
since the coefficients g, - - -, g, are all unknown.

Case 2: I=s+1. Since (s+1—1)=0 when I=s+1, no savings in dimensionality
can be achieved. Hence we will use the same adaptive control law as (2)-(7). For this
case also we define 6° as in (8).

3. Sufficient richness. In the sequel we will prove that all the coefficients
(ay,-+-,a,, by, -, by, ¢y, +,c;) can be asymptotically identified when the reference
trajectory {y*(¢)} is “sufficiently rich” in an appropriate sense. We have the following
definition.

DEerINITION. We shall say that a scalar sequence {y*(¢)} is strongly sufficiently
rich of order 1 if 1 is the largest nonnegative integer for which there exists an n and an
€ >0 such that

t+n

Y (y*(k=1),- -, y*(k=1))T(y*(k—1), -, y*(k—=1))=el, forall tlargeenough.

k=t+1

I, here is the Ix [ identity matrix.

The following property of {y,,(¢)}, and also {y*(#)}, generated by the linear model
(9), (10), (11)(i), (ii) should be noted.

LEMMA 1. Suppose {y*(¢t)} and {y,,(t)} satisfy (9)-(11). Then both {y*(t)} and
{ym(t)} are strongly sufficiently rich of order I.

Proof. We will show that there exists £ >0 such that

t+1
Y Y(k—1)=el, for all ¢ large enough

k=t+1

where
Yi(k=1)= (ym(k=1),* -, yu(k= D) (ym(k=1), - = -, y(k=1D)).

Suppose this is not true. Then there exists a sequence of vectors {x(¢,)}, with each
x(2.)ll =1 and x(t,) = (x,(t), - -+, x,(t,))" such that

t"+l 1
xT(t,) Y Yi(k=1x(t,)==.
k=t,+1 n

We can also assume without loss of generality that lim, x(¢,) = x exists with ||x|| =1,
x=(x,"+,x)". Moreover, since {y,.(¢)} is bounded, {Y;(k—1)} is also bounded
and so

[

lim xT "Z Yi(k—1)x=0.

k=t,+1

Let X(z):= Z§=1 x;z'. Interpreting z as the backward shift operator, we have

[
lim ¥ [X(z)ym(K)F=0.

n ok=t,+1
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This implies that

lim X (2)y,(t,+i)=0 fori=1,2,---,1L
Now note that H(z) X (z)y.(t) =X (z)H(z)ym(t) =0 and so

1
X(2)yn()= T 8AL

where {A,} is the set of roots of H(z).Hence we have
l .
lim ¥ §Ap™'=0 fori=1,---,1L
nog=1

This can also be written as

1 1 1 1 1 1 {|Ax" 0 o0 0 0 0 ||

I VW A 0 Ayt 0 5,
lim . . . . . . . A . . . . 1 =0.
AT AL AP o 0 AP 8

The first matrix on the left-hand side above is the Vandermonde matrix which is
nonsingular since all the A,’s are distinct. Moreover |A,| =1 for all k, and so it follows
that §, =0 for k=1, - - -, L. This however implies that X (z)y,,(t) =0 for all t. However
X (z) is a polynomial of degree I—1 or less, and by (11)(i), it follows that X(z) =0,
i.e., |x]| =0. This is a contradiction to ||x|| =1, proving that {y,,(¢)} is indeed strongly
sufficiently rich of order L By (10) it follows trivially that {y*(¢)} is also strongly
sufficiently rich of order L (Actually it is enough that lim, (,,(¢) —y*(¢))=0). O

For future reference, we also have the following result.

LEMMA 2. Let S(t,z):=Y’_, s:(t)z". Suppose {s,(1)} is bounded fori=0, - - - ,jand
lim, |s;(¢t) = s,(t—1)|=0 for i=0, - - - j. Suppose also that for some sequence {x(t)},

1 X 2_ N B Y
lwthgl[S(t,z)ym(t)] =0 and lllglNElx(t)—O.

Then there exists a common subsequence {t.} with lim, x(t)=0 and lim, S(t, z) =
K (z)H(z) for some polynomial K(z). (By S(t, z)y.(t) we mean ¥_, si()y.(t—i).)

Proof. Since lim, |s;(t) — s;(t+n)| =0 for every n and {y,,(t)} is bounded, it is also
true that limy 1/N ¥,_, [S(¢+n, z)y,.(£)]* =0 for every n. Hence we can sum over n
and also add x*(¢) to get

1 N
lim —
imy L

{xz(t)+ Z:,l [S(t, z)ym(t-n)]z} =0.

Hence there is a subsequence {#} such that

liIEnS(tk,z)ym(tk—n)=0 forn=1,---,1 lillcnx(tk)=0.

Further we can also assume without loss of generality that

lillcn S(t, z)=:S(z)
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i

exists, by which we mean that lim, s;(#,) =: s; exists for i=0, - - -, jand S(z):=Y_, 5:z".
Further, since {y,,(¢)} is bounded, it follows that

li’{n S(Z)y.(tk—n)=0 forn=1,---,1L
Note that H(z)S(z)y..(t) =0 for all ¢, and so
1
SE@yn(0)= 3 8

where {A,} is the set of roots of H(z). Proceeding just as in the proof of Lemma 1, it
follows that
S(2)y.(t)=0 for all ¢.

Now let U(z) be the greatest common divisor of S(z) and H(z). Then there exist
polynomials R(z) and T(z) such that R(z)S(z)+ T(z)H(z)= U(z). Hence
U(2)ym(t) =0 for all t. However, since the degree of U(z) is less than or equal to [,
it follows from (11)(i) that U(z) = £H(z) for some scalar £ and so the lemma is
proved. 0O

4. Assumptions. Define the polynomials

A(z)=1- i a;z’,
i=1
a
B(z):= Y bz,
i=1

C(z)=1+ Y cz"
i=1
Throughout this paper we employ the following assumptions only.

(19)() All the roots of B(z) and C(z) are strictly outside the unit circle.
(19)(ii)  Re [C(e“’) —g] >0 for0=w<2m

(19)(iii) b, #0.

(19)(iv) z7'[C(z) — A(z)] and B(z) are polynomials of degrees respectively equal
to (pvs—1) and (¢ —1), which have no common factors.

(19)(v) {w(1)} is a sequence of scalar random variables on a probability space
{Q, F, P}, whose distributions are all mutually absolutely continuous with
respect to Lebesgue measure.

(19)(vi) Let F,:=o{w(1),--,w(t)} be the sub-o-algebra of F generated by
{w(1),- -, w(t)}. We assume that there are o>>0 and 8> 0 such that

E[w(t)|F,_;]1=0 as.,

E[w(t)|F,_,]=0* as.

b

sup E[|w(t)""°| F,_,]<+ as.
t
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(19)(vi))  [6(0)|>0.
(19)(viii) {y*(t)} is bounded.

It should be noted that the condition (19)(v) guarantees that the controls are well
defined a.s. through (5.14) since the event {8,(t) =0} is a null event, see Caines and
Meyn [9].

Remark. Let us consider a different constant u, in place of u in (2). It is easy to
verify, see [12], that the resulting adaptive control algorithm produces parameter
estimates 0,(¢) = (u,/ ) 0(t) and identical inputs and outputs as the original algorithm
using u, provided 6,(0) is chosen as 6,(0):= (u,/x)6(0). This property relies on the
fact that the control input u(¢) is invariant with respect to scaling of 6(¢) in (7). Making
use of this observation, it follows that one need not restrict u to lie in (0, 2); it is
enough to have u # 0. Further, one only needs the assumption

(19)(ii) Re C(e)>0 for0=w<2w

in place of (19)(ii).

5. Self-optimality. In this section we will prove the following theorem which
asserts, among other things, that in all cases the adaptive controller minimizes the
average squared tracking error.

THEOREM 3.
QOG0 limy £ DO OF =0 as,
@)G)  lim~ T (Ey(+ D)=y u+DIE)=0 as,

1 N
(20)(iii) limsup— ¥ u’(t)<+o as.,
N N

t=1

(20)(iv)  lim ||6(t) — 6°|* exists and is finite a.s.
t

Proof. We will abbreviate those details of the proof which are similar to those of
Goodwin, Ramadge and Caines [4] or [6]. Let 6(t):=8(t)—6° and define V(t):=
l6(t)||>. Using r(t)= ¢ (t)$(t) and ¢ (¢)6(t)=—¢7(1)0°, we can get

E[V(t+1)|F]= V(t)—T;{d’ (t)0°——2— E[y(t+1)~ y*(t+1)|F]}

CE[y(t+1)—y*(t+1)|F]- (E[y(t+1) y*(t+1)|F']?

()

20T ()(1) 2
0N

for all 6. Choose 8> 0 so small that [C(z)—(u + 8)/2] is strictly positive real. Let us
first consider the following case.
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Case 1. General tracking problem or the linear model following problem with | = s + 1.
C(2)E[y(t+1)=y*(t+1)|F]1= C(Dy(1+1) —y*(1+1) —w(t+1)]
=[y(t+1)—y*(t+1)-w(t+1)]
+[C(z)=1][y(t+1)—y*(t+1)—w(t+1)]
=[y(t+1)—y*(t+1)—w(t+1)]

+ 3 aly(t=i+1) =y (= i+1)=w(t=i+1)]

(21) [y(t-l—l) w(t+1)— Z cw(t—l+1)] y¥(t+1)

+ 3 aly(t—i+1) =y (i—i+1)]

pvs

= Z (a;+c)y(t—i+1)+ Z bu(t—i+1)

—y*(+1)- Y cy*(t—i+1)
i=1

=¢7(1)6°
By the strict positive realness of [C(z) —(u + 8)/2] it therefore follows that

stm=2 £ {67000 ~E22 By (1+1) -y + DRI EDG+ D=y 4 DI

= K a.s. for all n, for some K.

Defining M(t):= V(t)+S(t—l)/r(t—l), and using r(t)=r(t—1)>0, it follows that

T(1)(t
E[M(1+1)|F1=M() -5 2 (ELy(t+1)~y*(+ D[ F)*+ M;(:)‘m 2
The last term above is summable a.s., and so using the Positive Near Supermartingale
Convergence Theorem we can get:

@) {M(t)} converges as.,

2 (Ely(t+1)-y*(t+1)|E])?
t=1 r(t)

Now we claim that lim, r(t) =+ a.s. Otherwise r,=1+Y;_, ¢ " (k)¢ (k) would lead
to lim, ¢(¢) =0 on a set of positive probability. This in turn would imply lim,y, =0
and lim, u, =0, and from the system equation (1) it would then have to follow that
lim, C(z)w(t) =0 on a set of positive probability, which we will now contradict as
follows. First note that (C(z)w(t))* = a linear combination of terms of the form w(t — i)
and w(z—i)w(t—j). Let us first examine the first set of square terms. As a consequence
of (19)(vi) and Jensen’s and Minkowski’s inequalities, it follows that sup, E[|w*(¢) —
E(W*(t)| F,_)|"*??|F,_, 1< a.s. Chow s Theorem [10, Thm. 3.3.1] is therefore appli-
cable, and shows that limy 1/ N Z, W)= o? a.s. Now we turn to the cross terms.
Since Y., wX(t—i)= as., an appeal to the Local Convergence Theorem for Martin-
gales [11, Lemma 2.3] shows that Z, 2w(t=i)w(t)= o(Z, ,wX(t—1i)) a.s. Hence

(ii)

<+00 a.s.
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lim 5 l/NZfL1 w(t—i)w(t)=0 as. Adding up the contributions, we get
limy 1I/NYN (C(z)w(t))>’=1+Y;_, ¢;>0 as. This provides the required contra-
diction.

Since lim, r(#) = +© a.s., Kronecker’s Lemma is applicable and gives

1 N
1i15nr—(m E, (E[y(t+1)—y*(t+1)|F])*=0 as.

Utilizing the strictly minimum phase property of B(z) it follows that {r(N)/ N} is
bounded a.s., which proves (20)(iii) and (20)(ii). The same arguments as in Lemma 7
and Lemma 9 of [6] yield (20)(i) and (20)(iv).

Case 2. Linear model following problem with 1= s. Just as in (21) we still get

CE(+1) -y 1+ D|F1='Y (a+e)y(t—i+1)+ Y bu(t—i+1)

—C(z2)y*(t+1).
Let y(t) = y,,(t)—y*(¢). Then from (9) and (16) we get
C(2)y*(t+1) = C(2)ym(t+1) = C(2)§(t+1)
=G(2)y(t+1)=C(2)5(t+1)
=G(2)y*(t+1)+[G(z) - C(2)]p(t+1).

Hence
CEEL(t+1) =y (t+DIE1= Y, (a+e)y(t=i=1)+ 3 bu(i—i+1)

- G(2)y*(t+1)+[C(2) - G(2)1y(t+1)
=¢7(6°+[C(2) - G(2)]5(1+1).
By the strict positive realness property of [C(z)—(u + 8)/2], it follows that
sm=2 {6700 +1CE) - 6@+

_pte

2

CE[y(t+1) = y*(t+ 1| F]
= K a.s. for all n, for some K.
Defining M(t):= V(¢)+S(t—1)/r(t—1), we get

E[y(t+1)—y*(t+ I)IE]}

EIM(e+ DIF)S M0 ~45 (Bl )=y ()[R 2 8000 o2

+72(% E[y(1+1)=y*(t+ D FILC(2) = G(2)]j(t+1).

Define j(t):=[C(z)—- G(z)]y(t+1), and note that by (10), Zzl 72(t) <+oo. For any
p >0, we have

ZE[y(Hl)“J’*(H1)|F¢]J7(t)§P2(E[y(t+1)—y*(t+1)|F,])2+(¥) :
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Hence, choose p so small that (u8 —2up?)> 0, and note that

(18 —2up°)
r(t)

p’¢T(NG(1) ,  2u5*(1)

3 o t—; .

r(1) pr(t)

Now both of the last two terms are summable, and so we can again use the Positive
Near Supermartingale Convergence Theorem. The rest of the proof is similar to the
previous case. [

By (20)(i) of the above theorem, we see that usage of the adaptive controller leads
to a value of o for the average of the square of the tracking error. In order to justify
our claim at the beginning of this section that the adaptive controller minimizes the
average of the square of the tracking error, we need to show that no other nonanticipative
controller, including possibly controllers which utilize knowledge of the parameters
(ai, bi, ¢;), can realize a smaller value than o for the average squared tracking error
on any set of sample paths of positive measure. This is provided in the following lemma.

LEMMA 4. Consider the ARMAX system (1). Let F,:= o(w; for s=t and y;, u; for
i=0) be the o-algebra generated by the past, and let {u,} be any control sequence chosen
so that u,€ F,, i.e. u, is F,-measurable for each t =0. Then,

E[M(t+1)|F]=M(t)— (E[y(t+1)—y*(t+1)|F1)

+

limNinf% tgl () =y*(1))’z0* as.
Proof. Define
g(t-—l):=[i‘, a,y(t-—i)+§ biu(t—i)+.§j: ciw(t—i)],

and note that g(t—1) € F,_,. Rewrite the system equation (1) as y(¢)=g(¢t—1)+ w(t)
and get

B o

N .o
Appealing to the Local Convergence Theorem for Martingales [12, Lemma 2.3], we
know that except on a null set,

Y=t 3 ga-n[1+

‘§l2g(t—l)W(t)=0(‘§lgz(t—l)) ifglgz(t)=°°,
<00 ifg g2(t)<oo.

In either case, therefore, it follows that

A 2g<t—1)w<t>] 20 as

1 N
lim inf — 2(t-1 [1+
N N,Elg( ) Yo, g (t-1)

Hence,
lim inf—l— IZV 2(t)>lim—1- IZV w2(t)
N N5 Y =N N 5,

=0? as.
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The last equality has been proved in the course of the proof of Theorem 3. 0O

6. Self-tuning and convergence. In this section we address the self-tuning and
convergence properties of the adaptive controllers.

First due to (2.7) we have the same geometrical properties as in [6]. This gives
us the following lemma, see [6].

LEMMA 5.

(22)(i) lifn l|6(2)|| exists and is finite a.s.
(22)(i) For every n, lifn le(t)—0(t—n)||=0 as.

(22)Gii) e+ 1)= o).
(22)(iv) If there is a random scalar ¢ and a random subsequence {t,} such that
liin 0(t)=¢€6° a.s.

then
li{n 0(t)=£0° a.s.

So in order to prove that lim, 8(¢) = £6° it is sufficient to show that there is just
one subsequence for almost every sample path along which such a limit exists.

THEOREM 6. (i) Suppose that {y*(t)} in the general tracking problem is strongly
sufficiently rich of order (s+ q). Then

(23) lim 6(t) = £6° a.s.
Jfor some a.s. finite nonzero scalar random variable &.

(ii) The result (23) holds in the linear model following problem irrespective of the

order of strong sufficient richness of {y*(t)} (using the appropriate definition of 9° as in
(8) or (17)).
Proof. We start with (20)(ii) which can be written as

N

(24) hlsn—llv S {1-A@)y(t+1)+zB(2)u(t+1)+[C(z) = 1]1w(t+1) — y*(t+1)}*=0.
t=1

Define the time varying polynomials

pvs

P(1,2)i= ¥ ay(1)z'"),

i=1

Q2= % p(n)",

t—1 )
Y %(t)z' in the linear model following problem with I =,
R(1,z)=1"3° .
Y. vi(t)z' otherwise.
i=0
We shall interpret z as the backward shift operator. Thus, to illustrate the notation,

Q(t, z2)x(t)= é:l Bi(t)x(t—i+1): Q(t, z)B(z)x(t)= 2::1 Bi(1) él bx(t—i—j+2),

B(2)Q(t, 2)x(1) = é b, é Bi(t—j+Dx(t—i—j+2).



1066 P. R. KUMAR AND L. PRALY

Though Q(t, z) B(z)x(t) # B(z)Q(t, z)x(t), it should be noted that if {1/ N Zl, x*(1)}
is bounded, then it is true that

hm'ﬁE [Q(t, 2)B(2)x(1) - B(z)Q(t, )x(] =0

To verify this, one needs to use the facts that lim, ||6(¢) — 8(t—n)| =0 a.s. and {6(?)}
is bounded a.s.
Multiplying inside the summation in (24) by Q(¢, z), we have

N

lim 2 {Q(t 21~ AGy(1+1)+Q(s, )2B()u(r+1)

+Q(t, 2)[C(z) —1]w(t+1) - Q(¢, z)y*(t+1)}*=0 a.s.

Since

{NtZlyz(t)} {N,Z, uz(t)} {Ntzl Wz(t)} {N,Zly*z(t)}

are all bounded, we can interchange the polynomials above to get

llglﬁtzl {z7'[1-A(9)]Q(t, 2)y() + B(2) Q(¢, 2)u(1)

+2z7'[C(2)—-1]1Q(t, 2)w(t) — Q(t, 2)y*(t+1)}*=0 a.s.
Now note that the control laws (5) and (14) can be written as
(26) Q(t, z)u(t)=~P(t, z)y(t)+ R(t, z)y*(t +1).
Substituting (26) in (25) gives

(25)

m L {711 AGIQ( 2) - B)P(, Dby (1)

2!~

+z7'[C(2)-11Q(1, z)w(t)
+{B(z)R(t,z)— Q(t, 2)}y*(t+1)¥’=0 as.
Now y(t) =w(t)+y*(t)+ E[y(t)—y*(t)| F,_,], and so substituting for y(t) gives

lip 2 {(z71C() - AEIQU, 2) - BE)P(6 2)hw(n)
+{B(z)R(t,z) —zB(z)P(t, z) — A(2) Q(¢, z)}y* (¢ +1)
+{z7'[1-A(2)1Q(t, z) = B(z) P(1, 2)} E[y(t) = y*(1) | F,]}’=0 ass.
Due to (20)(ii) and the fact that {0(¢)} is bounded, we can drop the last term above
and write

lim {{Z_'[C(Z)—A(Z)]Q(t, z) = B(z) P(1, 2)}w(1)

“MZ

1
N N
+{B(z)R(t, z) —zB(2) P(t,z) — A(z) O’ t, 2)}y*(t+1)}*=0 as.
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Since lim, |6(¢)—6(t—1)| =0 a.s., and since {y*(¢+1)} is bounded, we can replace
R(t,z), P(t, z) and Q(t, z) above by R(t—n, z), P(t—n, z) and Q(t —n, z), respectively,
for any n. Thus

lip ¥ {7 [C() - A@IQ=n,2)= B@)P(t=n, )w(1)

+{B(z)R(t—n, z)—zB(z)P(t—n,z) - A(z)Q(t—n, 2)}y*(t+1)}’=0 a.s.
Choose n larger than (p+ g + ), and then we can apply Lemma 11 of [6] to deduce that
27 lilsn % g {z7[C(2)-A(2)]1Q(t—n,z)— B(z)P(t—n,z)}*’=0 a.s.

by which we mean that the average of the square of each coefficient of the polynomial
in z is 0; and also

(28) g {{B(z)R(t—n,z)—zB(z)P(t—n, z)

im L
N
—A(2)Q(t—n, 2)}y*(t+1)F’=0 a.s.

Furthermore since {y*(¢)} is bounded, (27) also implies that
1 N
(29)  lim ~N Y {[C(2)~A(2)]Q(t—n,z) = zB(z) P(t=n, 2)}y*(t+ 1)’ =0 as.
t=1
Subtracting (28) appropriately from (29), we get

N
(30) lim -}% Z {{C(2)Q(t—n,z)—B(z)R(t—n, 2)]y*(t+1)}*=0 as.
Changing ¢ —n back to ¢t in (27) and (30), we arrive at

g {z7'[C(2) - A(2)]Q(t, z) — B(2) P(t, 2)}*=0 as.,

2I~

(31

(32) g {{C(2)Q(t, z) - B(z)R(t, z)ly*(t+1)’=0 as.

im L
NN
Now let us treat the cases separately.

Case 1. Strong sufficient richness of order greater than or equal to (q+s). This
case includes the general tracking problem as well as the linear model following
problem with the order of sufficient richness as shown. Since {y*(¢)} is strongly
sufficiently rich of order greater than or equal to (q+s), there exist n and £ >0 such
that for all large ¢,

(33) Z (y*(k+1),- -+, y*(k—q—s+2))(y*(k+1),-- -,

N k=1+1
y¥k—q—s+2) zel,.,
Define

so(1)+s1(Dz+++ +5,0,4()27 1= 8(8, 2) = C(2) Q(t, z) — B(z)R(4, 2).



1068 P. R. KUMAR AND L. PRALY

Then (32) can also be written as

1iml§{l " [S(k,z)y*(k+l)]2} 0 as.

m M j=1 N k=jn+1

Since lim, ||0(¢) — (¢t —1)| =0, we can replace S(k, z) by S(jin, z) to get

m 1 n+n
(34) lim+ ¥ {— Y [SGin, z)y*(k+l)]2} 0 as.
m M j=1 (N k=jn+1
Define ||S(z, z)||*= %%, "" s3(¢) and (33) implies that
1 jn+n
- Y [S(jn, z2)y*(k+1)FP=¢|S(jn, 2)|* for all large j.
k=jn+1

From (34) it follows that
(35) lim—l— 'Zn: IS(n, 2)|?=0 aus.
m mj=y
Again, since lim, | 0(¢) — 8(t—1)| =0 a.s., (35) implies that
(36) lim ,g, IS(, 2)P=0 as.
Adding (31) and (36) gives
N
lim v I {z7'[C(2) - A@1Q4 )~ B@)P(4 2)Y
+{C(2)Q(t,z)— B(z)R(t, z2)}*’=0 as.

Hence there is a common subsequence {#} such that

37 li’zn {z7[C(2) - A(2)]1Q(t, z) — B(2) P(t, 2)} =0 a.s.
and
(38) liIEn{C(z)Q(tk, z)—B(z)R(t,z)}=0 as.

Since {0(t)} is bounded, we can also assume without loss of generality that

(39) lillc’n Q(t, z) = Q(z); lizn P(t,, z)= P(z), li{n R(t,z)="R(z) as.

exist. Hence (37) and (38) imply
(40) z ' [C(2)-A(2)]Q(z) - B(z)P(z) =0 aus.,
(41) C(z2)Q(z)—B(z)R(z)=0 as.

However, Q(z) and P(z) are polynomials of degrees less than or equal to (¢ —1) and
(pvs—1), respectively. Hence (40) and our assumption (19)(iv) imply that

(42) Q(z)=¢B(z) and P(2)=¢27"[C(2)-A(2)]

for some random scalar & Then (41) also shows that R(z) = £C(z). Moreover £ cannot
be 0, since otherwise lim, 6(#.) =0, which is ruled out by (22)(iii) and (19)(vii). From
(22)(iv) we obtain the desired result.
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Case 2. Linear model following problem with 1<(q+s). Since lim, (y,(t)—
y*(t))=0, we can replace y*(t+1) by y,,(t+1) in (32). If s+1=1<q+s, we shall
henceforth define G(z):= C(z), while if =5, G(z) is defined as previously by (15),
(16). In the latter case also, from (9) and (16) we have C(z)y,,(t+1)= G(z)y,(t+1).
Hence in any case,

(43) h}{]n% g {{G(2)Q(t, z) = B(z)R(t, 2)lym(t +1)}*=0 aus.

Applying Lemma 2 to (43) and (31), we obtain that there is a subsequence {#} such
that (37) holds and also

lilxcn[G(z)Q(tk, z)—B(z)R(t, z)]=K(z)H(z) as.

Without loss of generality we can also suppose that the limits in (39) exist. Hence

(44) G(z)Q(z)—B(z)R(z)=K(z)H(z) as.

Also through (31), (40) gives (42). Substituting (42) in (44) yields
B(z)[£G(z)—R(z)]=K(z)H(z) aus.

Now note that by (11)(ii) all the roots of H(z) are exactly on the unit circle, while
all the roots of B(z) are strictly outside the unit circle by (19)(i). Hence

¢G(z)—-R(z)=J(z)H(z) as.

for some polynomial J(z). However [£G(z)— R(z)] is a polynomial of degree less
than or equal to /-1, while H(z) is a polynomial of degree exactly . Hence

(45) ¢G(z)—R(z)=0 as.

(42) and (45) now yield the theorem. 0

It is of interest to note that Caines and Lafortune [8] have suggested an adaptive
controller which tracks y*(t) perturbed by white noise. Such a perturbed reference
trajectory is strongly sufficiently rich of arbitrary large order (effectively c0).

Having proved convergence of the parameters to £0° under the conditions of
Theorem 6, we now have the following results.

THEOREM 7. (i) In the general tracking problem suppose {y*(t)} is strongly
sufficiently rich of order greater than or equal to (q+s). Then

PG O AONE RO RS AON YOS ORORERIEAT)
46
(46) =(ay,- " ,a,,b, b, c," ", ¢c) as. (with y;(t) =0 for i>s).

Thus the parameter estimates are strongly consistent. Also

lim —— (a(£), -+, apos (), B, Bal0), Yol1)y -+ 5 5(1))
t By(t)
(@7)

=F(al+cl" : "apvs+cpvss b2s' : .abqs 1, €1y ',Cs) a.s.
1

setting a;:=0 for i> p and ¢; =0 for i> s. Hence the adaptive control law (5) self-tunes
to the optimal control law a.s.
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(ii) In the linear model following problem with 1> s the results (46) and (47)
continue to hold.
(iii) In the linear model following problem with 1 = s we have,
1

li{nm(al(t)’ Y apvs(t)a BZ(t)9 ttt, Bq(t)’ 70(t)a Y 7l—l(t))

1
=E—l(al+cla T, apvs+cpvs9 b2’ T, bq, 8o, "> gl—])
setting a;:=0 for i>p and ¢;'=0 fori>s. Here {g,," -+, 8-} are defined by (15), (16).
Hence the adaptive control law self-tunes to the optimal control law a.s.

7. Concluding remarks. We have proved the convergence of the parameter esti-
mates and the self-tuning property for the adaptive tracking problem, justifying the
name of self-tuning trackers.

For the general tracking problem, the convergence depends on whether the reference
trajectory is sufficiently rich of appropriate order, as shown in Theorem 7. In the
important case of reference trajectories which are not so rich, we have examined the
linear modeling problem, and shown how one can adjust the dimension of the parameter
estimator to the order of sufficient richness so as to obtain a self-tuning tracker. It is
worth noting that the adaptive controller need not be provided with precise information
such as amplitude, frequency or phases of the sinusoids in the reference trajectory. It
is enough to know only the number of such components.

An important application, which is a special case of these results, is the problem
of maintaining the output at a constant level, i.e., the set-point problem. The constant
trajectory is sufficiently rich of only order 1, and only one parameter need be estimated
to compensate for the colored noise and reject it optimally.

Among the outstanding problems still left unresolved are the following:

(i) Does the least squares based parameter estimation algorithm also possess the
above properties? This is of vital interest because the rate of convergence of least
squares based algorithms has been observed to be superior to the type of parameter
estimation algorithm considered here.

(ii) What robustness properties do these types of self-tuning adaptive control laws
possess?
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