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Abstract—In this paper, we consider the problem of
tracking for a discrete-time plant with unknown plant pa-
rameters; we assume knowledge of an upper bound on
the plant order, and for each admissible order we assume
knowledge of a compact set in which the plant parameters
lie. We carry out parameter estimation of an associated
auxiliary model; indeed, for each admissible dimension,
we cover the set of admissible parameters by a finite
number of compact and convex sets and use an original-
projection-algorithm-based estimator for each set. At each
point in time, we employ a switching algorithm to determine
which model and parameter estimates are used in the pole-
placement-based control law. We prove that this adaptive
controller guarantees desirable linear-like closed-loop be-
havior: exponential stability, a bounded noise gain in every
p-norm, a convolution bound on the effect of the exogenous
inputs, as well as exponential tracking for certain classes
of reference and noise signals; this linear-like behavior is
leveraged to immediately show tolerance to a degree of
plant time-variations and unmodelled dynamics.

I. INTRODUCTION

Adaptive control is an approach used to deal with systems
with uncertain or time-varying parameters. The classical adap-
tive controller consists of a linear time-invariant compensator
together with a tuning mechanism to adjust the compensator
parameters to match the plant; the tuning mechanism often
consists of a plant parameter estimator together with a for-
mula to yield the compensator parameters. The first general
results of adaptive control came about around 1980, e.g. [14],
[16], [35], [39] and [40]. However, these controllers typically
do not tolerate unmodeled dynamics, time-variations, and/or
noise/disturbances very well, see e.g. [44]; furthermore, they
put stringent assumptions on a priori information about the
plant. Over the following two decades, there was a good deal
of effort to address these shortcomings. A common approach
was to make small controller design changes, such as the use
of o-modification, signal normalization, or a deadzone, e.g.
see [21], [28], [24], and [29]; another approach imposes a
convexity assumption on the set of admissible parameters,
which is utilized in the estimation process to restrain the
estimates of the plant parameters to the convex set, e.g. see
[38], [53], [52], [51], and [27]. Although these controllers
provide a degree of tolerance to noise, unmodelled dynamics
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and/or slow time-variations, in general, they do not provide
exponential stability nor a bounded noise gain'; clearly, it is
desirable that the closed-loop system exhibits such linear-like
properties. While we can prove a form of exponential stability
if a persistent excitation condition is satisfied, e.g. see [2], this
places a stringent requirement on exogenous inputs, which we
would like to avoid.

There are various non-classical approaches to adaptive con-
trol that provide some linear-like system properties, like those
that include multiple estimators, multiple controller designs
and/or a switching mechanism.

(i) Pre-routed switching between a list of candidate con-
trollers was used in [15] and [32]; while exponential stability is
proven, a bounded gain on the noise is not proven and transient
behavior can be poor.

(i1) Supervisory Control [36], [37], [11], [20], [19] and [50]
provides a more efficient way to switch between candidate
controllers and is shown to provide more desirable properties;
however, the complexity of the approach grows with the size
of plant uncertainty. In certain circumstances a bounded gain
on the noise is proven, and some progress has been made to
deal with time-variation, e.g. see [50], though crisp bounds on
closed-loop behavior are not proven.

(iii)) Another approach which utilizes multi-controllers is
based on the concept of unfalsified control-see [45], [49], [8],
[6], [10] and [9]; the goal here is to switch any destabilizing
controller out of the loop completely. In [9], time-varying
plants are considered as well. In some cases, an ISS-type of
stability is proven.

(iv) A different falsification-based approach is discussed in
[54] proving exponential stability and some form of tolerance
to noise; however, a bounded gain on the noise is not proven.

(v) Another family of non-classical approaches are ones that
use multiple parallel parameter estimators, like in [41], [42];
here a switching algorithm is used to choose which parameter
estimate to use in the control law; however, exponential
stability is not explicitly proven.

(vi) In a closely-related approach to the previous one, a
weighted combination of multiple controllers is used, e.g. [26],
[7] and [5], or a weighted combination of multiple parameter
estimates is used, e.g. [43] and [18]; while improvement in
closed-loop behavior is shown, convexity of the uncertainty
set is strictly assumed.

(vii) There are also Lyapunov-based approaches to switching
adaptive control which provide some form of exponential
stability, e.g. [12], and bounded-input bounded-state behavior,
e.g. [3] and [4]; however, a priori knowledge of suitable

! An exception is the work of Ydstie [53]: a bounded gain is proven, but a
crisp bound on the effects of the initial condition is not provided.
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Lyapunov functions is required as part of the controller.
In all of these approaches, a linear-like convolution bound on
the closed-loop behavior is not proven.

Recently, an approach was developed which guarantees a
linear-like convolution bound on the closed-loop behavior, in
both the one-step-ahead control setting [30] and [34], and in
the pole-placement control setting [31] and [33]; this yields
exponential stability as well as a bounded gain on the noise (in
every p-norm); this linear-like behavior is leveraged to imme-
diately show tolerance to a degree of plant time-variations and
unmodelled dynamics. As far as the authors know, such linear-
like bounds have never before been proven in the adaptive
setting. The key idea is to employ an estimator based on the
original (ideal) Projection Algorithm together with projection
of the parameter estimates onto a given compact and convex
set. In [33], the convexity assumption is weakened slightly
(without completely removing it) and stability is proven, but
not tracking. In [47], the same linear-like result is proven
without any convexity assumption but only for the case of
1%t-order one-step-ahead adaptive control.

In this paper, we consider the problem of tracking the sum
of a finite number of sinusoids of known frequency in the
presence of plant uncertainty. We assume knowledge of an
upper bound on the plant order, and for each admissible order
we assume knowledge of a compact set in which the plant
parameters lie; although we impose some natural technical
assumptions on the sets, we do not assume that they are
convex. To facilitate the tracking requirement, rather than
directly estimating the plant parameters, we instead estimate
the parameters of a suitably defined auxiliary plant model.
We use the compactness of the parameter uncertainty set for
each admissible order to prove that it is contained in a finite
union of compact and convex sets; we construct a parameter
estimator for each of these compact and convex sets, based
on the original projection algorithm. A switching algorithm is
used to determine which estimates are used in the controller
at a given point in time. We prove that the desired linear-
like convolution bounds are achieved, and if the reference
and disturbance signals belong to the aforementioned class of
sinusoids then the tracking error goes exponentially to zero.
We would like to point out that a preliminary version of this
paper appears in [48]; however, it deals only with the problem
of step tracking with a known plant order, and no proofs are
provided.

We now provide an outline of the paper. In Section II, we
discuss the unknown plant, the auxiliary plant to be used
for estimation, and the uncertainty sets. We introduce the
multi-model adaptive controller consisting of the estimator,
the control law, and the switching algorithm in Section III.
In Section IV we provide the main result of the paper,
which shows that the closed-loop behavior satisfies the desired
convolution bound, and exponential tracking for certain classes
of reference and noise signals is provided. In Section V, we
show, briefly, that this result holds in the presence of plant
time-variations and unmodelled dynamics. We will provide
an illustrative simulation example in Section VI. Finally,
summary and conclusions are provided in Section VII.

Notation. We use standard notation throughout the paper.

We denote R, Rt, Z, ZT and N as the set of real num-
bers, nonnegative real numbers, integers, nonnegative integers
and natural numbers, respectively. Let [-] denote the ceiling
function. We will denote the Euclidean-norm of a vector and
the induced norm of a matrix by the subscript-less default
notation || - ||. For a square matrix A, let det(A) denote
the determinant of A. Also, £, (RP) denotes the set of RP-
valued bounded sequences; we use the simple notation of £,
to denote the special case of € (R). For a signal f € £,
define the oo-norm by || f||« := sup,cz | f(t)|. For a closed
and convex set 2 C RP, let the function Proj{-} : RP — Q

denote the projection onto the set 2; because the set ()
is closed and convex, the function Proj is well-defined. If

Q
Q C RP is a compact (closed and bounded) set, we define
||| := max,cq ||z|. Define the normal vector e; € RP of
appropriate length p as
j—1 elements

e; = [0 010 i

0]

Let 0,,%4 and 0, denote the p x ¢ matrix and the p x 1 vector
whose entries are all zeros, respectively. Let I, denote the
identity matrix of size p.

[I. THE SETUP

A. The Plant
We consider the n™-order linear time-invariant discrete-time
plant

y(t+1) = ay(t—j+1)+ Y bjult—j+1) +w(t),
j=1
teZ,

j=1
ey

with y(t),u(t), w(t) € R denoting the measured output, the
control input, and the disturbance/noise input, respectively.
Such a plant can be expressed in the (two-sided) z-transform
form as

A"HY(2) =B YU(2) + 27 ' W(2), )
with the corresponding polynomials defined as
Az7Y =

B(z7Y) :=biz7 4 bpz2 £ b2,

—n

l—a1z 7t —agz7 2 —apz , and

with Y (z),U(z) and W(z) denoting the z-transform of
y(t),u(t) and w(t), respectively. The plant can be represented
by the strictly proper transfer function ng:; We can repre-
sent the plant model by the vector of parameters

by by bn]T € R™,

0= [al as an

The objective is to control the system when 6 is unknown
but lies in a set of admissible parameters. Since our goal is
to provide uniform bounds, we shall require that this set be
compact; unlike in our earlier work [33], we will not insist on
convexity. Since we will be using a pole-placement approach,
we will require that 2”A(z71) and 2"B(z~!) be coprime.
Indeed, it turns out that our approach works if the plant order
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n is not known exactly, but rather we have an upper bound 7
on n. To this end, for each n € {1,2,... 7} we let

®, C R
denote the set of admissible parameters, and impose

Assumption 1. For every n € {1,2,...,7}:
(1) the set ®,, is compact® and
(2) for every § € O, the corresponding polynomials
2"A(z71) and 2"B(z~1) are coprime.

B. The Control Objective
The objective is to prove an exponential form of stability,

a convolution bound on the noise and on a general reference
signal, and tracking (and disturbance rejection) of the sum of a
finite number of sinusoids of known frequency. To characterize
this class, we use the standard approach in the literature, e.g.
see Goodwin and Sin [17, pp. 155-157]. Let y*(¢) € R be the
reference signal. If the goal is to track reference signals which
are a weighted sum of sinusoids with distinct frequencies of
{wi,wa,...,wg } C (0,7), then define

g1

QY = [0 - ezt (1 — ez

p=1
if we wish to track set-points as well, then multiply this by 1—
271, and if we wish to track signals of the form (—1)* as well,
then multiply this by 1+2~"; we label the resulting polynomial
Q:(z71). So in the z-domain, this class of reference signals
is described by

Qu(="1)Y"(2) =0,

with Y*(z) as the z-transform of y*(¢). In a similar way,
we can form a (possibly different) polynomial Qo (z~1) with
distinct roots on the unit circle so that the class of disturbances
to be rejected is described by

Qx(z YW (z) = 0.
The g"-order polynomial

Qiz ) =1—-qz7t —qz 2 — gz 7 (3a)
:= least common multiple of {Q(z7"),Q2(2"")} (3b)

will be used in the controller synthesis. Note that if the goal is
only stability (without tracking or disturbance rejection), then
Qz"YH) =1

As we know from classical continuous-time control, if the
plant has a zero at the origin then we cannot design an LTI
stabilizing controller which ensures that the plant tracks steps.
To this end, we impose the following natural assumption:

Assumption 2. For each n € {1,2,...,7} and 0 € ©,,
the corresponding polynomial 2"B(z~!) and the polynomial
29Q(z~1) are coprime.

Remark 1. Here we allow the plant to have zeros outside the
open unit desk as long as they are not roots of 29Q(z~1).
Hence, the plant could be unstable and non-minimum phase,
which makes it challenging to control.

2It could very well be that @, is empty for some 7.

C. The Auxiliary Plant

If n is known and the set of admissible parameters ©,,
is convex, then the classical approach is to carry out system
identification of the plant in the usual way, e.g. [17], and
design the pole-placement based control law in such a way as
to force an “internal model of Q(z~1)” into the controller; this
has been shown to be quite effective in classical approaches
which prove asymptotic stability, e.g. see [17], as well as in
our recent work [33] where we prove exponential stability and
step tracking. If, however, the set of admissible parameters is
not convex, which can be the case here, the standard trick is to
replace it with its closed convex hull. Unfortunately, often that
set will contain models that violate coprimeness, so we need
another approach. The compactness of the set of admissible
parameters can be utilized to easily prove that it is contained in
a finite union of convex sets with desirable properties; we can
then use an estimator for each convex set and from time to time
switch between estimates for use in the control law. We have
extended our approach of [33] to the case of multi-estimators:
we can achieve exponential stability and a convolution bound
on the effect of the exogenous signals, but we have failed
to prove asymptotic tracking (although it could very well be
true). This is due, in large part, to the fact that the approach
does not rule out persistent switching®. We will deal with this
difficulty by doing system identification on a related auxiliary
plant model rather than the original plant model.

With y*, w € £, let us define the tracking error € by

et) ==y(t) =y (t); 4)

also define an auxiliary control input v(¢t) € R and its 2-
transform counterpart by

V(2):=Q(=""U(2)
<o) = u(t) — qu(t —1) = —ggu(t — g).
If we multiply both sides of the z-transformed counterpart of
the plant model (2) by Q(z~!) and use the definition in (5),
then we end up with
Q=AY (2) = B(z")V(2) +27'Q(="")W(2);

denoting the z-transform of e(¢) by £(z), if we subtract
Q(z"YHA(271)Y*(2) from both sides of the above equation
then we obtain the auxiliary plant model

Q=)A= 1)E(z) = B(z )V (2)+

—_—

=:A(z~1)

(5a)
(5b)

21 Q2 (W(z) - zA(zil)Y*(z)], (6)

=W(z)

or in other words
A(z"HER) =BEHV(2) + 27 W(2). (7)

To proceed, we now examine the polynomial A (z~1) care-
fully; we have

AN =1—a127 =gz — Gy gz "9

3Persistent switching is also not ruled out in the approaches of [4], [9],
[10], [36] and [37].
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g n
=Q(z"HA(z"T) = |1~ Z(sz_j 1- Zajz_j ;
j=1 j=1
it is easy to see that there exists a matrix V(Q,n) €
R(”JFQ)XE”H), depending solely on Q(z7!), so that we can
rewrite A(z71) as
1
a1
A =1-[1 272 2~ V(Q,n) | 2

an

We see that the parameters of A(z~!) are determined in a
simple way from those of A(z~!). Indeed, for each pair of n
and Q(z~1), we can form a matrix V(Q, n) € R(27+9)x(2n+1)
defined by

V(Q,n) =

{wq,m In] -

so that the parameters of A(z~!) and B(z7!) of (7) are given
by

m 1 a7
al as

T}(Q, n) an| = |Qntg| =: 0*.
b1 by
D I

So the set of admissible parameters of (7) is given by

0, = {V(Q,n) m c e @n} C R¥t9, )
Using this notation, the auxiliary plant (7) can now be put into
regressor form:

e(t+1) =) 0" +w(t), (10)

with w(t) as the inverse z-transform of W (z), ¥(t) € R"+9
defined as

W(t) == [e(t) e(t—1) et—n—g+1)

o(t) o(t—1)-- v(t-n+1)]"

and 6* € ©,,. As in the case of the original plant (1), the
order is not known, though it is known that n € {1,2,...,7};
hence, while the dimension of () clearly depends on n, to
enhance readability this will not be made explicit.

Remark 2. Carrying out system identification on the auxiliary
plant (10), instead of the original plant (1), makes it easier to
analyze and prove asymptotic tracking. The reason is simple:
the tracking error is a sub-state of the regression vector of (10)
but not of (1). That being said, the proof is quite involved (see
Theorem 1 and Proposition 3).

D. Uncertainty sets

Since for every n € {1,2,...,7}, ©, is compact, it follows
that (:)n is as well; also, because of Assumptions 1 and 2 we
see that for every 6* € O, the corresponding polynomials
2"T9IA(z71) and 2"B(z7!) are coprime. Of course, if we

were to replace o, by its convex hull, then those properties
may fail to hold. This brings us to the following result. We
show that for any n € {1,2,...,7}, ©, can be approximated
by a finite number of convex sets with desired properties.

Proposition 1. For every n € {1,2,...,7} and p > 0, there
exist a finite number of convex, compact sets (':)ﬁl C Rty
(:=1,2,...,my) that satisfy

Mn
i) ©, c | Jei,

i=1
(ii) for every 6* € |J'" O there exists a 6* € ©,, that
satisfy ||0* — 0% < p.

Furthermore, if pu > 0 is sufficiently small, then we can
choose the (:)ﬁls to have an additional property as well:

(iti) for every 6* € U ©i, the corresponding pair of
polynomials 2" 9A (271 and z"B(2~1) are coprime.
Proof. This is equivalent to Proposition 1 in [48]; the proof
is there, where it utilizes the Heine-Borel Theorem. |

In general, finding a set of m, @;s which satisfy the
desired properties of Proposition 1 for which m,, is small
and ©! has “nice* structure” is not easy. However, this is
not the focus of our paper. This covering problem is an open
research problem—e.g. see [1], [13] and [23]. So at this
point we assume that this process has been done for each
n € {1,2,...,n}; we will show an example on how to do
this in Section VI.

The idea here is to use a parameter estimator for each
compact and convex set, and at each point in time we choose
which one to use in constructing the control law. At this point,
for every n € {1,2,...,7} we have at hand m,, compact
and convex parameter uncertainty sets (they can be disjoint or
overlapping) that correspond to models of n'"-order plants:
el e?..,em 6}e:3. . .,er . . . 6e2 . er,

n?

yielding a total of m := my + mq + - - - + my sets. For ease
of notation, we re-label these sets as

S; Rt =12 .. m;

here n; € {1,2,...,7} represents the plant order of the
associated model.
Now define the index set

I7r:={1,2,...,m}.
For each 0* € S;, 1 =1,2,...,m, we define
i*(0") =min{i € Z*: 0" € S;};

when there is no ambiguity, we will drop the argument and
simply write i*. Before proceeding, define § := max; ||S;]|-

I1l. THE MULTI-MODEL ADAPTIVE CONTROLLER
In this section we present the proposed adaptive controller;
we discuss parameter multi-estimators, the associated switch-
ing control law, and the switching algorithm. The proposed
controller is illustrated in the block diagram of the closed-
loop system given in Figure 1.

“Nice in the sense that it is computationally easy to project onto it.
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Plant

Fig. 1. Block diagram of the closed-loop system; enclosed inside
the dashed boxes are the multiple estimators/controllers (blue), and the
switching mechanism (red).

A. Parameter Estimation
First, for each ¢ € 7%, the corresponding regressor vector is

defined by v;(t) € R*"i+9:
Yi(t) == [e(t) e(t—1) e(t—n;—g+1)
o(t) v(t—1) w(t —ni+1)]"

So we know that the auxiliary plant (10) can be rewritten as
e(t+1) =i (t) T 0" + w(2). (11)

Given an estimate éi*(t) € S;~ at time t, we can now define
the prediction error associated with this model by

— = (t) T0i (2).

A common way to obtain the next parameter estimate is to
solve the optimization problem

argmin {||9 O ()] s et +1) = e (t)TG}
9
yielding the original Projection Algorithm
A 0, (t)
Oi«(t+1) = .
ey {9 () + Ee e

Of course, we do not know the value of 7*;
generalize the above steps by defining

ONAG)

and with él(t) € §;, we adopt the projection algorithm for
each 1 € 7*:

R N0 if it) =0
0;(t+1)= {9 (t) + - ((t))”2 ei(t+1) otherwise.

ex(t+1):=e(t+1) (12)

if P (1) = 0

(t+1) otherwise.

so we simply

ei(t+1)=e(t+1)— ieTr  (13)

(14)

It is common in the literature to modify this algorithm by
adding a positive constant to the denominator of the second
term; while this prevents numerical problems when ;(t) is
close to zero, when used in an adaptive controller it turns
out that exponential stability is lost—see [33] and [30]. The
concern about numerical issues is addressed in an alternate
way in [33] by turning off the estimation if it is clear that
the noise is swamping the estimation error. Here we do the
same thing; however, to make our proof work, we also redefine

the denominator in the estimation update law. To proceed, we
make three modifications to (14):

1) To restrict 6; (t) to S;, after applying the suitably modified
version of (14), we project it onto S;.
2) We define the longest data vector by (t) € R?"*9:

Y(t) = [e(t) e(t—1) e(t—n—g+1)
o(t) u(t—1) vit—n+1)]"; (15

observe that [|¢;(t)[| < [[¢(t)|| for all i. We will replace
¥;(t) by ¥(t) in the denominator of (14).
3) By examining (12), we see that

e (t+1) =i (1) [9* — (t)} + ),

which means that |e;« (¢t + 1)| < 28][t« (¢)]] + |w(t)]. So
if |es (¢ + 1)| > 28||¢vi= (¢)]], then the disturbance may be
overwhelming the data, so we turn off the estimator if the
gap is too large.
To this end, with § € (0,00] and with ¥ (t) replacing 1);(t),
we define p; : Z — {0,1} by

= {y el Dl < Geeal]

otherwise,
which is used to determine when to turn off the algorithm;
the larger the value of ¢, the larger that we allow w(t) to be
(versus ||4(t)||) before we turn off the estimator. This leads
to our proposed “vigilant” estimator: the estimator ¢ updates
are computed as follows:

(16)

a7

i)
o)

= Proj {f:i(t +1)}.
S;

0:(t + 1) = 0;(t) + pi(t) ei(t+1) (18a)

fi(t +1) (18b)
The function p; is used to alleviate the concern of dividing
by zero without losing the desired properties of the original
projection algorithm. In the case of § = co, we will adopt the
understanding that co x 0 = 0, in which case the formula in
(18a) collapses to the original algorithm (14) with ; in the
denominator replaced by v . If § < oo, we can be assured
the update term is bounded above by 25 + §, which alleviates
concerns about having infinite gain.

Define the (correct) parameter estimation error 6;- (t) :=
0, (t) — 6*. The following lists properties of the estimation
algorithm (18). These properties are similar to ones found in
Proposition 1 and 3 of [33]; the difference arises when the
order is unknown, in which case v;(t) and < (t) differ for
some 7.

Proposition 2. For every n € {1,2,...,72} and 0* € o,
and every tg € Z, to > t1 > to, ’(Z(to) S R2ﬁ+g’ él(to) S
Si (i € I%) and w,y* € Lo, when the estimation algorithm
in (18) is applied to the corresponding auxiliary plant (10),
the following holds:

1) for every estimator ¢ = 1,2,...,m,
ta—1
A - e;(j+1
I6s(t2) — Bute) < 3 D HZ H)' (19)
Jj=t1

0018-9286 (c) 2020 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.2021.3052745, IEEE

Transactions on Automatic Control

6

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. XX, NO. XX, XXX 20XX

2) for the correct estimator ",

163+ (£2)1I> < 1163 (£2)]17+

to—1

lew(j+1 2 5(5)?
S () | LU BT WGE | g
=t 2 [B@IF oG]
Proof. See the Appendix. ]

B. Switching Control Law .
For each i, the parameter estimate 6,(t) is partitioned
naturally as

0i(t) = [ai1 () @ia() Qi nitg (t)
. N - T
bia(t)  bia(t) b (8)] 5
associated with these estimates are the polynomials

it 2 =1—an ()" —a, 2(t)2‘2 P = i (1)
Bi(t,27") ) T bia()z”

by, (1) 27
Next we design a (n; + g)"-order strictly proper controller;
we choose the following polynomials

Li(t,z~Y) =141, (t)z""
f)z(t, Z_l)

—(m+g) ,

@b

[

1-
bii(t

+ Zz,n7 (t)zinl )

—(ni+g)

+ lhg(t)Zﬁz + -

T pi2(8)2 7 A Pin g (1)
so as to place all closed-loop poles at z = 0:
Ai(t, 27D La(t 27 + Bit, 2~

Since 2™ T9A,(t,z7') and z"B;(t,z"') are coprime by
design, we know that there exist unique L;(t,z~') and
lsi(t,zfl) which satisfy this equation—see [22, Theorem
2.3.1]; this entails solving a linear equation. It is also easy
to prove that the coefficients of L;(t, 2~1) and P;(¢, 2~1) are
analytic functions of 0;(t) € S;. For a suitable choice of i € Z*
at time ¢, we define the control input by

Li(t— 1,27V (z) = —Pi(t — 1,27 HE(2).

=pii(t)z

HPi(t,z"H=1. @I

(22)

This can be written in terms of the data vector 1;(t): to this
end, we define the control gains K;(t) € R?"+9 by

Ki(t) := [—pin(t) —pia2(t)
—lia(t) —lia(t)
so that (22) becomes
v(t) = Ki(t — 1)aps(t — 1),

We will use a switching signal o : Z — Z* to denote the index
i: o(t) denotes the index of the controller to use at time ¢.

In our earlier work [33], we considered the problem of
closed-loop stability (but not tracking) in the case of switching
between 2 estimators of the same dimension. Unfortunately,
the approach does not extend in a simple way to the case of
m > 2 estimators, so we will need a different algorithm. As
we will soon see, our closed-loop system behavior will in large
part be determined by a time-varying matrix A, ) (t) € R*"*9
(see (38)); at all times this matrix will be deadbeat, i.e. all of
its eigenvalues will be at zero. However, its product

Aa(t ( ) X Aa(t 1)(t - 1) - X Aa(to)(to)a

_ﬁi,m+g(t)
—lin, (1)) (23)

t > 1o

will not usually be deadbeat. A natural solution to this problem
is to update the estimators every 27 + g steps; the problem
with this idea is that we end up with no information about
e;(t + 1) between the updates, so the closed-loop system is
not amenable to analysis. So our solution procedure will need
to be different: we update o (t) only every N > 271 + g steps;
however, we keep the estimators running and the control gains
updating; the aforementioned product of matrices is still not
deadbeat, but it is close to being so, in a sense which will be
apparent from the proof. To this end, we define a sequence
of switching times as follows: we initialize to := to and then
define

£g2:£0+€N, £ eN.

So the switching signal is piecewise constant of the form
o(t) = o(ty), tezt, (24)

the algorithm to compute o (Z;) will be introduced shortly. We
propose the choice of the control law

u(t) = Kd(t—l)(t = Dtbop—1y(t — 1),

which generates the auxiliary control input; this is combined
with (5) to yield the plant control input

t) + quu(t 7‘7‘)7
j=1

What remains to be defined is the choice of the switching
signal o(t,), which we will do in the next subsection.

te [£Z7£f+1)7

t>tg, (25)

t > to. (26)

C. Switching Algorithm

With N € N, define the set of switching times by
Tn={te >ty : ty=1+ (N, LezZt}. 27)

To proceed, for each i € Z7* we define a performance signal
J; : Tw — RT by

e e+ )
Tilke) ==Y pild) o tezt  (28)
J=te

this quantity is an upper bound on the amount of change in
0:(t) on the interval [f;,£,,1). We may expect the estimator
with the least amount of update to be the best one, which
would lead to a switching signal of the form
o(ter1) = argmin J;(Z,).
i€L*

Although this rule works in every simulation that we have
tried, a proof remains elusive; a potential problem is that the
switching signal could oscillate between two bad choices, and
never (or rarely) choose a “correct” one. Instead, we propose
a different approach. At each switching time £, we have an
admissible set Z(f,): we initialize Z(o) = Z*, and we obtain
Z(tey1) from Z(t,) by removing all j € Z(,) satisfying

Join (te) < J;(te),

i.e. we keep all models in the admissible index set for which
the performance signal is better (i.e. smaller) than the one we
are currently using; clearly j = o(¢,) satisfies this bound, but
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more j’s may as well; if this results in Z(f,, ) being empty,
then we reset Z(%y,1) to be Z*. This Switching Algorithm is
summarized as follows: with o(fy) = ¢ and Z(fy) = I*:

T(he) = {z €T : Tille) < J,q, )(t;)} (29a)
. A if Z(£) N Z(t)) = @
L) = {I(fg) NZ(t;) otherwise, (29%)
o(ter1) = argmin J;(#), tezZt. (29c¢)
i€Z(to41)

Remark 3. We define the index set reset times as those
te, £ € Z7, for which Z(t;) = T*.

We refer to Figure 2 for an illustration about time steps,
switching times, and index set reset times on the timeline. Now
we present a desirable property of the switching algorithm
(29).

Lemma 1. When the controller (18), (23)—(25), and (27)-
(29) is applied to the auxiliary plant (10), for every n €
{1,2,...,n} and 6" € O, to € Z, 00 € T, )(ty) € R,
N > 1 9(750) €S (1 €T and w,y* € £, lftedi’ldtg
are two consecutive index set reset times, then there exists a
¢* € [¢,0) such that:

Jd(fg* ) (tAg* ) <

Remark 4. Lemma 1 says that, between every two index set
resets, there is an interval of the form [ng* , 5@*+1) for which the
performance associated with the chosen index is equal to or
better than that of the performance associated with the correct
index.

Jix (Fov). (30)

Proof of Lemma 1. Let n € {1,2,...,n} and 0* € 0,,
to € Z, 09 € I*,1(ty) € R¥H9, N>1 0i(to) € Si (i € T),
and w,y* € £, be arbitrary. Let #, and #; be two consecutive
index set reset times.

We prove (30) by contradiction; assume that

Ty (t5) > Ji=(t5), forall j € [£,0). (€20)
Then, according to (29a), we should have
it e1(ty), jelLl). (32)

We know by the definition of index resets that for all j € (£, ?)
we have Z(t;) # Z*, which means that by (29b)

I(t;) = Z(Ej-1) NZ(E5-0), € (4,0);
then by induction we see that
I(t;) = Z(te) NI(E) N Z(Epa)N - - N I(E-2) N L(E5-1),
€ (L, 0).

But Z(#;) = Z*, so using (32) in the above, we see that

it eI(ty), jeltl) (33)

as well. So according to this and to (32) we have * €
Z(#;_,) N Z({;_,). However, we know by the definition of
index resets and (29b) that Z(f; ;) NZ({;_,) = @, which is
a contradiction, so it must be that (31) does not hold. |

In the above we do not make any claim that 0* € S, at
any time; it only makes an indirect statement about the size of
the prediction error. It turns out that this is enough to ensure
that the desired closed-loop behavior is attained.

V. THE MAIN RESULT
We will define a vector ¢(t) € R2(7+9)

o(t) == [y(t) y(t—1) y(t—n—g+1)
u(t) u(t—1) u(t—n—g+1)]"

to serve as the “plant state”; while this is longer than what is
needed for a minimal state representation of (1), the choice
will facilitate our analysis. Recall that the vectors v;, 1 € 7%,
and 1) contain values of the tracking error and the auxiliary
control input, while the vector ¢ contains values of the plant
input and output. Before proceeding, it is convenient to define
a weighted sum of past values of y*:

n+g—1
g = ) =)l (34)
7=0
Theorem 1. For every A € (0,1), § € (0,00] and N >

2n+ g, there exists a constant v > 0 so that when the adaptive
controller consisting of the parameter estimators (18), control
gains (23), switching signal (24) with switching times (27),
performance signal (28), switching algorithm (29), and control
law (25) and (26), is applied to the plant (1), for every n €
{1,2, .. ,’FL} and 0 € ©,, ty € Z, qi;(to) S RQ(ﬁJrg), o9 € L%,
éi(to) €S; (1 €Z*) and w,y* € £,
i) the following bound holds:

le@®)] < ’MHH&( I+

’yz)\t i (lw(y

W17 G+ 1)), t > 1 > to; (35)

ii) if Q(z_l)Y*(z) = 0 and Q(z"YHY)W(z) = 0, then
y(t) = y*(t) exponentially fast, in the sense that
le@® < AT (o)l + 1y lloc) s = to.

Remark 5. The above result shows that the closed-loop
system experiences linear-like behavior. There is a uniform
exponential decay bound on the effect of the initial condition,
and a convolution bound on the effect of the exogenous inputs.
This implies that the system has a bounded gain (from w and
y* to y) in every p-norm. For example, for p = oo, we see
from the above bound that

()11 < KEEL (A llG (o)l + ewlloe + N1y lloe) + 2 to-

Hence, if w,y* € Lo, then y,u € Lo, so €,v,¢; (i € T*) lie

in oo as well.

Proving Theorem 1 requires two steps:

« First, we analyze the adaptive control system to obtain a
desired bound on the key quantity v(¢) (which consists of
present and past values of the tracking error and the auxiliary
input), which plays a key role in the auxiliary model (10),
the parameter estimator (18), and the control law (25); this
requires a careful analysis of the closed-loop system.
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Time steps: tg to+1 -+ to+N -+ to+2N

Switching times : 7, i i ... i,

-1

Reset times : f/(,

Fig. 2. lllustration of the time instants, switching times, and the index set reset tlmes

o Second, we use linear system theory to translate the bound
on 1 to a bound on ¢ (which consists of present and past
values of the plant’s input and output).

To enhance readability and to focus the reader’s attention on
the most important aspects of the approach, we will present
the first part in the form of a Proposition, whose proof we
place in the main body, while the proof of the second part is
placed in the Appendix.

Proposition 3. For every A\ € (0,1), § € (0,00] and N >
2n+g, there exists a constant ¢ > 0 so that when the adaptive
controller (18), (23)—(25), and (27)—(29) is applied to the
auxiliary plant (10), for everyn € {1,2,...,n} and 0" € O,
to € Z ¥(to) € R, oy € I*, 6; (to) €S, (i €I*) and
w,y* € Ly, the following holds

H+Z X (j)],

Before presenting the proof of this Proposition, we need a
crude bound on the closed-loop behavior; the proof of this is
in the Appendix.

[ < A"l (r t> 71>t

Lemma 2. For every p > 0, there exist constants ¢1,Co > 1 so
that when the adaptive controller (18), (23)—(29) is applied to
the plant (1), for every n. € {1,2,...,7} and 6 € O, ty € Z,
t >ty, N>1 00 € 17, qf;(to) S RQ(ﬁ+g), éi(to) e S;
(i € %), and w,y* € £, the folllowing hold:

p—

D) [t +p)l| < @lld@)l +e Y ot + ).
j=0
ii) |6t +p)| < @ll6@)ll + > (Jw(t+5) + 7t + 5))).

J=0

Proof of Proposition 3. Fix A € (0,1), § € (0,00] and
N>2n+gLetn€{12 ﬁ},@*e(:)n,toez,
w(to) e R 5, € TI*, 6, (to) €S (G € I*), and
w,y* € L be arbitrary. We denote the sequence of index
set reset times by fgo,fgl,fgz, ... (see Figure 2).

Step 1: Obtain a state-space model describing v(¢) for
te [f@,fg.._l).

It will be convenient for analysis to have all of the parameter
estimates and controller gains to be of the same length. To this
end, we will pad 0;( (t) and K;(t) by zeros in the appropriate
locations: we define ©;(t) € R?"*9 by

O;(t) = [ai1(t) aia(t) i, yg(t) Of_,,

~ ~ ~ T
bia(t)  bia(t) bim,(t) 03 _,.]
and K, (t) € R¥9 by
Ki(t) = [=pin(t)  —pial() ~Pimitg(t) 01,
=lii(t) —li2(t) —lim, (t) Of_ nz]?

so by definition of the prediction error (13) and from the

to+ (6 —1)N

< to+ON o b+ (G +1)N to+ (N to+ ;N .-

&, to41 e t, .. i,
i, i
control law in (25) we have
e(t+1) = Oy (1) "o () + €@y (t+ 1)
- @U(t (t) w( ) + €o(t) (t + 1) (36)
U(t + 1) o’(t) (t)wa(t)( )
= o’(t (t) ( ) 37
Next, define the matrix A;(t) € RZPH9)x(2n+9) by
CHON
Ai(t) == [IﬁJFQ*l 9(ﬁ+g—1)><(ﬁ+1)] . (38)
Ki(t)

[0i-1)x(i+g) Ta-1 On-1]

using (21) it is easy to verify that the characteristic equation
of the matrix 4;(¢) (for frozen time t) satisfies

det (ngﬁ_t,_g - A; (t))
_ 22ﬁ+g[Ai(t, Zil)f_@(t, Zfl) 4 Bi(t, zfl)lsi(t» 2*1)]
Z2ﬁ+g.

This means that for every ¢ € Z*, for each time ¢ the matrix
A;(t) has all of its eigenvalues at zero. Also define B; :=
e, € R?"9 and

, pGilt+1) oo
A(t) pz(t)—” s B (39)
so we have
Blei(t + 1) = Az(t)l/;(t) + By [1 — pi(t)]ei(t + 1) .

=m;(t)
From (36) and (37), the fact that the switching signal is
constant on [tg,t¢11), and the definition of ¢, we have that

Pt +1) = Aoy )9 (t) + Breoy(t + 1)
= A1y BB + [A(ay (8) = Aggiy (B0)] D10+
Biey,(t+1)
= A, i, ()0 (t)+
Ao (1) = Aq(iyy () + Bogiy (0] 98) + Bumygz, (1),
t € [to,tegr), L€ ZT. (40)

Step 2: Obtain a bound on |[¢(,, )| in terms of ||1)(Z,)]|.

We now are going to analyze the key equation (40) in detail;
we make the following observations. For ¢ € [fg,fg+1), we
have A, (fr) € REMT9X(27%9) 10 be a constant matrix
with all elgenvalues equal to zero; since N > 2n + g,

Ao @) = [A g )]

Next, note that for ¢ € [te,te11) we have that the dimension
of 6,()(t) is constant; by utilizing part 1) of Proposition 2 to
provide a bound on the difference between parameter estimates

N

=0. 41)

0018-9286 (c) 2020 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.2021.3052745, IEEE
Transactions on Automatic Control

SHAHAB AND MILLER : ASYMPTOTIC TRACKING AND LINEAR-LIKE BEHAVIOR USING MULTI-MODEL ADAPTIVE CONTROL 9

at two different point in time, the fact that the controller gains  for ¢/ (fs41) yields
are analytic functions of the parameter estimates, and (38), we

. W bei—te _
conclude that there exists a constant ¢; such that U(te1) = {Aa(m(tg)} o P(te)+
i ® = Auiy (B0)| a1
o (i) o (ty) o Tler1—j-1 . A
: L o 5 (o] ™ (o) = Ao+
< |[O0ta) ) = Gnin @0)]| + | Ko () = Koy )| par
= ‘ 90(52)(t) =05, (te ‘ Ko i,)(t) — Ka(m(ff)H Aa@)(j)} b(F) + Bma(fg)(j))- (46)
146 Z Poiin) |e"(t )_( i+ 1l It follows from the compactness of the &;’s that
o(ty ) . j
A gA i Hd}( H H [AU(EZ)(tg)} , j=0,1...,N —1, is bounded above by
t € [te,terr), L€ ZT. (42) , constant, which we label c4. So incorporating this and the
From (39) we obtain observations of (41), (44) and (45) into (46), we obtain
e (t + 1)) .
18060 Ol = PoeoO == @) Wl <en 3 (eadaay @I + esl())
J=te
So from (42), (43) and the definition of the performance signal foia—1 for1—1
(28), there exists a constant ¢y so that for all ¢ € [tg, tey1): _ 0402Jg(£,5)(£z) Z ||w )| + cacs Z .47
[ Ay ® = Aggay @) + B @) =i =t
4 () - A @) A ol It follows from Lemma 2 (applied for p = 1,2,...,N — 1)
-~ — ~ Jr -~ . . .
L 5 .
= H o(te) a(te)\"e ’ a(te) that there exists a constant c; so that the following holds
Ieg(t,Z (U +1) b bey172
(+e) Z potio Do | > WG < albol+e Y oGl @8
J=t J=t
Poli )( )|e (t+ Dl so substituting (48) into (47) it follows that there exists a
‘ H H constant cg so that for all £ € Z+:
+1
(143 gyt it 2 D [l < codgin )G+
L 2 etV g
bt eatoli 1) oo (1+ o)) D lo)l.  49)
o(t S
<c Z Poiy) (Hi/)} D] =t
j=te Step 3: Obtain a bound on ) between index set reset times

=coJ, t[)( ), t € [to,tesr), L€ ZT. (44) which Adepend solely on J;-.
Let ty, be an arbitrary reset time. From Lemma 1 we know
that there exists an ¢* satisfying £; < £* < £;11 such that

Toipey(Eer) < Jiw (E-). (50)

To proceed, we need a bound on 7;(t).
Claim 1. There exists a cs such that for all © € T*:

()] < csfw(t)], ¢ >to. (45)
Proof of Claim 1. If p;(t) = 1, then n;(¢t) = 0. If p;(¢) = 0, So here we will analyze the closed-loop behavior for

then n;(t) = e;(t + 1) and from the estimator definition PN PN PO N R
m(t) = eil ) (e, te, 1) = [te,, te) Ultes,to 1) U [tee g1, te, ).

J(t+1)] > (254 0)||v ()| . ;7 .,
et + DI = (25 + )l (0l The behavior on [tg«,tg«y1) can be analyzed by combining

but notice that substituting (11) into (13) yields (49) with (50):
ei(t+ 1) = v (1) 70" — vs(t) T0:(1) + w(t) [(Ee1)| < coJi- (e )9 (Fe- )|+
= le;(t + 1)| < 28] 9(t)|| + |@(t)]. et
co (L+ Jis(Eer)) Y lo()l D

Combining the above two statements: -
j=tex
28[|0(t)|| + [@(t)] > (28 + 0)||¢(t)|| = || (¢)|| < <|@(t);  The behavior for the other two intervals can be analyzed by
utilizing Lemma 2. To this end, from the switching algorithm,
this means that |e;(t + 1)] < Z|w(t)| + |w(t)], so define i is clear that

25
C3 = + 1. O
Now we return to analyzing the key equation (40). Solving liy1 —4; <m, jezZt

— fgj < Nm, which means that #,- — fgj < Nm

| =

NoJ tg7+1
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and t}jﬂ —tgo41 < Nm as well; so we can utilize Lemma Shad = {j >7:9(j)=0or |u}(y")|22 > V} :
2 with p < Nm: in particular, there exists a constant cy 2G|
. . -1 . . . e
so that || (te. )|l < ezl (Ees41)]| + 7 tf_”i“ |w(j)] and clearly {j € Z: j > T} = Sgo0aUSpaa. Notice that if w = 0,
o < . i fpe—1 -/ Jf;;*“ defi then Sg,0q could be the whole timeline [7, c0). We can clearly
[ (te)ll < exllip(te, )| + er Zj:fej [@(7)]. Now define define a (possibly infinite) sequence of intervals of the form
N ot [k1, k1+1) which satisfy:

a(ty) = Te[?;fleﬁl) Ji () (52) (i) ko = 7 serves as the initial instant of the first interval;

oo (i) [k, ki41) either belongs to Sgooq OF Spea; and
and w(j) := Zqﬁ; |w( )|; by combining these bounds (iii) if k41 # oo and [k;, kiy1) belongs to Sgooq then

with (51) we conclude that there exists a constant cg such that

[ (Ee, )l < esally) [ (Ee,) | + es(1+ a(l))d(5), j€Z
(53)

Step 4: Analyze the first-order difference inequality (53).

We will analyze (53) to obtain a bound on the closed-loop
behavior of the system for the whole time horizon. The first
step is to analyze the square sum of «(-) over an interval;
from the definition of «(-) and the Cauchy-Schwarz property,
we have for all jo, > j; > 0:

Jj2—1 j2—1 2
ly)? = Jiw (E
Yol = 3 (g o)
Ja—1 [lgy1—1 ?
< Z Ji*(ip)
q=j1 p=
j2=14g+1—1
<mz Z Ji*(fp)z
g=j1 p={,4
R 2
J2—18g+1=1 [tp41—1
+1
:mz Z Z pi= (T )@z| . H)|
q=j1 p={q4 T=t,
jo—18gr1—1Epp1—1
|e T+1)|2
<SNm Y Y > = =
q=j1 p=tq 1=i,
2
o el R TT)'
T= f[

Using the above together with part 2) of Proposition 2, we
obtain, for any p > ¢ > 0:

fzp—l
a(t;)? < 2Nml(0- (te,)|* +4Nm Y~ i (4)

q jZfzq

|
—

P

<.
Il

To proceed, let 7 > ty be arbitrary. We define \;
Nm
m € (0,1). We now partition the timeline into two

parts: one in which @(-) is small versus 1(-) and one where
it is not; with

(55)

we define

[ki+1, ki+2) belongs to Spaq, and vice versa.
Now we analyze the behavior during each interval.
Step 4.1: [k‘l, kl+1) C Shad-

Let j € [ki, ki+1) be arbitrary. In this case

||¢( /)|l = 0; in either case
1) < 5 @)

Also, applying Lemma 2 for one step, there exists a constant
cg so that

%G+ DIl < eoll PG + eold ()]

< Cgﬁm(m + colw ()], € ki, ki)
This, in turn, implies that
<! 70 7=k
- 09(f+1)|_(j*1)\ J=k+1,... k1.
(56)

Step 4.2: [kl, kl+1) C Sgood-
First suppose that k;1 — k; < 2Nm; then by Lemma 2 it
can be easily proven that there exists a constant cjg so that
t—1
IO < croX ™ [ d(k) || + cro0 Y A7 M), ¢ € [k kisa)-
Jj=ki
Now suppose that k;11 — k; > 2Nm. This means that in
the interval of interest, namely [k;, k;1), there are at least two
reset times: there exist ¢ < p so that

ky < to, <to, < kigr;

in fact, there may be many choices of g and p; so let ¢ be
the smallest such ¢ and p be the largest such p. To proceed,

observe that ||4(j)|| # 0 and |||::Ej;i|2 < v for j € [ki, kit1).

Using this bound which holds on [k, k;11), together with the

fact that ||0- (fe,)|| < 2[|Si+|| < 28, we rewrite (54) to yield
p—1
([ ) < 8Nms> +4Nm(tg —te 1%
J=q
= 8Nms® + AN?*m(l, — €,)v
< 8Nms* + 4N*m?(p — q)v, q<q<p<p

From the definition of v in (55), the above bound can be
simplified to

p—1 22
> a(t;)? < 8Nms® + (p - )Zl’ g<q<p<p. (58)
Jj=q
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Now we will analyze the difference inequality in (53). First,
we use (58) to bound the second occurrence of « in (53); from

(58) we see that a(l;) < \/8Nms? +A\{/a=:c11, ¢ < j < p.

So we can rewrite (53) to yield

1 (Ee, I < esa(@)][ (e + es(L + enn) (3)-
———

=:iC12

(59)

We now proceed to solve the above difference inequality; we
will utilize the “inequality of arithmetic and geometric means”,
or the AM-GM inequality in short.

Claim 2. There exists a constant 1 > 1 such that

Ha

Proof of Claim 2. Let q,p € Z* be arbitrary such that q <
g < p < p. By the AM-GM inequality and the fact that
a(f;) > 0, we obtain

)<mATY ¢<qg<p<p. (60)

pP—qx

p—1
[Tet) < |-—
Jj=q

Using (58) we obtain

Ha

So it is enough to prove that there exists a constant ; so that

8Nms? A2 =
_l’_ _
—q 4

J

S ’Yl)\Jl-a

SNms2 A2]%
{ ms +1} j>o.

J 4

N2
We can easily show that with 7 := R’\Sl) —‘ x 16 Nm, we

have
8Nms? < A2

7 2]

which means that
BGY <M <L j>7
Since (j) decreases as j > 1 increases, we conclude that if

J
we define v := max{l, (%11)) }, then

5(J)J§71>\J17 j:172a"'7]7

as well, so the claim holds. O

Using the bound in (60) and the definition of \; we obtain
p—1
[Tlese(e;)] < mAp~2eg e,
Jj=q
S et )\Nm(pi(Z)v

g<g<p<p (6])

We can now proceed to solve (59) iteratively; if we use the
bound in (61), we see that

(e, )| < AN @D [ (Ee, ) |+

p—1
p—j—1 . . _
Z’chlz (>\Nm) w(j), g<qg<p<p.
J=q
We can now use Lemma 2 (for no more than Nm steps at a
time):

« to provide a bound on |[1)(¢ )|| between consecutive index
set reset times, i.e. between t/ and tg 10

o to provide a bound on || (t )H on the beginning part of
the interval [k;, le) until we get to the first admissible
index set reset time tg

e to provide a bound 0}1 l40(t)|| on the last part of the
interval [k, k;41), after the last admissible index set reset
time fgﬁ.

After simplification, we conclude that there exists a constant
Y2 > c19 SO that
t—1
IR < y2A M (k) + 72 Y- AT (),
Jj=ki

t € [k, kiga]. (62)

Step 4.3: Combining the bounds on Sgo0q and Spqq.

Now we combine Step 4.1 and Step 4.2 into a general bound
on 1): we glue the bounds of Step 4.1 and Step 4.2 together.
Define 7 := max{7ys3, co(1 + f) ~Yaco(1 + \F)}

Claim 3. The following bound holds:

@l <3N [lo(r ||+Zv>\t @), t=7. (63)

_] T

Proof of the Claim 3. If [ko, k1) = [T, k1) C Sgooa, then (63)
is true for ¢t € [ko, k1] by (62). If [ko, k1) C Skad, then from
(56) we obtain

Il < §

which means that (63) holds on [k, k1] for this case as well.

We now use induction: suppose that (63) is true for ¢t €
[ko, ki]; we need to prove it holds for ¢ € (ki, ki41] as well.
If k € [k, ki+1) C Shad, then from (56) we see that

[N < eo(l+ )@ =D, j =ki+1ki+2,...

which means (63) holds on (k;, k;+1]. On the other hand, if
[k, ki41) C Sgood, then kj—1 € Spqq; from (56) we have that

(k)| < eo(1+ )@k — D).
Using (62) to analyze the behavior on [k, k;+1], we have

(k)| < 92X M [eg (1 + )@ (ke — 1)]]

1o ()] j=ko=7
co(l+ =)w(j =1 j=ko+1,... k.

) kl-‘rh

k—1
+ 3 X a ()],

ji=ki
<3 D NG, k€ Rk, (64)

j=ki—1
which implies that (63) holds. O
Finally, as 7 > tq is arbitrary, it follows that the proof of
Proposition 3 is concluded. ]
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Proof of Theorem 1 (Outline). A brief summary of the
proof of Theorem 1 is as follows. From the Proposition 3, we
directly get a bound on the y’s and prove exponential tracking.
We obtain a bound on the w’s based on the observability of
the augmentation of plant and (26). Finally we simplify and
get the desired bound (35) on ¢(t). The details can be found
in the Appendix. |

V. ROBUSTNESS RESULTS

It turns out that the exponential stability property and the
convolution bounds proven in the main result of this paper
will guarantee robustness to a degree of time-variations and
unmodelled dynamics. In this way, the approach has a lot in
common with LTI systems, which also enjoys this feature.
Indeed, we have recently proven in [46] that this is true even in
a more general situation than one considered here; the results
there are a generalization of the robustness results in [33].
Here, we briefly discuss the setup and provide the key result,
while we refer you to that paper for full details of the proof.
We will show that if the time-variations are slow enough and
the size of the unmodelled dynamics is small enough, then the
closed-loop system retains the desired linear-like properties.

To proceed, we consider a time-varying version of the plant
(1). In order to apply [46], we would like the plant model
to incorporate the vector ¢(t) regardless of the value of n €
{1,2,...,7}, so we will pad 6 with zeros in the obvious spots
and then write the time-varying version of plant (1) as

y(t+1) = 8(t) B(t) +w(t),

we define ©,, C R*("+9) to represent the padded elements of
©,,, and define © := Uﬁﬂ@n, which is clearly compact. We
adopt a common model of acceptable time-variations used in
adaptive control (e.g. see [25]).

tez, (65)

Definition 1. For c¢g and € > 0, let 8§ (©,cg,€) denote the
subset of £, (R2™+9)) whose elements 6 satisfy 0(t) € ©
for every t € Z and

to—1
Z 16(t +1) = 0()[| < co + €(ta — t1),

t=t1

to > 11, 11 e’z

Remark 6. The above model encompasses both slow-drift
variations (co = 0) and/or occasional jumps.

We now consider the time-varying plant (65) with the term
wa(t) € R added to represent the unmodelled dynamics:

y(t+1) =0(t) " o(t) +w(t) +wa(t),

We also adopt a common model of unmodelled dynamics used
in adaptive control: with 5 € (0,1) and p > 0,

w(t+1) = Bro(t) + o), w(to)
[wa ()] < pro(t) + plle@)]);

see [33] for a more detailed explanation about this model.

tez.  (66)

=1y (67a)

(67b)

Theorem 2. For every § € (0,00], N > 2n+g, 8 € (0,1) and
o > 0, there exist € >0, p >0, X € (8,1) and 4 > 0 such
that when the adaptive controller (18), (23)-(29) is applied
to the time-varying plant (66) with wa satisfying (67), for

every to € Z, dz(to) € RQ(ﬁ+g) oy € 17, 0e8 (@ Eo,f)
0;(to) € S; (i € T*), and w,y* € L, the following holds:

o = [

Z I (lw ()] + 157G+ DD, > to.
Jj=to
Proof. We apply Theorem 1 to prove a convolution bound on
the plant (1), and then apply Theorems 1-2 of [46]. ]

VI. A SIMULATION EXAMPLE

In this example, we will show the efficacy of the proposed
approach, mainly in dealing with plant changes, noise and
unmodelled dynamics. We have the upper bound on the order
of the plant to be n = 2; consider the following family of
plants: (i) first-order plants with an uncertainty set of

@1:{h1bﬂTeW ay € [1,8],by € [-2, uuug§

and (ii) second-order plants with an uncertainty set of

O, = [al as by bQ]T € R4 :

ay = %7612 € {%3’ %} o1 €[-1,00,b2 € [_5,_3]}'

It is obvious that each of the sets above is compact as required;
also, the coprimeness requirement is satisfied. You can see that
all potential models are unstable. Also, the 2M_order models
are all nonminimum phase.

The goal is to track reference signals of frequency Jz: so
we set Q(z71) =1 —2cos(g5)z 1+ 272, ie.

q1 =2cos(gx), q=-1, g=2.

Observe that 2"-order plant models have a real zero that
can lie in [3,00), i.e. the associated B(z7!) and Q(z71)
are coprime as required. Next, with n € {1,2} we use
the definition in (9) to construct the uncertainty sets of the
associated auxiliary plant; clearly these sets are compact. We
see that 91 and ©®5 are not convex; the convex hull of each
could violate the coprimeness requirement; for example notice
that the convex hull of (:)1 includes the case of b; 0,
which corresponds to a non-stabilizable system, violating the
coprimeness assumption. For each of O, and O,, we will
need a set of compact and convex sets so that their union
contain ©; and O, respectively and satisfy the coprimeness
requirement. There is a natural choice: define

o T B
81:{[‘” az az as b b2] ERG:al:%_|_q17

EL —1—*((]1‘5‘ ) _%(q1+1)a&4:_%7

by € [7170}7172 € [573]}7
82:{[61 G as as b by] €RC:a; =3

%(1 = %(1_(]1)’&4

b, € [—1,0},()2 S [_57_3]}7

=-1+ —q1), a3
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532{@11 az as b1]T€R4!@1€[1+Q1a%+CI1],
o€ [-1- %, (4wl o€ L 3o e -2 -1,

842{[(11 a as b1]T€R41@1€[1+Q17%+Q1],
ar€[-1 -3 —(1+q)),as €[L,3],b € [1,2]};

clearly ©, C S3US8, and O, C S; US,. The auxiliary
plant associated with the 2"-order plant models has potential
poles of either complex ones, or real ones of values 2.186 or
—0.686, while it has a zero that lies in [3,00); this means
that the coprimeness requirement is satisfied as well. So we
are going to estimate parameters using 4 parallel estimators;
however, we see that for S7 and Ss, each has only one value for
parameters a1, s, a3 and a4, which means that the estimation
of those parameters is trivial.
For this simulation, we set the plant to

$ly) —y(t —1)]
—3u(t) — du(t — 1) + w(t),

Flv® +u®)] +w(),

We set the reference signal to y*(t) = 2sin(gzt) and the noise

to

t < 500
t > 500.

yt+1) =

0 otherwise.

We also consider some unmodelled dynamics enter the plant;
we use a term of the form discussed in Section V:

w(t +1) = Fw(t) + §lle(t)], w(0) =0
N 0 t < 700
walt) = 0.075m(t) + 0.075G(¢)]|  otherwise.

We apply the proposed controller (18) and (23)—(29); we
choose N = 6 and § = oco. We set the plant initial conditions
t0y(0) = y(~1) = y(~2) = y(~3) = Land u(0) = u(~1) =
u(—2) = u(—3) = 0; we also set

hO)=[F+a -1+30+a) 3a+1) -3 -3 -45],
o(0)=[3+a -1+301-q) 30-a) 3 -5 -45],
B300=[3 =3 1 2] ,0,00)=[3 -3 1 2]",

and op = 3. The results are in Figure 3. We see that the
controller provides good tracking performance. The perfor-
mance worsens temporarily when noise is added, when the
plant change happens, and when unmodelled dynamics enter
the system; however, tracking recovers quickly.

VIlI. SUMMARY AND CONCLUSION

In this paper, we consider the problem of tracking for a
discrete-time plant with unknown order; we assume knowl-
edge of an upper bound on the order, and the uncertainty
set of parameters for each admissible order must lie in a
compact set, subject to a coprimeness requirement. Rather than
directly estimating the plant parameters, we instead estimate
the parameters of a suitably defined auxiliary plant model. We
use compactness to prove that for each admissible order, the
uncertainty set is contained in a finite union of convex sets;

0 100 200 300 400 500 600 700 800 900 1000

-5 I I I . . . I . . E|
0 100 200 300 400 500 600 700 800 900 1000

1

0 100 200 300 400

600 700 800 900 1000

F T |

3]
o

Fig. 3. The upper plot shows both the reference (dashed) and the
output (solid); the next plot shows the plant control input; the bottom plot
shows the switching signal (solid) and the correct index (dashed).

we use a projection-algorithm based estimator for each convex
set. At each point in time, we employ a switching algorithm
to determine which model and parameter estimates are used
in the control law. We prove that this adaptive controller
guarantees very desirable linear-like closed-loop behavior:
exponential stability, a bounded noise gain in every p-norm,
and convolution bounds on the input-output behavior, as well
as exponential tracking for certain classes of reference and
noise signals. Furthermore, the linear-like properties of the
closed-loop behavior is leveraged to show tolerance to a degree
of small plant time-variations and unmodelled dynamics. An
example of sinusoid tracking is presented to illustrate the
results.

We would like to further investigate the performance of
the transient behavior which would be helpful for potential
design issues. Furthermore, our switching algorithm includes
a comparison of behavior over a short interval; a very natural,
simpler, switching algorithm, based on instantaneous compar-
ison, works in simulation, and we are striving to show that it
works in theory.

APPENDIX

Proof of Proposition 2. Fix n € {1,2,...,7} and 6* € O,;
let tg € Z, to > t1 > to, lz(to) S R2ﬁ+g, éi(to) eS; (Z S I*)
and w, y* € £, be arbitrary.

For every estimator ¢, projection does not make the param-
eter estimate worse; for t > tg, it follows from (18) that if
pi(t) = 0, then [|0;(t+ 1) — 6;(t)|| = 0, and if p;(t) = 1, then

1606t + 1) — (o)) < (e + 1) — oy < )

@)l
We conclude that part 1) follows by iteration.

Next, define ;- (t) := 6;- (t) — 0*; for t > to when p;- (t) =

0, then ;- (t + 1) = ;- (t), so we have

163+ (¢ + 1)|1* = |63+ (£)]|; (69)
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on the other hand, when p;-(t) = 1, we have
_ t
Wi lt) e (t+1)

i (D1 (£ + DI

9:1'*(15-1-1) ||q/;
)|

= 105+ (¢ + D) = [10:- (01> +

Qéﬁ (t) Tabs (t)es (t + 1)
ek

g (t + 1) 29}-* (t) Taps= (t)es= (t + 1).

[o(t) ol

I” )|

< 10O +

(70)

Using (16) to obtain a representation for 6;- (£) T/ (t) in (70)
we obtain

i+ P < 165 ()2 — e CEDE 200
' o &) ()]
_ o5 2 D(5)2
< - - e DE 200"
ol o)l

Since projection does not make the parameter estimate worse,
it follows that

|ei*(t+1)2|2+ zﬁ(t)Q
®I* ol

If we combine the above bound for the case of p;«(t) = 1
with (69) for the case when p;«(t) = 0, and iterate, then we
obtain (20). |
Proof of Lemma 2. Fix p > 0. Let n € {1,2,...,7} and
€@, tgcZ t>ty, N>1, 00 €I ¢(ty) € RA"+9),
éi(to) €S; (i € Z*) and w, y* € £, be arbitrary.

From the associated auxiliary plant (10) we see that |e(¢ +
D < 16119 + [2(2)] < sIH@)] + o). From (25)
and compactness, we have that there exists a constant 7; so
that [v(t+1)| < v11¢(¢)||. From the definition of ||1(¢ + 1)||
given in (15), we have that || (t+1)|| < ||0(#)||+]e(t+ 1)+
|v(t 4+ 1)|. Combining these three bounds, we end up with

[t + D)l < (145 +7) @] + [ot)].

We solve this iteratively for p steps and put ¢; := (1+8+;)P
to conclude the proof of part (i).

The proof of part (ii) is similar; we omit the details for
space considerations. |
Proof of Theorem 1. Fix A € (0,1), § € (0,00] and
N>2n+gLetne{12 ,n}, 0 € O,, ty € Z,
¢(t0) e R2H9) 4, € T*, 0, (to) € S; (i € I%), and

w,y* € € be arbitrary.

Let 7 > ty be arbitrary. Then applying the adaptive
controller to the associated auxiliary plant (10), by Proposition
3 there exists a constant ¢ such that

H—Zc)\t I (4)],

Step 1: Finding a bound on y(-).
It turns out to be easy to leverage (72) to provide first a
desired bound on the output y and its past values. Using the

16:- (¢ + 1) < |16 (1)]|* — (71)

@) < ATl (r t>7. (72)

definition of ¢ given in (15), the definition of §* given in
(34), and the fact that y(t) = (t) + y*(¢), with a change in
the indexes it follows from (72) that

y(t)
y(t—1) o _
S eATTTI(T + 0+ g) ||+
y(t—n—g+1)
t—1
O+ > AT o), t>T+n+g; (73)
j=T+ntg

the reason for choosing a starting time of 7+ n+ g rather than
7 will become clear later in the proof. Although this provides
a bound on the top part of ¢, the quantity on the RHS differs
from that on the RHS of the desired bound (35). We will now
proceed to get a similar kind of bound on the bottom part of
¢, after which we convert the quantity in the RHS to one of
the desired form.
Step 2: Finding a bound on u(-).

We start by constructing a state-space model of the plant (1);
we will choose one of dimension n which is in controllable
canonical form:

z(t+1)
y(t)

Corresponding to our coprimeness and compactness assump-
tions, the set of all such (A, B,C) triples lies in a compact
set.

From the plant control input defined in (26), we can view u
as the output of the following ¢g"-order system. In fact, with
Q@ € R9*9 defined by

= Ax(t) + Bu(t)
=Cux(t) +w(t - 1).

(74a)
(74b)

92 - dg-1 g

1 0 - 0
Q = 0 ! .0 0 ) BC = e, Cc = e?y
0 (.)' 1 0
€)= [u(t) u(t—1) u(t—g+1)] ",
it follows that
E(t+1)=Q&(t) + Boo(t+ 1), (75a)
u(t) = C£(t). (75b)

Since ¢(t) = y(t) — y*(¢), by combining (74) with (75) we
obtain the augmented (n + g)"-order state-space system

[?éfim = {Oin Bgﬂ Egﬂ n Lgc] v(t+1) (76a)
— =

—A =:Z(t)

2(t) *
[at)] +w(t—1) =y (t). (76D)

Since (74) is controllable and observable and does not have
common zeros with the eigenvalues of () (Assumption 2), it
follows that (C, A) is observable; hence, there exists a unique
H such that the eigenvalues of A + HC are all zero and it
is well-known that H is a continuous function of A and C.
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Now rewrite (76) as
z(t+1)=[A+ HC] z(
— He(t )—|—Bv(t—|—1)—|—Hw(t— 1) —

noting that [A + HC)?
the above equation is

Hy*(t);
=0 for all j > n + g, the solution of
n-+g

—j)+Bo(t—j+1)]+
Hma—j—n—wu—ﬁo,

t>174+n+g.

We now want to analyze the behavior of Z in terms of . But

e(t—3j )—eT7/1( 1), i=12...,n+g,
T .
: n () i=12....n
t— 1) = n+g+.l¢( ’ . i ) &y )
AR {e;ﬁ+g¢(t+71—])7 j=n+1...,n+g,

and £(t) is part of Z(t), then there exists a constant 7y; so that

t—1
1£(¢) |<vlzll¢ t=Hl+m > lw@-D+
j=0 j=t—n—g

Mgt —=1)|, t>7+n+g. (77)

Step 3: Finding a bound on ¢. B
We will use (72) to provide a bound on the %(-)’s on the
RHS of (77) in terms of ¢(7 + 72 + g). While £(¢) contains

u(t),u(t — 1),...,u(t — g + 1), the vector ¢(¢) contains
u(t),u(t —1),...,u(t — 7 — g+ 1). However, we see that
i &
u(t—1
<> le =l (78)
u(t—n—g+1) =0

Now we apply the bound in (77) to obtain bounds on
E(t),&(t —1),...,&(t — n); after simplification, we combine
the resulting bound with (73) and conclude that there exists a
constant 75 so that

n+1
[0 < 12X (r + a4 g)| + 72 D 1T (E— )|+
7=0
t—1 t—1
2o >, lwG =D+ D ANTTHaG),
j=t—2n—g j=17+n+g

t>71+2n+2g. (79

The bound in (79) looks very similar to the desired bound,
except for the use of w, the use of zZ instead of (1_5 and the
starting point. We deal with these issues in that order.

(i) We first replace @(-) with its constituent signals: we see
from the definition of @ in (6) that w(j) is a weighted sum
of ’LU(]),’LU(] - 1)’ te ,’LU(] - g) and y*(.] + 1)7y*(j)7y*(t -
.., y*"(—n—g+1).

(i) Next we want to have a bound on [|¢(7+n+g)|| in terms
of ||¢(7 +n+ g)||. From the definition of ¢ and the definition
of the auxiliary input v, we see that 1(¢) consists of y(t) —

y (), y(t—1)—y*(t=1),...,y(t—n—g+1)—y*(t—n—g+1)
and weighted sums of u(t),u(t —1),...,u(t —n —g+1);
so by the definition of ¢(-) we conclude that there exists a

constant 3 such that
n+g—1

@I < slle@ll + > ly(t =),

Jj=0

t>to. (80)

(iii) We now obtain a bound on ||¢(7 + 7+ g)| in terms of
l¢(7)|| by utilizing Lemma 2 with p =7 + g.
If we incorporate the above three observations into (79) and
simplify, then we conclude that there exists a constant v, so
that

[6(t)]| < AT |d(7)||+

t—1

Y4 Z AT (lw()] + 177G + D)),

t>71+2n+2g+ 1. (81)

Last of all, we can apply Lemma 2 directly to obtain the
desired bound for ¢ € [7, 7 + 271 + 2g], which we can combine
it with (81) to conclude that (35) holds.
Step 4: Proving exponential tracking.

Observe that if y* and w satisfy Q(z71)Y*(z) = 0 and
Q(z 1) W(z) = 0, then from the definition of W (2) in (6)
we have w(t) = 0. So from (72) and the definition of v, we
see that

e@®)] < 0] < A"l (ko)

Using (80) to obtain a bound on ||1)(%)]|, we obtain the desired

bound on the tracking error. ]
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