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Abstract

Adaptive control deals with systems that have unknown and/or time-varying parameters.
Most techniques are proven for the case in which any time-variation is slow, with results for
systems with fast time-variations limited to those for which the time-variation is of a known
form or for which the plant has stable zero dynamics. In this paper a new adaptive controller
design methodology is proposed in which the time-variation can be rapid and the plant may
have unstable-zero dynamics. Under the structural assumptions that the plant is relative
degree one and that the plant uncertainty is a single scalar variable, as well as some mild
regularity assumptions, it is proven that the closed-loop system is exponentially stable under
fast parameter variations with persistent jumps. The proposed controller is nonlinear and
periodic, and in each period the parameter is estimated and an appropriate stabilizing control
signal is applied.
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1 Introduction

The primary objective of adaptive control is to handle systems with parameters that are uncertain.
A classical example of such an adaptive controller is a linear time-invariant (LTT) controller having
adjustable parameters. Typically a tuning mechanism is used to modify the controller in such a
way that it is suitable for the uncertain plant, which usually results in a nonlinear closed-loop
system.

In the 1950’s, adaptive control methods were adopted in order to deal with systems for which
parameters were both uncertain and time-varying. However, the solution to such a general prob-
lem could not be found. Focus shifted to a more modest goal of controlling systems for which
parameters were uncertain, but fixed. This simplified scenario was still very difficult and it wasn’t
until around 1980 that a generalized solution was obtained, e.g., [1], [2], [3]. These controllers typ-
ically gave poor transient responses and were not robustly stable in the presence of unmodelled
dynamics and bounded disturbances, e.g., [4]. In response, a number of approaches were developed
to improve performance. These included Certainty Equivalence approaches, e.g., [5], prerouted
logic based switching approach, e.g., [6], [7], and more refined methods such as supervisory and
multi-model switching control, e.g. [8], [9], [10], [11], [12].

The study of the adaptive control of time-varying systems has been challenging. With modi-
fication, many of the earlier adaptive controllers can handle slow time-variation of plant param-
eters and/or occasional parameter jumps, e.g., [13], [14], [15], [16], [17], [18]. While there are
several general results which deal with unstable zero dynamics under moderate time-variations,
e.g., [19], [20], [21], the study of rapid time-variation has been limited, with either the form of the
time-variations being known, e.g., [22], [23], or plants with stable zero dynamics (the time-varying
counterpart of minimum phase), e.g., [24], [25], [26], [27], [28], [29]. There is a recent result by the
last co-author and his graduate student, [30], inspired by the related area of gain scheduling, that
can handle arbitrarily fast, but bounded, time-variation. The approach imposes stringent condi-
tions on the observability matrix of the plant, which is used in the estimate of the plant states.
In this paper we revisit that approach, with an objective of removing the stringent observability
assumptions.

The approach of gain scheduling developed alongside adaptive control. In the gain scheduling
problem, a plant whose parameters depend on a variable (the gain scheduling parameter) is con-
sidered. This variable is assumed to be measurable, e.g., a plane whose dynamics depend on the
altitude. Despite gain scheduled controller design being a classical, and often ad-hoc, approach, it
has re-gained interest since the 1990’s, e.g., [31], [32], [33]. There are many different design meth-
ods for gain scheduling; however, the most common is that of varying the controller coefficients
based on the current value of the scheduling variable. An important approach considered is that
of converting a nonlinear plant to a linear parameter-varying (LPV) system by either regarding
the nonlinearity as the scheduling parameter, or linearizing for a set of operating points regarded
as the scheduling parameter. This preserves well-understood linear design tools and allows the
utilization of these tools on difficult nonlinear systems. Several controller design approaches have
been developed for this situation, typically resulting in a set of LTI compensators where each
controller achieves the desired performance specification for a particular instance of the plant,
e.g., [33]. Of significance is the invariant set approach developed in [34], [35], [36], [37], [38], where
it is shown that polyhedral Lyapunov functions and associated geometrically intuitive methods
can be used for controller synthesis. In particular, in [38] it is shown that under some strin-
gent assumptions (see Section 3.1), a continuous-time gain-scheduled output feedback controller



can be constructed such that the closed-loop system is exponentially stable under arbitrarily fast
time-variations in the parameter.

The purpose of this paper is to develop a nonlinear adaptive output feedback controller that can
stabilize a linear system with possibly unstable zero dynamics and arbitrarily fast, but bounded,
time variations. This is primarily achieved by extending the work on gain scheduling in [38],
but here the scheduling parameter is not available to the controller; the approach builds on the
approach presented in [30] and [39]. The main result, Theorem 2, proves that the proposed
controller achieves closed-loop exponential stability with a bounded gain on the measurement
and process noise. This is a strong form of stability, given that the controller, and therefore the
closed-loop system, is nonlinear and time-varying.

The proposed controller utilizes a nonlinear continuous-time filter in tandem with a discretized
version of the gain-scheduled output feedback controller in [38]. However, the time-varying pa-
rameter is replaced with an estimate generated by a discrete-time parameter estimator inspired
by [39], yielding a nonlinear adaptive controller.

As noted above, there are very few general stabilization results within adaptive control for
systems with unstable zero dynamics and rapid time-variation. Because of the difficulty of the
problem and the lack of general results, in this paper the major structural assumptions imposed
are that the plant is single-input single-output and that the unmeasurable time-varying parameter
is a scalar; while this may seem restrictive, there are many physical examples where the time-
variation is represented by a scalar variable, such as the altitude of a plane, the mass of a missile,
and the tank level control problem of [38]. Furthermore, this can be viewed as enabling a first
step towards a more general theory for multi-input multi-output systems with multiple unknown
parameters.

In Section 2, mathematical preliminaries are presented. In Section 3, the problem of LPV
stability is introduced. In Subsection 3.1, a number of crucial definitions and results regarding the
stability of LPV systems are discussed and necessary conditions are also stated. In Subsection 3.2,
additional standing assumptions are introduced. In Section 4, the proposed controller is expanded
upon, and a number of key technical results are proven. Subsection 4.1 provides a brief overview
of the controller, and each of Subsections 4.2, 4.3, and 4.4 delve into a specific component of
the proposed controller (the filter, the discretized gain-scheduled controller, and the estimator,
respectively). In Section 5, it is proven that the proposed controller achieves the desired stability
objective. Finally, in Section 6 an illustrative example is provided.

2 Mathematical Preliminaries

Let N denote the set of natural numbers, R denote the set of real numbers, R, denote the set
of non-negative real numbers, and Z, denote the set of non-negative integers. We use both the
1-norm and the oo-norm to measure the size of a vector x € R", defined, respectively as

n
lzlly =) il el = max {|ea], ..., |zal};
i=1

we also use the corresponding induced 1-norm and co-norm of a matrix A € R™*"™:
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jAl, = sup 1Al
||, #0 ],

Al : :
el 2l



Occasionally we will leave the norm of a vector, x, or matrix, A, undecorated when the specific
norm used doesn’t impact the analysis or results. When handling noise terms we will frequently
use a signal norm to measure size, defined as:

lwllog = sup ()l -

For a set S C R™*" PC(S) denotes the set of all piecewise continuous functions of the form
f:Ry — §; we let PC,, denote the set of all piecewise continuous functions f € PC(R) for
which ||f|l,, < oo. A function f : Ry — S is doubly piecewise smooth on a closed interval
la,b] C R if there exists a finite set {t;} having

a=t <ty < ---<tp,=5b

so that on each open interval (t;,t;41), ¢ = 1,2,...,k—1, f, f, and f are continuous, bounded,
and have finite limits as t — ¢; and t — ¢;,1. We say that f : R, — & is doubly piecewise smooth,
denoted f € PS(S), if it is doubly piecewise smooth on every finite closed interval in R,. With
Ty > 0 and §, > 0, we let PS1(S, Ty, d,) denote the set of f € PS'(S) for which all discontinuities

f

of (f, f, f) are at least T seconds apart and satisfy esssup || | f < 0.
>0 7
- f

oo

For a set 7 C R of the form
F = [ip?l] U [i27T2] U-.-u [iq>?q]
satisfying il <fi < iQ < fo<- < iq < 7q, we define a projection function Iz : R — F by

(a, ifa € F;

N ifa<f;

r(a) = ?j, ifa € (?j, %(TJ +ij+1)] and j =1,2,...,q — 1;
f

fro a€ G+ £, 0 f,,) andj=12 .-

LS ifa>7q.

We will also take advantage of order notation throughout the analysis. We say that f: R, —
R"™™ is of order 77, and write f = O(T7), when there exist constants ¢ > 0 and T} > 0 so that

J

IA(D)]| < eT?, T e (0,Th).

Sometimes we have a function which depends not only on 7', but also on a parameter « lying in
a set A C R. Then we say f = O(TV) if there exists constants ¢ > 0 and T; > 0 so that

If(T,a)|| < cT?, T € (0,T1), o € A.

For a set § € R™*" and a function of the form f : R, — S, with a sampling period T let
flk] = f(kT) for all k € Z,.



3 Problem Formulation

We consider a time-varying plant of the form

#(t) = Ala(t))x(t) + Bla(t))u(t), 2(0) = w0 (1a)
y(t) = Cla(t)z(t), (1b)

where z(t) € R™ is the plant state, u(¢) € R is the plant input, and y(¢) € R is the plant output.
The plant parameters A(«), B(«), and C(«) are assumed to be known functions of
a. The parameter a(t) is unmeasurable! and takes values in a known compact subset A C R?.
Since the case of n = 1 corresponds to a minimum phase plant which is well understood (see [24],
[25], [26], [27], [28], and [29]), here we will assume that n > 2. The following assumption is very
natural.

Assumption 1: (A, B)(«) is stabilizable for all & € A, and (C, A)(«) is detectable for all o € A.

We want to prove a strong exponential form of closed-loop stability. First we ascertain neces-
sary conditions on A(«a), B(«), and C(«) such that this is achievable. This has been studied in
great detail in [38] in the simpler case of gain scheduling in which « is measurable; the conditions
which are proven to be necessary there must, clearly, also be necessary here.

3.1 Necessary Conditions

In [38], Blanchini et al. study the control of (1) when « is measurable. In Proposition 3.1 and
Theorem 3.1 of [38] it is, in essence, argued that a strong exponential form of stability? is achievable
if, and only if, it is achievable using a so-called LPV controller of the form

2(t) = F(a()z(t) + Gla(t)y(?) (2a)
u(t) = H(a(t))z(t) + K(a(t))y(t)- (2b)
If we apply this controller to (1), then in closed-loop we obtain:

F(t)] _ {A(au)) + Bla(t) K (a(t)C(a(t)) B<a<t>>ﬁ<@<t>>} {ﬂﬂ | (3)

z(t) Gla(t)Cla(t)) F(a(t)) Z(t)

To proceed we introduce some definitions in order to formalize the necessary conditions and
subsequent analysis.

Definition 1 (LPV Exponential Stability). The system
z(t) = Ala(®)z(t), (to) = Zo (4)

(or simply A()) is said to be LPV exponentially stable if there exist constants v > 1 and A > 0
such that for every to € R, o € R", and o € PC(A), the solution of (4) satisfies

1Z()]] < ve 2Tz (to)||,  fort > to. (5)

!The value of a(t) is not available to the control law.

2In [38] it is actually argued that an asymptotic form of stability is achievable if, and only if, it is achievable by
a controller of the form (2). However, it is easy to prove that the controller (2) asserted to exist by Theorem 3.1
of [38] actually provides exponential stability.



The controller (2) exponentially stabilizes the plant (1) if the corresponding closed-loop system (3)
15 exponentially stable.

At the heart of the approach of [38] is the use of polyhedral Lyapunov functions and their matrix
representations in terms of the 1-norm and oo-norm. For this reason, we would like to ascertain
conditions on a matrix H(«) so that it is not only LPV exponentially stable, but also the value of
the constant 7 in (5) can be taken equal to one when using the appropriate norm. To present the
results of [38] on the stabilization of the closed-loop system we need several additional concepts
and notation defined therein.

Definition 2 (Class H;). A square matriz H(«) is of class Hy if it is a continuous function of
a and if there exists a T > 0 such that ||I + 7H(a)|1 <1 for all 7 € (0, T) and a € A.

Definition 3 (Class® H..). A square matriz H(«) is of class Heo if it is a continuous function
of a and if there exists a T > 0 such that ||l + TH(a)||eo <1 for all 7 € (0, 7) and a € A.

Proposition 1. (i) For every matriz H(c) € Hy there exist A < 0 and T > 0 such that for all
A€ (N0) and T € (0,T), the following holds:

I+ TH()|, <1+A\T, acA (6)

(ii) For every matriz H(o) € Hoo there exist X < 0 and T > 0 such that for all X € (X,0) and
T € (0,7T), the following holds:

[ I +TH(a)||, <1+, acA (7)

Proof. The proof of (i) is given in the proof of [40, Proposition 1]. Part (ii) follows from part (7)
on observing that H(a) € Ho <= H(a)" € Hy and ||[I + TH()||,, = |[I +TH(a)"|],. O

The next proposition elucidates the connection between class H; and class H., matrices and
their strong stability properties.

Proposition 2. If H(a) € Hy or H(a) € Hoo, then H(a) is LPV exponentially stable; moreover,
if Hla) € Hy (respectively H(a) € Hoo) and the 1-norm (respectively oo-norm) is used in (1),
then v can be chosen to be one.

Proof. The proof for the case of H(«) € H; is given in the proof of [40, Proposition 3]. The case
of H(a) € He follows from a slightly modified argument and can also be found in the proof of [40,
Proposition 3]. O

Now we turn to a key result of [38]: the first part of the result is a restatement of part of
Theorem 3.1 of [38]; the second part follows from the details of its proof.

3This definition of H.. is not to be confused with the Hardy space of the same name.



Theorem 1. The system (1) is LPV exponentially stabilizable via an output feedback controller
of the form (2) if, and only if, there exists a matrix P(a) € Hy, a matriz Q(a) € Heoo, a full
row-rank matriz X, a full column-rank matriz R, a row vector U(a), and a column vector L(«)
such that the equations

A(a)X + B(a)U(a) = XP(«) (8)
RA(a) + L(a)C(a) = Q)R 9)

are satisfied for all o € A; indeed, with M any left inverse of R, Z chosen so that [X S square

Z
and invertible and V(a) = ZP(«), a stabilizing controller of the form (2) can be chosen in the
following way: first define

o el 10

and from this we obtain the controller

0= 0] = [siie) et + B 0] * [rw] 70 0D

it turns out that

g mge)- o] o

In light of Theorem 1, we impose the following assumption.

Assumption 2: There exists a known matrix P(«) € H;, a known matrix Q(a) € Hoo, a known
full row-rank matrix X, a known full column-rank matrix R, a known row vector U(«), and a
known column vector L(«) such that (8)—(9) hold for all a € A.

At this point Z is fixed so that {X

Z] is non-singular, and we fix a matrix M to be any left inverse
of R.

3.2 Additional Assumptions

From the previous section we see that stabilizing a time-varying system is difficult, even when the
free parameter is known. The difficulty arises in a very subtle way from the existence of unstable
zero dynamics, since it is well known that if the zero dynamics are stable then stabilizing in the
face of rapid time-variation is possible, e.g., see [25], [26], [27], [28], [29]. Because of the difficulty
of the problem and the lack of general results, in this paper we impose a major structural assump-




tion: we allow one degree of freedom in « — it is a scalar.

Assumption 3: A is a known compact subset of R, consisting of a finite set of closed intervals.

The assumption that o be scalar is reasonable in many situations, e.g., when compensating for
altitude in the control of an airplane, or when taking into account the significant loss of mass of
a missile during its flight.

We will estimate « using ideas from work by the last co-author [39]. We assume that it can
be obtained, roughly speaking, from the plant’s first Markov parameter. To this end, define

f:A—=R
a— C(a)B(a),
as well as the image of A under f:
F = f(A).

At this point we impose the second major structural assumption.

Assumption 4: The function f : A — F is one-to-one and its inverse f~! is Lipschitz continuous
on F.

Now we turn to more routine regularity assumptions needed to prove that our approach will
work. First of all, we assume that A, B, and C are well-behaved as functions of the parameter «.

Assumption 5: A(a), B(a), C(«), and dodff‘) are Lipschitz continuous on A.

We impose similar conditions on P(a) and Q(«) of Assumption 2:

Assumption 6: P(«a), Q(«), U(a) and L(«) are Lipschitz continuous on \A.

Remark 1. It follows from Theorem 1 that the corresponding controller matrices F(a), G(a),
H(a), and K(«) are also Lipschitz continuous on A.

While seemingly restrictive, there exist physical systems satisfying all of Assumptions 1 to 6,
as the next example illustrates.

Example 1. Consider an inverted pendulum with a fized pivot, with the angle 0 being measured
from the upward vertical position of the pendulum. The pendulum has a mass m located a time-
varying distance I(t) away from the pivot. Taking the input to be an applied torque u, the output
to be the velocity of the pendulum 0, and restricting I(t) € [a,b] for some 0 < a < b , this yields
the model




Linearizing the system at the upright position yields the linear system

Since there is only one time-varying parameter, Assumption 3 holds with A = [a,b]. Moreover,
for allm >0, I(t) > 0, Assumption 2 holds with

X = {1 O], U(l) = [mi*(1—4) —3ml?], P:[_l 1},
L e B U R |

Assumption 4 holds with f(l) = # Furthermore, it is easy to check that Assumptions 1, 5, and 6
do hold.

In a realistic situation, the plant is subjected to disturbances from the environment. If we
define wy to be disturbance injected into the plant, and w, to be measurement noise, then the
revised model of the plant is

(t) = A(a(t))x(t) + Bla(t))u(t) + wq(t), x(0) = xo, (14a)
y(t) = Cla(t)2(t) + wa(t). (14b)

We represent the plant model (14) by the triple (A(a), B(a), C(«)). From this point on we fix
the plant matrices A(«a), B(a), and C(«) as functions of a. We will construct a sampled-data
controller, which means that «(t) cannot move arbitrarily fast. However we can allow an occasional
jump, thus, we fix choices of Ty, and d,. The goal of this paper is to develop, under Assumptions 1
to 6, a controller that stabilizes (A(«), B(«),C(«)) for every zq € R", w, € PCy, wy € PCy,
and o € PS'(A, Ty, d,) when only the plant output y is measurable.

4 The Controller

Here, we present the proposed adaptive controller and prove three key lemmas which are essential
to the proof of the main result.

4.1 The Approach

We seek to stabilize the plant (14) when « is not measurable. We propose a nonlinear periodic
controller to achieve this goal. It operates at a period, T', and consists of several components:

e a continuous-time filter which is used to provide an upper bound on ||z(¢)|| and to scale a
probing signal;
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Figure 1: Closed-loop system block diagram?.

e a discretized version of the gain-scheduled output feedback controller (11)—(12) with states
z(t) and r(t) and « replaced by an estimate &;

e a sampled-data parameter estimator of «(t) which produces an estimate &[k] for use on the
control interval [kT, (k + 1)T).
The base sampling period is h = %
Figure 1.

A block diagram of the closed-loop system is depicted in

4.2 The Filter
By Proposition 1, for each Q(«) € H there exists a constant A < 0 so that, for sufficiently small
T,

1 +TQ(a)]|, <1+ AT, aa€ A

A method for computing A is given in the proof of [40, Proposition 1]: letting ¢;;(«) denote the
(i, 7)th element of Q(«), define

m

Gii() + Z g5 ()]

J=1,j#

A* = —min )
(2

4H), is a zero-order-hold operating at period h, while Sj, and St are ideal samplers operating at periods h and
T, respectively.

10



and then fix A € (A\*,0).° The proposed filter is
0(t) = Mo(t) + [lu@)] + lly@] . ©(0) = 0. (15)

It turns out that v(t) provides an upper bound on the size of the state.

Lemma 1. Consider the filter (15) driven by the input and output of the plant (14). There exists
a constant ¢ > 0 so that for every u € PCy, w, € PCy, wg € PCy, a € PSY (A, Ty, 0), and
xo € R", the plant state satisfies

lz ()] < ce [|lz(0)]] + cv(t) + ¢ lwall . + ¢llwallo, ¢ > 0. (16)

Proof. The proof of Lemma 1 is in the appendix. O]

4.3 The Discretized Gain-Scheduled Controller

With v(t) defined in (15) and with &[k] denoting an estimate of a(k7T) to be defined shortly, we
use a suitably modified discretized version of the LPV controller (11)-(12). The state equation is

HZEH N <I+T [Rgéib“i}?a[kn Q(@[k])+%g(@[%f<(@[k]) MD {igjﬂ
o [L(é(c)[k])] oI Hgﬂ = [8] - (17)

With p € (0,—\), we define a probing signal of the form

5(t) = {p(v[k] 2k + Ir[k]l) -t € KT, KT+ h) (18)

—p(v[k] + || 2[K]|| + Hr[k]”) t € [kT + h, kT + 2h),

which we add to the discretized version of the output equation of the LPV controller (11)-(12)
passed through a zero-order hold, yielding

u(t) = H(a[k)2[k] + K (alk]))Mr[k] + (1), t € [kT, (k + 1)T). (19)

4.4 The Parameter Estimator

To motivate the choice of parameter estimator, we examine the simplest relative degree one system

©(t) = ax(t)+ bu(t) + wq(t)
y(t) = ca(t) +wn(t),

®Since Q(a) € Hoo, it can be shown that A\* < 0.

11



with a # 0. In light of Assumption 4, the goal here is to estimate the first Markov parameter, cb.
With 6 > 0, if we set

)0 te|0,h)
Mﬂ_{ﬁte%%)

then

ah bo ah 2 a(2h—T)
z(2h) = e"x(h)— E(e - 1)+ e wq(T)dT
h
2ah bo ah 2ah 2 a(2h—T)
= e z(0) + —(1 — 2™ +e*") + e wq(T)dT
a 0

So it follows that
)
y(2h) — 2y(h) +y(0) = c(1 —2e™" 4+ )2 (0) + 7(3 — 4e 4 e?h)
2h
+c/ e®Ch="p,(1)dr
0

—2¢ /h " dr 4 [w, (2h) — 2w, () + w,(0)]

Hence,

Q
>
|
[\
>
>,
N
|
<
—~
[\
=
+
[\
=
=
|
Ny
—~
=
~_
I

(|9

1 1
+20(1) [, + 2O . (20)
So if the last three terms of the RHS of (20) are small, then the LHS provides a good estimate
of ¢b. This simple discussion motivates the choice of the estimate in our case where the plant is
higher order, the parameter « is time-varying, and the control signal is more complicated. More
specifically, with the probing signal defined above in (18), we define the estimate of the first
Markov parameter by

—y(KT+2h) + 2y (kT+h)—y(KT) -
CBlk+1] = & om0 (21)
C(0)B(a) i 3[k] = 0.

where « = min{a : a € A}, which is well-defined because A is compact by Assumption 3. We
then use the estimate of the Markov parameter, under Assumption 4, to form the estimate of
a((k+1)T'), which we label a[k + 1]:

dm+1y:f4(nﬂéﬁw+4n) (22)

There are two possible stumbling blocks in the estimation procedure:

12



(i) If the probing signal §[k] is small relative to the size of ||z[k]||, then the estimation error

term of size % (see (20)) will be large and the estimate may be inaccurate.

(ii) If the probing signal §[k] is small relative to |Jwg||,, or to T [|wy]||,,, then the estimate may
also be inaccurate.

In the following result we provide sufficient conditions to avoid these problems.

Lemma 2. For every e > 0 and § > 0, there exist constants ¢ > 0 and Ty > 0 so that, for
every T € (0,Ty), k € Z,, w, € PCy, wg € PCy, a € PSY (A, Ty, d,), and xo € R™, when the
controller given by (15), (17)—(19), and (21)—(22) is applied to the plant (14), if

(i) vkl + |[2[K]] + [l (k][] > e [l=[]]],
(i) v[k] + |2 (k]| + [Ir [k}l > o(T™" Jwallo + lwdll ), and
(ii1) «ft) is absolutely continuous for t € kT, (k+ 1)T7,

then

la((k+1)T) — alk +1]|| <. (23)

Proof. The proof of Lemma 2 is in the appendix. O]

Hence if the probing signal is large relative to the plant state and the noise, and if «(t) is
absolutely continuous on [kT), (k + 1)T], then the estimate &[k + 1] of afk + 1] will be accurate,
in which case one would expect that the discretized LPV controller (17)—(19) should perform well
over the interval [(k+ 1)T), (k +2)T') (observe that the effect of the probing signal approximately
cancels out over an interval). On the other hand, if any of these conditions fail, then the estimate
&lk + 1] may be inaccurate, so the proposed controller may yield an inappropriate control signal
on the subsequent interval; however, condition (iii) fails infrequently, while condition (ii) fails only
if the controller state is small relative to the size of the noise, so this case should turn out to be
unimportant. The tricky condition (i) will be the problematic one, but it will be carefully handled
in the proof of the main result.

Before we get to this, however, we first prove that if the estimate &[k + 1] is accurate, then
the closed-loop system behaves well on the following interval [(k 4+ 1)T, (k + 2)T). To facilitate
analysis, we transform the plant state x and controller states z and r using the approach adopted
in the proof of [38, Theorem 1]: define z(t) = z[k] and r(t) := r[k] for t € [kT,(k + 1)T), and
subsequently define the transformed states

|

At this point we depart from a standard analysis by choosing a norm in just the right way to
prove that the closed-loop state is contractive. To this end, it turns out that the system matrix

in ( E] s) -coordinates is upper block triangular with the (1, 1) block being in H; and the (2,2)

SIS

Elﬂ = [)z(] [””EQ] L s(t) = Ra(t) — (o). (24)
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block being in H.,. Hence, in light of Proposition 2, it is natural to use a 1-norm on [ﬂ and

an oo-norm on s. Now we are ready to state a property of the closed-loop behaviour over a period.

Lemma 3. There exist constants Ty > 0, A < 0,6 >0, and ¢ > 0 together with an invertible
matriz N € R3*3 so that with

for every T € (0,Ty), k € Z, w, € PCy, wg € PCy, a € PSY (A, Ty, 0,), and xog € R™, when the
controller given by (15), (17)—(19), and (21)—(22) is applied to the plant (14), with p[k] = p(kT)
we have:

(i) In all cases,

Ip(t) = plkllloo < €T [Ip[K]llo + €T l[wnllo + €T [Jwall , ¢ € KT, (k+1)T). (25)

(i1) In all cases,
Iplk + 1]l < (L4 T) [Iplk]llo + T [[wnllg + €T [[wal| - (26)

(iii) If |&[k] — a(kT)|| < 0 and if a(t) is absolutely continuous fort € [KT, (k + 1)T), then

Ip[k + 1]l < ™ lIplk]ll o + T llwnll o + T fJwall - (27)

Proof. The proof of Lemma 3 is in the appendix. O

5 The Main Result

In Lemma 3 we prove that the closed-loop system is well behaved on intervals for which the
estimate of a(t) is accurate. We now leverage Lemmas 1-3 to prove that we obtain desirable
closed-loop behaviour for all ¢ > 0. In the following, recall that the initial conditions on the

controller states v(t), z(t), and r(t) are zero.

Theorem 2. There erists contants T3 > 0, A < 0, and ¢ > 0 so that for every T € (0,T3),
wy, € PCy, wg € PCy, a € PSY (A, Ty, d,), and xg € R™, when the controller given by (15), (17)-

(19), and (21)—(22) is applied to the plant (14), then
u(t) 0
t 5 0 -
igt)) < ce x(o ) + T |wal o + cllwall t>0. (28)
r(t) 0

14




Proof.

Step 1: Bad Estimation Region
Let w, € PCy, wy € PCy, a € PSY (A, Ty, d,), and zy € R"™ be arbitrary. Let ¢; > 0 be the
constant asserted to exist by Lemma 1. Now fix € € (0, ﬁ) Let Ty >0, A< 0,0 >0, and c3 > 0
be the constants, and N € R3*3 be the invertible matrix, asserted to exist by Lemma 3; define
p(t) accordingly. Using these choices of 0 and €, we let ¢o > 0 and T} > 0 be the constants asserted
to exist by Lemma 2.

Let T' € (0,max{7},T>}) be arbitrary. To proceed, we define two sets of intervals. The first
represents times for which the probing signal is too small to ensure a good estimate of «(t), while
the second represents times for which the probing signal is of adequate size but is overwhelmed

by the noise:
{1205 v)+ 101 + Ir@)] < e le)] }
ByT) = {t20: o(t) + o) + I (0)] > el t)]
o(t) + 2@ + (0] < e (T ol + lwallc ) }

and
B(T) = Bi(T) U By(T);
notice that B(T) is not empty, since 0 € By(T). Although we expect that the estimate of a(t)

will be poor on B(T'), quite surprisingly, we are still able to obtain a desirable bound on the state.
This is because either:

(i) the controller states are small compared to the plant state, so the filter provides an expo-
nential bound (¢ € By(T)), or

(ii) the noise is large compared to the closed-loop state (¢t € By(T")), so it provides a bound on
the state.

Claim 1. There exists a constant ¢y, > 0, so that

Pl < eae [pO)]| + s~ flwnll o + callwalle, ¢ € B(T). (29)

Proof of Claim 1.
First we consider the case of t € By(T"). By Lemma 1 it follows that

lz@ll < e [2(0)] + erv(t) + e [lwall + e llwall
< ae[lz0)l| + ce O] + e lwallo + er lwall o ;

since cre € (0, 3), this yields

lz@)] <

C1 A\ C1 (&1
- 0 n
T 2O+ 7 el +

21 ||2(0) || + 2¢1 [Jwn | + 2¢1 [lwall . -

el

A
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Additionally, for ¢t € B;(T"), we have that

v(t) + @O+ lr@ < ella@)l < 2eee [l2(0)[] + 2exe [Jwn ]l + 2c1€ wall o
< e [lz(0) + llwallo + llwall -

So there exists a constant ¢5 > 0 so that
P < ese [Ip(0)] + ¢5 [Jwnlle + ¢5 lwall ., ¢ € Bu(T). (30)
Now we consider the case of t € By(T"). By definition of By(T') it is clear that
ellz@®ll < v®) + Ol + Ir@l < 2T wall + e2 llwall
so there exists a constant cg > 0 such that

eIl < 6T [Jwnllo + co llwall
cee™ [p(0)[| + c6T " lwnll + c6 |wall .t € Ba(T). (31)

A

If we combine (30) and (31), and define ¢, := max{cs, cg, csT5}, then the result follows. O
Step 2: Good Estimation Region

Now define the remaining set of time as
G(T) = [0,00)\ B(T)
= {t >20: o)+ [z + Ir@l > ellz=@)]l,

ot) + 201 + IOl > (T llwnllo + vl )

on this set, we expect, roughly speaking, that the estimate of «(¢) will be accurate so long as «(t)
is smooth.

If G(T) is empty, then Claim 1 provides the desired bound. Now suppose that G(7T') is non-
empty; then we can write it as a disjoint union of open intervals, possibly an infinite number
of them; we will write them as (t1,%2), (t3,4), ..., with {¢;} strictly increasing, which we express
concisely as {(t;,t;11) i € S} with § € {n € N:n odd}. The set G(T') is trickier to handle than
B(T), with potential issues being the initial partial periods and intervals containing parameter
jumps.

The parameter estimator requires a full period in order to return an accurate estimate of «(t).
Furthermore, each interval (t;,;41), i € S, always has a non-empty intersection with intervals of
the form [kT, (k + 1)T] at the beginning and possibly at the end. This leads us to remove an
interval from each end of (¢;,¢;41) and define an associated discrete-time index as follows: with
1 € § odd, define

ki(T) = int(ﬁ) +2
T
and

k,’_;,.l (T) = int (tzj—:l ) .

First we obtain a bound on the initial part of the interval (¢;,t;11), namely [t;, k;(T)T].
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Claim 2. There exist constants Ty € (0, min{Ty,T5}) and c¢; > 0 such that, for all T € (0,Ty)
and i1 € S:
@] < er lp@)ll + erT lJwnlle + erT [lwallo s ¢ € [t ki(T)T]. (32)

Proof of Claim 2.
Let T € (0, min{7},75}). From Lemma 3(i)

lp(t) = plki(T) = 2]l < T [plki(T) = 2]|| + esT([|wnll o + lwalloo),
t € [(k(T) = 2)T, (ki(T) — )T, (33)

Ip(t) = plk:i(T) = 1]l < esT |[p[ki(T) = 1| + esT([[wnll o + [lwallo)
t € [(k(T) = DT, k:i(T)T). (34)

We know that t; € ((k;(T) —2)T, (k;(T) — 1)T); we'd like to use (33) to obtain a bound on p(t) in
terms of p(t;). If we evaluate the LHS of (33) at ¢t = ¢; and rearrange, we see that

(1= esT) [|plks (T) = 21| < [lp(E) |l + esT (lwnll o + [lwall),
so if we define Ty := min{Ty, T, %}, we see that, for all T' € (0,Ty),
Ip[ki(T) = 2| < 2[lp(t:)[| + 25T |lwnll o + 2¢5T [Jwall . -

If we now combine this with (33) and (34), then the result follows easily. O
Now we need a bound on ||p(t)|| for ¢t € [k;(T)T,t;+1). If this interval is empty, then ¢4 —¢; <
2T so we can combine Claims 1 and 2 to yield

Ip(®)]]

Millp(0) || 4 (creaT™" + ¢ T) Jwnl| o, + (cres + e7T) |Jwal| o

<
< creae” MM p0)]| + (creaT™ + i T) Jwall o, + (crca + eT) [wall o - t € [t tis],

so there exists a constant cg > 0 such that
Ip@®)]] < ese™ [[p(0)]| + s T lwnlly, + es lwallo, - ¢ € [ty tiga]-

Now suppose [k;(T'),t;+1) is non-empty; this means that k;1(T) > k;(T). For every k €
[kz (T), ki+1 (T) -+ 1] we have

olk = 1)+ 2k = 1] + Irle = 101 > €llalk = I,
and

olk = 1+ |zl = U+ rlk = 111 > (T wall + el )
so by Lemma 2 and Lemma 3:

a) if a(t) is absolutely continuous for t € [(k — 1)T, (k + 1)T), then |a(kT) — a[k]| < 6, so
lplk + 1]l < & [IpIE]I] + e5T [lwnlloe + €57 [lwallc ; (35)
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b) if a(t) is not absolutely continuous for ¢ € [(k — 1)T, (k + 1)T'), then

Iplk + 1| < (1 + esT) [[pF]l] + esT lwnl o + esT [Jwall - (36)

We can now bound the closed-loop state for ¢ € [k;(T)T, (ki+1(T") + 1)T'); notice that (k1 (1) +
1T > t;4q, with equality if and only if ¢;,1 = oc.

Claim 3. For every \ € (;\,O), there exist constants Ty € (0,Ty) and cg > 0 so that for all
T € (0,73) and i € S, the following holds:

[P < coeX 5O Jplky (D + g lwnlle + e llwallg st € k()T (ki (T) + 1)T). (37)

Proof of Claim 3.
Fix A € ()\,0) and let T € (0,7y), i € S, and k € [ki(T), kis1(T)] be arbitrary. From (35)
and (36) we see that

er Iplk]|| + 3T ||wn || oo + 3T ||wall o if a(t) is a.c. on [(k — 1)T, (k+ 1)T),
(1 +c3T) lIpk]|| + esT |lwpl o + ¢3T |lwall,,  otherwise.

Ip[k +1]|| < {
(38)
This gives rise to a time-varying gain
. T if a(t) is a.c. on [(k— )T, (k + 1)T),
a =
(1+¢3T) otherwise,

with the corresponding state-transition function labelled ®. Discontinuities in «(t) are spaced
by at least Ty seconds, so in the time interval [k;(T)T,kT] there can be at most f%}

parameter jumps; this means there are at most 2(%1 values of k for which alk] # €.
k=1

Because ®(k, k;(T)) = [ a[m], it follows that
m=k;(T)
[0k, k(T < (1 -+ eoT) o 1T (e tm-2E70)
(k=ky(T)T

s T
— [(1 + 03T>2672,\T] 1

But [(k_kj’;gT))T} < (k_k}gT))T +1, so

ATER(D) = | (T), ... ki (T) + 1. (39)

(k—ki (T)T
e R

| (k, ki(T))|| < [(1 + 03T)2e_2:\T} AR | = ky(T), o ki (T) + 1. (40)
We'd like to simplify the first term on the RHS. We claim that there exists a constant c;g > 0
such that

1@k, ki (T))|| < er0eMEHID b = ky(T), ... kia(T) + 1; (41)
this will be the case if ¢y satisfies
k()T ,
(1+ c3T)2e—2AT} T A RAT) < o MERT) = (T K (T) 4 1,
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which will hold if
3 A=At In ((14e3T)2e=2AT ) k—ki(T))T
e > [+ csTfe‘”}e( i (D) JemOT ) k(@) 11
We have A — A < 0, so it is clear that we can choose Ty € (0, min{T}, 1}) sufficiently small so that

AU | .
A=A+ = In ((1+eT7)%e ) <0, T€(0,T3),
0
and then set ¢;9 = (1 + 63T3)2e_25‘T3.
Using the upper bound on the size of ® given in (41), we can now analyze the difference
inequality (38) and obtain an upper bound on the size of p:

k—1
Il < Dok, k(@I el + (> 10k = 1m)l ) (6T llwall + 6T aeall.,)
m=k;(T)
B k=(ki(T)+1)
< e O k(D] e DD ) (el wnl + esT fwal ).

m=0

for k = k;(T), ..., kix1(T) + 1. We can obtain an upper bound on the summation with

XT'm = AT \m 1 —
I <Y ( )" = T = 0T,
m=0

so there exists a constant ¢;; > 0 such that for all T' € (0, T3):

[P < ene® SO plk(T)I| + en fwnll + e walls

Finally, by Lemma 3(i), we have that
I < (1 + esT)er e * O plky (D) + (1 + esT)ens + esT) ([[wall o + llwall.)
for t € [k;(T)T, (ki1 (T) + 1)T), so there exists a constant ¢y > 0 such that for all 7" € (0, T3):
P < oD plk (T + e [[wallg + e l[wallo s ¢ € [Bi(T)T ti11):

[
Now restrict 7" € (0,73). We can bound all of t € (¢;,%;11), i € S odd, as follows. By Claim 1,

It < cae Ip(O)] + caT ™ [l o + €4 [ wall -

So by Claim 2

Ip()]l

< crllp@)l + e T [Jwnll o + e [Jwal| o
< cree” M [p(0)|| + (creaT ™" + o7 T) [|wa|
+(erea + &T) ||wall o, t € [ti, ki(T)T);
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if we set ci9 == max{cycre ™ cyer + ¢T3, cycr + c7T3}, then
Ip®)I < e12e [[p(0)]] + 12T lwnlloo + 12 lJwall T € [ti, ki(T)T].

By Claim 3, we have

POl < e O plki(T]I| + co wally, + o l|wall o
< cgerne™ [pO)[| + (coct2T ™ + o) [[wall o, + (cocr2 + o) lwall o, ¢ € [ki(T)T, tisa].

Then, with ¢35 = max{cgc12 + g, 12, Coc12 + c9T3}, we end up with

Ip)]| < cize™ [p(0)]] + craT™ [Jwall o, + 13 lJwall s t € (tistisn). (43)

Step 3: Final Bound

By Claim 1, for all t € B(T') we have
Pl < eae Ip(O)] + eaT™ flwn o + 4 llwallc »

and using (43), for all t € G(T') we have

lp)] < cize™ [Ip(O)| + c1sT " [lwallog + 13 llwall -

Defining ¢ := max{cy, c13} gives the desired result.

6 A Simulation Example

We present a simulation example of our controller design for a plant that cannot be stabilized by
an LTT controller. Consider the system

x(t) = [O‘(()t) _OJ z(t) + [Ozét)} u(t), (44a)
y(t)=[1 1] z(t). (44b)

The time-varying parameter «(t) takes values in the set A = [—9.5,—1.5] U [1.5,9.5]. For our
purposes, we assume that the derivative of « is bounded above by d, = 100 and that there is a
minimum time between jumps of Ty = 0.5 seconds. If we freeze «, the plant transfer function is

(14+a)(s+1—a)

(s—a)(s+1) ~’
which has a zero at s = a —1 > 0 and a pole at s = « for all a € [1.5,9.5]. Indeed, the frozen
plant will have both an unstable pole and a non-minimum phase zero when « € [1.5,9.5], with

the zero being slower than the pole (a particularly nasty setup). The first Markov parameter is
f(a) = C(a)B(a) = 1+ «. It is routine to check that this plant satisfies Assumptions 1, 4 and 5.
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This plant is difficult to control; it cannot be stabilized by an LTI controller for all a € A.
This fact follows from the study of strong stabilization in [41, Corollary 12], e.g., you cannot
simultaneously stabilize the plant corresponding to @ = 2 with that corresponding to o = —2
using a single LTT controller.

Following Theorem 1, the matrices

Y- [O(.)l (1)} . U) = [-15]e)(5 + =) 0], R= [061 (1)] , L(a) = {_%laq ;

satisfy (8), (9). These matrices are used to get the controller described in Section 4.3. Finally,
the filter pole is chosen to be A = —1 by the method described in Section 4.2.
The discretized gain-scheduled controller (17) is given by

1+ T (alk] — g5lalk]] —15|a[ ]|(1o+a[k] + mam))  —mTIalk]
—150T|a[k:]| %] ( 1+T

rlk+1] =

otk [ =T g,

10+a[k] + 1= a[k}

and the filter (15) is given by
0(t) = —v(t) + [u(®)] + |y(1)]-

To simulate the closed-loop system, we choose h = 0.001 seconds (yielding 7" = 0.002 seconds)
and p = 0.25.

Remark 2. The criterion for selecting the parameters X\ and p was discussed in Sections 4.2
and 4.3, respectively. Briefly, to select X, we first compute the class Ho, matriz Q(«) satisfying (9)
and then use it to compute \* < 0 which characterizes the allowable range of A € (A*,0). After
fixzing a choice of X\, we are free to pick any p € (0,—X). The selection of a sufficiently small
sampling period h is best addressed through simulation.

The parameter a(t) switches between the trajectories

a(t) = 5.5+ 4sin(25t), «at) = —5.5 — 4sin(25¢),

and spends 1 second following the former trajectory, and 0.5 seconds following the latter, between
jumps. Uniformly distributed noise with ||w,||., = 0.05 and |Jwq||,, = 0.05 is injected in the
system for t € [5,15); otherwise, the system is noise-free. The plant initial condition is set to
2(0) = [ﬂ .

The simulation results are presented in Figures 2 and 3. We see that the output of the plant is
bounded in response to the initial condition and the measurement noise. Furthermore, we see from
Figure 3 that the parameter estimator works quite well (on average), even in the presence of noise.
While the control signal is fairly large, and the plant state becomes quite large as well, this is
mostly due to the nastiness of the plant and the difficulty of the problem considered in this paper.
Indeed, in Figure 4 we compare our adaptive controller to that of the original LPV controller; we
see that, even in a best case scenario where the parameter « is known, the size of the state vector
can become large. That being said, the sizeable difference starting at ¢t = 5 seconds stems from the
larger effect of the noise in the adaptive setting than in the LPV setting; this is the price that we
pay for having to estimate the plant parameter or. Nevertheless, the proposed adaptive controller
guarantees a stable closed-loop system even in the presence of frequent parameter jumps.
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Infinity Norm of Plant's State
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Figure 2: The norm of the plant state, control signal, probing signal, and estimation error (the
noise turns on at 5 seconds and off at 15 seconds).

7 Summary and Conclusions

In this paper we consider the problem of designing a controller to adaptively stabilize an uncertain
linear parameter-varying (LPV) plant. This plant can be rapidly time-varying and can have
unstable zero dynamics (the time-varying counterpart of being non-minimum phase). While there
are a number of results in the literature for the situation of an uncertain plant with stable zero
dynamics, the case of unstable zero dynamics, however, is very challenging. Indeed, results related
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Control Signal Closeup
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Figure 3: Close up of the control signal and parameter estimate/parameter value (the noise turns
on at 5 seconds and off at 15 seconds).

LPV Controller vs. Our Controller
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Figure 4: The oco-norm of the plant’s state vector versus time when: (i) our proposed controller
is used (solid line) and, (ii) the parameter « is known and the LPV controller from [38] is used
(dashed line).

to plants having unstable zero dynamics suffer very stringent conditions on the plant.

In this paper a new approach is provided based on results in gain scheduling, particularly [38].
A controller design is presented based on a discretized version of a gain-scheduled output feedback
controller, with the scheduling variable replaced by an estimate. The estimate is generated by
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a discrete-time estimator which uses the state of a filter to appropriately scale a probing signal.
Under suitable assumptions on the LPV plant, it is proven that if the controller sampling period
is small enough, then the closed-loop system is exponentially stable with bounded gain on the
noise in the presence of rapid time-variation and persistent parameter jumps. Furthermore, the
controller can tolerate noisy measurements and disturbances injected into the state, although the
noise gain may be large. Finally, an illustrative example of a plant with unstable zero dynamics
is provided.

At the moment, the plant is limited to being single-input single-output and having a scalar-
valued scheduling variable; however, we would like to extend this approach to multiple-input
multiple-output plants with vector-valued scheduling variables. Furthermore, due to the difficult
nature of handling a plant with a time-varying state-to-output relationship, a major structural
assumption that the plant be relative degree one for each value of the scheduling parameter is
required. We would like to weaken this assumption so that the applicability of the approach can
be extended.

Appendix A Proofs

A.1 Proof of Lemma 1

Let u € PCy, w, € PCy, wg € PCy, a € PSY(A, Ty, ds), and oy € R be arbitrary. The proof
is organized into three steps:

1. Motivated by equation (9), define matrices R., A.(«), and C.(a), with R, non-singular, so
that R.A.(a) + L(a)Ce(a) = Q(a) R,.
2. Use the equation from step 1 to bound a yet to be defined extended state z.(t).

3. Use the bound on z.(t) to bound the plant’s state x(t).

Step 1
Let v be the number of columns of the constant full rank matrix R from Assumption 2. Let
R € R"(*=") he any matrix so that R, = [R R] is non-singular, and then define

)] = ro@r,

where Ajo(a) € R™ W=7 Ay (o) € RO=X(=")  Then, by the definition of R, R, Ajs, and Ags,

Ala)  Agz(a) 1 — B10(a
{ 0 Am(a)]/“%e L(e) [Cle) 0] = BQ(a)F. (45)
" =@
=A@

Step 2
Consider the control system

] - 0 2

n() = [cta) o |2



where x;(t) € R", z5(t) € R""". Define z, = (21, x2); then

O ([A“g“” Alatn] + E e () o) Ja

-2l ()~ wn0) + [ PGP o+ |40

Using (45), we can write

Fe(t) = R.'Q(o(t))Rewe(t) — R L{a(t))ye(t) + R La(t) wa(t)

+ {B@é(t))} ult) + {wdo(t)] .

The solution to this differential equation, for ¢ > 0 and any z.(0) € R", is
t
ro(t) = (t,0)2.(0) + / cp(m)( [B (06(7))} ul(r) - RelL(a(T))ye(T)>dT
0

+/Ot<b(t,r) (REIL(Q(T))U)”(T)+ |:wdéT)1 )dr,

where ®(t,0) is the state transition function of the unforced system

2(t) = R;'Q(aft))Re2(t), t>0.

Consider the change of coordinates p = R.z, where R, is the non-singular matrix from Step 1.
Then p = Q(a(t))p with Q(a(t)) € Hs so that, by Proposition 2, there exist v > 1 and A < 0
such that

e < e [Ip(O)I, > 0.

Again, following the proof of [40, Proposition 1], the constant A can be taken to be the same as
that in the filter (15). Then there exists a constant ¢; such that for all t > 0, ||2(¢)]| < ;e ||z(0)]],
so we conclude that ||®(¢,0)| < ;e for ¢t > 0. Using this bound on ®(¢,0) in the expression for
xo(t) we get

o] <ee® fal+ ¢ [ ()l + e )ar +e( lanll + o). 046

with ¢ defined as

R |L 1
e = evmax {1 B2 | L) | By~ PR IEON 2y

Step 3
The subspace {x. : ©5 = 0} is invariant for the extended system. Let z(t) be the solution of the
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plant’s ODE (14a) with initial condition (0). Then the initial condition z.(0) = (2(0),0) admits
the solution z.(t) = (z(t),0) and y.(t) = y(t). Therefore, using (46),

\M@H=Hu@MSC@Wﬂ®H+cAeNt”vaw+MMﬂH)h+cOmdu+Wwwm)

The solution v(t) of (15) equals the integral in the RHS of the above inequality, so we get the
desired result. O

A.2 Proof of Lemma 2

In the proofs of Lemma 2 and Lemma 3, we utilize a crude bound on the maximum growth of the
plant’s state over a single period.

Proposition 3. There exist constants T > 0 and ¢ > 0 so that for every T € (0,T), wy € PCs,
a € PSYA, Ty, 0.), and x[k] € R"™, when the controller given by (15), (17)-(19), and (21), (22)

SIS

1

Hﬂﬂ—x%W§0T<MH+‘ -+%%Mm+ﬂwﬂm)7 t € [kT, (k+1)T].

is applied to the plant (14):
kil
(K]
Proof of Proposition 3.
Let wy € PCy, o € PSY(A, Ty, d,), and z[k] € R" be arbitrary. The solution x(t) to (14) with
initial condition x[k| satisfies

t

ot0)~otil = [ (Aatr)elb] + Blatrutr) + watr))ar + [

T kT

() (w(r) = alk] ) r.
Taking norms and substituting the expression for u(t) over kT, (k+1)T], we get the upper bound
— <
Je(t) — #{k])| <T (mae | A()| Jal#]| + max | B | (mass | H ()] + ) 114]
+ mae | B(0) | (masc | K (@) 1]+ ) K] + ma | B@)] polk] + .. )
t
+ max | A(a)] / lo@) — alk)lldr, t € KT, (k + 1)T).
acA kT

Using the definition of Z, z, and s given in (24) and invoking the Bellman-Gronwall inequality,
there exist constants ¢; > 0 and ¢y > 0 so that

M@—ﬂWSqT@W+

+wwmw)&”+vJWwﬂwéﬂ-
1

Then, for sufficiently small T there exists a constant ¢ > 0 so that, for all T € (0,7),
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+ lIslFll. + de\!oo>- (47)

1

Proof of Lemma 2.
Fix € > 0 and § > 0; let w, € PCy, wg € PCy, a € PSY (A, Ty,0,), k € Z, and x5 € R" be
arbitrary. We start with a claim.

Claim 1. There exzist constants ¢ > 0 and T > 0, so that if T € (0,T), v[k] + ||z[k]| + ||7[K]|| >
ellzlk]||, and a(t) is a.c. fort € [kKT,(k+ 1)T], then

HO(a((k + D)T)B(a((k + )T)) — CB[k + 1]H < T+ c% + cT‘l%. (48)

Proof of Claim 1.
By hypothesis, v[k] + ||z[k]|| + ||7[k]]| > €||=[k]||, which implies that d[k] # 0. Then
—2hC B[k +1)6[k] = y(kT +2h) — 2y(kT + ) + y(kT)
= (yng (KT +2) = oy (KT + 1)) = (g (KT + ) = gy (KT))
+w, (KT + 2h) — 2w, (kT + h) + w, (kT), (49)

where, with some abuse of notation, y,f(t) == C(t)x(t) is the noise-free output signal. By this
definition of y,¢(t), it follows that

ns(t) = (C(0) + COAW )a(t) + COB@u(t) + Ctwalt)

for almost every t € [KT,(k + 1)T]. Then, by the Fundamental Theorem of Calculus and the
structure of the control signal (19), we have

Yng (KT + 1) — gy (KT) = /k ) (C(T) —l—C(T)A(T))x(T)dT—i— /k C(r)B(r)drd[k]

T

[ cmBar (H(dw)zm - K(@[M)Mﬂk])

T

+ /:TM C(7m)wg(7)dr.

T

In a similar fashion,
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g (KT + 20) =y (KT + h) = /k (e cmam)amar

—/k ' C(7)B(1)drdk]

T+h

kT+2h
n /k C(r)B(r)dr (H(d[k])z[k:] + K(ak)M T[k])

T+h

+ /:T+2h C(m)wg(T)dr.

T+h

Substituting the previous two expressions into (49) yields

kT+2h kT+2h

—OhCBk+ 1150k — /k (COAE) + ¢l + / C(F)wa(r)dr

+ /k . C(r)B(r)dr (H(a[k))=[k] + K (a[k)Mrk))

kT+h
_ /kT C(r)B(r)dr (H(a[k)=[k] + K (k) Mr[K])

- /k " e B - / o (c(rAm) +C(n))a(r)ar

T kT

kT+h
- / C(F)wa(r)dr + wn(KT + 2h) — 2w, (KT + h) + wn(KT)
kT

—  —2hC(KT + 2h) B(kT + 2h)5[K]

+ / o C(kT + 2h)B(KT + 2h) — C(T)B(T)> dro[k]

T+h

n /:Tﬂh (C(T)A(T) + C’(T))x(T) - (C(T —h)A(T = h) + C(7 - h)>$(7 - h)> a7

kT+2h
+ [ (e@Bm -6 -nBe- h>) ar (H(@[H])<[H + K (a[H]) Mr K]

+/:T+2h C(7)wa(7)dT — /kﬂh C(m)wa(T)dr

T+h kT
+w, (kT + 2h) — 2w, (KT + h) + w, (kT).

Then we have

- kKT+2h
HC(kT 4 2h)B(KT + 2h) — CB[k + 1] H g% / |C (KT + 2h)B(KT + 2h) — C(r)B(7)|| dr
kT
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1 kT+2h
il
2h5uﬂ kT+h

+ﬁ[k] /mh |C(7)B(7) — C(r — h)B(r — h)|| dr (H(@[k])z[k] i K(@[k])]\/jr[k])

1
213 [K] ‘

(cAr) +E)atr) = (Clr = WA =) + Cr =) )a(r = 1) ar

+

/:TJF% C(T)wa(r)dr — /kT+h C(r)wq(T)dT

T+h kT

1
—i—m |wy (KT + 2h) — 2w, (KT + h) + w, (kT)]|| .

Utilizing order notation, Proposition 3, and applying Assumption 5 to bound® the Lipschitz con-
tinuous functions, we can write this concisely as

+ Nz (K[| + l=[&] 1] + [l [K]]
3[k]
lwnll o

o[k]

|COT + 20 BOT + 21) — CB+1]| = o + o

+0(T™)

By hypothesis we have

[ (k]I + vIK] + [|z[K]]] + [ _ (1 (olk] + lI2[K]] + lI7[RT) 11
Jul = <6 i 1> p(olk] + [l2[KIll + [Ir[K]I) p( 1>

so for all T € (0,T), with T sufficiently small, we get the desired result:

|wal|
3[k]

el

HC((k: + O)T)B((k +1)T) — CBlk + 1] H — O(T) + O(1) T

+0O(T™)
O

By hypotheses (i) and (iii) and Claim 1, the bound (48) holds. By hypothesis (ii) and the definition
of d[k],

[wnllee | lwallye _ 1
7ok T o e (50)
With ¢; the constant from Claim 1, substituting (50) into (48) yields
— 1
HC((k +1)T)B((k + 1)T) — CBJk + 1] H <e <T + p—c> . (51)

We want to bound ||C(a((k + 1)T)B(a((k + 1)T) — H;(@[l{ + 1])]|, so we must account for
the effect of the projection, IIx. To ensure that IIx projects onto the interval of F containing
C((k+ 1D)T)B((k + 1)T), it is sufficient that the upper bound in (51) be less than half the
minimum distance between intervals of F. By Assumptions 3 and 5, the image of A under f has

61t is important to note that by using Proposition 3 the estimation error will be upper bounded by the entire
closed-loop state, including v(t).
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the form F = [il,fl] U---u [iq,?q], where f; < f+1’ | = 1,...,q— 1, for some ¢ € N. Let

Ain = min(fjJr1 — fj), j=1,...,q—1, and let T} = —mln{dmm }, where ¢ is the Lipschitz
S

» 20
constant of f~! on F. Then, from (51), for any ¢ > < max{ } and any 17" € (0,77), we get

Cldmin + Clpdmin o dmin
4cq derp 2

HC((k + O)T)B((k +1)T) — CBlk + 1] H <
so it follows that
HO((k + O)T)B((k + 1)T) — =(CBlk + 1])H < HC((k + O)T)B((k +1)T) — CBlk + 1]“ .

By Assumption 4 we have

la((k+DT) —alk+1)| < ¢ H(J((kz + DT)B((k + 1)T) — I=(CBk + 1])”

1 5 5 _
) 01E<T+p> 01€5+01€p5:5’

2c10  2c1lp

where we have used the fact that pc > 261@ [

A.3 Proof of Lemma 3
Let w, € PCy, wg € PCy, a € PSY(A, Ty, 0,), k € Z,, and x5 € R"™ be arbitrary.
Proof of (iii)

In order to accomplish this, we proceed as follows:
e Analyze all states at the sample points (Steps 1, 2, and 3),

e Upper bound a transformed closed-loop state (Step 4).

Step 1 - Filter Sample Point Analysis

At the sample points, the filter (15) satisfies

(k+1)T (k4+1)T
b+ 1) =Tk [ Gy dr e [ NI () dr
kT kT
By (19), the input term satisfies
(k+1)T 1
[ A ) ar = =3 (1- M) | |H@ReAK + K@IRDMrE + ok o
kT

+ | H(alk])z[k] + K(a[k]) Mr{k] = o[K]|
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< -3 ( - %T) (2@3} V(@] + p) 0] + 2(max |15 (@) | 1] + p) [ {K]] + mm) -

|

where Z, Z, and s are defined in (24). The output term satisfies

Employing order notation, we can write this compactly as

N 8l

+0O(T) [s[k]ll -

(k+1)T
/ Mk+1)T=7) |u(T)||dr = Tpvlk] + O(T)
k 1

T

i

(k1) (k+1)T e
[ ymar < [ N0 [Tl
k

T kT

(k+1)T
+/kT eA<<k+1>T4>(Uc(a(T))_C(a(kT))H Bl

=0(T)||=[K]]l

—I—UC(CM(T))H |z(7) — x[k] |l—|— 1wl )dr.

~
bound using Proposition 3

Employing order notation, and utilizing Assumption 5 and Proposition 3, we can write this com-
pactly as

x|k

]|+ o + o s,

zZk1 1l

+O(T) 1wl o + O(T?) ||wall . -

(k+1)T
/ AT ol dr = O(T)
kT

Combining these upper bounds, for sufficiently small T' there exist constants e; > 0, v, > 0,
v > 0, and w; > 0 such that, for all such 7" and all k € Z,

(k]

]|+ s

+wi T [|wnl o + w177 [[wall (52)

vk+1] < 1+ A+p)T+eT*)vk] +nT

Step 2 - Controller Sample Point Analysis
Starting with z[k + 1], define

ealk] = T(F(a[k)) = F(a(kT)))=[k] + T (G(a[K]) — G(a(kT)) ) Mr[K],

so that we can write

x[k]
2k +1]=1[0 I+TF(a(kT)) TG(a(kT)M] |2[k]| + en[k].
r[k]

By Assumptions 5 and 6 (see Remark 1), there exists a constant ¢; > 0 so that we have
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lea K]l < T fakT)| + T [la(RT)|s[Fl o

Al

where &(kT) = a(kT) — a[k] denotes the parameter estimation error at time kT By hypothesis
la(kT)|| < 0, so
i
(]

exalk] == T(L(a[K)) = L(a(kT))) C(a(kT))olk
+ TR(B(&[k])H(&[k]) - B(a(kT))H(a(kT)))z[k]
+ T((Q(alk) — Qa(kT))) + R(B([K]) K (a[K]) = B(a(kT))K(a(kT))))rlk]

le=1 [kl < 26 +T00 || s[k]|l - (53)

1

SIS

We can treat r[k + 1] similarly and define

— TL(a[k])wy k],
so that
rk+1 = —TL(a(kT))C(a(kT))z[k] + TRB( (kT))H(a(kT))z[k]
+<I+T<Q(a(kT))+RB( M))T K]
+e.a[k].

Again, by Assumptions 5 and 6, there exists a constant ¢, > 0 such that
z[k]
z[k]

eulk] = (H(a[K]) = H(a(KT)))2[k] + (K (a[K]) = K (a(kT))) Mr{H],

leza[k]|| < T0 + 70 ||s[k] ]| oo + Tt [Jwn] o (54)

1

Finally, we will use

to write
ulk] —6(t) = H(alk])z[k] + K(a[k])Mrk]

= [H(a(kT)) K(a(kT))M] {jﬁ] + e[kl t € [kT, (k+1)T).

Again, by Assumptions 5 and 6, there exists a constant 3 > 0 such that
]
Z[K]

The value of the plant state at time ¢ = (k4 1)7T is

leu[k1ll < €56

+ 230 || s[k]|| - (55)

1

N

Step 3 - Plant Sample Point Analysis
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(k+1)T (k+1)T

B(a(r))u(r)dr + / wg(T)dT,

kT

(k+1)T
zlk+1] = x[k]+/k A(Oz(T))a:(T)dT—i—/

T kT

so that, using the structure of the control signal (19),

ok +1) = (I+TA(akT)))z[k] + TB(a(kT))( [H(a(kT)) K(a(kT))] HZH + eu[k])

(k+1)T (k4+1)T

n /  (Ala(r) — Al(T)drali] + /  Alal)alr) = alk])ir
(k+1)T

i /kT (B(a(r)) = Bla(kT)))dr ( H(a[k))=[k] + K (a[k]) Mr{])
(k+1)T (k+1)T

+ /kT B(a(r))d(r)dr + /kT wq(7)dT.

Define
(k+1)T (k+1)T
ek = /  (Alalr) = A((kT)drali] + / Al alr) = alk])dr

(k+1)T
+ /k (B(a(r)) = Bla(kT)))dr (H(

T

joN
S
~—
R
=
_|_
=
—
joN
=
N
5
o
N—

(k+1)T (k+1)T
+/k B(Oz(T))(S(T)dT—i—/ wg(7)dr,

T kT

to be able to compactly write

x[k]
olk +1] = [T+ TA((KT)) TB(a(kT))H(a(kT)) TB(a(kT))K (a(kT))M] {zgﬂ]

+ TB(a(kT))eu[k] + e,[k].

By Assumptions 5 and 6 (see Remark 1) and Proposition 3, there exists a constant ¢4 > 0 such

that for small T
il

Step 4 - Closed-Loop Difference Inequality

le K]l < T*Csvlk] + 1%, + T2y ||s[k]ll o + Tl wall - (56)

1

IS IR

Combining the analysis of the plant and the controller, we obtain

[m[k + 1]} [ A(a(kT)) B(a(kT))H (a(kT)) B(a(kT))K (a(KT))M :| z[k]
z[k + 1] = <I +T 0 F(a(kT)) G(a(kT)) M ) z[k]
rlk+1] —L(a(kT))C(a(kT)) RB(a(kT))H(a(kT)) Q(a(kT))+ RB(a(kT))K (a(kT))M r[k]

e.1[k]

[TB(a(kT))eu[k] +ep [k]]
+ .
ez2[k]
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In (z, 2, s)-coordinates, making use of (9) and (13), we have

z[k +1] [ X7 [B(a(kT)) K (a(KT)) M Z[k]
k+1]| = <I+T Pla(kT)) ‘M [ G(a(kT)) M ] ) 5[]
s[k +1] 0 0 Q(a(kT)) s[k]
X117 [TB(a(kT))eu k] + €[]
+ Z_ Qﬂ[k‘]

TRB(a(RT))eulk] + Reylk] — e.olk]

To construct the decrescent norm, we define a difference inequality and apply two similarity
transformations. We start by upper bounding the transformed plant and controller states:

k3t 5l
) G ™),

§]1FMMM2EW+%W]

< I+ TP(a(k]))|,

Rl &\

1

+T s[kIlly

+

1

Next we take advantage of the H; property that P(a) enjoys: by Proposition 1 there exists a
constant A < 0 so that ||[I + TP ()|, < 1+ \T for all sufficiently small T’; similarly, we can
take advantage of the H., property that Q(«) enjoys: there exists a constant Ay < 0 so that
1]+ TQ()]|oc < 1+ AT for all sufficiently small T; clearly we can choose A; and Ay so that
Ay < A1 < 0. Then using (53), (55), and (56), there exists constants e; > 0, v3 > 0, and ws > 0
such that for small 7'

]| + Gt e et @) st

[k +1] =
‘ k+1]) ||, < (1+MT+eT(0+1))
+eaT?v[k] + wo T |Jwyl . - (57)

SIS
SIS

[[

In a similar fashion, we have an upper bound on s[k + 1]:

Islk + Ullo < I +TQ(a(RT))l o Is[Kllo + T [ RB(a(kT))eulk] |l + [[Replll + llez2[k]ll o
< (L+XT) [[sk]lloo + TIIRB((RT))| lleulFll + IR lep[k]ll o + llez2[F]ll »

and using (54), (55), and (56), there exist constants ez > 0 and w3 > 0 such that for small 7'
+ esT?v|k]

i,

FwsT [[wnll o +wsT [Jwall. (58)

Islk+ 1]l < (A+XNT+eT@E+T)) skl +esT(6+T)

ISIRS]

Now we combine the bounds on the states. Recall that the controller parameter p was chosen to
satisfy p € (0, —)\), which means that A 4+ p < 0; now fix

5\ S (max{)\l,)\g,)\ + p},O) ,
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which means that B
Ao <A1 <A <O. (59)

Combining the bounds given in (52), (57), and (58) yields, for small T":

;:][[/f—l—fll]] 1+ M + e, T? nr 7T 2K
[E[k 4 1]] < eT? 14+ MT +eT(0+T) T +eT(0+T) [EW]
T2 TG+T 14+ XoT +esT(0+T 1
Isfk + 1l & o) A TOEDI st
wlT w1T2 || ||
“|o | (]
w3l wsT dlloo
So, with E € R3*3 suitably chosen and T sufficiently small, we have
{ ] < 0 14MT T | 4TE+T)E H ]
2k +1] 0 0 1+ NT AL,
[s[k + 1l - . [[s[A] ]l
—A
U)lT ’UJlT || ||
ng wsT dlloo
—,_/
=W(T

Next we define three states as upper bounds of the above states at periods k and k + 1.
This allows us to get equality, so we can solve and transform a difference equation rather than

inequality. Define ¢ := (11,19, v3) € R% via

CESCARCCES | 4]l IEECE oI
okt 1= (A TG+ BN + W) | fenl=].

< polk+1], and ||s[k + 1]|| . < ¥s[k+1] because
1

It is clear that v[k+1] < ¢ [k+1],

e

U[[/f +11]] v[[kk]] |
Tk + T Wnlloo
G| < @rrGene H[zwﬂ vl
sk + 1]l [N

= (A+ T+ T)EYWK] + W(T) [||||ZJ}Z||||OO}

— Yk+1].

Next we perform two similarity transformations with the objective of diagonalizing the matrix A
n (60). The first is a constant transformation of the form
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1 0 0
V=101 V23
0 0 1
so that under similiarity transformation we have
B L+ AT ;T (v2 — va371)T _
VIN+T@O+T)E)V ! = 0 14+MT (y+vaPe—M))T| +TO+T)VEV
0 0 1+ AT

Choose v93 = 73/(A1 — Ag) so that we are left with

_ 1 + X\T ’YlT ("}/2 — U23")/1)T _
VIN+TO+T)E)V ! = 0 1+\NT 0 + T +T)VEV
0 0 1+ XT

To complete the diagonalization of A consider a transformation of the form

. 1 Y 3x3 \/ 1x2
Y_¢OI]6R , Y e R

so that, with v, = v — va371,

_[1 T -
L+ AT [y ] T+Y +OA1 . +OA T} — (L4 AT)Y
< -1y -1 2
YVA+TO+T)E)V Y = 0 Lo AT 0
0 0 1+ AT
+T(+T)YVEV Y
Choose Y = [325 125 ) to get
~ L+XT 0 0 ~
YV(A+T@E+T)E)V Y = 0 1+\T 0 + TG+ T)YVEV Y
0 0 1+ XT
Defining N =YV, we have
1+AT 0 0 ~ |
N[k +1] = ( 0 1+MT 0 +T(5 + T)NEN1> Ny[k] + NW(T) {Hw"”oo} .
0 0 14+ M\T dlloo

It follows from (59) that all elements of N are non-negative, which can be used to prove that

v[k + 1]

Nk + 1) > |V F[’””} — i+ 1]

Zlk + 1]
Il + 1]

1

[
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Taking the oo-norm of p[k + 1], there exist constants v > 0 and ¢ > 0 such that for small T

Iplk+ 1l <IN+ 1l < (14 AT +5T@ + 1)) ING[R] | + T o + T el

= (14 AT 497G+ 1) oMl + T Nl + T

Now choose § > 0 so that B B
A=A+ 276 <0

it follows that for small T, we have
Ipfk -+ 1l (14 3T) [kl + el + T el
<M |Iplk]|l o + T [lwnll + T [lwall -

which means that (iii) holds.
Proof of (i)

By the definition of p,

lo(t)] — [v]k]
o= i?] Gill] =
= [Is[k]ll

Taking the 1-norm and using the reverse triangle inequality, for ¢ € [kT, (k + 1)T") we get
lp(t) = plklll, = OM)[o(t) = vkl + OQ) [|x(t) — z[K]|
O) [|z(t) — 2[k]Il + O) [Ir(#) — r[K] - (61)
The solution to (15) with initial condition v[k] is

t

v(t)—’v[/fH/k A(U(T)—v[/lﬂ])dTJr(t—/%‘T)A'U[k]Jr/ (u(N + lly(r)[Hdr

T kT

Rearranging and taking the absolute value, we have

[o(t) = v[k]] < IAI/kT\v(T) — vlk]jdr + T[Alv[k] +/kT(HU(T)H +lly(r)l)dr

and by applying the Bellman-Gronwall inequality and using Proposition 3, it follows that

]| + o
+O(T) [|wall o, + OT?) ||wally,, t € [KT, (k+ 1)T). (62)

o(t) — ofk]| = 0<T>v[k]+0<T>\

For t € [kT, (k + 1)T) we also have ||2(t) — z[k]|| = 0 and ||r(¢) — r[k]|| = 0. Using these bounds
n (61), along with Proposition 3 and (62), we get

Ip(#) = plk]ll = O(T) [[plKIl + O(T)(lwnll o + lwalle), ¢ € KT (k + 1)T).
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So, for t € [kT, (k + 1)T), there exists a constant ¢ > 0 so that for sufficiently small 7.

lp(@) = plk][| < T |[p[KI]| + T [lwnll o + T flwalloe -t € (KT, (k+1)T).
Proof of (ii)

The bound (61) derived in the proof of part (i) remains valid. Additionally, using (17) we have

o[k + 1] — 2[k] = TF(a[k))z[k] + TG(a[k])r[k],

so taking the norm and employing order notation,

il

We can also upper bound ||r[k + 1] — r[k]||. We have, again from (17),

O(T) ||s[kllloc = O(T) lIp[KIl

1

Ik + 1] — =[] = O(T) ]

rlk+1—r[k] = TRB(a[k])H(a[k])> [k]+T(Q( [K]) -+ RB(A[K]) K (a[k))M ) r[k]

&
~TL([K]) (C(alk)zlk] + w,[K]),
so taking the norm and employing order notation,
[k + 1] = (K]l = O(T) [[pK]ll + O(T) [[wnll
Applying these bounds to (61), along with Proposition 3 and (52), we have

[p[k + 1] = plk][] = O(T) Ipk]l| + O(T) [[wall o + O(T) [|wall o

So there exists a constant ¢ > 0 so that, for all T sufficiently small,

Iplk + 1] < (14 ) pK]]| + T lwallog + T lwall
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