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Abstract

In this thesis, we consider plants with uncertain parameters where those pa-
rameters may be time-varying; we show that, with reasonable assumptions, we can
design a controller that stabilizes such systems while providing near-optimal per-
formance in the face of persistent discontinuities in the time-varying parameters.
We consider two classes of uncertainty. The first class is modeled via a (possibly
infinite) set of linear time invariant plants - the uncertain time variation consists
of unpredictable (but sufficiently slow) switches between those plants. We consider
standard LQR performance, and, in the case of a finite set of plants, the more
complicated problem of LQR step tracking. Our second class is a time-varying
gain margin problem: we consider an reasonably general, uncertain, time-varying
function at the input of an otherwise linear time invariant nominal plant. In this
second context, we consider the tracking problem wherein the signal to be tracked is
modeled by a (stable) filter at the exogenous input and we measure performance via
a weighted sensitivity function. The controllers are periodic and mildly nonlinear,
with the exception that the controller for the second class is linear.
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Chapter 1

Introduction

This thesis lies in the field of feedback control, in which the goal is to design a
controller to force a given system (the plant) to achieve some desired objective;
e.g., a car maintaining a specific speed down the highway, a ship following a desired
path to its berth in a crowded port, or an airplane landing at a busy airport. It
is clearly desirable to achieve these objectives while rejecting unexpected external
disturbances, such as curves or hills, sea swells, or errant wind gusts, each of which
could lead to disastrous consequences. In order to reject disturbances, such con-
trollers typically measure system outputs and then use that feedback information
to behave accordingly; e.g. if the car is going up a hill, then it will begin to slow
down, the controller senses this and increases the power to the engine resulting in
the car returning to the desired speed. Of course, there are limitations as to what
can be accomplished: “You can’t make a battleship act like a butterfly.”

Typically, a Control Engineer begins the design of such a controller by quanti-
fying the system’s behaviour via a mathematical model. To complicate the issue
of the ensuing design, imagine that there is some uncertainty as to how well the
model behaviour matches the behaviour of the actual plant. Such uncertainty could
arise, for example, from simplifications made during the modeling process or from
unexpected system failures (e.g. catastrophic failure due to fatigue or an intermit-
tent fault in a sensor or actuator). This issue of uncertainty naturally leads to the
following questions: If we design a controller for a specific plant model, then how
much uncertainty can there be in that model before the controlled system ceases
to behave as expected? Can we design controllers that tolerate and perhaps even
adapt to a plant that changes over time? If we can model the uncertainty a pri-
ori, then can we use that information to somehow improve the performance of the
controlled system, e.g. can the performance be made optimal in some sense?

In this thesis we present a design technique that uses on the fly estimation
to stabilize certain classes of uncertain systems, while obtaining some measure of
(near-optimal) performance. We do so with the added wrinkle of allowing the
uncertainty to be time-varying. We will present four problems and their associated
solutions; these problems can be grouped into two classes of uncertainty.



Three of the problems can be grouped into one class: switching between a (pos-
sibly infinite) set of Linear Time Invariant (LTI) plants. This problem is inspired by
fault analysis: there are many models, each of which represents the system operat-
ing in some fault mode, the goal is to provide stability and acceptable performance
in the face of (unknown and possibly persistent) switching between fault modes.
There are many different ways to approach this problem and to categorize what is
meant by ‘acceptable’ performance; for an excellent (although slightly old) survey
of the topic of fault tolerance, see [31]; a more recent, but less tractable, review can
be found in [47]. Here, we are interested in the particular performance problem of
Linear Quadratic Regulation (LQR) optimal performance in the sense that we wish
to design a controller that provides the optimal performance for each LTT plant in
the set. Our three sub-problems are

(i) stability and LQR performance for a finite set of plants,
(i) stability and LQR step tracking performance for a finite set of plants, and

(iii) stability and LQR performance for a compact set of plants.

We will refer to these problems as the Finite Stability, Finite Tracking, and Compact
Stability problems, respectively.

Observe that the time variation in all of the above problems is piecewise con-
stant, so, in an effort to investigate a more general time variation, we turn to our
second class. Here, we consider the tracking problem for an otherwise LTI plant
with a fairly general time-varying gain at the plant input; we will refer to this as
the Time Varying Gain Margin (TVGM) problem (the reason will become clear
shortly). Performance in this context is often measured in terms of input output
functions (such as weighted sensitivity), which is what we will do.

In the remainder of this chapter, we begin by introducing two classical uncer-
tainty problems which are directly linked to our two classes of uncertainty and
then discuss three approaches to solving uncertainty problems. We then move on
to a relatively new approach to the problem and to the contributions of this thesis.
Finally we conclude by providing an outline of the remainder of the thesis.

1.1 Two Classical Problems in Uncertainty

The Finite and Compact Stability problems lead directly to the classical Simul-
taneous Stabilization problem: given a (possibly infinite) set of plants, design a
single controller which stabilizes every plant in the set. This problem can be traced
back at least to [41] and [19], wherein, for the case of only two LTI plants, the
authors provide easily checked necessary and sufficient conditions for the existence
of a stabilizing LTI controller. The general problem is much harder: conditions
for the existence of a stabilizing LTI controller in the case of three or more LTI



plants is rationally undecidable [2]. A common example of the limitations of using
LTT controllers, and one that we will use throughout this thesis to illustrate our
approach’s effectiveness, is the two plants

1 -1

and ,
s—1 s—1

which can not be simultaneously stabilized by a single L'TT controller.

Of course, even if a controller is able to provide simultaneous stability for a
given set of plants, there is no guarantee that it will stabilize the system in the
face of persistent switching between those plants; indeed, it is well known that (in
general) switching too quickly between stable LTI systems leads to instability. For
an excellent survey of some fundamental issues regarding stabilization of switching
systems, see [I7] and the references therein.

Our second problem of interest is the classical Gain Margin problem: with Py
a fixed LTI plant and [¢g—, g*] € R", given the set

P={gP:g€clg . g},

find a controller that stabilizes every plant in P; furthermore, find a bound on the
gain margin

that ensures that such a controller exists. It is well known that if P is unstable and
non-minimum phase, then there is an upper bound on the gain margin achievable
using an LTT controller [I2]; in other words, for such a plant, if the ratio GM
is large, then an LTI controller can not stabilize every plant in the set P. If we
allow the gain ¢ to be time-varying and to be negative, then we obtain the TVGM
problem.

1.2 Prior Work

We now turn to a discussion of three classical approaches to solving the problems
outlined above: Robust Control, Adaptive Control, and Supervisory Control (or
Logic Based Switching). Recall that we wish to obtain stability and performance;
we examine the merits of these approaches accordingly.

1.2.1 Robust Control

The basic idea behind Robust Control is to design a single static (but not necessar-
ily LTI) controller, which will provide stability and some measure of performance
for every plant in the uncertainty set. Perhaps the most well known Robust Control
method is the frequency domain approach in which the set of plant uncertainty is



modeled via a nominal LTI plant in transfer function form with structured distur-
bances at its interfaces, also modeled via transfer functions; the goal is then to
design an LTT controller to provide simultaneous stabilization and some measure of
performance. In this context, performance is typically measured in the H., sense;
a common optimization goal is that of weighted sensitivity minimization.

Two significant benefits to this approach are that it yields an LTI controller
(and all of the associated benefits) and that it is relatively straightforward for a
non-expert to apply. There are three main drawbacks:

e [t does not handle time variations well.

e Since the controller is LTI, the set of uncertainty that can be stabilized is
limited by [41] and [19].

e Performance optimization is of the minimax type in the sense that, if we
calculate the optimal performance for each plant individually, then the best

performance that can be guaranteed for any plant is no better than the worst
of these [46].

If we turn to Linear Time Varying (LTV) controllers and consider a finite set
of plant uncertainty, then we can alleviate some of these drawbacks. Work in the
1980’s and early 1990’s, e.g. see [13], [10], [1I], and [I] to name but a few of the
approaches, has solved the general simultaneous stabilization problem; however,
the approaches taken in these papers indicate that the performance may be quite
poor. For example, in [I3], the idea is to first design one deadbeat compensator for
each plant, and then apply them (periodically) in sequence; unfortunately, there
will (likely) be poor transient performance, at least until the controller reaches the
compensator corresponding to the actual plant. In [11], an optimal generalized-
hold is designed to achieve the stability objective; however, since generalized-holds
typically have poor inter-sample behaviour [6], it is unclear whether or not good
performance is obtained.

If we consider compact uncertainty sets, then the classical Gain Margin problem
is perhaps the simplest problem that one could envision. Recall that the goal there
was to stabilize the system in the face of a large range of uncertain gains (i.e.
a large gain margin); performance in this context is typically measured via the
size of the sensitivity function. If the nominal plant F, is unstable non-minimum
phase and we restrict ourselves to LTI controllers, then it is shown in [43] that the
size of the sensitivity function (when using the 2—norm) tends to infinity as the
gain margin required tends toward the maximum attainableEl. If a linear periodic
controller (LPC) is used, then the gain margin can be made arbitrarily large (e.g.
see [7], [44], and [45]); however, there is some question as to the performance
that can be attained via those approaches. For example, Yan, Anderson, and
Bitmead [44] show that, under suitable assumptions, one can use an LPC to make

In other words, for larger sets of uncertainty, the performance decreases.
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the gain margin as large as desired while ensuring that the size of the sensitivity
function remains bounded; however, we point out that (obviously) bounded is not
the same as optimal. Finally, these approaches assume that the plant gain, although
unknown, is nonetheless fixed; if we allow it to be time-varying, then there is no
longer any guarantee that they will work.

1.2.2 Adaptive Control

The original goal of Adaptive Control was to provide stability and performance in
the face of time-varying uncertainty. Unfortunately, obtaining even stability in this
context turned out to be much more difficult than was originally expected; indeed,
most results in this area do not prove anything explicit for the time-varying case,
or, when they do, they require that the time variation be slow.

The main difference between this approach and Robust Control is that, here, the
controller is not fixed; the idea is to design a controller that can ‘adapt’ to changing
plant parameters. Typically, such a controller is realized via a linear compensator
in tandem with a nonlinear estimator whose job is to ‘tune’ the compensator during
operation to reflect any changes in the system parameters. Classically, the plant
parameters are estimated on the fly and the controller is updated with the assump-
tion that the current estimate is exactly correct. For a good review of this topic,
see [21] and the references therein.

In general, the resulting controllers are typically shown to have the desired be-
haviour in only an asymptotic sense and are highly nonlinear; however, since the
resulting controllers are time-varying, the LTI restrictions on simultaneous stabi-
lization are not present, so we expect to be able to handle larger sets of uncertainty.
Unfortunately, the estimation process is typically highly nonlinear and, at least in
the initial stages, the control signals may become quite large. Furthermore, the
estimation methods that are used typically require that the control signal be ‘suffi-
ciently exciting’ in some sense (e.g. it must have a wide frequency spectrum); if it
is not, then the estimate may not converge to the actual value, although it is still
possible to achieve stability [20].

While there is (usually) no guarantee that the transient behaviour will be nice
(indeed, it is typically quite poor), since the estimation is constantly being up-
dated, there is a reasonable expectation that slow time variations can be tolerated;
examples of classical Adaptive Controllers that directly address the issue of time-
varying plants include [15], [20], and [36]. Indeed, in [36], the authors allow the
time-variation to be fast, provided that it has some known structure.

A common formulation of the setup is as follows: design a controller so that,
when it is attached to the actual plant, the output asymptotically approaches that
of some known (stable) nominal plant which models the desired behaviour. This
problem is called the Model Reference Adaptive Control (MRAC) problem. Typical
assumptions on the uncertain plant are that



e the plant be minimum phase,
e an upper bound on the plant order is known, and

e an upper bound on the plant relative degree is known.

Some of these restrictions (e.g., the minimum phase assumption) can be lifted
if, instead of requiring a complete model match, we simply insist that the plant
poles match a desired set [9]. One of our results leverages some work in this area,
so we have included this brief introduction for completeness; however, since we
are interested in all LTI systems, including non-minimum phase ones, we will not
pursue the MRAC formulation. For those who wish to investigate the topic further,
we direct the reader to [22] for an excellent overview of the history of this approach.

1.2.3 Supervisory Control

Supervisory Control lies at the interface between Robust and Adaptive control: a
significant amount of the design is performed offline, but some tuning is performed
online. This approach arose in part to address the issue of time-varying uncertain
systems (of which switching systems are a subset), which neither Robust nor Adap-
tive Control can handle very well. The idea here is to design (offline) a stabilizing
compensator for each plant (as was done in [I3]) along with a ‘supervisor’ that pe-
riodically chooses (online) which of the compensators to apply; the resulting closed
loop system can be viewed as a complicated switching system.

It is not straightforward to analyze the stability of switched systems. Common
areas of study include how quickly one can switch between otherwise stable systems
while maintaining stability, and, if we could control the switching, what kinds of
switching signals could stabilize an otherwise unstable set of systems. As stated
earlier, an excellent review of the topic is [I7] and the references therein. Unfortu-
nately, in our case we do not know the switching information a priori, nor do we
have control over it, so many of these tools do not apply to our problem.

Recent work in this area includes [28], [29], [30], [I6], and [42]; in these pa-
pers, the uncertainty sets are quite large (e.g. compact sets of plants). These
controllers often work by considering multiple adaptive identification models and
then applying the one that minimizes some estimation performance index. While
they are often shown to provide improved transient behaviour when compared to
more classical Adaptive controllers, Supervisory Controllers are often highly non-
linear. Additionally, the focus of this approach is typically on stability and noise
rejection rather than performance. A notable exception to this is [29], in which the
proposed supervisory controller is shown to have some nice robustness characteris-
tics; following the classical robust control result that stability robustness is linked
to performance, the author argues that this avenue is a promising one with respect
to providing optimal performance.



1.3 A New Approach to the Problem

We now turn to the approach adopted in this thesis. As with Supervisory Con-
trol, this approach lies at the boundary of Adaptive and Robust Control and is
(at least partially) motivated by switching systems architecture. The main dif-
ference here is that we skirt many of the difficulties of the above approaches by
directly estimating the desired control signal rather than estimating plant or
controller parameters or determining a desired (supervisory/monitoring) switching
signal. The resulting controllers provide performance that is robust to uncertainty
and are able to adapt to variations in the plant parameters; as such, we will refer
to this approach as Robust Adaptive Control Signal Estimation (RACE) Control.
The resulting controller is periodic with period 7'

The first instance of this approach appears in Miller and Rossi [26]. The idea
behind the approach is simple, although only in hindsight: Why estimate plant or
controller parameters when what you really want to know is which control signal to
apply? Indeed, it turns out that by directly estimating the desired control signal,
we can perform the estimation linearly, unlike in Adaptive or Supervisory Control.
Furthermore, unlike in Robust Control, we can obtain performance that is as close
to the optimal as desired for every plant in the uncertainty set. Of course, this is
easier said than done. In this section we outline some of the prior work in this area
and discuss the high level ideas behind the approach. We begin by discussing some
papers which are key to the work presented in this thesis.

We begin with [26], where the authors proposed a RACE controller that was
able to provide stability and near optimal LQR performance for every plant in a
finite LTT set. A slight nonlinearity was introduced to deal with some of the adverse
side effects of switching and the resulting controller was shown to tolerate a finite
number of switches. Additionally, it was shown that the controller could achieve
infinite gain margin and 60 degrees of phase margin for every plant in the set.
Unfortunately, the tradeoff is that a small period T" and fast sampling rates are
required, leading to large controller gains and possibly poor noise tolerance; this
drawback is common to all of Miller’s earlier work.

The second paper of interest is [22]. The main contribution of that paper was
the construction of a RACE controller which was shown to alleviate many of the
classical MRAC drawbacks; i.e., it allows quite a general time variation, provides
immediate performance (rather than asymptotic), removes the nonlinearities, and
reduces the size of the control signal. This work required the common MRAC
assumptions that the plant be minimum phase, the relative degree of the plants be
known, and that the high frequency gains of the plants be bounded. In a followup
conference paper [24], Miller redesigned this controller to solve the standard Gain
Margin problem, including the case of negative gains and non-minimum phase
nominal plants, while providing near optimal weighted sensitivity (in the £; sense).

2Specifically, that work predating this author’s work.



Finally, we look at [25], in which the RACE controller provides simultaneous
stability and near optimal performance for a compact set of LTI plants. This work
does not directly address the issue of switching, although it does indicate that, with
the addition of a nonlinearity as in [20], it should be able to tolerate slow switching.
Preliminary work on this problem, where the authors considered only first order
systems, was presented in [I§].

These papers pertain to this thesis in the following way. The ideas of [22] and [24]
were leveraged to solve the TVGM problem, which was first presented in [40], while
[26] was paramount to developing the solutions to the Finite Stability and Tracking
problems ([38] and [37] respectively), and the ideas in [25] were critical to solving
the Compact Stability problem [39]. This thesis compiles these four works (together
with some logical additions and extensions), providing the following contributions:

e In all cases we provide stability in the face of persistent switches.

e In all but the Compact Stability problem, we provide near optimal perfor-
mance for every plant in the uncertainty set in the face of persistent plant
switches; in the Compact Stability problem we provide near optimal perfor-
mance when there is no switching.

e Since it is not automatic, we explicitly consider the problem of stability in
the face of noise for our nonlinear controllers?.

e We explicitly prove that RACE can solve the Finite Tracking problem in the
context of persistent plant switches, whereas previous work only hinted that
it should be possible.

e In all but the TVGM problem, we allow a large period T, alleviating some
of the noise and large controller gain concerns raised in [26] and [25] while
providing a more aesthetically pleasing control signal (see Figure[[T]); in both
of the Finite problems we also allow for slow sampling, which further alleviates
these concerns.

e The RACE controller presented in [22] solves the TVGM problem, but only
for minimum-phase nominal plants, while the controller in [24] allows non-
minimum-phase plants, but does not allow time variation in the uncertain

gain; our solution works for both a time-varying gain and any finite dimen-
sional (FD) LTI plant.

1.4 Outline

We begin in Chapter 2 by discussing some mathematical preliminaries and notation
that will hold throughout this thesis. In Chapter 3 we investigate the Finite Stabil-

3We do not do this in the Compact Stability problem (the analysis is significantly more com-
plex), but we expect that our controller should be noise tolerant.
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Figure 1.1: Comparison of our control signal versus those in prior work.

ity problem; in Chapter 4 we retain the majority of the structure from Chapter 3
and extend that result to the more difficult Finite Tracking problem. In Chapter 5
we turn back to simple LQR optimal performance, but allow for a compact set
of LTI plants; since the set of uncertainty is infinite, we will require a new set of
notation and a different estimation approach than in earlier chapters. In Chapter 6
we investigate the TVGM problem; it will turn out that the process will be similar
to that of Chapter 5. Finally, in Chapter 7 we summarize our results and provide
some ideas for possible directions of future work.



Chapter 2

Preliminaries

Each chapter in this thesis deals with a slightly different control problem, but there
are some concepts, useful notation, and mathematical preliminaries that will be
used throughout; we introduce those here.

2.1 Standard Definitions

Let Z denote the set of integers, Z* the set of non-negative integers, N the set of
natural numbers, R the set of real numbers, and R™ the set of non-negative real
numbers. We denote the norm and the corresponding induced norm of a vector or
matrix via || - || (we will use the 2-norm in Chapters 3 through 5 and the co-norm
in Chapter 6). The set of real-valued bounded piecewise continuous signals on R"
is denoted PC (R”, when the dimension is clear from the context we will drop
the R"™. We measure the size of f € PC,, by

[ flloo := sup [l f(£)]],
>0
and the induced norm of a linear operator S : PC,, — PCs by

S
= sup 13l
7ePCoc, 120 [|.flloo

We say that f € PC is piecewise smooth on [a,b] C R if there exists a finite set
of points {z;},
a=11<Ty<...<xp =0,

such that, on each interval (x;,z;11), i = 1,..,k, we have that f and f are contin-
uous and bounded, and that they both have finite limits as * — z; and * — ;4.
We say that f € PC is piecewise smooth (and write f € PS) if it is piecewise

'We do not use Lo, (R™) since we are sampling signals without filtering them first.
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smooth on every finite interval [a,b] C R*T. We let PS,, denote the set of f € PS
for which .
[ fllso < 00 and esssup,|| f(t)]| < oo.

Finally, with 7" > 0, we let PS.(T) denote the set of f € PS,, for which every
discontinuity in f and f are at least T" time units apart.

It will be useful to analyze functions that depend on one particular interval of
noise data; to that end, we adopt the sampled-data lifting notation from [3]: we
partition the signal w € PC into intervals of length 7" and use w, to denote the
piece of w which occurs in the &% interval kT, (k 4+ 1)T) via

wy(t) =wkT +t), te]l0,T).

A natural extension of this notation is the following: we let PC.[0,7") denote the
set of piecewise continuous bounded signals on the interval [0,7), so x € PC[0,T")
if there exists a constant ¢ > 0 such that

lz(®)]] < e t€0,T);
additionally, we define
[2]loe == sup [lz(2)]-
te[0,T)

Furthermore, we say that the map

G : PCL[0,T) —R"
z— G(z)

has a bounded gain if there exists a constant ¢ > 0 such that
IG(@)]] < cf|z]oo
Clearly, if w € PC then
w, € PCL[0,T), keZ', T >0.
Finally, we will occasionally deal with maps of the form
G :PC,[0,T) x RP — PC,[0,T),

wherein the second argument plays the role of modulation; in this case we say that
G has a bounded gain if there exists a constant ¢ > 0 such that

1G(z,y)]loo < cllzfloe, 2 € PCo, y R,

with the smallest such ¢ denoted by ||G||. Similarly, we will occasionally deal with
maps of the form

G :PC,[0,T) x R? — R?,

11



wherein the second argument still plays the role of modulation; again we say that
G has a bounded gain if there exists a constant ¢ > 0 such that

Gz y)|| < cllzflee; 2 €PCo, y R,

with the smallest such ¢ denoted by ||G||.

In this thesis we often wish to select the smaller of the two quantities v; € R"
and vy € R™. The standard notation for such an operation is

argmin|[v||;
vef{vr,va}

unfortunately, the quantities v; and v, will sometimes be expressed only as com-
plicated functions of system signals and parameters, in which case this notation
will become highly cumbersome. To that end, we adopt the following slightly non-
standard notation:
argmin{]|oy |, osl]} := argmin o]
ve{v1,v2}

Finally, to remove any ambiguity, for every v; € R" and vy € R" satisfying ||v;|| =
|ug||, we set

argmin{||v1 ||, [|v2||} = v1.

It will sometimes be useful to use order notation to express the size of some of
our functions. To that end, we say that f : Rt — R™™ is of order 77 and write
[ = O(T7) if there exists a constant v > 0 so that, for sufficiently small 7' > 0,

LA < AT,

Occasionally, such a function f will also depend on a variable ¢ restricted to some
set @; in this case, we say that f = O(TV) if there exists a constant v > 0 so that,
for sufficiently small 7" > 0,

If(T, )| <AT?, ¢ €.

We have two last pieces of notation. First, we define || to be the floor operator:
for x € R,
|lz] :=max{y € Z : y <z}
Finally, we will use the Kronecker product ® on vectors, so, with z € R"™ and
y € R™ we have
Yy
TRy = : e R"™.

YTn

12
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Figure 2.1: Simplified System Block Diagram

2.1.1 Feedback Structure and Stability

With P the plant and C the controller, noise introduced at the plant input and
output, labeled w, and w, respectively, and an exogenous input y,.s, we have the
feedback diagram shown in Figure 2.1

We will investigate two standard types of closed loop stability: input/output
(I/O) and asymptotic. In each chapter we will provide precise definitions of these
concepts that are appropriate for the associated plant and controller structure under
study. For now, we (loosely) say that

e The controller C I/O stabilizes the plant P if, when all initial conditions are
zero, the map from the exogenous inputs to all outputs is well defined and
bounded.

e The controller C asymptotically stabilizes the plant P if, when all of the ex-
ogenous inputs are zero, for every initial condition, the plant and controller’s
internal variables go to zero as time goes to infinity.

From this description we see that the former can be viewed as a kind of ‘external’
stability, while the latter can be viewed as a kind of ‘internal’ stability, Finally, we
say that a controller stabilizes a set of plants P if it provides 1/O stability and
asymptotic stability for every plant P € P.

2.2 Notation Relating to Discontinuities

Recall that we are interested in time-varying sets of uncertainty and that we allow
discontinuities in the plant parameters; we impose a minimum time between these
discontinuities, which we label T;. Furthermore, for simplicity, we insist that the
plant parameters are always continuous from the right.

Starting with the first discontinuity at t;, we gather the times at which these
discontinuities occur to generate a strictly increasing, possibly finite, sequence of
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times {t;}. This possibility of finiteness poses a notational problem and would
require multiple special cases in our proofs. Since our results do not differentiate
between systems with infinite and finite numbers of discontinuities, we circumvent
this difficulty in the following way. If there are a finite number of discontinuities,
then there exists a non-negative integer [ which is such that ¢; is the time at which
the final discontinuity occurs. We then define

ty =11 +J1s, j€EN

and consider a new strictly increasing sequence that is composed of the original
finite sequence with these additional ‘false’ discontinuity times tacked onto the
end. Finally, since we are only concerned with the system behavior for ¢ > 0, for
convenience we will insist that the system be continuous at ¢ = 0 so

t #0.

Finally, we add the time
to =0

to the beginning of the sequence {t;}, so we have

[e.9]

[0,00) = U [t tr41)-

=0

To simplify our nomenclature refer to this new (infinite) sequence {t;} as the se-
quence of switching times.

It will be useful to define an associated sequence of (non-negative) integers {k;}
that indicates which periods may contain switches: we would like k; to satisfy

t € [k‘lT, (lfl + 1)T), l e Z+,
so it is natural to define

T

Recall that we impose continuity at to; it follows immediately from this and (2.1)
that there are no switches in the intervals

by = PJ L lezt. (2.1)

kT, (k+1)T), keZt\{k:1le N}
we adopt the common set compliment notation and define
{ky: 1 e N} :=Z"\ {k : 1 € N}.

Clearly, {k;} is a function of {¢,;} and T, to reduce clutter we do not make it explicit.
Furthermore, if we insist that 7" < T}, then

kl 7£ kl-i-la S N7

14



observe that we may have t; < T and therefore k1 = 0, so we must allow kg = k;
and be sure to account for this case in our proofsﬁ.

Finally, since some of our signals may not be continuous at the switching times,
we adopt the standard notation to indicate the left hand limit of z € PC, at a
point t: we say that
z(t7)=a

if, for every € > 0 there exists a constant > 0 so that
|x(7) —al|| <e, t—1€(0,9).

We will not need the analogue x(t").

2.3 The RACE Approach - A High Level Discus-
sion

In the introduction, we outlined what RACE can accomplish. Before proceeding
to the details of our problems and the proposed solutions, we provide a high level
discussion on how RACE is implemented with the goal of simplifying our discussion
in upcoming chapters; we will provide details and make all of the forthcoming
notions more precise in following chapters.

Typically, the implementation of a RACE controller involves splitting each pe-
riod into two parts, the Estimation Phase and the Control Phasal. In the Estima-
tion Phase, we attempt to estimate the optimal control signal for the active plant
(without directly estimating any plant or controller parameters) and then in the
Control Phase we apply (a suitably scaled version of) that signal to the system. Of
course we would prefer performing estimation and control simultaneously; however,
our approach provides a very convenient structure with which to deal with discon-
tinuities in the plant parameters. In the remainder of this section we will discuss
two natural questions:

(i) What can we estimate?

(ii) How will discontinuities in the plant parameters affect the system behavior?

These notions will need to be made specific to each of our problems, as such they
will be made more precise later on.

2 For small T, this is no longer an issue; however, we are interested in large T', so the point is
moot.

3Currently, there are two exceptions, we will briefly discuss one of these in Chapter 3 and the
other in Chapter 6.
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2.3.1 Estimation

Before we proceed, we need a piece of notation. We define the matrix E; € R"*"
to be analogous to the basis vector e; in the following sense: with all ¢ blocks of
dimension n x n we define

O e

E;:= | I | < " block element.

0

So, just as e; can be used to obtain the i'" column of a matrix A (via Ae;), we
can use F; to obtain the i block column element of a correspondingly partitioned
matrix

A= [ Ay Ay Lo A ] e R
via
AE; = A;.
Recall that the controller is periodic with period T' - we will discuss estimates

over a single period [kT, (k + 1)T). We let z € R" be the plant state. We can
(linearly) estimate the following:

(i) If the set of FDLTI plants is finite (i.e. {Fy,.., P,}) and if the active plant is
P;, then we can estimate the quantity

E;x[kT).

(ii) If the set of FDLTT plants is compact and p is the set of 2n Markov parameters
associated with the active plant P and its observer canonical form state-space
triple (A,, By, C}), then we can estimate the quantities

e[kT], z[kT]®@p, [=kT]@p@p, etc.

=wx[kT|®%p

(iii) With g(¢) a time-varying parameter at a fixed FDLTI plant’s input and a
constant u € R, we can estimate the quantities

u, uglkT), ug’[kT], etc..

Of course, there are certain restrictions on when we can obtain these estimates; we
will discuss them at the appropriate points in the upcoming analysis. It may be
possible to linearly estimate additional structures, but these are all that we will
require in this thesis. While it is not obvious, these estimates can be leveraged
to (linearly) construct estimates of a wide variety of control signals, including the
desired optimal control signals.
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2.3.2 Effect of Discontinuities on Estimation

Discontinuities will cause the control signal to be wrong for the remainder of the
period in which they occur, so if there is a discontinuity in every period, then (in
general) we will never be able to apply the desired control signal and the system
will likely become unstable. To that end, we will insist that

so after every period with a discontinuity there is at least one without a discontinuity;
furthermore, there is at most one discontinuity in any given period.

In the Control Phase we apply the estimate of the desired control signal; the
behaviour there is essentially open loop, so the control signal will not be directly
affected by the discontinuity. It will turn out that the behaviour of our controller
over one period will be independent of the preceding periods, so we will be able to
reassert the correct control in the period immediately following the switch; there-
fore, switching during the Control Phase is not a concern. On the other hand, if a
discontinuity occurs in the Estimation Phase, then, due to the nature of our esti-
mation method, the resulting estimate will likely be quite large - since this signal
drives the Control Phase this would play havoc with the plant. To alleviate this
problem we will obtain tWOH estimates in sequence and then use the smaller of the
two with the view that, even though the choice may be wrong, at least it will be
modest in size.

With this discussion in mind, we adopt the following notation: the duration of
each estimate is 7", so the Estimation Phase has duration 27”. Our controller is
periodic of period T', so clearly we will need 7" < T'/2.

4Since we know that there is at most one switch in each period, two estimates will suffice.
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Chapter 3

The Finite Stability Problem

In this chapter we propose a (mildly nonlinear) RACE controller which solves the
Finite Stability problem; i.e. for a finite set of LTI plants { Py, ..., P, }, the controller
provides the following:

e Stability in the face of persistent switching between those plants.
e Near optimal LQR performance when there is no switching.

e Near nominal LQR performance when there is switching (we will discuss what
we mean by ‘nominal’ later on).

A preliminary version of this work was published in the conference paper [38]; in the
first part (Section III) of that paper, we presented a highly intuitive and straight-
forward approach that performed estimation and control simultaneously and was
able to achieve optimal performance after only a single period. Unfortunately, that
controller has the major drawback that it can not handle even one plant change,
so we do not present any of the details here.

This controller is motivated by the approach in [26]. Here we seek to alleviate
the two main drawbacks in that work: we allow persistent plant changes and we no
longer require that the controller period be small. Larger controller periods allow
for smaller controller gains, so we expect improved noise performance. We investi-
gate both asymptotic and input/output stability; since our controller is nonlinear,
the latter is not automatic and has the effect of showing that our controller is noise
tolerant. Furthermore, we will show that our nonlinearity can be (effectively) re-
moved from the closed loop and put onto the noise signal, so our controller is almost
linear.

A brief outline is as follows. In Section B.Jlwe make the problem precise. In Sec-
tion [3.21 we present the design of a RACE controller that is based on a generalized-
hold and a generalized—samplelﬁ; the design is intuitively appealing and the analysis

LA generalized sampler constructs a weighted integral of the measured signal rather than simply
sampling this signal at a point.
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straight-forward (as compared to [20]), we also analyze some noise related proper-
ties of this controller over a single period. In Section 3.3 we investigate the stability
properties of this controller; in the context of plant switches, we construct a lower
bound on the achievable rate of plant changes and a corresponding upper bound
on the controller’s period which, together, ensure that stability is maintained. In
Section B.4] we turn to the question of performance: when there are no switches we
show that, if the Estimation Phase is sufficiently short, then we recover the optimal
performance, while in the context of plant switches we show that, if the controller’s
period is sufficiently small, then we can recover the nominal performance (again,
we will define what we mean by ‘nominal’ later). In Section we present an
illustrative example and we wrap up with a summary and concluding remarks in
Section In this chapter, we use the 2-norm to measure the size of a vector.

3.1 Problem Formulation

To define the problem, we will begin by obtaining a representation for our finite set
of LTT plants and then impose some assumptions. The motivation for this problem
is that of tolerating occasional faults, i.e. the plant switches from one LTI plant to
another without warning. It will be convenient to express this behaviour in terms
of a time varying plant that is defined via a switching signal, and then define a
time varying uncertainty set composed of those time varying plants. Once we have
done so, we will conclude by providing one of our two stability definitions and then
defining what we mean by performance.

Consider the LTT plant P; which is represented with the state-space model

z(t) = A;x(t)+ B; u(t), x(0)= o,
y(t) = G (1),

with z(t) € R" the state, u(t) € R™ the control input, and y(t) € R" the plant
output. Note that each of the LTI plants has the same number of inputs (m),
outputs (r), and order (n)ﬁ The finite set of LTI plants is given by

(3.1)

P:={P:i=1,..,q}.
It is natural to impose the following assumptions:
Assumption 3.1 (C;, A;) is observable for every i € {1,..,q}.
Assumption 3.2 (A;, B;) is stabilizable for every i € {1,..,q}.

At this point we fix P.

2If the orders are initially different, we let n be the largest order and augment the remaining
admissible plant models with some additional observable but uncontrollable stable states.
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We would like to fit the model ([BJ]) into the closed loop structure given by
Figure2l In this chapter we are not interested in tracking, so we set the exogenous
reference signal v,.; to zero; incorporating the noise at the plant output yields

e = Yyt wy
= Ciz +w,.
If we also include the noise at the control input, then we can rewrite (3.I]):

w(t) = A x(t) + Bi(u(t) + w,(t)),

e(t) = Cia(t)+wy(t). (3.2)

For our controller design method to work, we need the matrices {4, ..., A;} to have
disjoint eigenvalues. Although this may seem restrictive, it turns out that, if we
assume that the transfer functions

CZ(SI - Ai)_lBZ‘, 1= ]_, . q

are distinct and that (A;, B;) and (A;, B;) share uncontrollable modes only if j = i,
then the system can regularized by using output feedback of the form

u=v-+ Ke, (3.3)
so (B:2) becomes
#(t) = [Ai+ B,KC) x(t) + Bw(t) + [ Bi BiK | { . }7
——— —— | Wy
Z:Ai =:L; N—— (34)

e(t) = Cux(t)+ [0 I ]w(t),

and it follows from [5] that, for almost all K, the matrices {/11, ey flq} will indeed
enjoy the desired property. Henceforth we will impose

Assumption 3.3 {4, .., Ag} have disjoint eigenvalues.

The actual plant is not known exactly: at any given time it lies in P. To define
the set of admissible time varying plants we consider a piecewise constant switching
signal

o:RY—{1,...,q¢}
which specifies the index of the plant at every time t; we assume that o is continuous

from the rightﬁ. Since P is fixed, we can use ¢ to uniquely define the time-varying
plant P, which can be modeled via the following (time-varying) state-space model

~

[B(Zf) = Ag(t) .I‘(t) + Bo’(t) I/(t) + Lo’(t) w(t), ZL’(O) = Ty,
e(t) = Copyz@®)+[0 I] w(®). (3.5)
—

=y(t)

3We require this for convenience; a more general ¢ can be handled with minor modifications.
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With the minimum time between plant switches given by T, we can define the set
of allowable switching signals: for any T > 0,

Y, = {0 : there are at least T time units between discontinuities in o};

note that the first discontinuity is allowed to occur before t = T,. We can also
define the (time varying) uncertainty set: for any 75 > 0,

Pr, :={P,:0 € Xr.};

notice that Py, = P.

We now take a moment to investigate some useful properties of the switching
signal o together with some convenient notation. Each o explicitly defines the
times at which the plant P, switches, so using the (infinite) sequence of switching
times that we defined in Section 22 we can also define the (infinite) sequence of
LTI plant indices {#;} with i, € {1,..., ¢} which are such that

U(t) - ila le [tlatl+1)> [ € N.

Note that both {¢;} and {7} are implicit functions of o.

3.1.1 Stability

We represent our controller C by ([B3) together with an as yet unspecified term
given in input-output form:

k : PCyx — PCs

€= V.

(3.6)

Combining this with the plant P, represented by (B1) yields the closed loop system
diagram shown in Figure Bl and leads naturally to the following I/O stability
definition:

Definition 3.1 With Ty > 0 and xo = 0, we say that the controller C 1/O stabi-
lizes Pr, if, for every P, € Pr,, the map

(wy, wy) — (e, u,y)

1s well defined and has bounded gain.

We will provide a definition of asymptotic stability once the structure of the com-
pensator x has been established in more detail.
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Figure 3.1: Block Diagram

3.1.2 LQR Performance

We would like to design a controller which not only provides stability but also
near optimal LQR performance for each possible model P, € P. To this end, for
each i € {1,...,q}, we choose positive definite symmetric matrices @); € R™*"™ and
R, € R™™ set w = 0, and consider the classical quadratic performance index

Ji(w) = /O T 00w () + o (1) Ru(t)dt. (3.7)

If we substitute using (33)), then this cost function becomes

Jila) = /0 T i 0(t) + (1) + Ke®YRiw(t) + Ke(®))dt,  (3.8)

which (since e = Cjx) is a standard form for the model (B.4]). The LQR problem
is to find, for each zy € R", the control signal v which minimizes this cost. As is
well-known, the optimal controller is state-feedback:

v=Fux,
which gives rise to an optimal cost of the form
Ji (w0) = woVizo

with V; a positive definite solution of an associated Riccati equation. The closed
loop matrix that arises from applying this state feedback is labeled

Remark 3.1 Although (3.8) appears needlessly complicated compared to (3.7), this
15 exactly the structure that we will obtain when we analyze the step tracking case

in the following chapter; if we retain this structure here, then the proofs in the
following chapter will require minimal changes, so that is what we will do.
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Defining a cost function and associated optimal controller for plants that lie in
Pr, is harder than for those in P since we do not know the switching information
a priori; we defer doing so until Section B.4]

It will be useful to have uniform bounds on system parameters, so we define

a := max || 4],
i=1,..,q

yoo

b := max || B,
=1

[a)

c:= max |Gy,
i=1,..,q

¢ := max || L,
i=1,..,q

and

fi= max [|F|.
Finally, since A; is Hurwitz by design, there exist constants 7y > 0 and Ay < 0 such
that

||6Ait < ’70€>\0ta 7= 17 g, t> 0. (39)

3.2 The Controller

In this section we design the compensator x which is periodic of period 7'. Recall
that we wish to design a controller that provides optimal LQR performance for every
LTI plant P; and that, in Section [Z3.1], we indicated that it would be possible to
find a good estimate of the optimal control signal

v(t) = Fiz(t) = Fie D g[kT], ¢ € [kT, (k + 1)T); (3.10)
N——
=:H;(t—kT)

the main difficulty in doing so is that both ¢ and z[kT| are unknown. Although it
would be sufficient to obtain these two pieces of information explicitly and inde-
pendently, it is not necessary.

To achieve our objective, we begin by partitioning each period into two parts:
the Estimation Phase followed by the Control Phase. In the Estimation Phase we
will be able to use a generalized sampler to obtain an estimate of E;z[kT] and then,
motivated by the properties of E;, in the Control Phase we will use a generalized
hold to apply (an estimate of) the desired control signal (310):

v(t)=| Hi(t —kT) ... Hy(t—kT) ] Ex[kT] = H;(t — kT)z[kT).

~ /

::H(‘tf—kT)

The design discussion above gives rise to three minor issues. The first is that the
‘optimal’ control signal is applied only for part of the period (i.e. during the Control
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Vt)

H(t)argmin{|lv1 [K]]], [[v2[K][[}
r Fedi(t=FkT) gk

T
kKT kKT +T kT + 2T’ (k+1)T

Obtain Obtain
v1[k] va k]
~zlkT] =~ z[kT]

Figure 3.2: Input signal

Phase), so we do not use H directly; instead we use a suitably adjusted version of
H which we label H. Second, as discussed in Section 2.3.2], to mitigate the effect of
a switch occurring during the Estimation Phase, we obtain two estimates in series;
the duration of the Estimation Phase is 27”7, so we require 7" > 27". Finally, we
will be able to perform our estimation passively (i.e. the control signal is turned
off during the Estimation Phase); to reflect this fact, we will set

H(t) =0, te[kT, kT +2T").

Figure shows an example of the control signal v over one period when there are
no switches.

Finally, recall from Section 2.3.2 that we require 7' < T,/2. We now state the
final periodic compensator k:

THE PROPOSED COMPENSATOR «

With T, > 0, T € (0,7,/2), T' € (0,T/2), S,H periodic of period T, and
k € Z7", we define the controller by

vilk] = / o S(t)e(t) dt, (3.11)
valk] = /km/ S(t)e(t) dt, (3.12)

0 t € [kT, kT + 2T")

”(t):{ F(t)argmin{ o k[, [l [} ¢ € BT + 277, (k + 1)7). 1)
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Remark 3.2 Since the controller is nonlinear, there is no guarantee that the sys-
tem will be well posed; however, it is routine to prove that, for every choice of
o € Xy, and w € Lo, when (Z3) and k are applied to the plant P,, every xy € R"
yields a unique solution.

Before proceeding we make three observations. First, this s results in an overall
controller that is nonlinear; however, the nonlinearity will turn out to be very mild.

Second, since )
H(t)=0, te[0,2T),

we can write ([BI3]) more compactly as

~

v(t) = H(t)argmin{||or[K][], [loalK][[} ¢ € [FT, (k +1)T)

without worrying about causality issues. Finally, this compensator’s behaviour
depends only on the current period, so its ‘initial condition’ v;[—1] is irrelevant.

This choice of k together with (B3] leads naturally to the following definition
of asymptotic stability:

Definition 3.2 With T, > 0 and w = 0, we say that the controller C asymptoti-
cally stabilizes Pr, if, for every P, € Pr, we have that

(i) for every e > 0 there exists a § > 0 so that, if |xo| < &, then
Jz(t)]] <d, t=0,
o [K]|| < 8, and ||volk]|| < 0, k€ ZT,
and
(i1) for every xo € R", we have
Jim (6] = 0, Jimn oy [8]] =0, and Jimn [usft]] = 0.
Remark 3.3 Observe that (ii) is a global convergence condition, rather than the

typical local one. Furthermore, we will be able to prove a stronger condition than
(i), namely: there ezists a constant v > 0 so that for every o € R™ we have

[@)] < Allzoll, ¢ =0,

lor (K]l < Yllzoll, and |va[K]]| < Ao, k€ Z7.

We now make the notions discussed above more precise. We begin by designing
the sampler, then give the details of the hold, and last of all, we investigate some
system properties in the presence of noise. The sampler and hold are both designed
so that they have desirable properties when there are no plant switches and there
is no noise. To that end, in the next two sub-sections we set w = 0 and
assume that the plant is P, over the interval kT, (k+ 1)7T).
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3.2.1 Designing the Generalized-Samplers and the Gain S

We would like to design our sampler’s gain S such that, in the event that there
is no plant switch and no noise, the generalized sampler provides exactly E;x[kT].
We can state our estimation objective in the following way: if the plant is P; and
w = 0, then we wish S to be such that

mm:/WWam@ﬁ:@mm (3.14)
and ET+2T"
MM=/ S(t)e(t) dt = Ex[kT); (3.15)

observe that v [k], v2[k] € R™. To design such an S, observe that, since w = 0, we
have that
e=Yy= Cil',

so to achieve ([BI4]) for every admissible i we clearly need

KT+T’ kKT+1" -
/ S(tye(t)dt = / S(t)Cie R [k T dt
k k

T T
or equivalently
kT+T" )
/ S()Ce D gt = F; i=1,...q. (3.16)
kT

If we define the augmented matrices
A= diag{A;.. A} and C:=[ O, .. C,],
then (3.I6]) collapses into /
/ : S(t)Certdt = 1. (3.17)
0

Finally, if we set

S(0) :{ e AT'S(t—T), tell 2T (3.18)

0, te 27, 7),

then (BI7) is also sufficient to ensure that (BI5]) is satisfied for every admissible
i. Assumptions B.1] and ensure that (C, fl) is observable, so there is a whole
family of periodic functions which satisfy [B17) and ([BI8]); we provide an example
of such a function in Section

We would like to ensure that v; and vy are bounded in the presence of noise.
At first glance, it would seem that restricting S (on [0,7")) to PCs[0,T) would be
adequate; however, this would preclude the classical ‘ideal sampler’. To that end,
we restrict S (on [0,7")) to be the sum of an element of PC[0,7) and a sum of
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a finite sequence of impulses over [0, T); all such maps are said to be admissible.
Notice that an admissible S has the desirable property that the maps

/T/ S(t)e(t)dt : PCxol0,T) — R™

and
o7

S(t)e(t)dt : PCo[0,T) — R™

T/

have bounded gain.

Remark 3.4 The particular choice of an admissible S only determines the effect
of noise on the system. That being said, some choices of S will be easier to im-
plement than others. Indeed, for implementation purposes, we will typically choose
a finite string of impulses, equally spaced on [0,T), since implementing this would
be equivalent to constructing a weighted sequence of samples of the error, which is
easy to carry out.

At this point, with T, > 0, for each T € (0,75/2) and T’ € (0,7/2), we
choose an admissible S that satisfies (3.17) and (3.18]); to minimize clutter
we do not write it as an explicit function of 7" and T".

3.2.2 Designing the Generalized-Hold H

Recall that the optimal control signal for the plant P; is
v(t) = H;(t)z[kT], te[kT,(k+1)T);

as discussed at the beginning of this section, we can combine these H;’s to construct
the optimal hold gain H. Also recall that, since the control signal is applied only for
part of the period, we do not apply the optimal hold; instead we apply a suitably
adjusted version, whose gain H is naturally partitioned as

q

We would like H to have two properties:

(i) that it converges (in some sense) to H as 1" goes to zero and

(ii) that, even if 7" is non-zero, when there is no noise and no switches, the state
exactly matches the optimal trajectory at the endpoints.

We first consider (ii). We would like
z[(k + 1)T] = e*Tx[kT), (3.19)
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but -
e = AT 4 / AT B H,(r)dr
0

and

~ T ~ ~
z[(k+ 1T = {eAiT+ / N TN B H (1) dr | w[kT),
2

T/
so, since i is unknown, to satisfy ([3.19) and thereby (ii) we need
T R T
/ e T B (1) dr = / T B (T)dr, i= 1,4
217 0

This is clearly equivalent to

. 2T
/ e B; [Hy(T) — Hi(7)] dr _/ e TBHy(r)dr, i=1,..,q. (3.20)
) 0

Tl

J/

—w,(T,T7)
If (A;, B;) is controllabld] then, for each i, (B20) has a natural solution for H,: with
the controllability grammian defined by
t . .
Wi(t) == / e N B;Ble 7 dr,
0

the least square solution to ([B.20) is

H(t) = Ble M2 W4T — 27" e 4 T2y (T, T"), te[2T',7T). (3.21)
Our choice of hold is then

- 0 te[0,27")
H(t) = - - 2 ; 3.22

®) {[H1+H1 Hy+Hy ... Hy+H,|(t) te2T".7T), (3:22)
which clearly satisfies (ii). Note that each H; is an implicit function of 7" and T”;
furthermore, we define

Hiz[ﬁl ﬁg Hq}
We now prove that (i) holds for our choice of H; before doing so, observe that

| H:@)] = [[Fe™

< froe
S f’YO; tE[O,T), 7/:1,7(]

It will turn out that the following is a critical function:

eq(T,T') = 2b° frpe™ T’ max W, Y (T —277)]. (3.23)
i=1,..,q

41f it is not, we do a similarity transformation to isolate the controllable part and then proceed
in the same way.
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Lemma 3.1 With Ts > 0, for every T € (0,715/2) we have that

(i) for every T" € (0,T/2)

1O = | Hi(t) = Hi(D)]| < en(T,T), teRT.T), i=1,.q
(ii) (delijEH(T, T') = 0.
Proof: This result follows directly from (B.2I) and is left to the reader. "

At this point we have defined H by 321 and 22), and chosen an admissible
S that satisfies (B.I7) and [B.I8), so x as written in [B.II)-(B.I3) is well defined,
as is the controller C, which we relabel C(T',T") to emphasize its dependence on T’
and T".

3.2.3 System Properties in the Presence of Noise

Now that we have designed the controller C(T',7"), we would like to investigate
how noise will affect the system; the presence of the nonlinearity (which arises by
choosing the smaller of the two samples) complicates the analysis. It will turn
out that, over periods where there is no switch, we can separate the effect of the
nonlinearity from the effect of the state at the beginning of the period. In fact, it
will turn out that we can write a state-space equation (over one period) in which
the effect of the state is linear - the nonlinearities are contained entirely in the
noise part of the equationﬁ. Unfortunately, when there is a switch in the period we
cannot isolate the nonlinearity in this way; however, we will be able to find a nice
bound on the size of the sampler’s outputs and hence the control signal.

The following proposition will make these two notions more precise, but first we
remind the reader of the notation

wy(t) == w(kT +1t), te[kT,(k+1)T)
and that there are no plant switches on the intervals
KT, (k+1)T), ke {k:1leN}.

Finally, we define
7') == ma max ||e~AiteAit ;

notice that

. AN
(1) = 1.

5The state does show up in the nonlinear part, but only in the sense that it selects between
two functions of noise.
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Proposition 3.1 With T, > 0, T € (0,Ts/2), and T" € (0,T/2), there exists a
constant v, (T, T") > 0, 2q linear functions of noise

gbu . ﬁoo[O,T) — Rn—H, 1= 1, ., q
¢2,i : EOO[O,T) — Rn+T, 1= 1, ., q
with bounded gains, and q selector functions
Xi: Loo]0,T) x R — {0,1}, i=1,..,q,

such that, for every zo € R", 0 € X1, and w € PCy, when C(T,T") is attached
to P,, we have that:

(i) P,’s state-space representation (F3) satisfies

#(t) = Asx(t) + Bow Howy()2[kT) + [ ByyH(t) Loy | X

Xo(0) (Wi, TRTT) 1,00 (W) + [1 = Xo(o) (wy, [KT])] P24 (wy,)
w(t) ’

e kT, (k+1)T), ke{k:leN}.
(1) The sampler outputs vy and vy satisfy

min{[[or[K][], [oa[R]I1} < p(T) (kTN + (T, T)[wle, 1€ Z".

Proof: Please see Appendix [Al

The above provides detailed structure on the behaviour of the closed loop sys-
tem. Since the details of the way that the noise enters the system are irrelevant, the
following corollary, which looks at periods with no plant switches, will be useful:

Corollary 3.1 With T; > 0, T € (0,7s/2), and T" € (0,T/2), there ezists 2q
nonlinear, bounded gain functions

G Loo]0,T) x R™ — L[0,T), i=1,...q

0; - L0, T) x R — R"", i=1,..,q

so that, for every ro € R", 0 € Y, w € PCy, and k € {k; : | € N}, when
C(T,T") is attached to P,, we have that (3.3) satisfies

ZL‘(t) = Aa(t)x(t) + Ba(t)[:—ra(t) (t)x[kT] + gba(t) (Qka :E[kT])’ te [kT> (k + 1)T)a

2|k + DT = A6 2KT] + Bypery (g, 2lkT)).
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Proof: The result follows directly from Proposition BI)(i) and the properties of H
(most notably ([B.19)) and is left to the reader. -

Remark 3.5 We see that, on periods on which there are no plant switches, the
closed loop system behaviour is quite reqular: the effect of the noise can be separated
out, in some sense, from the effect of the value of the state at the beginning of the
period.

3.3 Stability

In this section we will investigate stability. When there are no switches, we can
prove stability for arbitrarily large 7', which is not possible when we have plant
switches; as such, we investigate these cases separately. We begin with the former.

Theorem 3.1 For every T > 0 and T" € (0,7/2), the controller C(T,T") sta-
bilizes P.

Proof:

Fix T'>0and T" € (0,7/2). Let 29 € R", w € PCw, and i = 1, .., q be arbitrary
and assume that the plant is P; € P. From Corollary 3.1l we have that there exists
two nonlinear functions

¢i + Loo]0,T) x R™ — L£,[0,7)
0; - Loo[0,T) x R™" — R
which have bounded gains and are such that, for every k € Z™ we have

#(t) = A (t) + BiHy(t)x[kT) + ¢i(wy, x[kT]), t € kT, (k+1)T)  (3.24)
z[(k + 1)T] = e*Tz[kT] + 0:(w,, z[kT)); (3.25)

since these functions have bounded gains, we can define

Vo = X 103l
o := max |6

Finally, since T and T” are fixed, we have that ||H||s is well defined.

(Asymptotic Stability)

Let o € R™ remain arbitrary and set w = 0. In this context (324) and (323
reduce to

~

i(t) = Ax(t) + BH;(t)z[kT), t e [kT,(k+1)T) (3.26)
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and

z(k+ 1)T) = ATz [kT). (3.27)

If we solve (3.27)) and then substitute the result into the solution of (8.20]), then we
clearly have

) t K .
x(t) = (eAi(t_kT) +/ eA"(t_T)BZ-Hi(T)dT) Ak gy, t e [KT,(k+1)T), ke Z*
kT

SO
lz(8)] < (eaT+TeaTby|1—ir||oo)%erkT||xoH, te kT, (k+1)T), keZ*

< (e“T + T@aTbH[:]||oo>’70€_>\0T6>\0t”$0||7 t>0;

yielding both our desired bound on x and

lim ||z(t)|| = 0.

t—o0

Since S is admissible and periodic, we have that there exists a constant v, > 0 so

that
kT+T’
ol = ||/ s@ea
kT
< max |le(t)]|, keZT
te[KT KT+T")
and
kT+2T'
festill = || [ Stejectya
kT+T"
< max e, kez.

s teRT+T" kT +2T")
Since e = Cjx, this clearly yields both the desired bounds on v; and vy and the
limits
T oufk]] < Jim yclz(t)]
= 0

and
i es[H]]| =0,

(I/O Stability)

Let w € PCs be arbitrary and set zo = 0. From the structure of C(7',7"), the
definitions of e and y, and since S is admissible and || H ||« is well defined, it is
enough to find a bound on ||z]|« in terms of ||w/||s.
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We begin by solving ([3.24)) to find

o(t) = eAi(tkT)x(kT)+/t eﬁi(t*T)(Biﬁi(T)x[kT]—|—<z§i(wk,x[kT]))dT,
kT

te kT, (k+1)T), keZ",

SO

t

lz@)] < 6“T||w[k’T]||+/kTea(t_T)(bllﬁlloollx[kT]II+7¢||w||oo)d7

< [T+ TETH ] AT + Ty
N~——

"

v~

=2

te kT, (k+1)T), keZ'. (3.28)

=7

Since zg = 0, solving ([B.25]) yields

k-1
e[kT]) = M (w, 2[§T)), k€ ZT,
=0
SO
k-1
=TT < D 70e™ 0wl
=0
7076
< Toowrlvle, kEZT

which combines with (3:28), yielding
lz@l < nllekT +2lwle, teRT(k+1)T), keZ?

{ Yoo

< NT— T +72] |w]|so, t>0,

so clearly
Y07
ol < |17 2207 + 2] ol
|

We now turn to the case of (possibly persistent) plant switches; these plant
switches introduce two main difficulties:

(i) It is well known that switching too quickly between stable LTI systems can
lead to instability.

(ii) In periods with a plant switch, the incorrect control will (likely) be applied.
To address these two issues we will place bounds on Ty, T', and T":
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(T5)

(17)

Even if (ii) was not an issue and we could immediately apply the correct
control signal, (i) says that if T is too small then our controller may not be
able to stabilize the system. To that end we will place a looseﬁ lower bound
on the choice of T5. It will turn out that a critical value is

tn {0 (1+ 202)°}
T, .=
- Aol

As T increases, the duration and adverse effect of (ii) will also increase. The
end result of this is twofold: first, the undesirable effect of the plant switch
is further increased due to the application of incorrect control, and second,
the total amount of time that the correct control signal is applied (before the
next switch occurs) is decreased. To this end, we place an upper bound on
T. It will turn out that a critical value is

7(r) = min { 2o 2 (1, - 1)}

Finally, recall that the gain of our generalized hold is
H=H+H :

the size of H and therefore H will (likely) increase with increasing 7”. So,
even if T is small, the adverse effect of (ii) will increase with increasing 7.
To that end, we will also require that 7”7 be small.

Theorem 3.2 For every Ty > Ty and T € (0,T(Ty)), if T' is sufficiently small
then C(T,T") stabilizes Pr.,.

Proof:

Fix T, > Ty, T € (0,T(Ty)), 0 € X7, and let 29 € R", w € PCy, and T" € (0,T/2)
be arbitrary. From Corollary Bl there exist 2¢ nonlinear functions

and

bi i Loo]0,T) x R"™" — L£,[0,T), i=1,..,q

0; : Loo[0,T) x R — R

that have bounded gains and are such that, for every k € {k; : | € N}* we have

~

#(t) = Aga(t) + Bowy How (D2[KT] + Goqy (wy, 2[kT1), t € [KT, (k+1)T) (3.29)

6This bound is loose in the sense that our controller can stabilize uncertainty sets with some-
what smaller T, but to do so we must force T to be small.

34



and
2[(k + 1)T) = eAOT2[kT] + 0,0 (wy, z[KT7)). (3.30)

Since these functions have bounded gains and are implicit functions of 7", we can
define

(1) = max | ¢illoc

and
Yo(T") = max. 10: -

IR ]

Finally, recall that switches are confined to {k; : [l € N} and
t € [kl, (k’l + 1)T), [ e Z+;

however, observe that, even though the plant parameters are discontinuous at ¢,
the state x is not.

Before turning to the particular details of each of our two stability types, it will
be useﬁ}l to performAsome preliminary analysis. To proceed, it is important to note
that ||[H(t)|| and |[H ||« are implicit functions of T"; indeed, there is no uniform
upper bound on || H||«; however, by definition, for every i = 1, .., ¢ we clearly have
that [ )

~ 0 te|0,2T
H’i t — nd ’
VRO =4 Y- oy < oo
SO
[Hillo < max |[H;(t) — H;(t)]

T tel2TV.7)

< fyw+ max |IL#)], i=1,.,q
t€[2T",T)

If we use the definition of ey given in (8.23) and Lemma [B.lto bound the rightmost
term, then we find

| Hilloo < fro+en(T.T), i=1,..q. (3.31)
Since T is fixed, we write ey (T") instead of ey (T,1").

We first address the [ = 0 case in the sense that we investigate the interval
[0, k&, TJ. We begin by solving (F30):

k—1
p[kT) = e*oF ag + 3 " eMob1=0T0, (w, 2[jT]), k=0,.. ki,
j=0
SO
k—1
=TT < e [laoll + Y 206 (") ]|
j=0
1
S ’70”170” —f-’}/o’}/g(T,)meHoo, ]{5 = 07 ey k?l. (332)

7"Observe that this includes the degenerate case of t; < T, in which case the interval consists
of only the point 0.
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Additionally, we can solve (3.29]):

. t R
z(t) = e D g [kT) + / e[ By Hyo (7)x[KT] + ¢4y (wy,, 2[KTT) ] dr,
kT

te kT, (E+1)T), k=0,.,k —1,
SO

lz ()]l < [e™ + Te™ b(fr0 + en(T"))] 2 [kTI| + Te™ 76(T) [w] o,

-

::o?or(T’)
te kT, (k+1)T], k=0,. k — 1,
which combines with (8:32) to provide a nice bound over the interval of interest:

=@ < ao(T")yollwoll +

ao(T")v0v0(T")

.

1 a
oot 1T llwlle, € 0.kT]. (3.33)

=7(1)

We now turn to ¢t > kT. We will present two claims: the first examines the
behavior of z on intervals where there is a switch and the second uses Corollary B
to examine the behavior of x on intervals where there is no switch. Together
with ([3:32]), these claims will provide the necessary tools for proving both types of
stability.

Claim 1: There exist constants v;(7") > 0 and 7;(7”) > 0 such that
2Ol < Nk T + 7 (T)lwllee, t € KT, (ki +1T], I €N.

Proof:

Let [ € N be arbitrary. Since the interval of interest contains a plant switch, we use
Proposition B[(ii) to bound the size of the sampler output: there exists a constant
Yo (T") > 0 such that

min{|[os [kl ||, [[va[R][1} < p(T) 2[R T + 70 (T") [[wllo

so, by definition of v and using (331)) to bound || H||s, we have

@Il < (fro+ea(T)) x (p(T)lz[BTI + () [wll).
te kT, (k+1)T). (3.34)

The plant switch causes a discontinuity in the plant parameters, so we must be
careful when solving for x in this period. To that end, we split the period into two
parts: before the switch [k,Tt;], and after the switch [t;, (k; + 1)T].
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We start by investigating the first interval. Solving ([B.0) yields

t

2(t) = e R g [j,T] + / A=) (B, v(r) + Lyw(r)] dr, t € [kiT,t4),
kT
SO

Sea(t_le)

a(t—kyT) (R — 1)
[z(®)] < e ||$[le||+f b max |[[v(7)|| + {fw|e |

tetti41)

t E [le, tl+1].

We can then use ([3:34) to find

al

|z(t)]] < e“TH:r[krzT]Il+%b(fvo+€H(T’))(p(T’)||x[sz]||+%(T’)||w||oo)+
e?Ty
— ]
= T 1+b(f70+5’;(T/))p<T/) |2 [k T +
) ::o;;(T’) ’
aT
(0 + en(T)) (T + 0] 1w, t € [T, 1), (3.35)
::a‘zr(T’)

Similarly, in the second interval [t;, (k; + 1)T) we find

eaT

lz@®l < e e + —b(fr0 +eu(T) o(T) [T + a2(T")|lw]l,

t e [tl, (kl + 1)T],

a

In the case where k; T = t; this provides
@I < ar(T) |2k T + ax(T)[wlleo, T € [T, (ki + 1)T7]. (3.36)
otherwise, we use ([B33]) to find
lz@] < 6“2(041(T')H93[MT]|| + (T lwlle) +
—b(fr0 -+ en(T) o) [T + s

_ eaT (Oél(T/) + b(f’}/o + 5H(T/>)p(TI>

a

) (kTN +

[\

e

=71(1")
ax(T") (e + 1) [[wl|oo, ¢t € [KT, 1) (3.37)

>
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Since it is clear that
1(T") > o (T")

and
Y(T') > ax(T),

we can combine (B.37) with (836]) and (335) to find a bound on the entire interval:
Iz < (T kT + 71 (T [wlleo, ¢ € [T, (ki + 1)T].
n

We now turn to intervals where there is no switch: [(k;+1)T, k11 T). Note that
we have only one degenerate case: it may be that t; < 27", so p;7" < 1, in which
case the interval [(po + 1)T', p1T] = [T, p1T] contains only the point 7.

Claim 2: There exists 7(7") > 0 and 42(7”) > 0 such that, for all [ € N we have
()] < X E Do (T |2 [k T + 72T |wlloos ¢ € [(ki + T, ki T,

Proof:

Let [ € N be arbitrary. To reduce notational clutter we write
(KT, KT) := [(k; + )T, k1 T)

and write ¢ instead of 7; (so the plant is P; over the interval). We begin by solving

B30):
2[kT) = eMEBTLkT) 43 Mt 1-0TY, (w 2[jT)), k<k<k-—1;
SO

lz(kT]I < e BTNk T + ) 0 y0(T) ]| oo

J=0

. Y0v6(1")
< eI [ETT| + m”wﬂw (3.38)

Next, we solve (3:29):

t

x(t) = eAi(t_kT)x[kT]—l—/

A0 | B (0)alkT] + ¢u(uwy, 2lkT])| dr,
kT

te kT, (k+ 1T, k=k, ..k—1,

SO

eaT

o0 < Uk + S (b0 + (T kT + 36T ]
— o (1 4 ot e ”) oK) + S ()]

te kT, (k+1)T)], k=k . k-1
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Combined with ([338), this yields

le()] < e (1+b(f”°“H(T)>> (%ew’f>T|r:c[@T1H+M||wuoo)

a 1 — erT
6aT )
+77¢(T)||w||oo

b +eng(T’
el e <1+ (f20 aH( ))>Hx[ET]II+

=:a3(T")
o b(fr0 +eu(T) \ 107(T") | (T
1 + N T HwHOO?
a 1 — et
:o;:(T’

We now turn to Claim 1, which says that, in particular,
[z [ET]]| < v (T) [l (kT 4+ 7 (T) [w]l oo,

so we have

lz@)l < P ag(T) alKTT|| + aa(T")|w]l

OB 0, (T7) (0 () lal kT + (T ) + 0a(T) 0]

telkT,(k+1T), k=k, ., k—1;

IA A

it follows that

le(@)] < et e T ag (T (1) || kT +

=72(T")
[s(THYAL(T") + au(T)] || W, ¢ € [ET, ETY.

(. J

=72(1")

We now assemble our results to find a bound over the entire interval [0, c0). To
do so, notice that, in particular, Claim 2 says that

ki T < o=y (7)o [k T + 72(T)[wlloe, 1 €N

so, since
iy —t,>2T,, [€N,

we have that

ki T] < @20 (T) |2 [k T + 72(T") |w]l o, 1€ N,
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If
=20 (T < 1 (3.39)

then it follows immediately that

o (1-1) Y2(T")
|2 [kT)|| < \(6A0(T (1)) ||k TN + T oremzn [Wleo, TEN,

g

<1

which combines with ([333)) to yield

_ -1
lakT]| < (2@ 2y (1)) ag(T")70 20| +

s+ — 22T . 1eN. (3.40)

1 — ero(Ts—2T) /2

/

=73(T")

It will turn out that our hypothesis ensures that ([339) holds (for sufficiently small
T"); to maintain the flow of the proof, we defer showing this until the end. In the
meantime, we assume that (3.39) holds (and restrict 7" accordingly) and proceed.
From Claims 1 and 2 we have that

la@)] < max {7 (T"),%(T") kT + max {31(T"), 32(T") }w]oo
t € kT, kaT], 1 €N;

if we combine this with (40), then it follows immediately that
_ (1-1)
lz@)]l < max {3 (T7),7(T) } (T (T")" 7 ao(T")rolloll +

Smax {(T"),7%(T")} x 33(T") + max {71(T/),72(T')})/||w\|oo>

(1)

S [k’lT, kl—i—lT]a l e N, (341)

which we will use in conjunction with ([8.33]) to prove our stability results.
(Asymptotic Stability)
If we set w = 0 and let g € R"™ remain arbitrary, then by ([3.33) we have

[z < ao(T)vollzoll, ¢ € [0, k1T,
and by (B.41]) we have

B =
|z()| < max{n(T"),7%(T")} (GAO(TS 2T)72(T,)) oo (T )vo|o]|,
€ [T, ki T], 1€ N.

Clearly, for each admissible 7", using ([3.39) yields the desired bound

()| < max {3(T"),%(T") fao(T)v0l|zol, t >0, 1€N;
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furthermore, we also have

tlim |lz(t)] < hm (max {7 (T),7%(T")} (e’\O(TS_2T)72(T'))(
so, again using ([3:39)), it follows that
lim ||z(t)|| = 0.

t—o00

-1
) (&%)) (T,)/Y()) )

As in the proof of Theorem B since S is periodic and admissible and (with the
noise turned off) e = C;z, these clearly yield both the desired bounds on v; and vy
and the limit

Tim oy [k]]| = 0, and Jim [JuafA]| =0

(I/O Stability)

Set o = 0 and let w € PC,, be arbitrary. Observe that, for each T, T" pair, HﬁHOO
is well defined, so, as in the proof of Theorem Bl from the structure of C(T,7"),
the definitions of e and y, and since S is admissible, it is enough to find a bound
on ||z||e in terms of ||w||oo. From (B4T), we have

2@ < YT [wlloo, ¢ = kT,
so using (B33]) to provide a bound on ||z(t)| over the interval [0, kT yields
zlloe < max {Fo(T"), 34(T") }[w]] .
n

[t remains to show that our hypothesis ensures that (3.39) holds for small 7".
We begin by using the explicit formula for v5(7”) derived in this proof:

(T") = e T ag(T)y (T'),

with
az(T") = ~oe™" <1 + Al +a5H(T ))) ;
(1) = e (am L W a;(T'»p(T')) |
and

a

o) = 7 (14 W T DALY,

back-substituting we find

po(T') = e oTe2al (1 N (f70+sH (7") ) y
[eaT (1 n (f70+€H(T’)) (7" > LW ten(T))p (T’)]
< e e (1 + (fa% +en(T > < fjo + 8H(T’))P(T’)> '
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But
. AN
) =1
and, from Lemma [3.1],

lim ey (7") =0
T'—0
SO

b 2b
lim e)\O(Ts—QT),yQ(T/) < e/\o(Ts—QT)e—AoT,yoe&zT,yO (1 + f’Yo) (1 + ffYO)
T'—0 a a
2
< MTieBa—doT <1 N 26270) .

To simplify this expression, we will use the hypothesis that T > T and T' < T(Ty);
it follows directly from this and the definition of T'(T) that

T < 3((|1>\_0>|\0)(Ts_£)
= 3a— )T < [M|(T,—T)
o BaMT o hol(TT)

— eAO(B—Ts)’

SO

2bfy0\
jl;mo 6AO(TS_2T)’}/2(T/) < ekogryo (1 + 270) )

If we now apply the definition of T}, then we find that

Jim e T2, (T) < 1,

and therefore, for sufficiently small 7" we have that

T2 (T < 1.

Remark 3.6 We indicated earlier that T is a loose bound; indeed, it is easy to
arque that a more reasonable (and much tighter) requirement is

In(7o)
| Aol

For such a T, we claim (without proof) that the controller C(T,T") will stabilize the
set PTE; unfortunately, the only way that we have found to prove stability for such
a bound involves forcing T to be small, which is undesirable. On the other hand,
using the bound T allows for the derivation of the bound T(T,) which has the nice
property that T(T,) — oo as Ty, — oo, which is consistent with Theorem [3]

T, >

8Indeed, this is the bound that we will use in the (more general) context of a compact set of
plants (Chapter 5).
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3.4 Performance

Here we investigate the performance of the proposed controller; as such, we set the
noise to zero throughout the remainder of this section. We will consider two cases:
performance with no plant switches, and performance in the face of plant switches.

We begin with the first case: the plant is unknown, but lies in the finite set of
LTT plants P; to that end, we fix the plant index, say at ¢. For the plant P;, the
corresponding LQR-optimal signals are

20(t) := etitay, t >0, (3.42)
LO(t) = Fetitay, t>0, (3.43)

and

so the optimal LQR cost is

JP(20) := /OOO (2°(1)) Qi (t) + (V°(t) +£<e°(t))’Ri(y0(t) + Ke'(t)) dt

=:M; (0 (t),1°(2),€°())

and the actual cost is
Ji() = / Mi(a(t), v(t), e(t))dt.
0

Observe that, since there is no noise and there are no plant switches, both samplers
will always produce the same result, so the closed loop system is linear time varying
(LTV). We will show that, by making 7" small, the difference between J; and J?
can be made as small as desired for every plant P;.

Theorem 3.3 For everye > 0 and T > 0, if T is sufficiently small, then the
controller C(T,T") stabilizes P and, when C(T,T") is attached to P; € P, we
have that

| Ji (o) — J} (20)]

IN

/OoO HMZ(x(t)v V(t)7 e(t)) - Mi(x()(t)v Vo(t)7 eo(t))H dt

8”1’0”2, To € R,

IA

Proof:

Fix e >0, T >0, and w = 0. Let zp € R" and i = 1, .., ¢ be arbitrary. Stability
follows directly from Theorem Bl With ey given by ([B.23)), from Lemma B1] we
have that

|H;(t)|| < en(T,T"), te2T,T), i=1,.,q.
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Since T' is fixed, we drop it and write €y (7"); furthermore, Lemma [B.1] also says
that
lim ey (1",7T) =0,
T'—0
so there exists a constant 7] € (0,7/2) so that
en(T) <1, T €(0,17)),

so henceforth we let 7" € (0,T}) be arbitrary. From Corollary Bl we have that

i(t) = Ax(t) + BH;()x[kT], t e [kT,(k+1)T) (3.44)
and _
z[(k+ 1DT] = et 2 [kT). (3.45)
We define
Ti=x—2°
and
vi=v-—21"

so from (B.40]) we have that
T[kT) =0, ke Z . (3.46)
We will investigate the cost function over one period T, and then extend the

result to the entire time range. It follows immediately from the definitions of J;
and J that

| Ji(0) — J) (o) |
< / 1M (), v(8), e(t)) — Mi(a(t), L0(2), ()| dt

k=0 \"FT

> (k+1)T
=2 ( / IMi(r(t), v(2) e(t) = Mila®(), (1), () dt) (3.47)

We now find a relationship between the actual and optimal cost functions over a
single period T'. With

it is straight-forward to check that
(k+1)T
[ Il vle) @) = Mia®(2). (1) (0)] i <
kT

(k+1)T
wqr/ {Hwo(t)l\ 12O+ N1 + [V OMZOI + @) +

@ MZON+ [ ONE@N + Hﬁ(t)lleo(t)H}dt,
ke Z*.(3.49)
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We now use the definitions of 2% and v? given in [3.42)) and ([B.43)) respectively, then
apply ([3.9) and simplify, to find

(k+1)
/k M (t), v(2), e(t)) — Mi(® (), (1), °(2)) | dt

1T
< Vigr /kT {He"‘i“‘mll < KT (12 + [lZ@)]]) +
[ Fse R0 o (2 (kT (12 )+ 2()]]) +
10117 + |2(t)]|* + IID(t)IIHf(t)H}dt

(k+1)T
< Vg /kT [%(1 + Dl kT (@) + [2@l) +
IO + @) + ||’7(t)|\||f(t)H}dt,
keZt. (3.50)
The upshot of this is that, if we can bound fkk+1)T t)|ldt, f(kH (t)||?dt, and

|Z(¢)|| by a suitably scaled version of ||ac[k:T] |, then we can leverage (BEH) to obtain
the desired result. We begin with fkkﬂ |&(t)]|dt and fkkH)T |2(t)||2dt:

Claim 1: There exists a constant v; > 0 satisfying

(k+1)
/ 1) ldt < (T + e (TDIRTI, & € 2,
k

T
and
(k+1)T
/ ()2t < (T + e (T)|[kT]|?, k€ Z*.
kT
Proof:

By definition and (3.48]) we have that

(k+1)T (k+1)T
/ lo@)dt = / () — o0 (8) |t
kT kT

- / N CEL() — Hi(t)y T dt
- / | — Hi(t)e[kT)|dt + / Ao AL

(k+1)T 27" T
/ |lo(t)]|dt < [/ Vil dt+/ en(T")dt
kT 0 277

< [2f0T" +en(T)T]|[kT], k€ Z.

SO

[ (KT
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Similarly,
T

(k+1)T 27!
[ e < | [ s [
0 27"

T

en(T')2 dt | |Jx[kT]|”
——
<enu (1)

< [20f%)°T" +en(T)T] |2 [kT]|".

Set 1 := max{2f70,2(fv)? T} to obtain the desired result.

Now we turn to [|Z(t)||:

Claim 2: There exists a constant 7, > 0 satisfying
12O < 9T+ ea(T)||=ET), ¢t € kT, (k+1)T), keZ

Proof:
Using the definitions of A;, 2°, and v combined with ([BZ4)) we obtain
i(t) = Az(t) + Bio(t), t>0.

Solving this and using ([B.44]), we find that

to
/ A Bo(tYdr, te kT, (k+1T), keZt
k

7
T
SO

t
lz@)] < /leleAi(tT)Bi\l\lﬁ(t)lldf

(k+1)T
< bee /  lelar

to which we apply Claim 1, to obtain
12 < be™ 1 (T" + e (T") |l[KT] |,

=72

te kT, (k+ 1)T), ke Z.

Now we return to ([B.50), to which we apply Claims 1 and 2 to yield

(k+1)T
/kT IMi((t), v(2), e(t) — Mi(2"(2), v (1), (1)) it
< {201+ DT T + ep (TN RTI + (T + ey (T') |2 KT] ]
(T + e (T KT + TA3(T + () PlJe kT +
W + (T lRT]|92(T + 3 (T')|| (KT}
’qur{%(l + N[Tr+m] +n+THBT +eq(T)) + 17T + EH(T/))} X

(T" + e (TH)||z[kT)|]?, k€ ZT.
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Observe that T
(T/ + €H(T,)) S 5 + 1,

so this reduces to

(k+1)T
/k Mi((t), v(2), e(t)) — M(a(t), v0(2), (1))

< yr{ D1+ 1) +(T/2+ D] [T + 9] + 9 T+ eu(T)]lk T,

J/

=3

kEeZt.

We can now combine this with the solution to ([3.43]) to yield
% (k1)T
Z/w M((t), v(8), e(t)) — My(a®(2), (), (0))|| dt <
k=0

(T + (T Y e
k=0

and then use ([B.9) to obtain
o ,k+1)T
S [ I, el0) - M 0,070, (o)

< BT+ en(T)) 3 72PN ||
k=0
— (T +enl(T) 35231 — 7).

g

=74

Finally, using Lemma [3.], we have

lim (7" + &4 (T'))ys = 0,

T'—0

so, for every sufficiently small 7", with ([B.47), we obtain

IN

| Ji(zo) — J7 (x0))| /OOO [Mi((t), v(1), e(t)) — Mi(a®(), v°(t), (1)) || dt

el |ol|*.

A

We now consider the performance when the plant is allowed to switch. Unfor-
tunately, even though we set the noise to zero as in the previous section, if a switch
occurs during the Estimation Phase, then the output of the samplers will typically
be different, so the nonlinearity will directly affect the analysis.
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To proceed, we must first precisely define the performance goal. If o € X,
was known in advance, then we could simply solve for the optimal control signal,
corresponding state trajectories, and corresponding optimal cost, and use these
quantities as our goal. However, this is unrealistic since ¢ is not known in advance
and we are evaluating a causal control law. Instead we select the nominal (possibly
not optimal) controller in the following way: for a given plant P, € Pr,, we define
the nominal control signal on the interval [¢;,#;41) to be the one that corresponds to
the LTI optimal controller for the plant P;,. More precisely, if the plant is P, € Pr,,

then the nominal control signal 2, nominal state 2°, and nominal error € are given
by ]

O(t) = FetatWy(t), telt, ), €N, (3.51)

20(t) == e Wg(t)), t €[t ty) €N, (3.52)

and
e(t) == Coya®(t), t>0.

with a corresponding nominal cost of
J[(l)fz7tz+1)(x(tl)) =
tiy1 _
/ [(2°(t)) Qs () + (VO(t) + Ke°(t)) Ry, (V°(t) + Ke'(t))] dt, 1€ N.
17}

Note that this is exactly the optimal cost for the LTI plant P;, over the interval
[t;, t141). Similarly, our actual cost is

St (@(t) = /t . [ (1)Qux(t) + (v(t) + Ke(t)) Ry (v(t) + Ke(t))] dt, 1 €N.

If [t,t) C [ti,ti+1), then we define Jy 5 (£(t1), Yrey) and J[g@ (&(t1), Yrey) in the natural
way.

The following result shows that, by making 7" and 7" small, for every P, € Py,
the performance can be made as close to the nominal one as desired.

Theorem 3.4 For every ¢ > 0 and T, > T there ewists a constant T, €
(0, T(T,)) such that for every T € (0,T), if T" is sufficiently small, then the
controller C(T,T") stabilizes Pr, and, for every o € ¥r,, attaching the controller
C(T,T") to the plant P, yields

‘][(t)l,tHl)(x(tl)) - J[thtlﬂ)(x(tl)) < EHx(tl)H27 l e N7 Zo € R".

Proof: Stability follows directly from Theorem The proof of performance is
complicated and is provided in Appendix [Al
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3.5 An Example

To illustrate the proposed design and some of the closed loop system properties we
will discuss the following example problem: we allow the plant to switch between
the two LTI plants

and
o { H) = () +ult)
2 .
y(t) = —ux(t),

which are not simultaneously stabilizable using an LTI controller. Observe that
n = 1. We discuss this problem in two different settings: in the first, we concentrate
on performance and ignore noise, while in the second we investigate the response
of the system when noise is present.

Notice that the eigenvalues are not disjoint, so our controller design begins with
the selection of the regularization gain

K =2,

which results in the state-space representations

1211 =3 and /12 = —1;
there is no change to B; and Cj:

Bi=By=1, C;y=1, and Cy = —1.

We select the LQR variables

Qi=R; =1, i=1,2;
using the cost function ([B.8) yields the optimal gains

Fy = —4414 and F, = 04141

For this problem, we can calculate T = 1.94s; to illustrate that this bound is loose,
we will switch plants every 0.5 secondd!d.

The hold is explicitly defined via (8:21) and ([B:22]), but we must still design our
sampler function S. To do so we need some additional definitions. We choose an
additional parameter j € Z™ satisfying

j>2n=2

9These are the gains for the optimal control signal v = Fjz; to find the gains for u = Fx
simply set F,=F +KC,.

00bserve that, as discussed in Remark since these plants are first order, we have that
Y0 = 1, so we expect that the tight lower bound on T is actually zero.
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and then set

then we define

OeA(j_l)h

Since j > 2n = 2 and (A, C) is assumed to be observable, by [7], for sufficiently
small h, the matrix O;(C, e?") has full column rank. If we define

E e ((9]-(0,ef*h)’oj(c,e/ih))1 0,(C, eAhy

and let S(t) (on [0,7)) be a weighted sum of j impulses given by
S(t) = w0(t — kh),

then it follows that -
T’ J—-
/ S(t)e(t)dt = Sge(kh); (3.53)
0 k=0

it is routine to check that the sampler (B.53)) satisfies the desired properties. Observe
that the generalized sampler can be implemented using a weighted sum of j samples
of e, spaced h time units apart. For this reason, we refer to h as the sample time.

We will present two controllers which use different choices of 7" and 7, so to
conserve space, we provide only one set of example calculations. Here, we select
the period, Estimation Phase duration, and sampler parameter to be

T =0.1s, 27" = 0.02s, and j = 10,
respectively; with these choices the sample time is
h =0.001s.

The corresponding sampler gains are

[ 28] s [ 53]

Completing the controller design, we find that the generalized hold gains are
H, (t) = —4.414e~ 1414 _ 1 795¢~3(t-0-04)

and )
Ho(t) = —0.414e~ 1414 _ (086000,

Together, S and H are two orders of magnitude smaller than the gains of [26].
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3.5.1 Performance

Here we turn the noise off and investigate the performance of the system. The
controller period is T' = 0.1s and the sample time is h = 0.001s; we could use
a longer period, but then we would need to switch more slowly (since we need
2T < Ts) and our figures would be highly uninteresting. As stated above, the plant
switches every 0.5 seconds - the switch occurs in the middle of the first sample
during the Estimation Phase. We investigate two sampling durations, 77 = 0.01s
and T" = 0.03, shown in Figure and Figure B4 respectively; the time axis
indicates the locations where the plant switches. These results show that both
the state and control signals are close to the nominal ones; the jumps in u and
corresponding increases in the state correspond to the Estimation Phase, where
v = (4. In the case where the Estimation Phase is shorter (i.e. 7" = 0.01s) the
oscillations in u become smaller and both the control signal and the state get closer
to the nominal ones, as expected; given the scale of our figures, it is somewhat
difficult to see the improvement, so we include a zoomed figure of the state x with
the two cases overlaid (Figure B.3]).

State - x

2.005 2.505

0.505 1.005 1.505 2.005 2.505

Figure 3.3: Example - solid is actual, dashed is nominal - 7" = 0.01s.

1 Observe that, in this second case, the Estimation Phase takes up more than half of the period.
12Recall that we have regularized the system, hence the input u is not zero there, instead it is
Ke.
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State — x

0.515 1.015 1.515 2.015 2.515

v

0.515 1.015 1.515 2.015 2.515

Figure 3.4: Example - solid is actual, dashed is nominal - 7" = 0.03s.

3.5.2 Noise Rejection

Here we consider the same setup as above, but we add noise at the plant output and
set the initial conditions to zero. Since smaller T”s lead to larger controller gains
(even thought we have not proven it) we expect our noise tolerance to improve
as T" gets larger (as opposed to performance, which improves as 7" gets smaller).
Results are shown in Figures and B in the state and input components of
these figures, the time axis indicates locations where plant switches occur. We see
that the state experiences significantly more of an adverse affect in the 77" = 0.01s
case as compared to 7" = 0.03s, supporting our hypothesis. Finally, in both cases
we see that the system does not go unstable in the presence of noise and is able to
recover the desired behaviour once noise is turned off (i.e. the state goes to zero).

Finally, for completeness, we combine these two cases: we consider 7" = 0.01s
and set the initial condition on x back to 1 (as it was in the performance examples
above). The result is FigureB.8} again, observe that the system does not go unstable
in the presence of noise and is able to recover the desired behaviour once noise is
turned off (i.e. the state goes to zero).
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T’ =0.03

State - x

Optimal

I I I I I ]
0.5 0.6 0.7 0.8 0.9 1 1.1

Figure 3.5: Comparing the state x - zoomed in.

3.6 Summary and Concluding Remarks

In this chapter we consider the problem of simultaneous stabilization and LQR
optimal performance. The set of time-varying plants is modeled by allowing (suf-
ficiently slow but possibly persistent) switches between a finite number of LTI
models; we characterize the class of time varying plants by the quantity 7, which
is the smallest admissible time between switches, and provide an easily computable
bound on how often a switch is allowed. For any sufficiently large T, we design
a periodic, mildly nonlinear controller to achieve the objective; it consists of two
parts: a generalized sampler which estimates the state at the beginning of each
period and a generalized hold which applies the desired control signal.

In comparison to earlier work on a related problem ﬂEﬂ, here the controller’s
period can be large, so we expect to have relatively smaller controller gains and
relatively improved noise rejection. One drawback shared with [26] is that, the
closer to optimal that we require the performance to become, the larger the con-
troller gains will be and the poorer the noise behaviour becomes. Further work
is required to analyze and continue improving upon this tradeoff, although that is
beyond the scope of this thesis. It is clearly desirable to extend this result to the
more demanding objective of step tracking; the next chapter will focus on this.

13The major difference is that [26] only allows a finite number of plant switches.
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State — x

Input - u

Noise - w

State — x

Noise - w

0.505 1.005 1.505 2.005 25

0 0.505 1.005 1.505 2.005 25
0.1F ‘ .
0
~0.1b ! , i
0 02 1.38 25

Figure 3.6: Example with noise - 77 = 0.01s.

0.2 1.34 25

Figure 3.7: Example with noise - 77 = 0.03s.
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State — x

0.505 1.005 1.505 2.005 2.5

Input—u

Noise - w

"0 02 1.38 25

Figure 3.8: Example with noise and initial conditions - 7" = 0.01s.
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Chapter 4

The Finite Tracking Problem

In this chapter the objective is to revisit the problem of our previous chapter with
the goal of providing the more demanding control objective of optimal step tracking.
At first glance one would think that step tracking is no harder than stabilization;
the main difficulty arises from having to achieve this in the face of plant parameter
changes: the augmented state is generally not continuous when the plant switches.
This leads to issues when incorporating noise in the plant model and involves the
addition of a mildly restrictive assumption that allows us to bound the size of the
discontinuity in the augmented state. This chapter’s controller design and analysis
will be very similar to that of the previous chapter; we point out any differences and
will try to minimize repetition. This work was first presented in [37]. In that paper,
we only proved 1/0O stability; for completeness, here we will also prove asymptotic
stability.

This chapter follows the same structure as Chapter 3; a brief outline is as
follows. In Section 1] we provide the problem definition and some mathematical
preliminaries, including definitions of LQR tracking, stability, and some tools for
handling noise. In Section we present the RACE controller and analyze some
noise related properties of the controller over a single period. In Section we
investigate closed loop stability, while in Section 4] we turn to the question of
performance. In Section we revisit the example of Section in the context
of step tracking, and we wrap up with a summary and concluding remarks in
Section [4.6l As before, we use the 2-norm to measure the size of a vector. Since
the proofs in this chapter are quite similar to those in the previous one (with
appropriate changes to deal with the discontinuity in the augmented plant state
discussed above), we relegate them all to Appendix [Bl

4.1 Problem Formulation

We would like to extend the controller of Chapter 3 to provide LQR step tracking
in the face of (possibly persistent) switching between LTI plants. To that end, we
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retain the notation for the LTI plant P; given by (B.J), the sets P and X, and
the switching signal o outlined in Section B.1] as well as Assumptions Bl and B2
recall that we can use o € Y, to write down the state-space representation of the
time varying plant P,:

= Asu) x(t) + By u(t), x(0) = o,
y(t) = Copy z(t).

Before we add noise to our model, it will be useful to present a preliminary
discussion regarding our performance goal. Indeed, this discussion will lead to an
augmented model for which the inclusion of noise is non-trivial. To begin, we let
yres € R” be the set-point to be tracked and define the tracking error by

€(t> = y(t) — Yref-

There is more than one way to define optimal step tracking, we choose the following
approach. Motivated by the internal model principle [§], we augment the plant with
an integrator at the input, yielding a state-space representation of the augmented
plant P; with 4 as the input and e as the output:

{i((m - {égl w+@u<t% (4.1)

With this in hand, for each P; € P and with ); > 0 and R; > 0, we choose the
following natural cost criterion:

/0 ety Que(t) + a(t) Rea(t)]dt, (4.2)

which is in the standard form for the model (d.1]). Recall that sufficient conditions
for the existence of a solution to this optimal control problem are that

(i) (Q;m@, A;) be detectable and
be

(ii) (A;, B;) be stabilizable.
To satisfy (i) observe that Assumption B.Jlimplies that (CA'Z, /L) is observable, which,

coupled with the fact that @); > 0, means that (Qzl / 2@’ fll) is observable as well.
Item (ii) is not automatic; since the objective is to track steps asymptotically, it is
natural to impose
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Assumption 4.1 For every i = 1,..,q, (A;, B;,C;) has no transmission zeros at
zero and has at least as many inputs as outputs:

Ai B

mnk[ c 0

]—n+ﬂ

Together, Assumptions and [.]] guarantee that (ii) holds, so we have satisfied
the two requirements.

Finally, recall that, in Chapter 3, for the controller design method to work, we
required that the A matrices have disjoint eigenvalues; if they did not, then we
introduced a regularizing output feedback to solve the problem. The final result of
that analysis was the model ([B.4]) and Assumption Observe that here we will
never have disjoint eigenvalues since all of the augmented LTT plants share at least
the integrator poles at zero, so we again assume that the transfer functions

OZ(S[ — Ai)ilBZ', 1= 1, ., q

are distinct and that (A;, B;) and (A;, B,) share uncontrollable modes only if j = i,
and then apply some regularizing output feedback, this time of the form

uw= Ke+v,
so (A1) becomes
i = & B o+ | B ]vo,
\ql,_/ ~——
A B (4.3)
e(t) = [0 1] n).
\T/
=:C

As before, it follows from [5] that, for almost all K, the matrices {A, ..., flq} will
enjoy the desired property; we replace Assumption with

Assumption 4.2 {1211, ey flq} have disjoint eigenvalues.

4.1.1 Noise

Observe that, if we incorporate noise into ([£3)) then we will have w, and w, terms,
which are highly undesirable since the noise signals need not be differentiable; we
shall carry out a change of variables (in the general context of the time varying
plant P,) to avoid this problem. To proceed, first recognize that, for every o € Y7,
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and y,.; € R, the state 7 satisfies

o= ) = L 5[ ]
= Go
i vt ]
) :E;(t) A :=:v,(t) ’
Now define
E(t) == n(t) — Loww(t), o€y, t>0. (4.5)

We would like to write the differential equation for &, but we must be careful:
while x and u are clearly continuous, both & and e typically jump when the plant
changes, which means that both n and £ do as well. Since the set of switching times
are given by {t; : [ € N}, it is easy to verify that

f(ﬂ = Aatf() a(t)V (t) tw(t)u
o(t) = 05(())+CL w(t). taé% L€ N}, } (46)

At the jump points we use (L4) and ([L3) to describe the change in the state from
§(t) to &(t):

§t) = n(t) — Logyw(t)

= Go) { 2% } - { ? } Yrep, 1EN; (.7)

we can also describe the change in the opposite direction:

§t) = i) — Logyw(ty)
[ e

Finally, we provide the special case that defines the initial condition

£O = 5(0> = GO’(O) |: iz :| - |: ? :| Yref;

recall that we insist that the plant parameters be continuous at ¢y = 0, so we define
£(07) :=¢y and 0(07) := 0(0).

Observe that, since both x and w are continuous, the jump in ¢ comes directly from
the change in the plant parameters, encapsulated in GG,. We would like to bound
the size of this jump, but it is not clear how to do this unless G, is square and
invertible, so we impose
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Assumption 4.3 The system has the same number of inputs as outputs: m =r.

Remark 4.1 If m > r then we can always reqularize the system to make it square
without losing any observability/stabilizability properties, but at the cost of losing
optimality.

From Assumption we have that G, is square, coupled with Assumption E.1],
we find that G, is invertible. We can now state a technical result that provides a
bound on the size of the jump in the state &; to do so, it will be useful to define

g:= max |GG/ > 1.

4,j=1,...q

Lemma 4.1 With T, > 0, P, € Pr,, and |l € N we have

1€ < gllEE)I + (g + Dllyrerl;

€D < glEEI + (@ + Dllgresll-

4.1.2 Stability

We would like to define what we mean by closed loop stability, but first we need to
specify the closed-loop system of interest. The actual plant is P, and the controller
C consists of an integrator of the form

= Ke+v, u(0)=muy (4.9)
together with an as yet unspecified term given in input-output form:

k : PCyx — PCs

€= V.

(4.10)

Together, these yield the closed loop system given in Figure [£1] and lead naturally
to

Definition 4.1 With Ty > 0, xo = 0, and ug = 0, we say that the controller C 1/O
stabilizes Pr, if, for every P, € Pr, the map

(wuv Wy, yref) - (u’ Y, V)

1s well defined and has bounded gain.
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C Wy

e

.
%%%%% e [

Figure 4.1: System Block Diagram

o =

We will provide a definition of asymptotic stability once the structure of the com-
pensator x has been established in more detail.

Remark 4.2 Let V' denote the closed loop map

Ve (wuvwwyref) - (uayv V)'

To prove closed loop stability, it will be convenient to use the preliminary anal-
ysis culminating in (4.0)-(4.8); the problem is that this analysis proceeds on the
assumption that y..y is a constant. Fortunately, it is clear from Figure[].]] that

V(wu, Wy, yref) = V(ww Wy — Yref, 0)
which means that, to prove stability, it is sufficient to prove that
(W, wy, 0) — (u,y,v)

has bounded gain; i.e., we can set y,.s to zero in the analysis, which is what we will
do in the upcoming proofs of closed loop stability.

4.1.3 LQR Step Tracking Performance

We now turn the noise off (i.e. set w = 0) and, for each P, € P, rewrite the cost
function (L2)) using the new state £ and the input v:

ae) = [Tewr |y o €0+ v+ ke RO+ Ket)ar
——
-

Assuming that C stabilizes P;, the LQR problem is to find, for each &, € R"™", the
control signal v which minimizes this cost. As is well-known, the optimal controller
is state-feedback of the form

v = Fg,
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which gives rise to an optimal cost of the form

Ji(&0) = & Viko

with V; a positive definite solution of an associated Riccati equation. The closed
loop matrix which arises from applying this state feedback is labeled

As before, we defer defining a cost function and associated optimal controller
for plants that lie in Pp, until Section .4l

Our proofs often require uniform bounds on system parameters, so we define

a = max || A,
i=1,..,q
b:= max ||B;|,
=1,..,q
fi= max |[F,
i=1,..,q
and
(= max || L;||;
i=1,..,q
note that ||C|| = 1. Finally, since A; is Hurwitz by design, there exist constants

Yo > 1 and Ay < 0 such that

et

< et i=1,.,q, t>0. (4.11)

4.2 The Controller

In this section we design the compensator k; it is periodic of period T'. The design
of this compensator closely mirrors that of the previous chapter, so we provide only
the highlights. Recall that we would like to design the overall controller so that

both u and e are LQR optimal on each period, i.e., so that if the plant is P, on
[kT, (k+ 1)T), then

v(t) = FE(t) = Fe D ¢kT],  te kT, (k+ 1)T). (4.12)
=:H,;(t—kT)

As before, we do not use H directly; instead we use a suitably adjusted version of
H, which we label H. Furthermore, to reflect the fact that the control signal is
turned off during the Estimation Phase, we set

H(t) =0, te kT, kT +2T").
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Although the details of the gains S and H have slight modifications, there is no
change to the structure of x:

THE PROPOSED COMPENSATOR &

With T, > 0, T € (0,7,/2), T' € (0,T/2), S, H periodic of period T, and
k € ZT, we define the controller by

onlh] = / M eyt (4.13)
volk] = / M el (4.14)
o t € (KT, KT + 2T")
(*) —{ F(t)argmin{ o, k[, [walk] [} ¢ € KT + 277, (ks + 7). 410

Remark 4.3 Since the controller is nonlinear, there is no guarantee that the sys-
tem will be well posed; however, it is routine to prove that, for every choice of
Yref € Loo, 0 € X, and w € Lo, when ({-9) and r are applied to the plant P,,
every xg € R" and ug € R™ yields a unique solution.

As before, the nonlinearity will turn out to be very mild, we can rewrite ([4.153])
more compactly as

v(t) = H(t)argmin{||o K], [leo[k)II} ¢ € KT, (k + 1)T)

without worrying about causality issues, and the ‘initial condition’ v;[—1] is irrele-
vant.

This choice of k together with ([£9]) leads naturally to the following definition
of asymptotic stability:

Definition 4.2 With T, > 0, w = 0, and y,ey = 0, we say that the controller C
asymptotically stabilizes Pr, if, for every P, € Pr, we have that

(i) for every e > 0 there exists a § > 0 so that, if |zo|| < e and ||ug|| < €, then
(@] <o, [Ju(®)] <o, t=0,

o [k]l| < 6, and |[valk]|| <8, k€ Z+,

and
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(ii) for every xy € R™ and uy € R™, we have

lim [lz(Z)[] = 0, lim [lu(®)]| = 0,

t—o00

klim l|lvi[k]|| = 0, and klim ||ve[E]|| = 0.

Remark 4.4 As before, observe that (ii) is a global convergence condition, rather
than the typical local one. Furthermore, we will be able to prove a stronger condition
than (i), namely: there exists a constant vy > 0 so that for every xo € R™ we have

@) < v(lzoll + lluoll), lu@I < ~(llzoll + lluoll), ¢ =0,

[or [KIF < (ol + lluoll), and [lva[k}| < y(llwoll + [luoll), & € Z7.

We now explain how to choose the sampler gain S and the hold gain H and
then investigate some system properties in the presence of noise.

4.2.1 Designing the Gains S and H

We begin with S. If the plant is P, and there is no noise then we wish S to be
such that

n[k] = / T ety dt = BT (4.16)
and kT+2T'
valk] = / S()e(t) dt = Bg[kT): (4.17)

observe that vy [k], vo[k] € R4, If we define the augmented matrices

A= diag{A,..A,} and C := | c .. C |

and require
T i
/ S(t)Cetdt = I (4.18)
0

and .
S(t) = e AT St —T"), tel[T,2T")
0, te 2T, T),
then (EEIG) and [@IT) are satisfied for every admissible . Assumptions Bl and
ensure that (C, A) is observable, so there is a whole family of periodic functions

which satisfy ({.I8) and (£I9). As before, we restrict ourselves to only those gains
S that are admissible.

(4.19)
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We now turn to H. Observe that, with the controllability grammian defined by
¢ A = = Al
Wi(t) = / e~ B Ble~ " dr,
0

if we define

H(t) := Ble M2y — 27" 420y (T, T'), te[2T,T)  (4.20)

then
- 0 te[0,27")
H(t) = . . ~ ! 4.21
®) {[H1+H1 Hy+Hy ... Hy+H,|(t) te2T.T), (421)
yields a hold with the desired characteristic that
[k + 1)T) = eTEkT). (4.22)
Furthermore, if we define
eq(T,T') = 2b° frpe™ T’ max W, (T — 2T, (4.23)
i=1,..,q
then we can easily prove the following:
Lemma 4.2 With T, > 0, for every T € (0,T5/2):
(i) for every T" € (0,T/2)
1H (O = 1H:(t) = Hi()| < en(T,T7),  t€2T,T), i=1,..q,
(i1) and%}mosH(T, T') =0.
Proof: This result follows directly from (£20) and is left to the reader. "

At this point, with T > 0, for each T" € (0,75/2) and T" € (0,7/2), we choose
an admissible S that satisfies (Z18) and ([£I9); to minimize clutter we do not write
it as an explicit function of T and T". We have also defined H by ([E20) and E21),
so k as written in (AI3)-(@I5) is well defined, as is the controller C, which we
relabel C(T',T") to emphasize its dependence on T" and 7".

4.2.2 System Properties in the Presence of Noise

As before, over periods where there is no switch, the nonlinearity in the generalized
sampler can be moved to a nonlinearity on the noise w and, when there is a switch
in the period, we have a nice bound on the size of the sampler outputs and hence the
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control signal. Due to the inclusion of the reference signal y,.r and the discontinuity
in &, this result is more complicated than before.

We remind the reader of the notation
wy(t) == wkT +1t), tekT,(k+1)T)

and we define

p(T') := max {max le™ AtGG ! At||}

i,j=1,.,q | te[0, T’

and

"o Aty 1 _ _ )
) = max{ wax { s e G670l f L1

notice that

— . A
dim p(T") = g and lim p,(T") = g + 1.

With these in hand, we find the analogues to Proposition B.1] and Corollary B.Ik

Proposition 4.1 With T, >0, T € (0,15/2), and T" € (0,7/2), there ezists a
constant v,(T,T") > 0, 2q linear functions of noise

¢1,i £oo[07T) _>Rn+r’ Z: 1,..,q

gbz,i . ﬁoo[O,T) — Rn+T, 1= 1, ., q
that have bounded gain, and q selector functions

Xi: Lool0,T) x R* — {0,1}, i=1,...q
such that, for every o € X, and w € Lo, when C(T,T") is attached to the plant
P,, we have that
(i) For every k € {k; : 1l € N}, P,’s state-space representation (4.0) salisfies

Et) = Asné(t) + Boty Hoy ERT] + [ By H(t) AsityLoy | X
Xott) Wiy ERTN b1,000 (W) + [1 = Xooy (wy, E[E J)]qsg,”(_k)

w(t) ’
e kT, (k+1)T), xzoeR", up € R™, yef € R".

(1) The sampler outputs vy and vy satisfy

min{|[v1 (k] [, [[v2[k] (1} < p(TONERT I + oy (T)[Yresll + 70 (T, T7) [w] o,
leN, zg € R", up € R™, yey € R".
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Corollary 4.1 With T, > 0, T € (0,7,/2), and T' € (0,T/2), there exists a
set of 2q nonlinear functions

Gi : Loo]0,T) x R — L 0,T), i=1,..q

0; - L0, T) x R — R"™", i=1,..,q

which have bounded gain and are such that, for every o € Xp,, w € L, and

ke{k :1e N} if C(T,T") is attached to P,, then ({{.6]) satisfies

S(t) = Ao(t)g(t) + Bo(t)ﬁa(t) (t)f[k’T] + gba(t) (wka f[k‘T]), le [kTa (k + 1)T)a

and

k+1)T7] = e ERT] + Oopery (wy, E[RTT),
zo € R", up € R", yeyf € R".

Proof: The result follows directly from Proposition [I](i) and the properties of H
(most notably (£22])) and is left to the reader. -

4.3 Stability

As before, when there are no switches, we can prove stability for arbitrarily large
T, which is not possible when we have plant switches. We begin with the case
of no switching; the proof of this theorem is a simple extension of the proof of

Theorem B.11

Theorem 4.1 For every T > 0 and T" € (0,7/2) the controller C(T,T") stabi-
lizes P.

We now turn to the case of (possibly persistent) plant switches; as before, these
plant switches introduce two main difficulties:

(i) It is well known that switching too quickly between stable LTI systems can
lead to instability.

(ii) In periods with a plant switch, the incorrect control will (likely) be applied.

Observe that (i) is exacerbated since plant switches cause an undesirable jump in
the state &, so our lower bound on 7T will be more complicated:

_ In{goo (1+22%) L+ 222 (1+9)}

T : ;
- Aol
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we have the same upper bound on 7"

T(T,) := min {% % (T, — g)} :

Theorem 4.2 For every Ty > Ty and T € (0,T(Ty)), if T' is sufficiently small
then C(T,T") stabilizes Pr,.

Remark 4.5 In this case, it is easy to arque that a tighter lower bound on T is in
fact
In{g7}
Aol

again, we do not investigate this bound since to do so, we would need T to be small.

4.4 Step Tracking Performance

Here we investigate the step tracking performance of the proposed controller, so we
set the noise to zero. We consider the case of no plant switches and then the case
where we allow plant switches.

In the first case, the plant is unknown, but lies in the finite set of LTI plants P.
To that end, we fix the plant index, say at ¢; hence, for a given plant and integrator
initial conditions o € R" and uy € R™, and a constant reference y,.; € R", we
have a corresponding initial condition

Aion + B{LLQ :|
— , 4.24
S0 [ Ci%o — Yres ( )

which plays an important role in the upcoming discussion. Indeed, for the plant
P;, the corresponding LQR~optimal signals are

€0(t) == elitey, t >0, (4.25)

Ot = Felitey, >0, (4.26)

and

eO(t) == Cy°(t), t >0,
so the optimal LQR cost is

J/

g

=:M; (£9(¢),v0(t),e0(t))

JO(go) = / T YW + (0(1) + K() R (1) + Ke'(t)) de
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and the actual cost is
Ko = [ M. vle)ele)i

As in Chapter 3, here the closed loop system is LTV and, by making 7" small, for
every plant P; the difference between J; and J can be made as small as desired.

Theorem 4.3 For every e > 0 and T > 0, if T' is sufficiently small then the
controller C(T,T") stabilizes P and, when C(T,T") is attached to P; € P, we
have that

|i(60) — J;' (o))

IN

| o000 e0) = 260,700 0
clleol®, & € R

IA

We now consider the step tracking performance when the plant is allowed to
switch. Recall from Chapter 3 that switches can cause the output of the samplers
to be different, so the nonlinearity will affect the analysis.

As in the Section [3.4] we define the nominal control signal in the following way:
if the plant is P, € Pr,, then the nominal control signal ©° is given by

O(t) := FeaCe(t), te [t ti), |eN; (4.27)
similarly, we define
Ot) = eMlt=e(t), telt,tiy) €N (4.28)
and
() = CE)
= [0 I]&%4), t>o0.

Since, in general, the state &(¢) jumps at t = t;, the actual control signal on the
interval [t;, (k; + 1)T") will (likely) be wrong - this error is related to £(¢;) and to
Yref, SO for each 0 € X7, and [ € Z*, our nominal cost (which is defined only over
the interval [t;,¢;41)) will be a function of both of these terms and can be expressed
via

Tt ED), Yrer) =
| @) + (600 + Ke(0) By (0) + Ke(0)]

this is exactly the optimal cost for the LTI plant P;, over the interval [¢;,1).
Similarly, our actual cost is

ﬁmm@WWM%ZZMK®@¢@+W@+KWW%@@+KWNﬁ-
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If [t,t) C [t1, ti41), then we define Jy 5 (£(t1), Yrey) and J[g’g) (&(t1), yres) in the natural
way.

We now show that, by making 7" and 7" small, for every P, € Pr, the perfor-
mance can be made as close to the nominal one as desired.

Theorem 4.4 For every ¢ > 0 and T, > T there exists a constant T, €
(0,T(T,)) such that for every T € (0,Ty), if T" is sufficiently small, then the
controller C(T,T") stabilizes Pr, and, for every o € Yr,, attaching the controller
C(T,T") to the plant P, yields

2
it (6 (40 Yrer) — J[tl,tlm(ﬁ(tz),yref)‘ <elllE@+ llyrerll]”, 1N,

ro € R", up € R™, yef € R".

4.5 An Example

We now revisit the example of Section
P (A, B,Cy) = (1,1,1) and Py : (Ay, By, Co) = (1,1, —1).
Here, our controller design begins with the selection of the regularization gain
K =1,

which results in the augmented state-space matrices

~ 11 ~ 1 1 ~ ~ 1 =
A1—|:1 0:|, A2—|:_1 O:|, Bl—Bg—[O},andC—[O 1]

We select the LQR variables

which yield the optimal gains
Fy=[-27321 -2 ] and F, =] —2.7321 0].

We choose a reference signal of
Yref = 1.

With this in hand, we can calculate T, ~ 7.2s; as in Chapter 3, to illustrate that
this is a loose bound, we will switch at a faster rate. Observe that the bound given
in Remark yields = 1.5s.
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The hold is explicitly defined via (£20) and ([£21]), but we must still design our
sampler function S; we will do so in the same way as in Section To that end,
we choose an additional parameter j € Z™ satisfying

j>2n=2
and then set
T/
h = —
J
and define R
C
. CleAh
Oj(C,eAh) = .
C’j«eA(j—l)h

Since j > 2n = 2 and (A4, J) is assumed to be observable, by [7], for sufficiently
small h, the matrix O;(C, e'") has full column rank. If we define the weights

(50 S o S ] (0,0 eMY0,C ™) 0,(C, My

and we let S(t) (on [0,7)) be a weighted sum of j impulses

j—1

/ : S(t)e(t)dt =) Spe(kh); (4.29)

k=0
then it is routine to check that the sampler ([£29) satisfies the desired properties.

Again, we present only one set of example calculations. Here, we select the
period, Estimation Phase duration, and sampler parameter to be

T =1s, 217" = 0.4s, and j = 20,
respectively; with these choices the sample time is
h = 0.01s.

The corresponding sampler gains are

—1.7950 1.8122
_ 0.2121 _ —0.1493
S[0]=1000 | 72 | s S[LO]=1000 | oo
—0.2116 0.1492

Completing the controller design, we find that the generalized hold gains are

i T —13.1072  —9.0308
— I—Al(t—2T)
Hy(t) = Bie —34.2661 —23.6544

71



and

~ _ At —As(—2r) | —7-6305 —1.3209

() = Bye 30.5702  5.5256 |
which are many orders of magnitude smaller than those of [26] (the gains are not
explicitly stated in [26], they can be found in [27]). Observe that these gains are
much larger than those in Chapter 3, so we expect the noise rejection to degrade
accordingly; this is due to the inclusion of the integrator. A similar relationship is

found in the examples of [26].

4.5.1 Performance

Here we turn the noise off and investigate the performance of the system; since
they have minimal effect, we set the initial conditions o = ug = 0. The controller
period is T" = 1 and the sample time is A = 0.01. The plant switches every seven
seconds - the switch occurs in the middle of the first sample during the Estimation
Phase. We investigate two sampling durations, 77 = 0.2 and 7" = 0.1, shown
in Figure and Figure respectively. These results show that both the error
and control signal are close to the nominal ones; the dips in u correspond to the
Estimation Phase, where v = 0. In the case where the Estimation Phase is shorter
(i.e. 7" = 0.1) the oscillations in u become smaller and both the control and error
signals get closer to the nominal ones, as expected. The time axis indicates the
locations where the plant switches.

Observe that, as compared to Figures and 4] here the control signal u is
very smooth - this is the effect of the integrator. If we were to look at the signal %
instead, then we would see a behaviour very similar to that of the control signal of
Chapter 3. Furthermore, observe that the system takes much longer to settle here;
this is a direct consequence of the phase lag introduced by the integrator.

To better illustrate the behavior during the Estimation and Control Phases,
Figure 4] shows a closeup view of the control signal from Figure over a single
period wherein a plant switch occurs.

4.5.2 Noise Rejection

Here we consider the same setup as above, but set h = 0.00IEL add noise at the
plant output, and set y,.; to zero. As in Chapter 3, we expect our noise tolerance
to improve as T" gets larger. Results are shown in Figures and L7 in the error
and input components of these figures, the time axis indicates locations where plant
switches occur. We see that the system experiences significantly more of an adverse

'We use a smaller h since our simulation runs in MATLAB and is actually a discretized
approximation of the system which uses h as its sampling rate, including during the Control
Phase - the addition of noise means that we require a finer resolution for this approximation to
be accurate. This is also why we use a smaller noise signal as compared to Chapter 3.
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Error - e

7.1 14.1

Input — u

7.1 14.1

Figure 4.2: Example - solid is actual, dashed is nominal - 7" = 0.2s.

affect in the 77 = 0.01s case as compared to T = 0.02s. Finally, in both cases we
see that the system does not go unstable in the presence of noise and is able to
recover the desired tracking behaviour once noise is turned off (i.e. the error goes
to zero).

Remark 4.6 Since the controller is essentially open loop during a single period,
although we have not explicitly shown it here, as the period T increases, we expect
the noise tolerance to decrease. Since T' is bounded above by T'/2, forcing T' to be
small also forces T" to be small. Hence, we expect a tradeoff in the size of the noise
gain between a small T and a large T".

Finally, for completeness, we combine these two cases with a twist: we set the
initial condition on x and u to one. We chose 7" = 0.02s, h = 0.001s, and y,.r = 1.
The result is Figure 4.7}, again, observe that the system does not go unstable in the
presence of noise and is able to recover the desired tracking behaviour once noise
is turned off (i.e. the error goes to zero).

4.6 Summary and Conclusions

In this chapter we extend the result of Chapter 3 to the more challenging problem of
step tracking. We follow a similar analysis to that of Chapter 3, with one important
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7.05 14.05

Input — u

7.05 14.05

Figure 4.3: Example - solid is actual, dashed is nominal - 7" = 0.1s.

difference: here the state £ can jump at the switching times. This difference has
many ramifications; for example, we must bound the size of the jump and be sure
to include its effect in the lower bound T§; we must also take care when writing
down and solving our system equations since the derivative of the state is not
well defined at times when the plant parameters switch. A second (and less far-
reaching) difference is that incorporating the noise signals in the augmented plant’s
state-space realization is non-trivial and requires a change of variables.

As with Chapter 3, in comparison to earlier work by Miller on a related (but
easier) problem [26], here the controller’s period can be large, so, as in Chapter 3
we expect to have relatively smaller controller gains and relatively improved noise
rejection; our example above indicates that this is indeed the case. Unfortunately,
the inclusion of the integrator to solve the tracking problem leads to much larger
gains than those of Chapter 3. One drawback shared with [26], and shown in our
simulations, is that there is a tradeoff between performance and noise tolerance.
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Input — u

Switch

End of 1st Est.

End of 2nd Est

Figure 4.4: Closeup of u from Figure 4.3l

7.05 14.05 20

Figure 4.5: Example with noise - 77 = 0.01s.
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Error — e

Input—u

Noise - w

Figure 4.6: Example with noise - 77 = 0.02s.
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Figure 4.7: Example with noise, initial conditions, and y,.; =1 - T" = 0.02s.
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Chapter 5

The Compact Stability Problem

We now turn away from the question of tracking and back to the original Chapter 3
problem of stability with LQR performance; here we seek to extend the result of
Chapter 3 to the case of a compact set of LTI plants. Since there may be an infinite
number of plants, we no longer turn the control signal off when performing our
estimation; a side effect of this is that our actual state will no longer match the
optimal one at the period endpoints. Since the analysis here is significantly more
complex, in this chapter we consider only the Single Input Single Output (SISO)
case, ignore noise, and consider stability only in the asymptotic sense; furthermore,
we do not explicitly analyze performance in the face of plant switches, although we
do provide an illustrative simulation. These results draw heavily on [25]; an early
version of this work was presented in the conference paper [39].

Before we proceed, we remind the reader of the contribution of this design.
Recall that the RACE controller in [25] provides simultaneous stability and near
optimal LQR performance for a compact set of LTI plants; however, it does not
directly address the issue of switching and the controller period is small. As in the
previous two chapters, we provide a redesign that provides stability in the face of
persistent plant switching and allows the controller period to be large. Although
we do not analyze performance in the face of plant switches, we expect that our
controller yields a similar result to that of the previous two chapters.

A brief outline of this chapter is as follows. In Section [5.1] we make the prob-
lem precise. In Section we address the question of estimation. In Section
we leverage the results of Section to design a RACE controller and present
some results that will be useful in proving the main theorems of this chapter. In
Section [0.4] we investigate the stability properties of this controller both with and
without plant switches, while in Section we turn to the question of performance
when there are no switches. In Section we present two illustrative examples
and we wrap up with a summary and concluding remarks in Section £.7 In this
chapter, we use the 2-norm to measure the size of a vector.
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5.1 Problem Formulation

Here we will use transfer functions to define the set of LTI plants of interest. We
wish to consider a compact set of transfer functions that all have the same order
n; these transfer functions are of the form

by 18" L byas™ 2 4 -+ by
S 4 Gp18" 4+ ag

P s ai,biGR, Z:O,,n—l (51)
We say that such a transfer function is minimal if the numerator and denominator
polynomials are coprime; furthermore, we say that a set of such transfer functions
is compact if the set composed of all of the corresponding coefficients

Qo bo
ay bl n n
, i cR"x R
Ap—1 bnfl

is compact.

To define the set of admissible transfer functions, we fix n € Z™ and define I" to
be the set of all transfer functions of the form (5.I]) that are minimal and of order
n. We then assume that the set of admissible LTI plants lies in a compact subset
of T', which we label .

We would like to evaluate performance in the LQR sense, so we will need a
state-space representation of P € P. It will turn out that our analysis will be much
simpler if we adopt a state-space representation that is highly structured. To that
end, for each plant P € P, we adopt the state-space representation corresponding
to the (minimal) observable canonical form:

1 bo )
by
o = e ] T
A —ag - v S &;1_/ (5.2)
=:Ap =:Bp
s = [10 .. 0]ew
—c

Ve

we associate this model with the triple (Ap, Bp,C). Observe that, since the repre-
sentation is assumed to be minimal, the pairs (C, Ap) and (Ap, Bp) are automat-
ically controllable and observable, respectively. Furthermore, since P is compact,

!Clearly this includes the case of a finite number of plants similar to that in Chapter 3. While
the approach in this chapter will work for a finite number of plants, here, as opposed to previous
chapters, we will always require a short Estimation Phase, which leads to larger controller gains
and correspondingly poor noise tolerance.
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so is the associated set of observer canonical triples

P :={(Ap, Bp,C) € R™" x R" x R"": P € P}.

Recall that we wish to provide near optimal LQR performance for each possible
model in P. With R > (ﬂ, we consider the classical performance index

J(&) = /0 oo[y2(t) + Ru*(t)] dt.

As is well-known, for each P € P, the optimal controller for (Ap, Bp,C) is state-
feedback and of the form
u = Fp¢,

which gives rise to a cost of the form

Jp(&) = & Vréo

with V,, the positive definite solution associated with a Riccati equation. The
associated closed loop system is

{=(Ap+ BpFp)¢.
~————

Ap

It is not straightforward to estimate such a feedback signal; however, it will turn
out that we can estimate nice functions of the first 2n Markov parameters

{CBp,CApBp,...,CAZ ' Bp}.

To that end, observe that Bp is composed of the first n Markov parameters while C'
is constant; we can prove that Ap and Fp are nice functions of the first 2n Markov
parameters:

Lemma 5.1 (Parametrization Lemma) [25] Ap and Fp are analytic functions
of the first 2n Markov parameters

{CBp,CApBp, ..., CAZ ' Bp}

forall P €T.

Remark 5.1 Since B
Ap = Ap+ BpFp,

A

it follows immediately from this lemma that the function e is an analytic function

of t and the first 2n Markov parameters.

2Unlike previous chapters, here we use the same r for every plant.
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Observe that, since every transfer function in P is assumed to be minimal, for
every P, P € P, we have that

(Ap,Bp,C) = (Ap,Bp,C) & P=P

and we can choose m € {n,..,2n} to ensure that

CBp CBp

CApB CApBp

= T | e (e B O) = (4. Bp,O)B
CAR'Bp CA" ' Bp

Therefore, the first m Markov parameters can be used to uniquely define each
plant; the converse is also true. We now fix m € {n,..,2n} to ensure that this
uniqueness property holds. Furthermore, we define

CBp
CApB
113 r PeP
CAL'Bp

since P is compact, M is compact as well.

Since our estimation method hinges on the Markov parameters, it will be more
convenient to analyze our plant in terms of p € M (instead of P € P), so we relabel
the matrices Ap, Bp, Fp, and Ap by A,, By, F,, and A,. Finally, if the transfer
function P € P is associated with the Markov parameters p € M, then we label it
P

-

Since the set of plants in not required to be finite, in this chapter we consider
a slightly different switching signal o: instead of having o specify an index, we
consider the (piecewise constant) switching signal

c:RT > M

which specifies the Markov Parameters of the time-varying input/output map P,
at every time t; as usual, we assume that o is continuous from the right. With
Ts > 0, we define

Sro=Ao(t) : 1) o(t)e M, t>0,

s

2) o(t) is a piecewise constant function of ¢, and

3) there is at least T time units between discontinuities}.
We can then define

Pr, :={P, :0€ X}

3In general, we need m = 2n; however, if there is a lot of structure in the problem (e.g. a gain
margin problem), then it may be that m < 2n is sufficient.
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Figure 5.1: Block diagram

As usual, notice that P,, = P. We can also express the time-varying plant P, in
observer canonical state-space form via

E(t) = Ay &(t) + Bogy u(t), &(0) =&,
ut) = C &) (5:3)

which we associate with the triple (A4,, B,, C'). We define F,, and A, in an analogous
way. Since there is no noise and no reference signal and since, in this chapter, we
will not require a regularization feedback, plants of this form together with the
controller C yield the (very simple) block diagram of Figure [Tl

In our previous chapters, the compensator s had rich structure that led to a
natural definition of asymptotic stability. That will not be the case here; however,
it will turn out that our controller C can be modeled via a (sampled data) state-
space representation. As in our previous chapters, to handle the switching we will
use a mild nonlinearity, so, with G and .J periodic functions of k£, we will adopt a
state space representation of C of the form

zlk+1] = Gk, z[k],y(kh)), z[0] =2z € R/,

w(kh+7) = J(k,2[kl,7),  T€0,h). (5-4)

If we label the period of G and J by ¢, then the period of the controller is 1" := ¢h.
We associate this system with the 4-tuple (G, J, h,¢). As usual, it will turn out
that our compensator’s behaviour will depend only on the current period, so the
initial condition of the controller z[0] will have no bearing on the stability of the
system. The following definition of asymptotic stability follows naturally from the
above discussion:

Definition 5.1 With T > 0, the controller C asymptotically stabilizes Pr, if,
for every P, € Pr, we have that

(i) for every e > 0 there exists a 6 > 0 so that, if ||xo|| < €, then
|z(t)]| <6, t>0, and ||z[k]|| <6, ke€ZT,
and
(i1) for every xo € R", we have

lim £(t) = 0 and klim z[k] = 0.

t—o00
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u(t)

~ Fpeﬁp(t—kT)

ﬂ .
kT u (k+1)T

| Estimation Control |
‘ Phase | Phase |

Figure 5.2: Input signal.

Remark 5.2 As usual, observe that (ii) is a global convergence condition, rather
than the typical local one. Furthermore, we will be able to prove a stronger condition
than (i), namely: there exists a constant v > 0 so that for every xy € R" we have

lz@l < llzoll, ¢ =0, and [|z[k]]| < vllzoll, k€ ZT.

We now present some uniform bounds on our system parameters. Since P is
compact, the following are well defined:

a = sup || Apl|,
pEM

b= sup |B,l.
peEM

Furthermore, since M is compact and F}, is an analytic function of p, the following
is well defined:

f=sup |||
peEM

Observe that ||C]| = 1. Finally, since we do not have a finite number of plants, it
is not straightforward to find a nice, exponentially decaying bound on ||e#!||; we
defer doing so until the next section.

As usual, we split the period of the controller into two parts, the Estimation
Phase, where we estimate FpeAP(t*kT)f [kT], and the Control Phase, where we apply
the estimate of Fj,etr"*1)¢[KT). Unlike in previous chapters, here, the estimation
method requires the application of a sequence of test signals (or probes), which are
constructed on the fly; a typical control signal is illustrated in Figure As in
our previous two chapters, we will carry out each phase in (almost) a linear fashion

in order to end up with (almost) a linear controller.
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5.2 Estimation

We indicated in Section 2.3.1] that we can estimate the desired control signal by
estimating polynomials in p; in this section we will show how to do this. This
process is not straightforward: we will require an additional approximation as well
as a special way of writing down polynomials whose arguments are vector valued.

5.2.1 Estimating Polynomials in p

We begin by presenting a technical lemma that provides the basis for our polynomial
estimation approach. To do so, it will be useful to define several matrices:

1 0 0 -+ 0
1 1 1 .- 1
g, = |1 2 22 ... o |
1 om m? m™ |
C
CA,
On(C,A,) = : ,
cAm

Xon(h) = diag{1, b, h2/(2)), ..., k™ /(m))}.

Note that S is a Vandermonde matrix and A is non-zero, so both S,, and X,,(h)
are invertible. We will be using a sequence of samples of y; to that end, we define

y(t)
V) y(tfrh)

y(t + mh)

Lemma 5.2 (Key Estimation Lemma) [25] Let h € (0,1). There exists a con-
stant v > 0 so that for every to > 0, { € R™, h € (0,h), u € R, and p € M,
the solution of (22) with

U(t) =u, t€ [to,to + mh)
satisfies

me<h>1sm1y<to> = 0ulC A o) - [ ; } “H < yh(€Ctoll + 1al),

1€(8) = &) | < vRCIEC) + llul)), © € [to, to + mh].
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Observe that the second result of this lemma says that the effect of probing can be
made small by making h small.

To see how the Key Estimation Lemma (KEL) can be applied, suppose that we
first set
u(t) =0, tE€ [t to+ (m+ 1)h)E;

observe that

Om(C, 4p) =
so a good estimate of £(ty) is
[ L, 0]X,,(h)7'S,, V(to).

Since we may have a plant switch in the interval [to, tg + (m + 1)h), we proceed as
in our previous chapters: we set

u(t) =0, te€to+ (m+1)h,to+2(m+1)h)
as well, so another good estimate of £(¢y) is
[ I 0] X0(h)7'S, ' Y(to + (m + 1)h).
As usual, we choose the smaller of the two estimates:

Est{(to)} = argmin{||[ [, 0] X,,(h)7'S,,' V(to)].
I Lo 0] Xpn(h)7'S5 V(to + (m+ D)}

If we insist that
2(m + 1)h < T

(recall that Ty is the minimum time between switches), then at least one interval
will not contain a plant switch; if A is also small, then we will be guaranteed that
the above estimate will be accurate when there is no plant switch and will be modest
in size when there is one. We define

B = (m + 1)h,

so each application of the Estimation Lemma requires an input of duration h,,,
which we can view as a kind of internal probing period.

We estimate additional terms in the following way. With ¢ € R and
p > 0 a scaling factor, suppose we define a test signal to be a linear functional of
our above estimate:

u = pgEst{&(to)}.
If we now set ) )
u(t) =1, t€ [ty+ 2hm,to+ 4hy),

4We use m + 1 instead of m to avoid initialization issues when constructing a state space
representation of our controller; this has no effect on our proofs.
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then by the KEL we should define
Est{pﬂ} = %{0 I] X

argmin{ || X, (h) 7S, [V(to + 2hm) — V(to)] |l
X0 (h) 1S5 Y (to + Bhun) = Y(to + han)]I1}-
Of course, this can be repeated a number of times (for different choices of g) so it

should be possible to estimate terms of the form ¢(p)&(ty) with ¢ : R — R™! a
polynomial in its arguments.

Unfortunately, this is not enough to estimate to desired control signal. To see
why, recall that the optimal control law is

u(t) = E,e™ " DeRT), t € kT, (k+1)T), k€ Z",

with F,, and A, analytic functions of p (i.e. F, and A, are not necessarily polyno-
mials in p). The process outlined above can only estimate polynomials, so we must
perform an additional approximation.

5.2.2 Approximation by a Sampled-Data Controller

The optimal control signal is of the form
u(t) = F,e™ D kT, t e [kT, (k+1)T), ke Z*;
———
=:H(p,t—kT)

the problem is that H(p,t — kT') is not a polynomial in p and ¢ and so it can not
be estimated via the Estimation Lemma. However, H is an analytical function of
its two arguments, so, if we fix an upper bound on the period, say T},.., then by
the Stone-Weierstrass Approximation Theorem [32], for every € > 0 there exists a
polynomial H¢ satisfying

|1H (p,t) — H(p,t)[| <&, peM, t €0, Thnaal; (5.5)

we can use the Estimation Lemma to estimate H®(p,t){[kT].

There are three technical issues that we must address before we move on. First,
for each € > 0 there are many polynomials H¢ that satisfy (5.5); to that end we
adopt the following convention: if we fix € > 0, then we implicitly mean that we fix
He® so that it satisfies (5.5]). Second, observe that, since M is compact, for every
e > 0 there exists a constant y(¢) > 0 such that

[H=(p, )l < 7(e), pEM, t €0, Thaal;
for each £ > 0, we let 7(g) be the smallest such v(¢) and adopt the notation
1H oo := 7(e).

85



Finally, it is natural to define

H'(p,t) := H(p,1).

We now wish to analyze the closed loop system behaviour when the control law
u(t) = H*(p,t — kT)EKT), t e [kT,(k+1)T), ke Z* (5.6)

is applied to the system, but first, we need some notation. When the optimal control
law is applied to the plant (5.2)), we label the corresponding state response, output,
and control signal by £°; 4°, and u°, respectively; similarly, when (5.0 is applied to
the plant, we label the corresponding responses by £°, v, and u®. In both cases, we
omit the dependence of £, y, and u on the parameter p € M. Furthermore, when
we apply (0.0) to the plant (A,, B,, C') we obtain

t—kT
& (t) = {GAP“_’“TW / e UKV [E (p, 7)dr | (KT, t € kT, (k + 1)T);
0

—d2 (1—kT,0)
observe that, by our definition of H®, we have

0 _ A, (t—kT
OO(t — kT,0) = =T,

In our previous chapters, we showed that the actual cost can be made as close
as desired to the optimal one. In this chapter, we will investigate a related problem:
we show that the actual trajectories can be made as close as desired to the optimal
ones in the sense that

| (1) =@ + Rlat) = )

can be made small. We adopt the standard notation

ol = | " (alt))

Proposition 5.1 There exist constants € > 0, vo > 1, and \g < 0 so that, for
every € € [0,8), & € R™, T € (0, Tynaz) and p € M, we have that

(4) 1€9(t) = £ ()| < evoe|I&oll, >0,
(i) [u0(t) — us(t)|| < ey [[&ll, >0,
(4ii) |D5(T,0)|| < yoeo*, ke ZT,

15 0 2
(iv) | e | = | s ||| <1600

86



Proof: Please see Appendix C.

At this point we apply Proposition B and fix the constants & > 0, 79 > 0, and
Ao < 0 so that they have the required properties.

Remark 5.3 This proposition says that a controller that uses the polynomial ap-
proximation H instead of the optimal function H provides behaviour that can be
made arbitrarily close to the optimal one by making € small.

Remark 5.4 Observe that (iii) says that the closed loop system’s behaviour at the
period endpoints is nice in the sense that it experiences exponential decay. Further-
more, since the proposition allows € = 0, (iii) also gives us our nice bound:

et < e, pe M, t>0.

Now that we have a control signal that can be written in the form of a polynomial
in p, it remains to show how to apply the KEL to obtain a good estimate of this
control signal. To do so, we will need to re-parameterize our polynomial.

5.2.3 Polynomial Notation

Here we adopt the notation of [25] and modify it to our needs, which we now quickly
summarize. The goal is to parametrize the polynomial H¢(p,t) in such a way that
we can estimate the various terms in a straight-forward and systematic fashion. We
adopt the standard notation: for z € R", we have

X1

Tn

Following Rudin [32], we introduce the notion of a multi-index, which is an ordered
m + 1-tuple
a= (.o, Opr1), a; € LT

For such a multi-index, we can define
laf == a1 + - 4 A,

(P, 8)% = pi" -t
since we are dealing with integer exponents, we define 0° := lim,_ .o 2° = 1. Hence,
given that H¢ is a polynomial which maps R™! —— R" it follows that there

exists a finite index set I C (Z*)™ and constant matrices ¢, € R™*" a € I, so
that we can write H* in the form

He(p,t) = (p.1)Car () € M X [0, Thnaa.

ael
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Now we turn to the estimation problem. From Section B.2.1] £(¢) can be easily
estimated using the KEL as motivation. Now consider the problem of estimating
the polynomial

S, 1) cal (D). (5.7)

ael

We define ¢ to be the largest multi-index of the first p elements:

m
¢ =max) o
i=1
and g to be the largest index of the m + 1 element:
q := max |41/
acl

From the KEL we know that for each j € {1,...,n}, it is possible to estimate p¢;(t)
by carrying out a simple experiment, so, by doing a succession of n experiments,
we can estimate

péi(t)

pfz(t)

Etyop = e R"™.

P&n(t)
Using the same logic, we can estimate

(€t @p)@peR™

using a succession of nm experiments. Of course, this can be repeated as many
times as desired. To this end, we now define

and . .
()™ p= (M) @' p)op, ieN,;

notice that £(t) ®" p is a column vector of height nm'. It is easy to see that the
vector £(t) ®' p contains all possible terms of the form

{p?&(t) - lal =14, j=1,..,n},
so (&) can be rewritten: we can choose row vectors d; ; of length nm’ so that

>0 cas(t) =30 > dis(Et) &' ).

ael

which we can estimate using the KEL. Observe that fixing ¢ and thereby H® has
the effect of fixing the limits ¢ and ¢ and the coefficients d; ;.
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Remark 5.5 Perhaps the most problematic feature of this approach is that of ob-
taining a closed form description of H(p,t) and constructing the approximation
He(p,t). As discussed in [25], unless special structure is available, the best ap-
proach is a numerical one: grid the M parameter space, compute the optimal gain
at each point on the grid, and then fit a good polynomial approximation to it; un-
fortunately this will be difficult to do if m or the set of parameter uncertainty is
large.

5.2.4 Applying The KEL

Following Section [B.2.1], envision setting
u(t) =0, te kT kT + 2h,,),
so it follows from the KEL that a good estimate of £[kT] is given by
Est{¢[kT]} = Est{¢[kT]&°p}
= argmin{ [ 7. 0] Xu(R)"'S V(KT

[ L 0] Xon(h) "S5 VKT + ho)| }
= ¢[KT]+ O(h)E[KTT,

with the last equality holding if there is no plant switch on [T, kT + 2h,,). To
estimate terms of the form

rT) @ p, i=1,.0,

recall that £[kT] @' p are column vectors of height np’. With p > 0 a scaling factor,

set
pEst{¢[kT}, t € [KT + 2hp, kT + 4hyy),

u(t) = : :
pEst{&[kT} ~ t € [KT + 2nhp, KT + 2(n + 1)hp,).
It follows from the KEL and the discussion of Section 5.2.T] that we should define
1
Est{p&[kT|} = ;[ 0 I, ] x
argmin{ || X, (h)~'S [V(KT + 2h,,) — V(KT)]],
X (R) S V(KT + 3hin) — V(KT + hn)]I[}
= p&G(kT) + O(h)SRT],  i=1,.,n,
with the last equality holding if there is no plant switch on [kT, kT + 2h,,). By
stacking these estimates we can obtain an estimate of [kT] ® p, which we label

Est{¢[kT] @ p}. We can then estimate {[k7] ®*p in an analogous way (by probing
with successive elements of Est{¢[kT] @ p}); since {[kT] ® p is of dimension

ny :=nm,
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this will take n; experiments, each of length 2h,,, yielding a total of 2nh,, units
of time. This can be repeated in a similar fashion to yield estimates of {[kT] @ p,
i =3,...,q, with the i*" term taking

2n;_1h,, = 2nm‘'h,,
units of time. In this fashion, we can construct a good estimate of
q q
H(p.t = KT)EKT) = Y _(t—KT)' Y dij(¢[KT] &' p)
j=0 i=0

to be applied during the Control Phase.

5.2.5 A More General From

As mentioned above, it is often difficult to obtain the polynomial H® and the
coefficients d; ;; as the order of the required polynomial increases, the problem
becomes even more difficult. To that end, we now discuss a more general form for
polynomial which can, if there is sufficient structure in the problem, have a lower
order than H¢ (we illustrate this in the second example of Section [(.0).

If we choose W € R™(m*D to be such that WO,,(C, A,) is invertible (which

we can do since O,,(C, A,) has full column rank) and define
w(t) == WO,,(C, A)E(t), t>0
and B
He(p, 1) := Ho(p,7) (WO, (C,A))", peM, 1€0,T),
then B
He(p,7)w[kT) = H*(p, 7)EKT], pe M, 7€(0,T), keZ".
It is sometimes possible to choose W so that H¢ has a lower order than H¢. To
estimate such a polynomial, observe that, by the KEL,
Est{w(to)} := argmin{|[|WX,,(h)"'S,, ' Y(to)l,
W X () 718, V(o + hun) 1}
is a good estimate of w(ty), which we can feed back into the system (in the same

way as we did with Est{¢(t9)} in Section .22 to obtain the required components
to construct a good estimate of the polynomial
He(p.t = kT)w[kT] =Y (¢t = KTV Y dij(wkT] & p),
=0 i=0
which we can use as our control signal in the Control Phase.

In an effort to keep our proofs simpler and easier to follow, we do not present
our controller using this general form. That being said, given the definition of w
and the fact that P is compact (and therefore WO,,(C, A,) and its inverse are
uniformly bounded), it is reasonable to expect that the general form would yield
the same results.
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5.3 The Controller

This proposed control law is periodic of period T'; we begin by describing its open
loop behaviour on a single period. To proceed, we require several definitions. First,
we define certain important points in time:

Ty := 2h,, = the time to estimate &[kT],

Tiv1 =T +2n;_1h,, = the time to estimate p ®" £[kT], i=1,...,q.

The idea is that on the interval [kKT,kT + Ty) we estimate {[kT], while on the
interval [kT + T;, kT + T;11) we estimate {[kT] @' p. Note that, from our earlier
definition of 7", we have

T,.1 = 2T

Our last important time is the period 7', which we require to be an integer multiple
of h; on the interval [kT + 27", (k + 1)T') we implement the Control Phase. To
reduce clutter, we define

T(T,) := min{T,/2, Typas }-
Finally, with i € N, we let the matrix Vj(h) € R™*(™+7i-1) consist of n;_; copies
of [ O I, | Xy (k)5S arranged in a block diagonal form.

If the plant was fixed, say (A4,, B,,C), then it would be natural to define our
estimates via

Est{¢[kT] ®°p} = argmin{|| [ I, 0 ]X,.(h)"'S, ' V(KT)|,
1[I 0] Xp(R) 'S V(KT + han) ||}

and, withi=1,....,qand j =1,...,n;_1,

. y(kT+E) — Y(KT)
Est{¢[kT] & p} = L argmin Vi(h) ' )
| V(T + T — oh m) =

V(T +T; + hy,) — yk:T+h

V(KT + Tip1 — hn) — V(KT + hyy)

however, in general, our plant will not be fixed. To that end, we recall that the
switching signal o(t) takes on the value in M corresponding to the active plant at
time ¢t and instead we define

Est{¢[kT]) ®° o[kT|} = argmin{| [ L, 0 ]X,(h)"S ' V(KT)|,
[ Zn 0] Xon(R) S V(KT + ha) [}
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and, withi=1,...,qand j =1,...,n;_1,
Est{¢[kT] &' o[kT]} =

1 VT +T) = V(4T)
—argmin < ||V;(h)
’ | V(KT + Tipy — 2h m) —

V(T +T; + hy,) — yk;T+h

V(KT + Tip1 — hp) = V(KT + D)
We can now write down our proposed controller C, which we relabel C(e,T,T")

to emphasize its dependence on T',T", and &, presented in open loop form and given
in three phases:

THE PROPOSED CONTROLLER C(e,T,T")
With T, > 0, T € (0,T(Ty)), T' € (0,T/2), € € (0,£), and k € Z* we define the
controller by

Stage 1 - State Estimation Phase: [KT, kT + 1)
u(t) =0, t € [kT,kT +T)) = KT, kT + 2h.,),
Stage 2 - Control Estimation Phase: [kT + T1,kT + 21")

ult) = pEst{¢[kT] &' o[kT]} ,
t € [KT + Ty 4 2(j — V)l KT + Ty + 4(5 — 1)h),
j = 1, ey N1, 1= ]_, .. q,

Stage 3 - Control Phase: [kT + 27", (k+ 1)T)

q

u(t) = (t— kT deEst{g kT) &' o[kT]}, t€ kT + 2T, (k+1)T).

7=0

Remark 5.6 Recall that C(e,T,T") can be described by the state-space representa-
tion ([54)). Since the controller is nonlinear, there is no guarantee that the system
will be well posed; however, it is routine to prove that, for every choice of p € M,
when C(e, T, T") is applied to (A,, By, C), every & € R"™ and zy € R! yields a unique
solution.

At this point we examine the behaviour of the closed loop system over a single
period. We will consider two cases: one in which there is no plant switch on the
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interval and one in which there is at most one such switch. We remind the reader
of the switching notation outlined in Section 2.2 recall that switches are confined
to the times {t;} excluding to = 0 and that we define

t
k; = \‘%J, ZEZ+7

so there are no plant switches on intervals of the form
kT, (k+1)T), ke {k:1leN}

furthermore, recall that (for simplicity) we insist that o € 37, be continuous from
the right. With this in hand, we can state our result:

Proposition 5.2 With Ty > 0 and € € (0,&), there exists a constant v > 0 so
that:

(i) For every T € (0,T(Ty)), if T' is sufficiently small, then, for every & €
R"™, and o € Xp,, if the controller C(e,T,T") is attached to the plant P,
then, for every k € {k; : | € N}¢, we have that

(a) [|E(t) — @5, (t = KT, 0)E[KT|| < AT"|IS[RTN||, t € [KT, (k+1)T),
() lu(t)] < AIERTY, € [kT,kT +2T"), and
u(t) — H(o(t), )ERT]| < AT |ERTY|, ¢ € [KT + 27", (k + 1)T).

(i) There exists a constant Ty € (0,T(Ty)) so that, for every T € (0,T}), if
T' is sufficiently small, then, for every & € R", o € X, and k € Z™,
when the controller C(e,T,T") is attached to the plant P,, we have that

(a) [[€(t) = E(RT)|| < AT|ERTN||, t € [kT, (k+1)T),
(b) [u()] <AIEED)||, t € [KT, (k+1)T).

Proof: Please see Appendix C.

The first part of this proposition states that the actual state & behaves much
like £°, at least over periods in which there is no switch; furthermore, this match
improves as 7" gets smaller. The second part of the proposition says that, in all
periods, even ones with a switch, we can find a nice bound on the size of the state
and the input over that period, but the bound requires that 7" be small and 7" be
even smaller.

It will turn out that, over intervals in which there are no switches, & exhibits
exponential decay over the entire time interval, which will be useful when proving
all of our major theorems. To that end, we state the following technical lemma:

93



Lemma 5.3 (Boundedness Lemma) With Ts > 0 and ¢ € (0,&), for every
T € (0,T(Ty)), there exists a constant ) € (N, 0) so that, for every A € (Ao, €x),
there exists a constant v(T,X) > 0 so that, for every sufficiently small T' and
every o € Y, , if the controller C(e,T,T") is attached to the plant P, then, for
every interval of the form [ET,kT) over which there are no switches, we have
that

@Il < AT N EDNSETY, ¢ € [T, KT], & € R™
furthermore,

Jim (T, A) = 7.

Proof: Please see Appendix C.

The above lemma says that we can make (T, \)e**£T) as close as we wish to
70eET) which will be very useful when we are proving stability in the face of
plant switches. When there are no switches, we do not need this level of generality;
to that end, we present the following Corollary:

Corollary 5.1 With T € (0,Ta:) and € € (0,&), there exist constants A €
(Mo, 0) and v > 0 so that, for every p € M and sufficiently small T", if the
controller C(e,T,T") is attached to the plant P, then

€@ < veM|&ll, >0, & € R™

Proof: This result follows directly from Lemma and is left to the reader. n

Finally, we look at a useful property of the controller’s state-space representa-
tion:

Lemma 5.4 The control law C(e,T,T") has a representation of the form (5.4)
given by (G, J, h,0) which is deadbeat in the following sense:

G(0,z,y) = G(0,0,y).

Proof: Please see Appendix C.

Henceforth, when we discuss properties provided by the controller C(e,T,T"), we
implicitly mean properties provided by (G, J, h, ().
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5.4 Asymptotic Stability

In this section we will investigate asymptotic stability; since this problem is signifi-
cantly more complex than our previous ones, for time reasons we will not investigate
I/O stability. Recall that our estimation process now requires active probing. The
effect of this is twofold: first, for the estimates to be good, we require fast sampling,
and second, to keep the adverse effects of these probes to a minimum, we require
the duration of the Estimation Phase to be small. To this end, unlike in previous
chapters, even when there are no switches, we cannot prove stability for arbitrarily
large T" (we can still allow T to be large).

Theorem 5.1 For every T' € (0,T)4) and € € (0,&), if T' > 0 is sufficiently
small, then the controller C(e,T,T") asymptotically stabilizes P.

Proof:

Fix T € (0, T)hae) and € € (0,€) and let p € M and & € R" be arbitrary. Observe
that, by Lemma 5.4 we have that G(0, z,y) = G(0,0,y); therefore, since the con-
troller is periodic, if y(t) — 0 then z[k] — 0 as well. By the structure of C(¢,T,T")
we have that v is bounded by &; furthermore, y = C'¢€. The upshot of all of this is
that, to prove stability, it is enough to show that £(¢) — 0 as t — oco. To that end,
we now invoke Corollary I} there exist constants A € (A\g,0) and 5 > 0 so that,
for every sufficiently small 77 we have

@I < 3Nl =0,

providing the desired bound; furthermore, clearly

lim Jl€(¢)]| = lim (ﬁe”HfoH)

t—o00
= 0.

We now allow for persistent plant changes and show that our controller is stabi-
lizing under the condition that switches occur slowly enough. We suspect that, as
in the previous two chapters, we could (loosely) bound T below and then 7" above
in such a way that, as T gets big, so does the bound on 7. Since the analysis here
is significantly more complex and we wish to leverage Proposition [.2)(ii) (which
requires that 7" be small) instead, we will force T" to be small and use the tighter
lower bound on 7.

To motivate such a bound, consider the following simplified example. We have
two LTI plants, P, and Fj, and the time-varying plant P, switches back and forth
between them, spending 7 time units at P, and 7» time units at P; before repeating:
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for every k € ZT,

b _ [ By t=[k(n+7) k(0 ) + 1)
o (t) Py, t=[k(n+m)+7,(k+1)(n+mn)

Stability is clearly dictated by the matrix
e AT, (5.8)

the closed loop system is stable iff the eigenvalues of this matrix all lie within the
open unit disk, with a sufficient condition being that

e edr2|| < 1. (5.9)

Of course, if one knows in advance that the time-varying plant is as indicated, then
one can always stabilize the system with a more cleverly designed controller even if
(E8) has eigenvalues outside the open unit disk; unfortunately, in our case no such
a priori information is available.

This brings us to the general case. Using (5.9) as motivation, a sufficient con-
dition for stability should be

sup sup |le?rmer || < 1. (5.10)
p,pEM T;>T

To simplify this condition, observe that Proposition [5.I(iii) says that
le™!]] < qe™", >0, peM,

so (B.I0) holds if

'yOeAOTS <1

or equivalently if

=: g

g), if Ty > Ty, then there exists a constant T > 0

Theorem 5.2 With ¢ € (0,¢),
0,7), if T" is sufficiently small, then the controller

so that, for every T € (
C(e, T, T") stabilizes Pr,.

Proof:

Fix ¢ € (0,6) and Ty, > T, and let § € R", 0 € Xp,, and T € (0,7,/2) be
arbitrary. As in the proof of Theorem [5.1] observe that, by Lemma [5.4] we have
that G(0,z,y) = G(0,0,y); therefore, since the controller is periodic, if y(t) — 0
then z[k] — 0 as well. By the structure of C(e,7,7") we have that u is bounded
by &; furthermore, y = C¢. The upshot of all of this is that, to prove stability, it is
enough to show that £(t) — 0 as t — oc.
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Before we proceed, we invoke Lemma there exists a constant ¢\ € (Ao, 0)
such that, for every A € (A, €x) there exist constants 7"(7,A) > 0 and y(T,\) > 0
so that, for every T" € (0,7"(T, X)) we have

le@)I < AT, N EIDNel (R + DT, ¢ € [(ka+ 1T ki), €N (5.11)
and the special caseﬁ
ls@N < AT, e [&ll, ¢ € [0, kT), (5.12)
At this point we fix A € (Ao, €)) so that it satisfies

In(7o) In()
T, > > =T, (5.13)
RY Y —

Since A is now fixed, we drop it from 7"(T, \) and ~(T, \) and simply write T"(T)
and (7).

We now pause for a moment to discuss the structure of the remainder of this
proof. Observe that it is sufficient to prove that, for every sufficiently small T" >
0 there exists a constant T'(T) > 0 so that, for every T" € (0,7'(T)) we have
asymptotic stability. We have just established the existence of a constant 7" which
will turn out to be sufficient to achieve the desired objective; we let T" € (0, T'(T))
be arbitrary and devote the remainder of this proof to showing that we obtain the
desired result for every sufficiently small 7.

As usual, we begin by investigating the first interval [0, k17). Observe that, if
t; < T then k; = 0 and there is nothing to prove, so we assume that this is not the
case. From (5.I2) we know that nothing untoward happens in this initial period,
furthermore, since ¢ is continuous, for all cases of k;, we have that

le[B T < A(T)e™ T 1ll- (5.14)

We now investigate ¢ > k;T". The bound on T is designed to ensure that there is
enough time for the system to recover from the adverse affect of a plant switch before
the next switch occurs. To that end, we proceed by finding an update equation
for ||&[k141T]|| in terms of ||[k,T]|| and then show that, because of the bound on
T, the state at the endpoints ||£[k;T]|| tends to zero as [ tends to infinity; we then
conclude by showing that, between these endpoints, the state is well behaved.

Obtaining the desired update equation requires two steps. First, we observe
that (BI1]) gives us a nice bound over intervals with no switch; in particular, it
says that

€[k T < A(T)eX =BT e[k, + )T, 1€ N,

5Observe that, if t; < T, then the interval of interest is empty, so implicitly, this inequality
only applies if t; > T
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The second step is to obtain a bound on ||£[(k; + 1)T]||, which we do via Propo-
sition B.2l(ii)(a), which says that, if 7" > 0 is sufficiently small, then there exists a
constant «4(7") > 0 such that

1€ < an(D)[ERTI, ¢ € [mT, (ki +1)T], €N, (5.15)
in particular we have
1€[Ck + DTN < an(T)[|E[RTN, 1€ N;
furthermore, observe that, since £ is continuous, we clearly have that

lim oy (7) = 1.

T—0

We now combine this with our first step to find that, for every sufficiently small
T > 0, we have

e[k T < (D) (T~ DT e[ T||, 1 e N.

Since
tiyn —t <Ts, €N,

we have
[€[keaT]|| < (T)ay (T)e e

¢RI, 1 eN, (5.16)

S0, solving iteratively yields
~ -
[€TIN < (HT)on(T)e 2T lelaT]), 1€ N
and, using (5.14)), (511)), and (E.I5), for every sufficiently small 7" > 0, we have

lE@) < AAT)as(T) ((T)aa (T)e T ) T lgl, ¢ € T, kiia T), L€ N
(5.17)
Clearly, if
YTy (T)e MM < 1
then
lim (V(T)ozl(T)e_Q)‘Te’\Ts)l_l =0,

1—0

and therefore we have the desired limit
lim J¢(0)] = 0;

furthermore, if we combine (5.I7) with the bound on the interval [0, k1T given by
(EI4)), then we have the desired bound on the entire interval

€@ < max{y*(T)os(T), »(T)}Héll, t = 0.
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It remains to show that our assumption on 7 ensures that, for every sufficiently
small 7" and every 7" € (0,7"(7T)), we have

Y(T)ou (T)e e < 1,

To do so, observe that (B.13]) yields

1
Y(T)ay(T)e s < y(T)on (T)e M —,
Yo

and furthermore, from Lemma [5.3] we have
lim 7(T') = 7,
S0
1
- —2NT AT, - —or L
%12% (V(T)ou (T)e M) < %1_1% (7(T)a1(T)e %>
therefore, for every sufficiently small 7' and every 17" € (0,T'(T)), we have

Y(T)ou (T)e e < 1.

5.5 Performance

We now turn to the question of performance. In this chapter, we will only investi-
gate the case where there is no plant switching; here we find that, for arbitrary T,
we can get as close as we wish to the optimal trajectories, provided that we make
both € and 7" small.

Theorem 5.3 For every T' € (0,Taz) and 6 > 0, if € € (0,8) and T" €
(0,7/2) are sufficiently small, then C(e,T,T") asymptotically stabilizes P and,
when C(e,T,T") is attached to any plant P € P, the closed loop system response

satisfies
y | [ ¥
Rl/Qu R1/2u0

2

< §||&l1? & € R™

2

Proof:

We begin by fixing 6 > 0 and T € (0, Tjnez). Let & € R", p e M, and T" € (0,7/2)
be arbitrary. From Proposition [5.I(iv), for every € € (0, &), we have that

ye y°
H[ R1/2u5 :| - |: Rl/2u0 :|
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so fixing

yields
€ 0 2 )
Y Y 2,
1| o | = | s || = 310l (5.18)
therefore,
Y e oy v I
H{ Ry 1 N { Ryl 1 2 : L Ry } - { RV2uf 1 2 "
M e 0 1112
y oy
R1/2u5 :| |: R1/2u0 ,
: y Y [
< R1/2U :| - [ R1/2us :| + §H§0H2
L 2

Stability now follows immediately from Theorem .1l It remains to show that, for
sufficiently small 7", we have

1| wlen | = | e ]|,

the remainder of this proof is devoted to this.

Since y = C&, it suffices to show that ||u —u®||3 and [|¢ — £°||2 are both bounded
by (a scaled version of) T"||&]|?, we can then obtain the desired result by making
T’ small. To that end, we define

2

5 2.
5”50”

=gt

and

We begin with ||€]|2:
Claim 1: There exists a constant 7; > 0 such that, if 77 > 0 is sufficiently small,
then we have

€113 < MT"[|&ll*.
Proof:

We start by investigating the period endpoints. Using Proposition B2)(i)(a), it
is easy to show that, for every sufficiently small 7" > 0, there exists a function
A,lk] € PC and a constant a; > (8 such that

IA[E] < an TE[RTTN, k€ Z, peM

5We will invoke Proposition many times in this proof. To reduce notation, we will use a;
as our constant each time.
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and

El(k + 1)T] = ®(T, 00 kT] + A k), ke Z*

whose solution satisfies

e
—_

ERT) =S (®5(T,0)F A i], k€ Z*.

7

Il
=)

Using Proposition GINiii) to bound ||(®5(7,0))"|| together with our bound on [|A||

yields
k—1

IEFRTI < Y o =T T|ERTT), k€ 2. (5.19)

=0

If we invoke Corollary 511 then we find that there exist constants A € (Ag,0) and
~ > 0 so that, for every sufficiently small 77 we have

1@ < e oll, ¢ > 0; (5.20)

applying this to (5.19) yields

k—1
IEFTI < 3 qoedE 10T, TN ||g |
=0
k—1 )
= D T T g |
=0
—1
= ’YoOél’s/T/e)\(k_l)T e(Ao—A)iTHé;OH
=0
50— AT
Yo¥17y€e 3
T oo e Gl k ezt (5.21)
=2

We now investigate the behaviour inside the period. Returning to Proposi-
tion 0.2)(1)(a), it is also easy to show that, for every sufficiently small 7" > 0, we
have

1€5(t) — (@5t — KT, 0)E[RT|| < an T'|IERT, ¢ € (KT, (k + 1)T), k€ Z".

Since T and ¢ are fixed, ||H®||» is well defined; furthermore, it is straightforward
to show that

€ aTl al €
|95, 0)[| < &7 + Te b HF||oo, ¢ € [0,7]

:'y¢

SO
€O < s llERTN + T ERTI, ¢ € kT, (k+1)T), k€ Z*.
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Using (521 to bound [|€5[kT] and (G20) to bound ||€[kT7]| yields (for small T")

IEON < T &) + anT'3e¥|&ll, ¢ € KT, (k+1)T), k€ Z*

= <"}/¢042€7/_\T + ozfy) e’_\tT'HﬁoH, t>0,

[ J/

=:a3

which we use to find that, for every sufficiently small 7" we have

/ IE@Pd < / 2PN (TGPt
0 0

oF
2
oF

2|

(T")*[I01*

IN

T'(| ol .

We now turn to u°:

Claim 2: There exists a constant v, > 0 such that, for sufficiently small 7", we
have

13713 < 7T [|&ll.
Proof:
By definition,

W(L+KT) = HE(p, K] = u(t — kT)

= He(p,)E[KT) + H*(p, )EKT) — u(t — kT), te[0,T), ke Z*,

so, for every k € Z™ we have,
T 2T’
/ it + kT)|Pdt = / VB (. € (KT — u(t — KT)|Pdt +
0 0

/2 |H= (p, O)E[RT] + HE (p, )7 (KT — u(t — KT)||*dt.

/

It will be convenient to look at each term on the RHS independently. We start with
the first. Since ||H¢||« is well defined, by the first result of Proposition B.2(i)(b),
for sufficiently small 7”7, we have

| N0 BT = e - k) P
< o (| HE | |ETRTI + aa |€IRTI)?
< 2T (|| H¥ oo ®5(T, 0))* 0ll + on[I€RTII)
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To bound the second term, we use the second result of Proposition[5.2)(i)(b) together
with (B.21]) to find that, for sufficiently small 7", we have

/2 / [H(p, )E[KT] — u(t — kT)] + H(p, t)E° KT it <
( = o7) (an TIERTI + | H o' o])
~—

<T

Putting these together and using (2.20) to bound [|{[kT]|| and our bound on P ||
yields (for small 77)

T _ 2
| e < [2(||H£\|oo%eA°kT+aweAkT) ;
0

T (05 1 HHEHOO%)?}T’HEOW

IN

2 (1|0 + 017)” + T (7 + | H |l 002)? | x

'
=:q4

T &P, ke Z*

so, for every sufficiently small 77 we have

0

| IEoRa < 3 areiTg)?
=0

Qg
= WT'H&H?

1
|
Combining Claims 1 and 2, for sufficiently small 7", we clearly have that
Y Yy ’
1 aion | = e ||, = W= Rl
< [IC]l < 1€ = €115 + Rllu — wf3
< (m+ Ry) &1
so clearly, for sufficiently small 7", we have
2
y Y 0
| ailo | = [ st || < 1600
]
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5.6 Examples

Here we will consider two example uncertainty sets, each of which admits the pair
of plants ﬁ and ﬁ In the first example, the uncertainty will be entirely en-
capsulated at the plant input, yielding the gain margin problem; we present this
example so that we have a basis for comparison in Chapter 6. The second example
is a reinvestigation of the example of [25]; we will use this example to illustrate how

to use the more general form given in Section [B.2.5]

In the following examples, we allow the plant to switch and show that we main-
tain stability. For comparison purposes, we also include a nominal signal which is
defined to be the LQR optimal trajectory for whichever plant is active (as in our
previous chapters):

fnominal(t) — eAg(t)tfo’ t> 0,
ynominal(t) — anommal@)’ t Z 07

and ' ‘
unomznal<t) — Fa(t)fnommal(t), t Z 0.

5.6.1 Example 1 - Gain Margin

Here we consider transfer functions of the form

_ b
"s+a

and the compact set

P={P:(a,b) € (1, [-1,-1/2]U[1/2,1])};
observe that this is the gain margin problem (with gain margin 1/2) and that it is
enough to set m =n =1, so

We choose the LQR parameter

which yields the feedback gain

Jo = —%(1 +V1+10?)

and the closed loop matrix
a,=VvV1-+ b2,
It turns out that the polynomia]ﬁ

[ —0.0048b" 4 0.01195° + 0.1056 b + 0.1250 b] 7°+-

"To find this polynomial, we use MATLAB’s ‘polyfit’ function to approximate f, and e~? and
then use ¢ = 1+ b21 ~ (0% + 1)7.
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Figure 5.3: Example 1 - solid is actual, dashed is nominal - A = 0.0001s.

[0.0333b° — 0.1483b% — 0.4298 b| 7 — 0.0747 b* + 0.4818 b

provides a reasonably good approximation to
fbeabT-

We perform two experiments: h = 0.0001s and h = 0.0005s, shown in Figure[5.3]
and [0.4] respectively. In both cases, the Estimation Phase has duration 32h, the
Control Phase has duration 100k, and we switch between b = 1 and b = —1 every
7/10s. As usual, we see improved performance for smaller sampling rates.

Since it is somewhat difficult to see what is going on in the control signal, we
provide a zoomed in version of the h = 0.0001s case in Figure 5.5} observe that
at the beginning of each Estimation phase, the control signal jumps to zero - this
is the state estimation phase of the controller. Furthermore, observe that, because
the switch occurs during the Estimation Phase, the resulting control signal is the
wrong sign; however, the correct control is reasserted in the following period.

5.6.2 Example 2

Here we provide an example which will clearly benefit from the more general form
provided in Section B.2.0l We have the same structure of first order transfer func-

tions:
b

P ,
s+ a
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0.314 0.628 0.942 1.256 1.57 1.884 2.198 2.512

Input—u

0.314 0.628 0.942 1.256 1.57 1.884 2.198 2.512

Figure 5.4: Example 1 - solid is actual, dashed is nominal - A = 0.0005s.

15+
1
05F — — - = - |- | _ _
=]
|
5 0
Q
£
-05 I N
]
|
-1 I Optimal u
Estimation Phase Plant switch 1
N
_15 | | | | |
1.15 1.2 1.25 1.3 1.35 14

Figure 5.5: Example 1 - zoom of u from h = 0.0001s.
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but this time we consider the compact set
P = {P . (aa b) € ([_L 1]7 {_17 1})}a

here we require m = 2n = 2, so

We choose the LQR parameter

which yields the feedback gain
fr=—bla+V1+a?),
the closed loop matrix
a, =1+ a2,
and the extended observability matrix

1
On(lia)=| a

CL2

Observe that

1
\/1+a2z1+§a2,

so if we set

w=[111/2],
then

_ 1
fpeapT ~ —} (1+a+§a2> e 1+a21
= —beVITTWO,, (1, a),

so if we approximate

wlkT| = WO,,(1,a)¢[kT]
instead of £[kT] in the state estimation phase, then we can reduce the order of the
required polynomial estimate by two. Indeed, the polynomia

[0.0640 Bat 4 0.2561 b%2 + 0.2561 b] 2y [ — 0.4403 a2 — 0.8805 b} 7+ 0.9872b

provides a reasonably good approximation to —be®7.

It turns out that the structure of the arguments »’a/~! allows us to significantly
reduce the number of probes. As usual, we begin with the state estimation phase,
wherein we obtain our estimate of w. To see how to reduce the number of probes,
observe that we can proceed in the following way:

8To find this polynomial, we again use MATLAB’s ‘polyfit’ function to approximate e~ and
then substitute with ¢ = V1 + a?7 = ($a? + 1)7.
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(i) Probe with Est{w[kT]} to obtain a good estimate of

polit] = | | wler]

(ii) Probe with the estimate of ({ bl; } w[kT]) to obtain a good estimate of
2

pbayolbt] = | oty | wlkt

4,3
(iv) Probe with the estimate of <{ 2424 1 w[kT]) to obtain a good estimate of
2
bat
p(b*a")w[kT] = { 1 } w[kT).

We then use

estimate of ([ o } w[kT]) = oleT]

boa*

oo ]w[kT])l ~ Ba*wkT]

estimate of ({
to construct the desired polynomial. Since we never probe with the first element of
the estimated vectors, the total number of probes is significantly reduced; indeed, if
we had not taken advantage of the structure, then we would have needed 15 probes
in the control estimation phase instead of only four.

We perform two experiments: h = 0.0005s and h = 0.0008s, shown in Figure[5.6]
and 5.7, respectively. In both cases, the Estimation Phase has duration 36h, the
Control Phase has duration 200h, we fix a = 1, and we switch between b = 1 and
b= —1every m/3s. As expected, we see improved performance for smaller sampling
rates.

5.7 Summary and Concluding Remarks

In this chapter, we revisit the problem of Chapter 3 in the context of a compact
(rather than finite) set of LTI plants that is given in transfer function form. We
provide a canonical state-space representation for each plant and design a mildly
nonlinear RACE controller that provides asymptotic stability in the face of (pos-
sibly persistent) switching between plants in the set. Furthermore, the proposed
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Output -y

i S e, o

o L
1.0472 2.0944 3.14159 4.18879

_3 i i i i
1.0472 2.0944 3.14159 4.18879

Figure 5.6: Example 2 - solid is actual, dashed is nominal - A = 0.0005s.

1.0472 2.0944 3.14159

Input - u

_3 1 1 i
1.0472 2.0944 3.14159

Figure 5.7: Example 2 - solid is actual, dashed is nominal - & = 0.0008s.
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controller is shown to provide near optimal LQR performance for each LTI plant.
Although we have not discussed it here, we expect that near nominal performance
(in the same sense as in the previous two chapters) can be obtained for sufficiently
small T, T, and e.

The main difference between this controller and those of Chapters 3 and 4
is that, here, our estimation method requires active probing, which significantly
complicates the analyses. A major drawback to this approach is that, even though
we know that they exist, the polynomial H® and the coefficients d; ; can be quite
difficult to find, especially for higher order plants.
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Chapter 6

The Time Varying Gain Margin
Problem

At this point, we change gears and consider a problem that is both simpler and
more complex, depending on perspective. We consider a nominal LTI plant P, with
an unknown time-varying (TV) multiplicative gain g at the input; together, these
comprise the actual plant P_ﬂ. This problem is simpler in the sense that we have a
single LTI plant with a single unknown parameter; however, it is more complicated
in the sense that the uncertainty is allowed to be a reasonably general time-varying
function, rather than piecewise constant.

As has been the case throughout this thesis, we are interested in more than
just stability. Here we will consider the tracking problem that can be modeled via
a (stable) filter W at the exogenous input. In keeping with some of the standard
results in this area, we will use a weighted sensitivity function to measure perfor-
mance; furthermore, in this chapter we use the infinity norm to measure the size
of a vector (instead of the 2-norm as was used in all previous chapters). This con-
troller is motivated by those of [24] and [22]; we seek to alleviate the restrictions
of those papers by allowing for both rapidly time varying gains (which [24] does
not do) and non-minimum phase plants (which [22] does not do). A preliminary
version of this work was presented in the conference paper [40].

Recall that, in [24] it was shown that one can achieve any desired gain margin
while ensuring that the size of the weighted sensitivity function is near LTT-optimal.
There, the gain was constant, but here it is time-varying, so a natural question is:
can one provide better performance for a given LTI plant by using a nonlinear
time-varying (NLTV) controller instead of an LTT one? When using the 2-norm to
measure the signal size, the answer is NO, at least in the simplest setup [14]. When
using the oo-norm to measure signal size, as is done in [24] as well as here, the
answer is YES, at least for certain multi-input multi-output cases [34]. However,

ISince we will denote the plant associated with the gain g as P, our nominal plant is Py
(instead of the familiar Py).
2Tt is critical that the weight be strictly proper.
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u(t) Control signal of

Chapter 5

Control signal of
\ Chapter 6
0 .

kT u KT + T’ (k+1)T
| Estimation Control |
‘ Phase | Phase |

Figure 6.1: Comparison of Input Signal from Chapter 5 and Chapter 6

here our goal is to design a LTV controller and, at least in the discrete time case, it
has been proven [33] that there is no advantage to LTV over LTI controllers. Based
on this argument, our performance goal will be LTI optimal weighted sensitivity.

In all of the previous chapters, we used a generalized hold to apply a control
signal that looked much like the optimal one. The main reason behind using a
generalized hold (rather than a zero order hold) was to allow for longer controller
periods. Unfortunately, we will not be able to allow large periods here: we would like
to allow the gain g to be rapidly time varying, so, since the controller is essentially
open loop over each period, intuitively we will need short periods to ensure stability.
To that end, we will use a (easier to analyze) piecewise constant control signal (see

Figure [6.1]).

If we assume that the TV gain ¢ lies in a compact set, then the set composed
of all possible plants P, is also compact, so it is not surprising that the discussion
here will be reminiscent of that of Chapter 5. There is one exception: since the
gain is always time varying, in this chapter, we will not differentiate between gains
that do or do not contain discontinuities.

A brief outline of this chapter is as follows. In Section we make the problem
precise. In Section we address the question of estimation. In Section we
leverage the results of Section to design a RACE controller and present some
results that will be useful in proving the main theorem of this chapter. In Section [6.4]
we present the main result: we show that our controller design can provide stability
and near optimal (LTI) performance in the face of time varying uncertainty in the
gain g. In Section we present two illustrative examples. In Section we
discuss a promising avenue for future research in this area and we wrap up with a
summary and concluding remarks in Section [6.7

Before proceeding, we briefly introduce some notation that will be exclusive to
this chapter. We use the notation ®4(¢,%y) to denote the state transition matrix
corresponding to the square matrix A; furthermore, since we are dealing with time
variations and LTI systems, it will be convenient (and natural) to write gK to
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indicate an LTI function K with a time varying function g on the output.

6.1 Problem Formulation

We are interested in a SISO nominal plant P; with an unknown gain g at the input;
together, these form the time-varying plant F,. Furthermore, recall that we model
the signal to be tracked via a (stable) filter W at the exogenous input. In this
section, we provide state-space models for P;, P, and W, some assumptions on the
set of admissible gains, definitions of stability and optimal performance, and some
useful notation.

The nominal SISO plant P; can be modeled via the state-space representation

ip(t) = Apa(t) + By u(t), x,(0) = 0,
y(t) = Cpxy(t),

which we assume to be stabilizable and detectable with relative degree m. It follows
naturally that, for g € PCo, the TV plant P, is given by

(6.1)

Tp(t) = A, x,(t) + By g(t)u(t), ,(0) = xp0,

y(t) = Cpuylt). (6.2)

We now turn to the class of admissible gains. To achieve the tracking objective

e it is reasonable to require a bound on the derivative of g, since otherwise it
would be hard to track;

e we need g(t) to be bounded away from zero to ensure that Wlt) is bounded;

e we need ¢(t) to be bounded (so that we can prove a uniform type of result);
and last of all,

e we require that discontinuities in g be sufficiently far apart.
These requirements can be encapsulated via three parameters:

e a constant ¢, > 0,
e a compact set G C R not including zero, and

e a fixed time 7.

We can then define the set of admissible gains by

G(G,Ts,cy) ={g9€ PSo(Ts): 1) g(t) € G, t € Rand
2) esssup,»ol[9()[ < ¢o};
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Figure 6.2: Block Diagram

hence, the set of admissible TV plants is given by

P = {Pg 1gc€ g(G7Tsvcg)}'

The class of reference signals to be tracked is modeled by the stable, finite
dimensional, LTI, low-pass filter W, which is driven by an exogenous input r. We
model this filter via the following minimal representation:

Tu(t) = Ay xy(t) + By r(t), 24,(0) = xyo,

hrer(t) = Cu 2ut) (6:3)

and we make the following key assumption:

Assumption 6.1 The relative degree of W s greater than the relative degree of
P.

Remark 6.1 Tracking problems tend to be concerned with the low frequency com-
ponent of the signal to be tracked, so if W does not satisfy Assumption[G 1, it can be
made to do so by rolling off the high frequency with minimal effect on the problem.

To incorporate this model into the structure of Figure 2.1l we introduce noise
at the plant input and output (w, and w, respectively), define the tracking error
by

€= yref - (y + wy)7
and label the (as yet undefined) controller by C. Together, these yield the closed
loop block diagram shown in Figure [6.2]

To achieve our objective, observe that if the FDLTT controller Kj; stabilizesﬁ P,
then the controller leK”i stabilizes P, and provides the same weighted sensitivity.
Hence, if we first choose Kj; such that it stabilizes and provides near (LTI) opti-
mal performance for the nominal plant P, then, since g is unknown, the problem
becomes that of designing C such that it behaves close to éKlti when attached to
the plant P,. Of course, this is easier said than done. In the course of the design

3We will define what we mean by stability in a moment.
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process, we will consider three different controllers, each of which has Kj; as a com-
ponent. To that end, it will be useful to adopt the following minimal representation
of Klti:

{L’k(t) = Ak ZL’k(t) + Bk e(t), l‘k(O) = Tko,

It will be convenient to combine the state-space representations of the plant, filter,
and LTT controller, yielding a representation of the augmented open loop system:

(6.4)

ap(t) [ 4, 0 0 zp(t) B,
ZL‘k(Zf) = —Bka Ak Bka l‘k<t) + 0 g(t)u(t)—i—
Ty (L) 0 0 A, Ty (t) 0
-~ :‘:,A ::‘a:,(t) —:By,
0 Tpo
l;)w r(t), z(0) =z := ;ZZ € R", (6.5)
-f~B
WO = [ DOy G DpCy |z(t),
—F
et) = [~Cp 0 Culalt)
—C

With this in hand, we can express our controller C as a combination of Kj; together
with an (as yet unspecified) compensator s given in input-output form:

k : PCs — PCo

5]

This yields the closed loop system shown in Figure and the following natural
definition of stability:

Definition 6.1 With zo = 0, we say that the controller C 1/O stabilizes P if, for
every Py € P the map

(wu7 wy: T) — (U, Y, 6)

1s well defined and has bounded norm.

Observe that, since our closed loop system is linear, finite dimensional, and stabi-
lizable, asymptotic stability is an automatic result of I/O stability. Furthermore, in
the remainder of this chapter, we restrict ourselves to only those FDLTT controllers
Ky;; that stabilize P; and label the set of all such controllers by S(P;).

Since we will be investigating the performance of different controller and gain
combinations we would like the notation for the weighted sensitivity to emphasize
this:
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Figure 6.3: Expanded Block Diagram

Definition 6.2 With xy =0, w, = 0, and w, = 0, for a given gain g and controller
C, we define the weighted sensitivity by

S(g,C)W 1 e,
S0
S(g,C)W := (I + P,C)"'W
and the cost associated with g and C is therefore
]+PC 71W ) |loo
15(g. )W = sup ILTHFL) W) ()l

rePCoo, 7 {loo
r#0

This leads naturally to the following definition of the optimal cost achievable by an
LTT controller:

IS, K)W[.

Qg = inf

K is LTI and stabilizes P,
We can now restate our performance objective: we would like to design C so that
|S(g,C)W|| can be made as close as desired to oy, independent of g € G(G, Ty, ¢y).
As we indicated above, to do so it would clearly be enough to design Ky; € S(P)
so that it provides a cost close to ay; and then apply the controller éK 1i; however,
we can not do so since g is unknown.

6.2 Estimation

As usual, we must perform some estimation. We implied in Section 23] that
we can estimate the quantities ¢'[kT|u’[kT| reasonably well and then use them to
apply an estimate of the desired control signal. This section is devoted to explaining
how to do this. We begin by outlining the estimation method, then perform an
additional approximation, and finally, show how these can be combined to provide
(an estimate of) the desired control signal. In this section, we assume that the
noise is turned off.
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6.2.1 Estimating Polynomials in g

Before providing the details, we use a simple (first order) example to outline the
idea behind a single iteration of the estimation process. For simplicity, we will
assume that g is constant. Consider the following nominal plant P, given by

y(t) = ay(t) + gu(?)

together with the reference model W given by

() = l _(;0 _21 lxw(tw[g}r(t)
il = [ 0Jm.

Recall that our controller’s input is the signal e = y,.f —y. We will begin by
investigating y. Consider the constant input

u(t) = U, t e [to,t0+h),
which yields
y(to + h) = (1 + ah)y(to) + hgu + O(h*)y(to) + O(h?*)a.

Unfortunately, the effect of the initial conditions are overriding that of gu. We can
begin to address this problem by rearranging the above equationH:

1 _ _

5 Wt +h) —y(to)] = ay(to) + gu+ O(h)y(te) + O(h)a. (6.6)
We now have a situation where, although the initial conditions are no longer dom-
inating, neither is the effect of gu. To combat this, we use a more complicated wu;
we first turn off u to get our hands on the initial conditions, and then turn it back
on:

u(t) = 0 t € [to,to+ 2h)
| @ t € to+ 2h,to + 4h).

With this control signal, we can subtract off (an approximation of) the initial
conditions to obtain the desired signal. Indeed, with this more complicated input
we find the effect of the initial conditions:

y(to + h) = (14 ah)y(to) + O(h?)y(to)

4This procedure corresponds to a discrete-time approximation of the derivative of the plant
output, with the estimate improving but noise tolerance worsening as h — 0. This is similar to
the trade-off that arises in PID design with regards to the high frequency roll off of the derivative
term: the higher the frequency, the better the approximation to a pure differentiator, but the
worse the noise tolerance. To make our noise problems even more challenging, as the relative
degree of P, increases, we will need additional derivative approximations; indeed, we will need m
of them.
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and the effect of u:
y(to + 3h) = (1 + ah)y(ty + 2h) + hgu + O(h*)y(to + 2h) + O(h*)u

which we combine and rearrange as in (6.6 to provide

L iyt + 3h) — y(to + 20)] — [y(to + h) — y(to)]} =

h
aly(to + 2h) — y(to)] + gu + O(h)y(to) + O(h)y(to + 2h) + O(h)u
= a[e®y(to) — y(to)] + gt + O(h)y(te) + O(h)e* y(to) + O(h)i
= gu+ O(h)y(ty) + O(h)u

which is a good approximation of gu. However, our controller’s input is the signal
e, so we must also consider the y,.; part. Performing a similar analysis, and using
the fact that the relative degree of the reference model is two (so C,B,, = 0) we
obtain

% {[yref<t0 + Sh) — Yref (tO + Qh)] - [yref<t0 + h) - yref<t0)]}
= %Cw [e34wh — e2Awh _eAvh 1 TT 1, (to) + O(h)aw(to) + Oh) |7l

= O(h)zw(to) + Oh)|[7]|oo;

therefore, looking at the error signal e = y,.y — y we see that
1
’ {[e(to + h) — e(to)] — [e(to + 3h) — e(to + 2h)]} =

g+ O(h)y(te) + O(h)u+ O(h)zy(to) + O(h)|rlle,  (6.7)
which is a good approximation of gu.

We now consider the general case. To proceed, we will require four useful
matrices:

10 0 - 0
11 1 1
S, = |1 2 22 ...o2m |

i,
On(C,A,) = ) ,
C A
Xin(h) = ding{1, h, h2/(2)), .. I™/(m])},

and
e(t)
£(t) = e(t + h)

e(t + mh)
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The matrices S, and H,, arise naturally from the structure of the solution to (6.1))
and (6.3)); we show this in Appendix D in the proof of the up-coming Estimation
Lemma. Note that S, is a Vandermonde matrix and A is non-zero, so both .S,
and X,,(h) are invertible; observe that X,,(h)~! = O(h™™). Finally, since m is the
relative degree of Pj, we are guaranteed that [C),(A,)™ "B, exists. Motivated
by the structure of u and the size of these matrices, we define the probing period
to be
hp == (m + 1)h.

With e,,11 € R™! used to represent the (m+ 1) basis vector, we can now rewrite
([6.7) using this notation:

1
5 {le(to + h) — e(to)

—

— [e(to + 3h) — e(to + 2h)|}

{le(to + 2h) — e(to)] — [e(to + 3h) — e(to + )]}

1o e(to) | elto+2h)

h h}{[e(t0+h :| |:6(t0+3h>:|}

= e Xm(h) IS E () — Eto + )]

= [Cp(Ap)m_pr]_leﬁ-HXm(h)_lsrzl [E(to) — E(to + hum)]-

— ==

which is a good approximation to gu.

We now formally state the estimation result:

Lemma 6.1 [Estimation Lemma/ There exist constants v > 0 and h > 0 so
that for every ty > 0, zp € R", r € PCy, h € (0,h), u € R, and g €
G(G,Ts,c,), the solutions of (62) and (G3) with

{ 0, tE€lto,to+ hm)

U(t) a 'L_l/, te [tO + h’mnt() + 2hm>7

satisfy the following:
(i) for every g € G(G, Ty, cy)
[Co(Ap)™ " Byl e, 1 Xin(h) TS E (t0) — E(to + )| <
Ya| + b [y (Eo) | + lzw (o) | + [|7{ls]

(ii) and if g is continuous on [to,to + 2h,,) then we have:

[1Cp(Ap)™ ™ By] ™ e 11 X (h) 1S [E(f0) — Eto + )] — g(to)a]| <

Yh [lzp ()| + [l (o) | + 12| + [Irfloc] -
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Proof: Please see Appendix D.

Remark 6.2 Observe that (6.3) and (6.3) do not contain noise signals, so implic-
itly, this result holds on intervals [to,to + 2h.,) where w = 0.

In a major departure from the previous three chapters, here we will not take
two estimates in series, allowing our controller (and the closed loop system) to be
linear. In previous chapters, a main goal was to allow for large controller periods;
the introduction of the nonlinearity was critically important to doing sdJ. Since
this chapter always requires small controller periods, here we would gain very little
from making our controller non-linear. Furthermore, using the nonlinearity requires
either doubling the duration of the Estimation Phase or halving the sampling pe-
riod, the former is an issue since we need small periods, and (although we do not
prove it here) the latter would degrade the noise performance.

The upshot of this lemma is that the known (measurable) quantity
[Cp(Ap)m_pr]_lea-s-le(h)_ls;zl [EIKT] = E(GT + hn)]

provides us with a good estimate of g[kT|u. The natural next step is to feed a scaled
version of that estimate back into the system to obtain an estimate of ¢g*[kT|u and
so on. Of course, this only provides us with an estimate of polynomials in g; as in
the previous chapter, an additional approximation is required.

6.2.2 Approximation by a Sampled Data Controller

Recall that the desired control signal is

1
g(t)

Unfortunately, this is not a polynomial in g, so we can not use the Estimation
Lemma to estimate it; however, we know from the previous chapter that we can
leverage the Stone-Weierstrass Approximation Theorem [32] to obtain a good ap-
proximation to the desired control signal which is a polynomial in ¢g. Indeed, for
every tolerance £ > 0, the Stone-Weierstrass Approximation Theorem guarantees
the existence of a (real) polynomial

u(t) = —u(t), t>0.

q

o°(f) = Zaifi

i=0
such that
1—fe ()l <e, [feG.

®Recall that, if the estimate was generated over an interval with a switch, then the resulting
control signal to be applied over the control phase would also be large, causing havoc with the
plant if allowed to persist due to long controller periods.
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It follows immediately that

11— 99" (9)lls <&, g€ G(G, Ty cy). (6.8)

Observe that, for each € > 0 there are many polynomials ¢° that satisfy (6.8); to
that end we adopt the following convention: if we fix ¢ > 0, then we implicitly
mean that we fix ¢° so that it satisfies (6.8]).

If we use z° to denote the state trajectory when the controller ¢°(g)Kj; is
applied to (6.2]), then we can use (G.5) to write the associated closed loop state-
space representation by setting

u(t) = ¢*(g(t))u’(t)
¢~ (g()Fz°(t), t=>0,
—_—— —

=:wus(t)

yielding

ef(t) = Cx8(t).

We use the natural notation of ®4: (,)(t,%9) to represent the transition matrix asso-
ciated with A%(g(t)). Clearly, we can obtain a good estimate of the control signal
u® by using the KEL, but before we do so, we first confirm that this provides the
desired performance for the plant P, if € is small enough.

Proposition 6.1 For every K;; € S(Py), there exist constants € > 0, A\g < 0
and vo > 0 such that, for every ¢ € (0,€), z9p € R", r € PCy, and g €
G(G,Ts, c,) the following properties hold:

(i) 194z, (g) (£, to) | < 0™, 1 > to,
(i) the controller ¢°(g) Ky, satisfies

15(g, ¢ (9) Kuei)W — S(1, Kit)W || < 7e.

Proof: Please see Appendix D.

At this point, for every Ky; € S(P;), we fix the constants € > 0, Ay < 0, and
Yo > 0 so that they satisfy Proposition [6.1} clearly these constants will depend on
the particular choice of Kj;, but we do not make it explicit.
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6.2.3 Applying the KEL

From the discussion of Section [6.2.1] if we set

=10 t € [kT, kT + hy,)
U= WORT), t € KT + hon, kT + 2hy),

then it is reasonable to define
Est{g[kT|u’[kT]} := [Cp(Ap)" "By 'l 1 Xin(h) 'S ERT] — E(KT + hy)),

which is a good estimate of g[kT|u’[kT]. The natural next step is to feed a scaled
version of that estimate back into the system to obtain an estimate of ¢*[kT|u’[kT]
and so on, which can be combined to provide a good estimate of control signal

1

u(t) = ¢°g[kT|u’[kT) ~ oIk

wlkT), te kT, (k+1)T);

clearly, for small 7" and e, this provides a good estimate of the desired optimal
control signal.

Observe that this estimate is only good if g is continuous on the interval, so on
periods that contain a discontinuity in g, our estimates will (likely) be poor. That
being said, the Estimation Lemma says that, even if there is a discontinuity, the
size of the estimate is bounded.

6.3 The Controller

In this section, we design the controller C. Our design approach works in the follow-
ing way: we choose a controller Kj; € S(Py) that provides acceptable performance
and then design a sampled-data linear periodic compensator x of period p and
sample time h that performs estimation, yielding an output that behaves much like
that of the controller éKlti. From the Estimation Lemma and the structure of ¢°,
we know that we need to obtain ¢ estimates, each of which will take 2h,, units of
time to obtain, so the Estimation Phase is of duration 17" = 2q¢h,,,. We could choose
any duration for the Control Phase; for simplicity, we assume that Control Phase
has duration 2h,,, so the period is

T =2(q+ Dhy=2(qg+1)(m+ 1)h.

Observe that there is a natural relationship between h, h,,, 7", and T.

In the following, we use estimation coefficients ¢;, which are arbitrary (non-zero)
weights that can be chosen to adjust the size of the control signal w. It will be useful
to define

Est{u’(jT)} := v (kT),
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and

Est{e;g™ (KT u’(jT)} := [Cp(Ap)" ' Byl eq iy Xin(R) 718
[E(KT + 2ihy,) — E(KT + (2i + 1)hy,)], i=0,...,¢ — 1.

As usual, we present our controller in open loop form over one period:

THE PROPOSED COMPENSATOR - &

With Ky € S(Py), € € (0,8), h € RT, and k € Z*, we define the compensator
by

Stage 1 - Estimation Phase: [kT, kT +1")

u(t) =
r 0 t e [k‘T,k’T+hm)
cou®(KT) t € [KT + hun, kT + 2h,,)
0 t € kT + 2hy, kT + 3hyy,)
e Est{cog(kT)u’(jT)} t € [KT + 3hp, KT + 4hyy,) (6.10)
0 t € (KT +2(q — Dhyn, kT + (2q — 1))
| o5 Bst{ceag" (KT’ (GT)} t € (KT + (2q = Dhn, kT +T7),

Stage 2 - Control Phase: [kT + T, (k+1)T)

q

u(t) = % > 2(g+ 1a; !

Est{ci,lgi(k’T)UO(jT)}_

i=0 Ci-1
q—1 o

- “Est{c; 1g"(kT)u’(GT)} |, t € [kT +T',(k+1)T). (6.11)
i=0 1

The controller C consists of Kj; and x, which clearly depends on € and T'; to
stress this, we re-write it as C(Ky;, e, T'). A graphical representation of the resulting
control signal is given in Figure [6.4l Observe that x is a periodic sampled-data
controller with period p = 2(¢ + 1)(m + 1) and sample time h; we can obtain a
state space representation of dimension ¢ + 1 with each state holding one of the
estimates:

o (6.12)

u(kh +71) = cz[k]z[kHDZ[k][i

zlk+1] = A.[k]z[k] + B.[k] [ 120 ] (kh), z[0] = z € R*™,
} (kh), T€]0,h),

123



~ ¢° (g[kT])u’ [KT]

ﬁ
0 o[

t
kT u % (k+1)T
| Estimation | Control
‘ Phase | Phase

Figure 6.4: Input signal u for one period 7T - control phase not to scale.

with A,, B, C., and D, periodic of period p. For an example of a construction of
such a representation for a special case, please see Appendix D.

We now investigate the closed loop system’s behaviour over one period. We will
be able to show that, for small T, the effect of the controller C(Kj;,e,T) is similar
to that of ¢°(g)Ky;, at least over one period.

Lemma 6.2 [One Period Lemma] With Ky; € S(Py) and e € (0,&), there exist
constants v > 0 and T > 0 so that for every T € (0,T), 7o € R", 1 € PCs,
g€ G(G, Ty, c,), and k € Z", when C(Ky;,e,T) is applied to P, the solution to
(63) satisfies:

(1) In all cases we have

t

() [[£(0) — @ o (1 KT)2(KT) /k P (t,7)B,r(r)dr]| <
YT (2K + [I7ll0),
(0)  Nu@®l <AMz®ED)[[ +Trlloo, t € [kT, (k+1T).
(11) If g is absolutely continuous on [kT,(k + 1)T') then

|z((k + 1)T) = ®ac () ((k + 1)T, kT)x(KT)—

(k+1)T
[ (U DT B r)ar| < (I GD] + Il

Proof: Please see Appendix D.
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We now consider the entire interval [0, 00) and show that C(Ky;,e,T') stabilizes
P and provides weighted sensitivity close to that provided by ¢°(g)Ky;. In a major
divergence from prior chapters, observe that stability does not require a lower
bound on Tj.

Proposition 6.2 With Ky, € S(P,) and ¢ € (0,&), there exists a constant
v > 0 so that, for every sufficiently small T > 0, the controller C(Ky;,e,T)

stabilizes P and satisfies

“S(ga(;’(KltiagaT))W - S(Q7¢E(Q>Kltz)WH < 7T7 g€ g(GaTsvcg>~

Proof: Please see Appendix D.

6.4 The Main Result

In our previous chapters, we considered stability and performance separately; how-
ever, observe that Proposition already provides the desired stability result. In-
deed, it says that we can use any stabilizing compensator Kj; and any e € (0,€) to
generate a stabilizing controller C(Ky;, e, T'), provided that 7" is small enough. We
achieve the desired goal of near optimal LTI performance in the face of uncertainty
in g by leveraging the results of the previous section. To that end, recall that
ap; = inf ||S(1, K)W||
KeS(Pr)

and that we would like to design C so that ||S(g,C)W|| can be made as close as
desired to ay;, independent of g € G(G, T}, ¢,).

Theorem 6.1 For every § > 0 there exists a compensator Ky; € S(P) and
a constant £, € (0,€) so that, for every e € (0,&1), if T > 0 is sufficiently
small, then the controller C(Ky;, e,T) stabilizes P and provides the following

performance bound:

HS (gac<Klti75>T)) W” S 0737 + 67 g € g(Ga Ts7cg)'

Proof:

Fix § > 0 and let g € G(G,T;,¢,) be arbitrary. Choose Ky; € S(P1) so that it
satisfies .
||S(17 Kltz)” S O + g
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From Proposition 6.1, for every e € (0, &), it follows directly that
1S(1, Kisi) W — S(g, 9°(9) Kii)W || < 7063

define

SO
0
1S(1, Kui)W — S(g, ¢ (9) Kui) W | < 3 €€ (0,&).
Fix ¢ € (0,&;). From Proposition it follows directly that there exist con-
stants 77 > 0 and ; > 0 such that for every T' € (0,7}), the proposed controller
C(Kyi, e, T) stabilizes P and satisfies

15(g, K)W = 5(g, 9" (9) Kua) W || < 1T

— )
T5 := min {Tl, }
3N

If we combine the above inequalities, then it follows that

define

1S(g, K)W| = |IS(g, K)W — S(g,¢"(9) Kui)W +

(9)Kui)W — S(1, Kiy) W + S(1, Kii))W||
)W — S(g, ¢ (9) Ku) W || +
|(|SS(9,¢6(9)KW) = S(1, Ky )W + [|S(1, Ki) W]

§+§+(alti+§)

= oyt 5, T e (07T2)

A

@
=
=

IN

Remark 6.3 From the above proof we see that, for each Ky, the controller C(Ky;, e, T)
recovers the performance ||S(1, K. )W|| for small values of € and T.

6.5 Examples

Here we discuss two examples to illustrate the proposed design First we will
consider a setup that incorporates our standard two plants E and 1; since it
is minimum-phase, this problem is better solved by using the methods in [22] -
we consider it for completeness. Our second example is more complicated and

considers a second order, non-minimum phase nominal plant.
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6.5.1 Example 1

We consider the nominal plant
P :(A,,B,,C,) =(1,1,1)

the compact set
G = [_\/57 _1] U [17 \/5]7

the minimum time between switches

and the derivative bound

Observe that the relative degree of P, is m = 1. The class of signals to be tracked
is modeled via the filter

W:Aw—[_ol _121,31”—[(1)],010—[1 0].

We begin the controller design by selecting the (non-optimal) LTT compensator
Ky =10
and choosing the inter-sample time
h = 0.001.
We use the optimal approach outlined in [35] to find the polynomial
"M (g(t)) = 0.3431¢°(t) — 1.5147g%(¢) + 2.1642¢(t).

Finally, for simplicity, we choose the arbitrary constants ¢; =1, ¢ =0, ..,q.

In this simulation we will consider the particular case where all initial conditions
are zero, r is a square wave with period 4r:

r = sgn(cos(mw/2)),

and ¢ is a scaled sinusoid that switches between the positive and negative parts of

G-
1 241
sin(2t) + f;

g(t) = sgn(cos(2t/3)).

We see from Figure that the output follows the desired path quite well; further-
more, if we were to overlay the optimal output y, it would lie on top of our actual
output. We suspect that it is possible to optimize the choice of ¢; to reduce the
size of the control signal, but that is beyond the scope of this thesis. Figure
provides a zoomed in view of the control signal to better illustrate the behaviour
of the controller. Since this example was presented for completeness, we do not
consider noise and non-zero initial conditions (we will do so in our next example).
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6.5.2 Example 2 - A Non-Minimum Phase System

We now move to our second example. The methods in [22] cannot handle non-
minimum phase plants, so here we consider the following unstable non-minimum
phase nominal plant:

0 1 0
PI:Ap:[O _1},31,:[1},019:[—1 1],
whose relative degree is m = 1. We consider the same set of admissible gains:
g([_ﬁa _1] U [17 \/5]7 27 1)

and filter:

W:Aw:[_ol _12},310:{(1)},010:[1 0].

Using the concepts outlined in [4] we find that the LTI optimal cost is 0.5.
We begin the controller design by selecting the LTI compensator

s+1
Ky =—-09———,
" 0.01s + 1
which provides a cost of 0.82. We use the same polynomial ¢ as in our first example.
Finally, we again choose the arbitrary constants ¢; = 1,7 =0, ..,q.

In the first simulation we will consider the particular case where all initial con-
ditions are zero, r is a square wave with period 87, and ¢ is the same as in the first
example. We look at two different inter-sample times h = 0.0001s and A = 0.00005s
and we see from Figures and that, in both cases, the output follows the de-
sired path reasonably well, considering that our plant is unstable and non-minimum
phase; furthermore, for smaller A the output more closely matches the optimal one,
as expected (this is further highlighted in Figure [£9). As in the first example,
we suspect that it is possible to optimize the choice of ¢; to reduce the size of the
control signal, but that is beyond the scope of this thesis.

Finally, we turn off the exogenous input r and add noise on the plant output with
size 1074 from t = 2.4s to t = 10.8s and we consider h = 0.0008s and h = 0.0002s.
Results are shown in Figures and As usual, a smaller h leads to larger
noise gains.

6.6 Controller Redesign - Ideas for Future Work

There are three obvious drawbacks to the above approach:

(i) As usual, the noise gains are large.

129



y and yref

i
- — —yref

- optimal y

10~

Input —u

14

Uncertain Gain - g

y and yref
o

Figure 6.7: Example 2 - h = 0.00005s.

14

-y
- — —yref
-~ optimal y

201~

Input —u

6 8 10 12

14

Uncertain Gain — g

Figure 6.8:

Example 2 - A = 0.0001s.

130

14



y and yref

Input—u

h=0.0001
15 S /

< \\ Optimal

h=0.00005

6 6.5 7 75 8 85 9 95 10

Figure 6.9: Example 2 - overlay of y from both cases of h.

Figure 6.10: Example 2 with noise - h = 0.00008s.
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(ii) The control signal is very ‘jumpy’ and requires fast actuators.

(iii) As the desired performance approaches the optimal one, the complexity of
the controller increases (as ¢ — 0 we typically have ¢ — c0).

It is not clear how to address (i) or (iii) directly; indeed, (iii) appears to be an
artifact of the design approach. To attempt to mitigate (ii), it is natural to try to
perform estimation on top of the control signal; it turns out that a new estima-
tion approach based on this idea [23] appears to solve (iii) and provide significant
improvements to (i). The idea behind this approach is as follows: rather than es-
timate the optimal control signal, we attempt to estimate the error between our
previous estimate and the optimal control signal. This is a promising avenue for
future work. Since we do not yet have any details, we will provide a rough outline
of the approach in order to illustrate the expected benefits.

It turns out that using a test signal of the form

Ja+p teltyto+T/2)
MO—{Q_ﬁ uﬂ%fﬁzm+ﬂ

yields a good estimate of 23¢(ty). If we define our estimate of the previous period’s
optimal control signal via

1

i == Bst{6"(gl(k — DTNk = DT} ~ v

u’[(k = 1)T],
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Figure 6.12: New Input Signal for Redesigned Controller.

and assume that it is a reasonably good estimate for not only the previous period,
but for the current one as wel]ﬁ, then we could imagine setting = u; and using a
very small « to probe with. For example, with p a scaling factor, we could set

(= [ @t pO0T] ¢ € T RT + D)
= g — puO[KT) ¢ € [KT + by, kT + 2h),

which yields a good estimate of 2pg[kT|u’[kT], which we then feed back to obtain
a good estimate of 2pg?[kT|u’[kT], and so on, from which we could generate our
estimate of

g1 = Est{¢"u’[kT]}.
Figure shows an example of this new control signal; observe that the probing
takes place around the quantity u, which is updated each period to reflect the new
estimate.

Unfortunately, the above approach only has the effect of mitigating (ii). Instead
we will try to use an estimate of the error between the previous estimate and the
current optimal control signal to construct the optimal control signal: define

FIET) = u (kT — g[kT i,

SO
1

—_fKT] =

glkT] glkT]
is the error signal that we wish to estimate. To do so, we first probe with ; to
generate an estimate of g[kT|ty, which we use (in conjunction with the known signal

u®) to construct a good estimate of f which we can use to estimate the quantites
glkT|f[kT), g?[kT]|f[kT], etc.. Finally, we combine these estimates to yield
1

¢ (glkT)) FIKT] = Mf [KTT;

uo [kT] — ﬂk

therefore, we can construct

~ € N~ 1 0
Ggr1 = Est{¢"(g[kT)) fKT]} + tiy ~ Mu LZAR

5The validity of this assumption relies on the period being small.
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At this point, it is unclear what all of this extra work has bought for us; however,
observe that

Qg1 = Est{¢°(g[kT)) KT} +
( (KT fIRT] +
)

Q

= ¢ (g[kT)) [’ kT — g[kT)an] +
= (1—¢E<g[k DgIKT)) ik + o (g KT]) kT,

which clearly converges for any € < 1. The upshot of this is that, to obtain near
optimal performance, we only need our polynomial estimate to be good enough to
ensure that € < 1; indeed, it turns out that, if the sign of the gain is not known,
then a first order polynomial is enough, while if the sign is known, then a constant
is sufficient.

This discussion has many ramifications. First, complexity is no longer an issue
and, (perhaps more importantly) since the complexity directly contributes to our
noise problems, we expect significantly improved noise performance. Additionally,
this controller performs estimation and control simultaneously. Finally, the result-
ing control signal is much more aesthetically pleasing. Of course, proving this result
will require totally new tools and will not be straightforward since, unlike all of our
previous controllers, this controller has memory from one period to the next.

6.7 Summary and Conclusions

In this chapter we show that we can obtain near LTI optimal weighted sensitivity
in the face of time-varying uncertainty in the plant’s input gain. To do so, we
design a linear periodic RACE controller that requires a short period; this short
period requirement leads to one major drawback: we expect poor noise tolerance.
At the end of this chapter, we proposed a change to the estimation method which
alleviates the noise issue while providing several totally unexpected benefits; for
example, we no longer require small € to obtain near optimal performance, so the
polynomial order can be drastically reduced. This new method provides a very
promising avenue for future work.
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Chapter 7

Summary and Concluding
Remarks

In this thesis the goal was to provide stability and near-optimal performance for
two classes of time varying uncertain plants. The first class of time-varying plants
arises from allowing (sufficiently slow and possibly persistent) switching between
elements of a (possibly infinite) set of LTI plants, while the second class arises from
allowing a fairly general time-varying gain at the input of an otherwise LTI nominal
plant.

The key idea behind our control approach is to periodically estimate and then
apply the optimal control signal. The resulting controllers adapt to changes in
the plant parameters and are able to provide performance that is robust to uncer-
tainty, so we refer to them as Robust Adaptive Control signal Estimation (RACE)
Controllers.

For the first class of uncertainty, we start by designing a RACE controller to
handle the simple case of a finite set of plants and then show that, with minor
modifications, the same approach can be used to provide near-optimal step tracking.
The estimation method is very straightforward and does not require probing. These
controllers contain a mild nonlinearity to handle plant switches, allowing for larger
controller periods and slower sampling than previous RACE approaches, leading
to improved noise tolerance. We also provide an easily computable bound on how
often switches are allowed.

We complete the investigation of the first class by considering the case of a
compact set of LTI plants; estimation is significantly more complex in this case,
requiring active probing. We consider only SISO plants and ignore noise in the
analysis; furthermore, we only prove the performance result for the time-invariant
case (i.e., we do not allow plant switches). As above, this controller also uses a
mild nonlinearity to handle plant switches; however, here we require fast sampling
(we can still allow large controller periods), so it is unclear how much of an im-
provement we should expect with respect to noise. That being said, in this context
no previous RACE controllers have been shown to stabilize such a system in the
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face of persistent switching. A major drawback of this approach (shared with that
of [25]) is that it is difficult to find the required polynomial approximation and its
associated coefficients.

We conclude the thesis by investigating the second class of uncertainty; i.e.,
the TVGM problem. We allow the uncertain gain to be quite general and design a
RACE controller to achieve the objectives of stability and near optimal performance
in the face of that uncertainty. Although the problem requires active probing, our
estimation method is simpler than that of the Compact Stability problem discussed
above. Unlike the previous controllers, here we do not require the nonlinearity, so
the closed loop system in linear periodic; however, we do require small controller
periods, so we expect larger noise gains.

7.1 Future Work

Regarding the first class of stability, although our first two RACE controllers have
smaller gains than their predecessors (and therefore we expect improved noise tol-
erance), it still remains to perform noise analysis with the goal of finding ways to
reduce the noise gain. Additionally, we suspect that the robustness results of [26]
could be extended to our setting, which would allow a framework similar to that
of [42], in which more general time variations are modeled as piecewise constant
ones, with the difference absorbed into unmodeled plant dynamics. Furthermore,
in addition to the problem of LQR performance, [25] investigates the problem of
pole placement and shows that the optimal control laws have similar structure. We
expect that our results can be extended to the pole placement setting. Finally, we
indicated that defining optimal performance in the context of plant switches is not
straightforward; an alternative definition would be to consider the finite horizon
cost, where the horizon is the period of the controller.

In the particular case of the Compact Stability problem, there are significant
opportunities for future work beyond those indicated above. The most obvious
is to complete the analysis in the same vein as the first two problems; i.e., prove
I/O stability (in the face of noise) and near-nominal performance in the face of
persistent plant switches. An additional avenue of future work is that of studying
efficient ways of finding the polynomial H¢ and the coefficients d; ;.

Finally, at the end of Chapter 6, we presented a high level outline of a very
promising avenue of future work for all of our settings. The idea is to use the
previous period’s estimate as the baseline control signal and then probe on top
of it with the goal of estimating the error between the current control signal and
the optimal control signal; we then update the control signal for the next period
accordingly. This approach was originally proposed as a way to perform estimation
and control simultaneously with the goal of making the control signal less ‘jumpy’;
however, there are several totally unexpected and highly desirable side effects. Two
of the most significant are that the noise gain is significantly reduced, as is the
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complexity of the controller. We expect that this approach can be applied to the
TVGM problem as well as the Compact Stability problem; in the latter case this
could lead to additional benefits since the complexity of the controller directly
relates to the order of the polynomial approximation H¢.
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Appendix A

Proofs from Chapter 3

Proof of Proposition 3.1k

Fix Ty > 0, T € (0,75/2), and T" € (0,7/2). Let 0 € 3r,, 29 € R", and w € PC
be arbitrary.

(1)

Let k € {k; : | € N} be arbitrary. Observe that o(t) is constant on [kT", (k+ 1)T');
we denote its value by ¢, which means that the plant is P; on this interval. We
begin by solving ([B.3) over ¢ € [kT, kT + 2T"). Note that, in this interval,

SO

as well; therefore,

~ t ~
e(t + kT) = Cie ' a[kT] + C’i/ e Loy (T)dr + [ 0 T Jw,(t), te€[0,27).
0

[

=:fi(Wy,1)
We substitute this into (3I1]) and then use ([BI6) to find that

Tl

v1[k] = Ejx[kT] + S(t)C; fi(w,, t)dt, (A.1)
0
:=¢1,‘;(Mk)
similarly, for vy we find
27"
walk) = EalkT] + [ SOCHwet)at. (A2)
:1¢2:2r(mk)
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Note that, in (A.T)) and ([A2)), v; and v, are implicit functions of 4, w,, and z[kT];
with this in mind, we define y; to be the selector function

L ifargming o K] [ealk][} = o
xilwe 2kT]) {o i argmin{ Jur (k] oo ]} = v

SO we can write
argmin{ [|vs [K]|[, [lv2[K][[} =
Eix KT + xi(wy, e[kT])ori(wy,) + (1 — xi(wy, z[KT]))d2,i(wy,); (A3)
from ([BI3)) it follows that

v(t) = H(t)[BalkT) + xi(wy, o[kT])dri(wy) + (1= xi(wy, 2[KT1]))dz(wy)]
= Hi(t)a[kT] + H () [xi(wy, 2[kT])drs(wy) + (1 — xi(wy, 2[KT]))d2i(wy)]
te kT, (k+1)T).
Substituting this into the first equation of (8.5) and using the fact that
o(t)y=1i, telkT,(k+1)T)
yields the desired equation:

i(t) = Aswya(t) + BowyHowy(O)x[KT) + [ By H(t) Low | %

Xo(t) (W, T[KT]) 1,00 (wy) + [1 )— Xo(t) (W, T[ET])] 2,001 ()
w(t

te kT, (k+1)T).

Last of all, it is straight-forward, though tedious, to show that ¢;,; and ¢,; have
bounded gain.

(ii)
Let [ € N be arbitrary. To obtain the desired result we consider three cases.

Case 1: Switch occurs in the Control Phase: ¢; € [T + 27", (k, + 1)T).

Here the samplers are not affected by the switch, so (A1), (A.2)), and ([A.3]) hold
(with k = k; and ¢ = 4;_1); since ¢, and ¢, » have bounded gain for every i = 1, ..q,
it follows that there exists a constant ~;(7,7") > 0 that is independent of ¢ such
that

min{|[os [k ||, [[oa[R]1} < 2 [k TH + 2 (T, T") [[wll (A.4)

Case 2: Switch occurs during the second sample: ¢, € [k/T + T, k,/T + 2T").

Here, the first sampler is not affected; therefore, (A]) still holds and it follows
that we again obtain (A.4]).
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Case 3: Switch occurs during the first sample: ¢, € [T, kT +T").

Here, we have two possibilities: ¢; = kT and ¢; > kﬂﬂ. We begin by considering
the former. Here o(t) is constant on [k;T, kT + T'), so it follows that (A and
(A2) hold (this time with k = k; and i = 4;) and we again obtain (A.4]).

The other case is that of t; € (T, kT + T"). Unfortunately, the first sampler
yvields a possibly large output, and, due to the plant switch, ([(A.2) does not hold.
Fortunately, we can still obtain a nice bound on ||vs[k]||. We begin by recognizing
that, since t; < k;T + 1", we have

e(t) = G eu kD=1 p [l T + T +

t ~
C; / A= Low(r)dr + [0 T Jw(t),
k

lT+T/

/

v~

=590,il (’LU,T,TIJ)

t e [kﬁlT + T/, kT + QTI)

so from (B.12), BI7), and [BI8]) we have

kT+2T"
volk] = /k S
+ !
l , k,T+2T"
= EileAilTx[sz—i-T’]—{—/ S(t)gos,(w, T, T t)dt. (A.5)
ki T+T'

N J/
'

=:g1,4,(T\T"w)

We would like to write our bound in terms of z[k;T| instead of xz[k,T + T"]. To do
so, we first observe that

) , RTHT /
w[kyT + T = MBI =0 g (1)) + / A kT =) 1 ap(T)dr

t

N J/

-~
=:g2,5, (T, T"w,t1)

and A L
x(ty = et Dl T+ / AL w(r)dr
JlT )
=93,y (;{T’,w,tz)
If we define

Qgil <T7 Tla w, tl) = gl,il (T> TI) U}) + Eile_AilTngil (Ta Tla w, Zfl) +
Eile—Ail (tl_le)g&il (T, 7‘1/7 w7 tl)

IThe astute reader may be concerned that our result will not hold if ¢ is such that ¢; < T.
Recall that there is no discontinuity at tg, so even if t; < T, there can be at most one discontinuity
on [0,T), occurring at t;.
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then these two equalities combine with (A.5) to provide
nlk) = Eile_A"l (tl_le)eA"l—l(tl_le)ﬁ[/flT] + ng‘z (T, T, w).

Since there are a finite number of plants, it is straightforward, though tedius, to
show that ¢;, has the property that there exists a constant v,(7,7") > 0 such that

ma b (T, T w0, 8)|| < 7T, T |[wleo, €N,
te[le,(leH)T] 16 )< )wl|

so we have

e_AilteAilflt

[oa k]| < max

kT T T o
t€[0,77) |2 (BTN + 2 (T, T7) [|w]]oo;

using the definition of p(7") we obtain
[valRi][| < p(T) [ [k T + 72T, T") ] o (A.6)

Since we clearly have
p(T') > 1
we can combine (A.4) and (A.G]) to find that, no matter whether or not t; = kT

we have

min{[[or[k][], oa[R]I} < p(T) kT +

max{n (1), (0. T [l (A)
::'YU\(E:T/)
Clearly, (A7) holds in all three cases, so it provides the desired bound. -

Proof of Theorem 3.4k
Fixe >0, T, > T, and w = 0; let 0 € X7, and T € (0,7(T;)) be arbitrary.
Stability follows directly from Theorem B.2l Since T is fixed, to reduce clutter we
write T instead of T'(Ty). We set

p = p(Ts/4).
As in the proof of Theorem B.3], we define

Ti=x—2a°

and
vi=v—10"

Finally observe that it is enough to prove that, if T" is sufficiently small, then there
exists a constant 7"(T") € (0,7/2) such that, for every 7" € (0,7"(T")) we have the
desired result.

We first deal with the special case of [ = 0.
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Claim 0: There exists a constant 7j(T) € (0,7/2) so that, if " € (0, Ty(T)), then

[T (@(t) = Jiog,) ()| < ellzoll?, 20 € R™.

Proof:

On the interval [0,¢;), o(t) is constant, so Theorem can be applied: it states
that, if 7" is sufficiently small then, irrespective of the value of o(t) on [0,%;), we
have

[Jioan (@(t) = Jjpapy (@(t)] < ellz(to)®, z0 € R™,
so the result follows immediately. n

Before we move on, recall that, with ey given by ([B23), from Lemma B1] we
have that

10 < en(T.T), te27,T), T' € (0,T/2) i=1,..q,
observe that, from the definition of H we have that

) 0 t € [0,27)
Ht)= { H(t)+ H(t) te[2T.T),

so clearly A
|Hlloo < fyo+eu(T,T"), T €(0,T/2).

Unlike in the proof of Theorem .3} here we will not need to (explicitly) make ey
small; indeed, it will be enough to simply bound ||H||.. To that end, we observe
that Lemma Bl says that, for every T € (0,7,

lim (T, T") = 0,

T'—0
so, for every T' € (0,T), there exists a constant T}(T) € (0, T(T)) so that

1Al < fro+1, T' € (0,T1(T)). (A.8)

We now turn to the general case: let [ € N be arbitrary. It will be useful to
partition each interval into two parts; this is best illustrated via Figure[A. Il We will
be able to leverage Theorem to provide a nice result for the second part of the
interval shown in Figure [A.1] but to do so we must first investigate two important
issues that do not arise when there are no switches:

(i) From Proposition B.[ii), we know that in intervals with a switch, the size of
the controller output depends on z[k;T|; however, we wish to obtain results
in terms of x(¢;).

(ii) The control applied during [t;, (k; + 1)T") will likely be wrong, so, unlike the
case where there are no switches, we will likely not have z[(k, + 1)T] =
1’0[(]{31 + 1)T]
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Figure A.1: Partitioning of one interval - time axis is not to scale. Here (i) is
the portion of the period immediately following a switch, while (ii) contains the
remainder of the period.

We begin by investigating (i).

Claim 1: There exists a constant v; > 0 such that, if 7" is sufficiently small, then,
for every 7" € (0,T{(T')), we have

[k T <yl

Proof:

Let T € (0,T(T)) be arbitrary. If t; = kT, then we conclude that the result
is trivially true as long as v; > 1. If ¢, > kT, then we proceed by solving (B.5)
backwards in time to yield

A kT
o[k T = ean®T 1) + / et ™R y(r)dr, (A.9)
t
Since the period [k/T, (k; + 1)T) contains a switch, we use Proposition BIJ(ii) to
bound the size of the sampler output, yielding

leON < IH@® ek, t € kT, (ke + 1)T). (A.10)

We can take norms on both sides of (A9), use (AS) to bound ||H(t)|, and simplify,
yielding

t

lx[B T < e [l (t)l +/ " b(fy0 + Dpll=[kT]| dr;

kT
therefore, . )
lz[B T < e lla(t)ll + Te b( fro + Lplla[kT].
With i
o = e max{1,bp(fyo + 1)},
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it follows that
(kT < eflla(t) | + Tlxk T

and therefore
[1 = aT]||x[kT| < allz(t)|

Clearly

«
ek Tl < et

) — 1
2allz(t)]], T € (O,mln {T,%}) :

We now investigate the difference between the nominal and the actual state at
(ky + )T

IA

Claim 2: There exists a constant 72 > 0 such that, if 7" is sufficiently small, then,
for every 7" € (0,77(T)), we have

2@ < TNzl ¢ € [t (ke + 1)T]

and
[z@)[] < velle@)ll, t € [t (k+1)T7].

Proof:

Let T" € (0,T{(T)) be arbitrary. Using the definitions of 2° and v° given by ([B.52)
and (B.21]) respectively, we obtain

i0(t) = Az’ (t) + By (t), t € [ty ti]
which combines with () to yield
E(t) = Ay2(t) + Byo(t), t€ [t ti).

Solving this and using the fact that z(¢;) = 2°(¢;), we find that
t ~
50 = [ MODB o e bl
13
therefore,

z(t) = /t eAil(t_T)Bil (v(r) — Hy,(T)x(ty))dr, t € t, (ki+ 1)T] C [t t141]-

t

We then take the norm of both sides and use (AI0) and (A8)) to yield

[zl < /O eb[(fr0+ 1) pllalB Tl + Frollz(t)]] dr

< TeTb[(fyo + Vpllek T + frollz@)]l], t € [t (ki + 1)T]
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to which we apply Claim 1 to find that, if 7" is sufficiently small, then

l80) < e B[(Fr0 + Vo + fro] Tlla(t)ll. ¢ € [t (b + 1)),

~
=1

which provides the first desired result. To obtain the second desired result, observe
that it follows immediately from the definition of 2° that

2@ < vl t € [, (ki + 1)T],
so we conclude that, if T € (0,T) is sufficiently small, then

@)l

IE@1 + =@l
(1T + ) le@)ll, ¢ € [, (ki + DT,
—_——

=2

<
<

As indicated earlier, we would like to leverage Theorem B.3} since the period
[k, T, (k; + 1)T") contains a switch, we will not be able to do so for the interval
[t;, (ki + 1)T). Recall that the proof of Theorem was motivated by ([B.50) and
that we found bounds on ||Z(¢)||, [ |lv(t)||dt, and [ |lv(t)|[*dt to find the desired
result; we will do the same for the interval [t;, (k; + 1)T). Observe that Claim 2
already provides a nice bound on ||Z(t)||; we now turn to [ ||v(¢)||dt and [ [Jv(¢)]|*dt:

Claim 3: There exists a constant y3 > 0 such that, if 7" is sufficiently small, then,
for every 7" € (0,7](T)) we have

(k+1)T
/ 1) 1dt < AT le(t)]
t

and
(T ,
/ 17(0)12dt < T2 (t)IP.

17}
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Proof:
Let T" € (0,T(T)) be arbitrary. Observe that

(ki+1)T (ki +1)T
[ wewlde = [ (vt - e

t t

IN

(k+1)T
/ (@I + 1))t

t

(ki+1)T
[ ol + sl

t

so using (A.10) and (A.§)) we find that

(k+1)T (ki+1)T
[ wetend < [T 0+ DplelkaT+ Frlete )

t

T[(fro + Dpllek T + froll(@)]]-
We now apply Claim 1 to find that, if 7' > 0 is sufficiently small, then

IN

A

(ki+1)T
[ el < 7{ [0+ Dow + 2] letel

t '
=01

Similarly, we find that, if 7" > 0 is sufficiently small, then

(ki+1)T (ky+1)T
[ ke < [ qwol - @

t 171

IN

(ky+1)T ,
/ [(fr0 + D)py + fro] [|l(ts)||Pdt

17}

Toi|x(t)]I*.

IN

With 7,4 > 0 defined in ([B48), for every interval [t,t) C [t;,t,41), it is routine
to confirm that the procedure used to derive (B.49) can be applied here to show
that

Jien (x(t) = Jii g (x(tl))’ <

wqr/t (=@M + 121 + I O @ + 121"+

EOIEG] + O]+ 12 2°)]) d.

We now apply the definitions of 2 and 1° found in [352) and (B.5)) yielding
Jen(a(t) = Tip(a(t)| <
7
%qr/ (1 + £e =Dzt (1) + [17(0)]) +
t
12N + 7@ + 7@z @)1l] dt.
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If we apply Claims 2 and 3, then we find that there exists a constant g > 0 such
that, if 7" > 0 is sufficiently small and 7" € (0,77(7")), we have

| i tarm) (2(01)) = Ty sy (@(1))| < asT |z (t)[1*. (A.11)

It remains to analyze the second part of the interval, namely [(k; + 1), ¢;41).

Claim 4: If T is sufficiently small, then there exists a constant T35(T") € (0,T{(T))
so that, for every 7" € (0,75(T")), we have that

[l (E)II*.

DO ™

J[(kl+1)T7tz+1)(x(tl>) - J[%le)T,tlH)(fC(tl)) <

Proof:

On the interval of interest, namely [(k; + 1)T',t;41), there are no switches. Recall
that, in Theorem B3] we showed that we can obtain a nice performance bound when
there are no switches; however, there we had the nice property that z[(k;, + 1)T] =
2°[(k; + 1)T], which is typically not the case here. Nonetheless, we would like to
leverage Theorem [3.3] so we define

20(t) := MR D [k + DT, ¢ € [(ky + 1T, tig), (A.12)

DO(t) := FyeaC®H0D) o[k L VT, t € [(ki 4 )T, ti), (A.13)
and
eO(t) = C;,2°(t), te[(k+1)T, ),
and then define

. ti41
Ricoracn@@)i= [ M@0, o)
(ki +1)T
Claim 2 says that, if T' > 0 is sufficiently small, then for every T" € (0,T}(T)), we

have
[ (ke + DT < yallz@)]l;

since our closed loop system is periodic with period 7', we can combine this with
Theorem applied to the interval [(k; + 1)T',t;41) to find that, if T" is sufficiently
small, then there exists a constant Ty(T") € (0,7](T)) so that, for every T" €
(0, T5(T)), we have

A

J[(kl+1)T:tl+1)(x<tl)) - J[(Elirl)T,tlH)(x(tl))

< /(M 1M, ((t), v(1), e(t)) — M;, (2°(t), 0°(1), &°(t)) || dt

A
|
£l
E
_I_
=
!
o

IN
sl
=X
=
s

(A.14)
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We now find a relationship between J°(x(t;)) and the nominal cost JO(z(;)).
We define

and

70 =00 — 0

as before, it is routine to confirm that the procedure used to derive (3.49) can be
applied here to show that

R 1) R R ()]
Yo /() (IO + 1)1 + 1@ 117 | + 17 |2+
IO+ IO + 1) ) .

From the definitions (352)), (A12), B51), and (AI3) we have

22O < Ao EFID 0k + 1T,
1@l < 76““ Gt n) ||53°[(k'z+1) 7,
PO < froe* @ EHID 20 (k + 1T,
12O < froe® " EIDN [k + DTN, ¢ € [(ke + DT, tra),

which means that
J[(zkl—i—l)T,tHl)(x(tl)) - J[O(kl+1)T,tl+1)($<tl))‘

ti41
< [ /( e%“-wl“”)dt] [(1 T+ P+ DT +

ky+1)T

(142 + Pk + DT x 2[(hk + 1>T1||}

< g1+ f)? 2ol |
[12°(ke + DT + 0l 2°[(ke + DT > 2" (@)]]- (A.15)
By definition
(ke +1)T] = x[(k + 1)TY,
so it follows immediately that

POk + DT = #[(ky + 1)T7,

so we can apply Claim 2 to obtain a bound on [|Z°[(k; 4+ 1)T|| in (AISF): it follows
that, if 7' is sufficiently small, then for every T" € (0,75(T)) we have

A

Tyt @(®)) = J[%ZH)W)@@I))\ <

Y (L + )25 BT |2 + 0Tl () 2]

2|>\ |
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If we define

1 _
Vi = g Vo (1 + f)QM max{vsT, YoY2}

then

J[(zkl—i-l)T,tlH)(x(tl)) - J[(Ekl—',-l)T,tHl)(‘T(tl))‘ < ’Y4TH~’U(tl)HZ:

so clearly, if T is sufficiently small, then for every 7" € (0, T4(T)) we have

(B (A.16)

A~ ™

J[(Ekl+l)T,tl+1)(x<tl)) - J[O(kl+1)T,tl+1)(x(tl>>‘ S

We now combine ([A.I4) and (A.I6) to find that, if T" is sufficiently small, then
for every T" € (0,75(T)) we have

’J[wwl)ﬂtzﬂ)(ﬂtz)) - J[(Zkl+1)T,tl+1)<I(tl))‘
< (J[<kl+1>T,tl+1>($(tl)) - j[(%kl—i-l)T,tlH)(x(tl))‘ +
‘j[(zkl+1)T,tl+1)(x(tl)) - J[(zkl+1)T,tl+1)(x(tl))‘
< (5+3) el
= St
|

It remains to combine the result of Claim 4 with (AIIl). Clearly, if 7" is suffi-
ciently small, then for every 7" € (0,75(7")) it follows immediately that

Tt @) = Ty @) < i aryn @) = T g0y (@(@))] +
[Tt (200) = Tz, (2(0)|

(aaT +2) llw(en)
ella(t)]*

IN

IN
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Appendix B

Proofs from Chapter 4

When there are no plant switches, the proofs here will be virtually identical to
those in Chapter 3 (with the exception of some variable name substitutions and
some slight changes due to to different structure of the error signal). Even with
switches, the proofs will follow the same structure; changes in the details are almost
always due to the discontinuity in the state & and the inclusion of the reference signal

Yref-
Proof of Lemma [4.1k

First note that u and z are continuous, and, by Assumptions 1] and 3], for every

Ty > 0,0 € ¥r,, and t > 0, we have that G;(lt) exists. Let Ty > 0, P, € Pr,, and

[ € Z* be arbitrary. From (£7) and (L8], we have that

[ z(t)) ] - G;(ltlf)f(tl_) + G;(ltf) [ (; } Jred

- . 0
- Ga(ltl)f(tl) + Go(ltl) { I ] Yrefs

these two equations can be readily combined to yield

_ _ _ 0
6000 = ot Gt €6 + (GG, ~ 1) | § [ s B

and
- _ _ 0
§(t) = Ga(t;)Gg(ltl)f(tl) + (Gg(t;)Gg(ltl) - [) { I ] Yref-

Hence, by the definition of g, we obtain our desired result.

Proof of Proposition 4.1k

Fix T, > 0, T € (0,T5/2), and T" € (0,7/2), and let 2y € R™, uy € R™, 0 € Xp,,
Yrer € R", and w € L, be arbitrary.
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(1)
Let k € {k; : | € N}¢ be arbitrary. Observe that o(t) is constant on [kT, (k+ 1)7T);

for notational simplicity, we denote its value by 7, which means that the plant is P;
on this interval.

We begin by solving (Q) for e(t + kT') over t € [0,27"). Note that, in this
interval,

SO

as well; therefore,

_ t ~
6@+kT%=CF&%%ﬂ+:/6&“ﬂAwﬂgﬁﬂT+L&Mﬂ, te[0,21").
0 J/

N

::fi@k’t)

We substitute this into ([AI3]) and then use (418) to find that

T/
vi[k] = E&[kT] + S(t)C fi(wg, t)dt . (B.2)
0
:3¢1:?wk)
Similarly, for vy we find
27" R
walk) = ERT)+ [ SOCHw, (B.3)
:1¢2:ir(wk)

Note that, in (B.2) and (B3)), v; and v, are implicit functions of i, w,, and {[kT];
with this in mind, we define y; to be the selector function

" [ 1 it argmin]jos )]}, Juafk] [} = o
Xy, EIRT]) - {OﬁM@mNMWNWWMZWW

so we have

argmind |[oy [K][, [[o2 (K]} =
EKT] + xi(wy, ERTT)ri(wy) + (1 = xi(wy, E[FT])) P2i(wy,); (B.4)

from (I3 it follows that

v(t) = H(t) [EERT] + xiwp, ERTri(wy) + (1= xi(wy, ERT]))dai(wy,)]

= H;(t)E[RT) + H(t) [xi(wy, EIRT))dr(wy) + (1 — xa(wy, E[KT)) o (wy)]
te kT, (k+1)T).
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Substituting this into the first equation of (L.0) and using the fact that
o(t)y=1i, telkT,(k+1)T)

yields the desired equation:

AN
—~
~
~—
|
s
A
=
Iy
o
\_/
+
SeE
3\
=
‘/\
\_/
?
S
_|_
Lo—
de
S
T
—~
~
~—
i
Q
=
h
Q
=
| I
X

1—
w(t) ’
e (KT, (k + 1)T).

Last of all, it is straight-forward, though tedious, to show that ¢;,; and ¢,; have
bounded gain.

(ii)
Let [ € N be arbitrary. To obtain the desired result we consider three cases.
Case 1: Switch occurs in the Control Phase: ¢; € [T + 2T, (k, + 1)T).

Here the Estimation Phase is not affected by the switch, so (B.2), (B.3]), and
(B.4) hold (with k = k; and i = ¢;_1); since ¢; 1 and ¢; 5 have bounded gain for every
i =1,..q, it follows that there exists a constant ~;(7,7") > 0 that is independent
of i such that

min{||vy (K] [, [la (ko] [[} < IEIRTH + 7 (T, T lw]loo;
since there is a discontinuity on [k + 21", (k; + 1)T), there cannot be one at
t = kT, so [kT) = E[kT ] and

min{||vy [k][[, lva[k]l1} < NERT]I + (T, T7) |w]]oo- (B.5)

Case 2: Switch occurs during the second sample: ¢, € [k/T + T, k,/T + 2T").

Here, the first sampler is not affected; therefore, (B.2)) still holds and it follows
that we again obtain (B.H).

Case 3: Switch occurs during the first sample: ¢, € [k/7T, k7T +T1").

Here, we have two possibilities: ¢; = kT and ¢; > k:l. We begin by considering
the former. Here, in general,

E[RT) # E[kT];

however, o(t) is constant on [T, kT +T"), so it follows that (B.2)) and (B.3) hold
(this time with k£ = k; and 7 = 7;) and we obtain

min{|[oy[K][], [oaR]I[} < IR + (T, T [wl]oo,

IThe astute reader may be concerned that our result will not hold if ¢ is such that ¢; < T.
Recall that there is no discontinuity at tg, so even if t; < T, there can be at most one discontinuity
on [0,T), occurring at t;.
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to which we apply Lemma [Tl to yield

min{{|v (k] ||, lv2[kI1} < GlIERTI + (7 + Dllyresll + 0 (T T Jw]loo. (B.6)
The other case is that of ¢, € (k,/T, k7T +T"), so

E[RT] = E[kT];

unfortunately, the first sampler yields a possibly large output, and, due to the
plant switch, (B.3)) does not hold. Fortunately, we can still obtain a nice bound on
|va[k1]||. We begin by recognizing that, since ¢; < k7 + 1", we have

~ ~ t e ~
e(t) = CetaRT=Te[T + T+ C [ / M= A, Liw(t)dr + Liyw(t)|,

kyT+T"

J/

::gO,'Ll (TvT/»/lU’t)

te kT +T kT+2T")
so from (LI4) and ([@I9) we have

kyT+21"
wll] = /k sty at

W T+T"
, ke T+2T"
= Bye T kT + T + / S(t)gos (T, T w, t)dt.  (B.7)
N ki T+T" ,
::gl’ilz;,T’,w)

We would like to write a bound in terms of {[k;T~| instead of £[kT + T']. To do
so, we first observe that

- le-i-T/ 5
E[T 4 T') = eAaWTHT =g (1)) 4 / AT =) A Ly w(T)dT
t

J/

::QQ,il (T,T/,'Uj,tl)

and then, as in (B.J)) from the proof of Lemma [£1], we obtain

§(t) = GGy §(t) + (GilGﬁfl - [) [ ? } Yref

and finally

o

£t7) = A (=R T) ¢ 7] 4 / et A L w(r)dr
kT

J/

::g3,il (T7T/ 7w7tl)

If we define

6o, (T, T w,t)) = g4, (T, T w) + Ee 20T go s (T, T, w, ;) +
Eile_Ail =k ) GilGi_lilg&il (T7 Tlv w, tl)
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then these three equalities combine with (B.7) to provide
Vo [kl] _ Eile_Ail (tl_le)GilG;ilegiFl(tl_le)é.[le_] +

A (4 — _ 0 A
Eile D (Gll Gilil - [> |: I } Yref + ¢il (T’ T/v w)'
Since there are a finite number of plants, qisil has the property that there exists a

constant v2(7',7") > 0 such that

b (T T w, )| < 4o(T. T ||w|s, | €N
g max 6 (T, w0, )] < (T, T wloe, €N,

so we have
loalia| < e Jle™ Gy oL et elT ] +
e [ (GaG, = )| e+ 22T ) s

using the definitions of p(7”) and p,(1”) we can write

[oalkal | < p(TVERT TN + oy (T res | + 22T, T) ]| o (B.8)
Since we clearly have both
p(T") =z g
and
p(T') > g+1,

we can combine ([B.6), and (B.S) to find that, no matter whether or not ¢, = kT
we have

min{||vy (K] [, [la (ko] [} < p(TWERT N + oy (T) |yres | +
max{y, (T, 1), (T, T")} [wllw.  (B.9)

e

=y (T,T7)

We can now combine the results of our three cases. To do so, observe that
p(T') = 1,
and then combine the bounds in (B.5) and (B.9) to find

min{||vy [k][[, lvz[k][[} < p(TONERT I + oy (T)[Yresll + 7 (T, T) [w]loe, 1€ N.

Proof of Theorem [4.1k

Fix T > 0,7 € (0,7/2), and P, € P. Let g € R", ug € R™, and w € PC be
arbitrary. As discussed in Remark [L.2, we can set y,.r = 0.
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From Corollary 1] we have that there exist nonlinear functions
¢i+ Loo]0,T) x R™ — L£,[0,7)

and
0; : Loo[0,T) x R — R

that have bounded gain and are such that, for every k € Z*, we have

£(t) = Ai&(t) + BiH,(OERT] + ¢i(wy, E[KT)), t € (KT, (k+ 1)T) (B.10)

and
Ellk +1)T) = eMTERT] + 0s(y KT (B.11)
we define
Yo = max [
i=1,..,q
and
% 1= mas [|6]|
i=1,..,q

Since T and T are fixed, we have that ||H|| is well defined. Finally, observe that,
by ([@4), (A1), and Assumptions A1l and .3, for t > 0 we have

_ | =)
w0 = o1 | -
o oo - 14
and there exits a constant g > 0 so that

IGill <g, i=1,..,q

(Asymptotic Stability)

Let 2o € R™ and uy € R™ remain arbitrary and set w = 0; observe that, since
Yrer = 0, we have

Aiﬂfo + BiUQ
o = :

CixO
In this context (B.I0) and (B.I1)) reduce to
£(t) = A&(t) + BiHi(t)E[KT), t € [KT,(k+1)T) (B.13)
and _
E[(k + 1)T] = eNTERT). (B.14)

If we solve (B.I4) and then substitute the result into the solution of (B.I3]), then
we clearly have

. t o
£(t) = (eAi“—’fT) + / €Ai(t_T)BiHi(T)d7') Ak te kT, (k+1)T), keZ*
kT
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SO
le@ < (&7 +Te T Al )0 ol t € KT, (k+1T), k€ Z*

e Te T ]l ) r0e ™" lgoll, ¢ 0

clearly
lim [l¢(0)]) = 0.

Since S is admissible and periodic, we have that there exists a constant v, > 0 so

that
kT+T’
il = || [ Stear
kT
< max  |le(t)||, keZ"
te[KT KT+T")
and
kT+2T1"
lestill = | [ (et
kT+T’
< max e, kez.

s teRT+T" KT+2T")
Since e = C¢, this clearly yields

lim (oK) < Jim i€ (@)
= 0,

and similarly
lim [Jos[R]]| = 0;

finally, by (B.I12), we have

i ||| 560 ][ = o e

t—o00
= 0.

(I/0O Stability)
Let w € PC4 be arbitrary and set 2y = 0 and ug = 0. Observe that, by (B.12)), we
can obtain a bound on [ Z } in terms of a bound on &; additionally, this provides

us with

§o = 0.



Furthermore, by (.3l)
x(t) B, 0 wy (t)
— — >
() [dw} {o I][Wﬁ)’ t20,
which we rearrange to find

e(t)=[0 I ]&@)+wy(t),

so we can obtain a bound on e in terms of bounds on § and w,. From the structure
of the compensator x given in ([ALI3)-([@IH), it then follows that we can obtain a
bound on v in terms of { and w,. Hence, to prove 1/O stability it is enough to
obtain a bound on ||{]|« in terms of ||w|s. The remainder of this proof will be
devoted to this.

We begin by investigating (B.11]). Since & = 0 we have

Ea

—1
EERT) = " eME1IT0, (w, E[iT]), k € ZT;

J

I
=)

taking norms and then extending the summation to infinity we find that

IEETI < D 20 ygl|wl s
§=0

W% |, k€ ZF. (B.15)

1 — erT

=71
We now solve (B.I0), to find that, for every k € Z*, we have

€(0) = MO+ [ A [BALOGRT] + oy 0T

te kT, (k+1)T),
SO
le@I < e lllkT| + Te™" [bHFIHOOIIS[kT]II +7¢Hw|\oo]

< e (14 T ) IERT] + Te Mg lls ¢ € (KT, (k + 1)T).
- SN——

J/

v~

=2 s

Combining this with (B.I3) provides

£ < (2 +8)[[w]lee, > 0.
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Proof of Theorem [4.2k

Fix T, > Ty, T € (0,T(T})), and 0 € 7, and let 5 € R", ug € R™, T € (0,7/2),
and w € L, be arbitrary; as discussed in Remark .2, we can set y,.; = 0. Finally,
as in the proof of Theorem 1], observe that, by ([@4]) and ([@3]) and Assumptions @]
and 3], for ¢ > 0 we have

) = Ga(t>[u
(B.16)

-1 _ (1)
= Ga(t)g(t) - { u(t) }
and, since there are a finite number of LTT plants, there exits a constant g > 0 so

that
|Goll < g, t>0.

From Corollary B1], there exist 2¢ nonlinear functions
bi : Loo[0,T) x R™ — L ]0,T), i=1,...q
and
0; - Loo[0,T) x R"™ = R"" i=1,..q

that have bounded gain with the property that, for every k € {k; : | € N}¢, we
have

E(t) = Ap€(t) + BotoyHooy()ERT) + by (wy, EKT)), t € [KT, (k+1)T) (B.17)

and
Lk + 1)T] = AerTERT] + Oy (wy, EKTY). (B.18)
We define
Y6(T") = max o]
and

(T") := max ||6;]|.
i=1,..,q

Before turning to the particular details of each of our two stability types, it
will be useful to perform some preliminary analysis. To proceed, we make two
comments. First,

kT # 6= §[kT] = E[kT). (B.19)

Second, it is important to note that || H(¢)|| andA||fAI |oo are implicit functions of
T'; indeed, there is no uniform upper bound on || H||~. However, by definition, for
every ¢ = 1,..,q we clearly have that

X o0 t €10,277)
[1H;(t)]| = { |H;(t) — Hy(t)| te[2T,T),
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SO

Hyll, < H;(t) — Hy(t
[ Hilloo < terél%)ll (t) ()]l

< AOIE
< f+ s (O

if we use Lemma L2 to bound the rightmost term, then we find
|Hilloo < 0 +eu(T,T). (B.20)

Since T is fixed, we write ey (7”) instead of ey (7,1").

We now address the [ = 0 case in the sense that we investigate the interval
[0,k T). Note that, if k&; = 0 then this interval is empty and there is nothing to
prove, so we assume that this not the case. We begin by observing that o(t) = i
over [0, k,T), so we can solve (B.IS) to find

ko1
ERT] = ERT] = Mo ey + )~ Mo, (w) ¢[5T]), k=0, k —1,
=0
SO 1
IE[ETTI < 7oll&oll + 7079(T,)m||w||oo, k=0, k-1 (B.21)

We then solve (BI7), yielding

t

Et) = AotHDERT] /

eiot=7) (Biof{io (M)EWRT] + iy (wy, ﬂkT])) ar,
kT

te kT, (k+1)T), k=0, k —1,
so, using (B20) to bound ||H(¢)||, we find that

le@I < (e +Te™b(fr0 +eu(T") IERT + Te™ 76(T") w0,

J/

::a:),(T’)

te[kT,(k+1)T), k=0,.,k — 1.

If we combine this with (B.21I]), then we obtain

IO < aoTollnl + aalT) (00T =z ) + T2

. /
~\~

(1)

tel0,kT). (B.22)

Clearly
(&%) (T,)/YO Z 1 )

so, for all cases of k; we have
1R TN < ao(T)v0lléoll + F(T) 0] - (B.23)
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We now turn to t > k. We will present two claims: the first examines the
behavior of £ on intervals where there is a switch and the second uses Corollary Bl
to examine the behavior of £ on intervals where there is no switch. Together with
(B.22)), these claims will provide the necessary tools for proving both types of
stability. Recall that switches are confined to {#; : { € N} and

t, € [T, (k + 1)T).

Claim 1: There exist constants v1(7”) > 0 and 7;(7”) > 0 such that

1€ < n(TERT T + (T [wlloo, ¢ € [T, (ki +1)T), I €N,

Proof:

Since the interval of interest may contain a plant switch, we use Proposition [£.1](ii)
to bound the size of the sampler output: there exists 7,(7") > 0 such that

min{||vy [k [, lva[k]l[} < p(T)ERT N + 7 (T)wllo, 1 €N,

so, by definition of v and (B.20) we have

@I < (fro+eu(T)) (p(TNERT I+ 7T Iwlls) |
te kT (k+1)T), |l €N.(B.24)

A plant switch causes a discontinuity, so we must be careful when solving for &
in this period. To that end, we split the period into two parts: the time interval
before the switching time, namely [k;T,¢;), and the time interval at and after the
switching time, namely [¢;, (k; + 1)T).

We start by investigating the first interval. If ¢; = kT, then this interval is
empty. If ¢, > kT, then solving ({0) yields

t

Et) = el kD) e[k, T + /kTeAiz (t=7) [BilV(T) + AiZLilw(T)] dr, te kT, t);
1
taking norms on both sides gives

Se‘l(t*le)

a(t—kyT) (R —1)
€@ < e ||§[le||+7 b max |v(7)[ + alllwl« |,

telkT )

tekT,t).

We can now use (B.19) and (B.20) to yield

6aT

I < eTIERT N+ = [b(f0 + 2n(T)) X

(o(TVNEFRT TN + 7o (T)[wllo) + aﬁ\lw\loo}, te kT t),

a
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which we rearrange to find

el < e (1 A0 e AN e 4
a(T’
<(f%+a€H(T))%(T/)+€> |wlleo, t € [kT,8). (B.25)
a5 (T") ’

Now we turn to the second interval. If we solve (@6l on [t;, (k; + 1)T") and use
(B.24)), then, using the same approach as above, we obtain

aTl

le@ll < eTllgten)] + =

b(fyo +eu(T))p(THIEFT]| + ax(T)[w]|oo,
t e [t, (ki +1)T),

to which we apply Lemma [4.1] to yield

aTl

lE@I < e Talle)I + 6Tb(f% +en(T))p(T)ERT ]I + o (T) lw]l oo,
tet,(k+1T). (B.26)

Now we use (B28) and (B26) to obtain the desired bounds. If ¢, = kT, then
from (B.26]) we have

eaT <g + b(f’YO + 5I;<T/))p(T/)) ||§[le—]|| + a2(Tl>||wHOO7

[Ol=

N

::oz:(T’)
€ [T, (ki + DT).  (B.27)

If t, > kT, then we use (B:28) to obtain a bound on [[£(¢;)]| and substitute this

into (B.26]) to yield
e < eg (aar(T)ERT + ao(T) Jwll) +
—b(f% +eu(T))p(TONIERT ]| + a2 (T") [ wlo

o (g () + W0t EDALD e oy

a

—n (1)
ax(T) (eG4 1) |wllew, t € [ty (ki + 1)T);

since it is clear that



and
N(T") > a(T"),

if we combine this with (B.25), then we have
IEON < n@NERT I+ 1T wlloo, T € BT, (ki +1)T). (B.28)

Finally, observe that
g (T,) > a3<T/)7
so we can combine (B.28)) with (B.27), so that, regardless of whether or not t; = kT,

we have

IEON < n(@ERT N +Nn(T)wlloo, t € [T, (ki +1)T).

We now turn to the interval [(k; + 1)T, ky 1 T).

Claim 2: There exist constants v2(7") > 0 and 42(7") > 0 such that, for all [ € N
we have

le@)l] < DDy (T €Mk + 32T [wllo, T € [(ke + DT, ki T).

Proof:

Let [ € N be arbitrary. To reduce notational clutter we write
[ETv ]%T) = [(kl + 1)Ta kl-‘rlT);

on this interval
O'(t) = il.

We begin by using the fact that £(t) is continuous over [kT, kT to solve (BIJ),
which results in
k1

ERT™) = E[kT) = et DT[]+ " eMb=1=0Tg, (w, €[jT]), k<k<k-1

j=k

taking norms on both sides yields

IERTI < e ™ BTYERTT] + Y 0™ y0(T") [l

7=0

T —

Next, we solve (B.IT), to find that, for every integer k satisfying k < k <k —1, we
have

) = AT+ [ A (B A (0T + o, 6T dr
te (KT, (k+ 1)),
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so taking norms on both sides and using ([B:20) to bound || H (t)|| yields

6aT

lE@®l < e lIgkTT +

— [0( 70 +ea(TNIERTIN + 76T [wlloo]

= o (o PPN e+ St

t € [KT, (k + 1)T),

which, combined with (B.29)), yields

||£<t>H < eaT <1 + b(f70 +5H<T/))) (,yoer(kk)Tug[ET]H + '70'79(T/) “w||oo>

a 1 — erT

eaT ,
+7’7¢(T)||w||oo

Dotk BT 'yoeaT (1 n b(fo +a€H(T,))> <& || +

J/

::0:4,(T’)
b +ey(T’ T’ T’
eaT |:(1+ (f/VO H( ))) ’70’79<>\ 12 + 74’( ):| HwHooa
a 1 —eto a
::a;r(T’)

te kT, (k+1)T).
We now use Claim 1. Since ¢ is continuous at (k;+1)7’, it follows immediately that
€10k + DTN = NERTI < 32 (TYIEGT N + 52 (T e,
so, for every integer k satisfying k < k < k — 1, we have

le@l < B Tay(T)|ERT]] + as(T) [wllw
< Iy (1) (n(TIERT N+ (T [wlloo) + as (1) w]loo
te [kT, (k+1)T);
it follows easily that

le@)ll < eXUED e oy (T (T7) [l T ]| +

S

g

=y2(T")
[os(T) (T + as(T)] 1w, t € [KT,KT).

>

v~

=72(T")

We now assemble our results to find a bound over the entire interval [0, c0). To
do so, notice that, in particular, Claim 2 says that

[k T7|| < eroten =D Ty (T [k T + 72(T") |wlloe, 1€ N,
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S0, since
tie1 —t > TS, l e N,

we have that
ek T < T2 Dra(T) [T ]| + 32(T) [w]loo, 1€ N.
If
=20 (T < 1B, (B.30)
then it follows immediately that

- Xo(Ts—2T (-1 1 —
||§[le ]H < \(6 ( ) ( )) ||€[k1 ]H + 1 — 6A0(TS—2T)’)/2(T,)/Y2(T )HwHOO?

g

<1

€N

which combines with (B:23)) to yield

- _ (1-1)

IERT] < (e n(T) ao(T)olléoll +
_ 1 _

W(T/)+1_6A0(Tr2T)72(T,>72(T/) |w||e, 1 €N. (B.31)

g

=73(T")

It will turn out that our hypothesis ensures that (B.30) holds (for sufficiently small
T"). To maintain the flow of the proof, we defer showing this until the end; in the
meantime, we assume that it holds (and restrict 7" accordingly) and proceed. We
have from Claims 1 and 2 that

€O < max {3 (T"), % (T") HIERT ]H+maX{’h ), 732(T") Hlwll oo,
[le k:l—i-lT) l € N;

if we combine this with (B.31]), then it follows immediately that
-1
6@l < masx {3(T).3(T)} (D) ao(T) 0ol +
(max {1 (T"), 12T} % 35(T") + max {32(T"), 72(T)}) ol

—4 (1)

S [k’lT, kl+1T), [ € N. (B32)

which we will use, in conjunction with (B.22)) to prove our stability results.

(Asymptotic Stability)

If we set w = 0 and let 25 € R™ and ug € R™ remain arbitrary, then by (B.22)) we
have

1E@) < ao(T)ll€oll, T € [0,k T]

2We will prove that our hypothesis ensures that this holds for sufficiently small 7" shortly.
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and, by (B.32), we have

_ (1-1)
€@ < max {3 (T"),72(T") } (TP (T)) 7 ao(T)0llll,
te kT kaT], 1 €N;

clearly, for each admissible 7",
lim (l¢(0) < Jim (max {7 (T"),35(T")} (T2 5(T") ™ ag(T)0ll6o]l)
so, using (B.30), it follows that
tim J¢(t)] = .

As in the proof of Theorem HI], since S is periodic and admissible and (with the
noise turned off) e = C¢, this clearly yields

klirn ||vi[E]|| = 0, and klim llvua[K]|| = O,
and, by (B.I6), we have

i || 29| < e

t—o00
= 0.

(I/0 Stability)
Set zop = 0 and up = 0 and let w € PCy be arbitrary. Observe that, by (B.I6) we
can obtain a bound on [ z } in terms of a bound on &; additionally, this provides

us with £ = 0. Furthermore, by (4.3
_ | 2@) Bowy 0| | wu(t)
I b S g | v R
which we rearrange to find
e(t) =10 I ]&(t)+w,(t),

so we can obtain a bound on e in terms of bounds on § and w,. From the structure
of the compensator x given in ([LI3)-([AIH), it then follows that we can obtain a
bound on v in terms of { and w,. Hence, to prove I/O stability it is enough to
obtain a bound on [|{]|s in terms of ||w||s. From (B.32)), we have

1€ < (T [wlloo, = kT,
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so using (B.22)) to provide a bound on ||£(¢)| over the interval [0, k1T yields

€]l < max {(T"), 74(T") }|wl|oo-

It remains to show that our hypothesis ensures that (B.30) holds for small 7".
We begin by using the explicit formula for 75(7”) derived in this proof:

(") = e ay (T (T"),

with

au(T") = ~oe™ <1 n b(f0 + 5H(T/))) ’
() = e (gaa() + =TT )
and

Oél(T/) _ eaT (1 + b(f’}/() + 5H(TI>>p(TI)> ;

a

back-substituting we find

72(T/) _ e*)\oT,yO 2aT <1 + (ff70+€H(T/))) «

a

{geaT (1 L bt en(T ))p(T')> b(fy0 + 6H(T’)),O(T')}

a a

I
< ATy T <1+ (f%+€H (1)) )( N fVoJrEH(T/))P(T)(leg))'

But
. N =
dim p(T7) = g.
and, from Lemma 2,
lim €H(T/) = O,

T'—0
SO

T'—0 a

b b
— ¢ )\oTeSanYg<1+ J;%) (1+ J;70(1+§))

b bfv9
lim VZ(T) < e—)\oT,y 3aT <1+ f70> <g+ fzog(1+g))

and therefore

b
lim e,\O(TfQT),yQ(T/) < 6A0T563(a7,\0)T%g <1+ f%) (1+ J;%( +g)>.

T'—0 a
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To simplify this expression, we will use the hypothesis that T > T, and T' < T(T,);
it follows directly from this and the definition of 7'(7s) that

T < 3((|1Af)lo)(Ts - 1)
= 3(a— )T < | No|(Ts —T5)
o BT o (T

—  ro(Ls—Ts)

b

SO

b b
Jim XOE(TY) < Mg <1+ z 7“) <1+ £ %<1+§>>.

If we now apply the definition of Ty, we find that

Jim M09, (1Y) < 1,

and therefore, for sufficiently small 7”7, we have

AT =20 (T < 1.

Proof of Theorem [4.3k

Fixe >0and T > 0. Let 7" € (0,7/2) be arbitrary. Stability follows directly from
Theorem Bl Let y,.r € R", 20 € R", up € R", and i = 1, ..,q, be arbitrary and
assume that

o(t)y=1i, t>0;

observe that this yields a corresponding &, via ([@24]). Since we are not allowing
plant switches & is continuous; furthermore, since w = 0, from Corollary [L1] we
have

~ ~ ~

E(t) = AE(t) + B, Hi(HEKT), te kT, (k+1)T), keZ* (B.33)
=v(t)
and ) _
E[(k+ 1)T) = eNTERT) = Mg, ke Z7. (B.34)

With ey (T, T") given by (£23), from Lemma [L.2], we have that
|H;(8)|| < en(T,T"), tel[21,T)

and, for every T" > 0,
lim ey (T, T") = 0; (B.35)

T'—0
since T is fixed we will write e (7") instead of (7', 7"). To minimize the complexity
of the forthcoming algebra, henceforth we restrict our attention to those choices of
T’ that are sufficiently small to ensure that

EH(T/) < 1.
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We also define

gi=¢-¢
and
v=v—-1"
so from (B.34) we have that
EkT) =0, keZt. (B.36)

We will investigate the cost function over one period T, and then extend the

result to the entire time range. It follows immediately from the definitions of J;
and J? that

| Ji(&0) — J7 (&)
< [ Itete) o0 - M0 000. 0

o0

(k+1)T

k=0 T
We now find a relationship between the actual and optimal cost functions over a
single period T'. With
Yigr = 2 max { max{||Q; + C'K'RKC||, || R:||, ||RZ~KC*||}} (B.38)

it is straight-forward to check that
(k+1)T
/k e (0, efe) - M) P 0. 0t <

(k+1)T . .
Vigr /kT [||€O(t)||||€(t)|| HIEDI + IOz + 7] +
IE@IIED] + [P OMIEDT + IZONNIE D] dt,
keZb. (B.39)
We now use the definitions of £€° and 1 given in ({25]) and ([E20) respectively, then
apply (AI1)) and simplify, to find

(k+1)T
/k |ML(E®), (2), e(t)) — MAE (), (), (1)) it

(k+1)T B 3
< [ [ ERTINEN + 1501 +
B s BT (G + I ) +
DO + WD + N 1) ] ar

(k+1)T R
v [ [olt+ DIRTINERN + 1)) +

T

IN

@)1 + IE@)I* + Hﬂ(t)HHé(t)H}dt, keZr. (BA40)
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The upshot of this is that, if we can bound ||€(¢)]|, f(kH (t)||dt, and fkkH)T | (t)]|2dt
by a suitably scaled version of ||£ [kT]H then we can 1everage (B.34)) to obtain the

desired result. We begin with fkkﬂ |2(t)||dt and fkkH)T |lo(t)||dt:

Claim 1: There exists a constant 7, > 0 satisfying

(k+1)T
/k VOt < (T + en(TDIERTI, k€ Z°,

T
and
(k+1)T
/ ()12t < (T + en(T)ERT]N?, ke Z*.
kT
Proof:

By definition and (B.3@) we have that

(k+1)T (k+1)T
/k 5(6) |t :/k () — (o) dt

T T

_ / - mOgkTlld+ [ AT

27" T
< [/ Pode+ [ culmar| k)]

< [2fwT +en(T)T]ERT, keZ™.

Similarly,

(k+1)T 2T’ T
/ lo()2dt < / (o)t + / en(T') dt | |E(RT|
k 0 P

T
<emg(T")

< [20/7)°T" +en(T)T] ERT,
Set y1 = max{2f~y, 2(f70)? T} to obtain the desired result. .
Now we turn to ||£(¢)|:
Claim 2: There exists a constant 7, > 0 satisfying

@ < (T +en(TIERTII, ¢ € KT, (k+1)T), ke Z".

Proof:

Using the definitions of A;, €2, and v° we can write

£0(t) = A4;°(t) + By (t), t>0
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which combines with (B.33)) to yield

E(t) = Ad(t) + Bi(t), t>0.

Solving this and using (B.3d]), we find that

t e ~
£ty = / AT Bi(ydr, te KT, (k+1)T), ke Zt
kT

SO
€@ < /kTHe OBl lldr

(k+1)T
< pee / () |dr,

T

to which we apply Claim 1, to obtain

@) < e (T +en(T)ERTII, ¢ € KT, (k +1)T), ke Z".

=2
Now we return to (B.40), to which we apply Claims 1 and 2 to yield

(k+1)T
/k [ Mi(E(2), (1), e(t)) — Mi(€°(), v° (1), (1)) || dt

< %qr{%(l + DIERTINT (T + en(TNIEFRTI + (T + en(T)) €T
(T + e (T ERT* + T3 (T" + en (1) |E[LTT* +
71(T’+€H(T’))||€[/fT]|IV2(T’+€H(T’))||§[kT]II}

= {01+ [T+ 2] + 71+ TR+ 2u () + (T +en(T7) | x
(1" +en(@)IEKRTIIP, k€ Z*.

Observe that
(T"+eu(T") <

| N

+ 1,
so this reduces to

(k+1)T
/k [ Mi(&(2), v(t), e(t)) — Mi(€°(), v° (1), (1)) || dt

< 'nqr{ 01+ f) +7(T/2+ )] [Ty +m] + 71}(T’ +en(T))|ERT?,

-~

=3

kEeZ™.
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We can now combine this with (B.34]) and then (@I to yield
0 (k)T
ZAT IME(E(E), w(2), e()) = MEE (), (1), (1))
k=0

< (T +en(T) Yl el
k=0

< BT +en(T) Y e &l
k=0
= (T"+en(T") 35751 — e7) " [lgo*.

g

=:Y4

From (B.35)) we have
lim e(T") = 0,

T'—0

so, for every sufficiently small 7”7, we obtain
(T' + eu(T))ys < &,

and therefore, using (B.37), we obtain

IN

Ti(60) — JO()] [ﬂwm@mwam—Mm%wﬂm&mmﬁ

< ell&ll*.

Proof of Theorem [4.4]

Fix e >0, T, > T,, and w = 0; let 0 € X7, and T € (0,T(T,)) be arbitrary.
Stability follows directly from Theorem B2l Since T is fixed, to reduce clutter we
write T" instead of T'(T}). We set

p = p(Ts/4)
and
py = py(Ts/4).
As in the proof of Theorem 4.3 we define

=g

and

v=v—1"

As in the proof of Theorem 3.4, our proof works by showing that, if 7" is sufficiently
small, then there exists a constant 7'(T) € (0,7/2) such that, for every 7" €
(0,7'(T)) we have the desired result.
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We first deal with the special case of [ = 0.
Claim 0: There exists a constant Tj(T) € (0,7/2) so that, if " € (0, Ty(T)), then

2
| Ji0.00) (€t Yrer) = T4y (€D, Yres) | < e [IEE) I + yrerll]
o € R", vyeR", y.r €R".

Proof:

On the interval [0,%1), o(t) is constant, so Theorem can be applied: it states
that, if 7" is sufficiently small then, irrespective of the value of o(t) on [0,%;), we
have

[ S0 (E(t0)s Yrer) = Ty (E(11), Yrep)| < ell€to)])?, 20 € R®, ug € R', yrep € R,
so the result follows immediately. n

Before we move on, we follow the same process as in the proof of Theorem [B.4]
to bound H. To that end, recall that, with ey given by (23], from Lemma 2] we
have that

|H:(t)|| < en(T,T"), te21',T), T € (0,T/2) i=1,..q,
observe that, from the definition of H we have that

) 0 t€[0,21")
B = { H(t)+ H(t) te2D".T),

so clearly A
|H|loo < fr0 +eu(T,T'), T €(0,T/2).

Unlike in the proof of Theorem 1.3} here we will not need to (explicitly) make ey
small; indeed, it will be enough to simply bound ||H||.. To that end, we observe
that Lemma 2] says that, for every T € (0,7,

lim ey (T,7") = 0,
T'—0

so, for every T' € (0,T), there exists a constant T}(T) € (0, T;(T)) so that

1Hlloo < fro+1, T € (0,T{(T)). (B.41)

We now turn to the general case: let [ € N be arbitrary. As in Theorem B.4] it
will be useful to partition each interval into two parts, illustrated via Figure [A.1]
which we reproduce here (Figure [B.I)) for convenience. Since we do not know
whether or not ¢, = kT, we must take care to differentiate between £[k;T] and
E[k,T~]; furthermore, since

g>1,
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() (ii)

Figure B.1: Partitioning of one interval - time axis is not to scale. Here (i) is
the portion of the period immediately following a switch, while (ii) contains the
remainder of the period.

whether or not ¢, = kT, from Lemma 1] we have
1R < gllERTTN 4 (g + 1) lyresll- (B.42)

We will be able to leverage Theorem to provide a nice result for the second
part of the interval shown in Figure [B.Il but to do so we must first investigate two
important issues that do not arise when there are no switches:

(i) From Proposition [.1](ii), we know that in intervals with a switch, the size of
the controller output depends on £[k; T~ ]; however, we wish to obtain results
in terms of £(¢;) and y.s.

(ii) The control applied during [t;, (k; + 1)T") will likely be wrong, so, unlike the
case where there are no switches, we will likely not have £[(k; + 1)T] =
(K + )T

We begin by investigating (i).

Claim 1: There exists a constant 71 > 0 such that, if 7" is sufficiently small, then,
for every T" € (0,77(T)), we have

IERTTI < o INEED N+ yrell] -

Proof:

Let 77 € (0,T](T)) be arbitrary. If t; = kT, then we apply (B.42) and conclude
that the result is trivially true as long as 4 > g+ 1. If t; > k,/T', then we proceed
by solving (4.6 backwards in time to yield

kT .

£k = M ®T=0e(4my 4 / TR u(r)dr (B.43)

t
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Since the period [kT, (k; + 1)T) contains a switch, we use Proposition E.I](ii) to
bound the size of the sampler output, yielding

le N < THONIERT N+ pyllyres]). t € [T, (ki +1)T). (B.44)

Here {[k;T] = £[k/T ], so we can take norms on both sides of (B.43)), use (B.41) to
bound ||H (t)||, and simplify, yielding

t

IERT]I < e el +/ e b(fy0 + 1) (pIERT I + pyllyres ) dr

kT

therefore,

IR < e NE@ENN + Te b(fr0 + 1) (llERT I + pyllgres) -

With .
a = e max{1,0(fy + p,b(fr0 + Dpy},
it follows that

I€0T I < N+ TERT T+ e )]

and therefore
[1 = aT[I€[kT < aflls)I + Tllyrerll]. (B.45)

Clearly,
Q

1—aT
-1
< 2alolt)]] + sl 7€ (0min {7, 1),

IERT < EEND + Tllyresll]

so, since a > 1, we have

€T < 20 [N + llgrer ]
finally, we use Lemma [.1] to obtain a bound on ||£(¢,)]:

€T < 2a [gllE@)N + (g + 2)[[Yresl]] -

Since « > 1, if we define
T = 2a(g =+ 2)7

then, for every sufficiently small T, it follows that

€T < 7 [IECED + llyresll] -

We now investigate the difference between the nominal and the actual state at

(kl + 1)T.
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Claim 2: There exists a constant 72 > 0 such that, it 7" is sufficiently small, then,
for every 1" € (0,T7(T)), we have

IEON < VT (EE + Iyresll), T € [ty (R + 1)T]

and
IEON < v (IEED + lyresl))s ¢ € [t (ke + 1)T.

Proof:

Let 7" € (0, T{(T)) be arbitrary. Using the definitions of £ and v° given by (@28
and ({27 respectively, we obtain

) = A1) + Bin (1), t € [ti,ti)
which combines with (£8) to yield
() = Ay &(t) + Byo(t), t€ [ti,ti).

Solving this and using the fact that £(¢;) = £°(¢;), we find that

t ~ ~
£(t) :/ eAiz(t*T)Bilﬁ(T)dT, te [t tis);

t
since ;41 — t; > 2T, we know that é(t) is continuous at k; 17T, so

é(t) = /teAil(t_T)Bilﬁ(T)dT

t

= /t eAil(t*T)BZ-L (v(r) — Hy,()&(ty))dr, t € [ti, (ki+1)T] C [t ti41)-

t

We then take the norm of both sides and use (B.44)) and (BT to yield

lE@ < /O b [(fr0 + 1) (USRI + pyllyresll) + Frolls )] dr

< Te" b [(fr0 + D (PIET I + pyllyresl) + frollE@N]
t e[t (k+1)T)

to which we apply Claim 1 to find that, if 7" is sufficiently small, then we have

lE@) < Te“Tb{(f%Jr1)[p71(||§(tz)\|+Hyref|!)+py!|yref\l]+f70|\£(tz)H},

< eThmax {(f% + L)pyi + [0, (fvo+1)(p0n + Py)}J X

=1

TUE@RN + lyresll], € [t (ka + DT,
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which provides the first desired result. To find the second desired result, observe
that it follows immediately from the definition of £° that

IE" O < vl @ll, t € [, (- + 1T,

so we conclude that, if 7" > 0 is sufficiently small, then

ls®I < sl + €@
< (T +) [I§EN + lgrerll],  t € [, (ki + DT
——

]

As indicated earlier, we would like to leverage Theorem [£.3} since the period

[k T, (ky + 1)T') contains a switch, we will not be able to do so for the interval
[t;, (k; + 1)T). Recall that the proof of Theorem 3] was motivated by (B.40) and
that we found bounds on [|£(t)|, [||v(t)||dt, and [||v(t)|?dt to find the desired

result; we will do the same for the interval [t;, (k + 1)T). Observe that Claim 2
already provides a nice bound on [|£()||; we now turn to [ ||lv(¢)||dt and [ ||v(¢)]]*dt:

Claim 3: There exists a constant v3 > 0 such that, if 7" is sufficiently small, then,
for every T" € (0,77(T)) we have

(k:rf—l)T
/ 1) 1dt < AT UEE | + lgres ]
t

and
(kl-i-l)T R ) )
[ 1l < 5T el + ol
t

Proof:
Let T" € (0, T(T)) be arbitrary. Observe that

(ki+1)T (ki+1)T
/ () dt —/ (Iw(t) — (@)t

t t

IN

(k+1)T
/ (@I + 1))t

t

IN

(ki+1)T
[ ol + sl

t

so using (B.44)) and (B.41]) we find that

(ki+1)T (ki+1)T
[ e < [ [+ 0 (Il + pyllnel) +

Frollst)l]de
< T[(fr+1) (Pl + pyliyrerll) + frollEE] -
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We now apply Claim 1 to find that, if 7" > 0 is sufficiently small, then

/

(ky+1)T
[ sl < { [+ Den + ] el +

t; '
=:a1

(F0+ Do+ 2y) e}

~
=:ap

Similarly, we find that, if T" is sufficiently small, then

()T ) (k+1)T . ,
/ lo(e)2dt < / (Ol + 11 ) ) 2de
t

17}

(ki +1)T
< / (IOl + Frollee) ) e

< T a6t + azllyresll)”

If we set
v3 := max{a + ag, (a5 + az)?}

then the result follows. =

With 7,4 > 0 defined in ([B.38), for every interval [¢,7) C [t;, t141), it is routine
to confirm that the procedure used to derive (B.39) can be applied here to show
that

Ten (€(t), Yrer) = T (), rey)| <
[ (IO + IEIE + 1O + 170+
OO+ PO NED + OOl d
We now apply the definitions of € and 1° found in @28) and EZ7) yielding

J[LE) (g(tl%yref) - J[Otﬂ(f(tl), yref)) <

s [ [+ e el (11 -+ 120)1) +
€@ + 1P + 170IEw]] dr

If we apply Claims 2 and 3, then we find that there exists a constant g > 0 such
that for every T' € (0,T}), if 7" > 0 is sufficiently small, then we have

i ym) (€ Yrer) = T ey (€00 Yres)| < asT €@+ Ngrer|]” . (B.46)
It remains to analyze the second part of the interval, namely [(k; + 1)7T,¢;11).
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Claim 4: If T is sufficiently small, then there exists a constant T35(T") € (0,T{(T))
so that, for every 7" € (0,75(T")), we have

e+ llgrer ]

DO | ™

J[(kl+1)T,tl+1) (6(“)7 yref) - J[(zkl+1)T7tl+1) (g(tl% yref) ‘ é

Proof:

On the interval of interest, namely [(k; + 1)7',t;41), there are no switches. Recall
that, in Theorem we showed that we can obtain a nice performance bound when
there are no switches; however, there we had the nice property that &[(k; + 1)T] =
&%(ky + 1)T], which is typically not the case here. Nonetheless, we would like to
leverage Theorem .3 so we define

£0(t) == eMaEEHD e[k + )T, ¢ € [(ky + 1T, tig), (B.47)

DO(t) := Fy,e®aC®H0D e[ + DT, ¢ € [(ky + 1T, tigs), (B.48)
and
&(t) := %), te|(k+ 1T, ti),
and then define
. bt .
i (€00 res) = /( My (€0(8), #°(8), (1)t

ky+1)T

Claim 2 says that, if 7' > 0 is sufficiently small, then for every 7" € (0,77(T)), we
have

1€[CR + DT < 2 ([[€EN + lyrer|);

since our closed loop system is periodic with period 7', we can combine this with
Theorem applied to the interval [(k; + 1)T,¢,41) to find that, if 7 > 0 is suf-
ficiently small, then there exists a constant T3(T) € (0,7}(T)) so that, for every
T' € (0,T5(T)), we have

J[(kl+1)T7tl+1)(§<tl)7 Yref) — j[(zkl+1)T,tl+1)(€(tl)a Yref)
< / 1M, (€(8), v (1), e(t) — My (£0(2), 2°(8), &°(1)) |t
(ki +1)T

5
< — n1?
< Sl )
£
< Z(Hé(tl)n + ”yrefH)2~ (B'49)
We now find a relationship between JO(£(t)), Yres) and JO(E(t)), Yres). We define

£0 .= 50_50

and



as before, it is routine to confirm that the procedure used to derive (B.39) can be
applied here to show that

‘j U0 Tti) (€ Yrer) = Jilisnyr ) (€0 Yrer) | <
%qr/ ) (Hfo(t)HHéU(t)H +IEOIP + 1 @I @) + 17° @)1+
(ki +1)T
I OIIE @+ IO NIE @) + Hﬂo(t)HHéO(t)H) dt
From the definitions ({28)), (B.4T), [E27), and (B.4]) we have

1@ < ot EHIDE (R + )T,
[I{G] ’Voe“(t"kl“T)Héo[(kz DT,
PO < froeEHIDE (K + 1)TT,
1@ < froe T EIDNE (R + DT, ¢ € (ki + DT, t),

which means that

A

T st €@ Ure) = Tissrma €0, vrer)|

ti41
(ki +1)T

(L 4+ €+ DT +
(L 2f + 110+ DT x e[k + DT |
S ’quT’YO(l +f> 2|/\0|

€01k + DTN + 7ll€° (ke + DTN x € (@II]- (B.50)

By definition A
E(ky +1)T) = €[(ky + 1T,

so it follows immediately that
(ks + 1)T] = &[(k + 1)TY,

so we can apply Claim 2 to obtain a bound on ||°[(k, 4+ 1)T7]| in (B50): it follows

that, if 7" is sufficiently small, then, for every 7" € (0,75(T")), we have

j[(zkl+1)T,tl+1)(€(tl)a Yref) — J[(zkl+1):rtl+1)(5(tl), yref)) <
1
a0+ 1 g AT+ resl))” + 2002T (6 + eesl) 1@

If we define

V4 = 'qur’}/o( + f) max{72 77072}

2|A |
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then

3 2
J[(zkl—‘rl)T,tH,l)(g(tl)? yref) - J[O(kl+1)T,tl+1)(§(tl)7 y"’ef)‘ S 74T(||§(tl)|| + ||y7"6f||) ?

so clearly, if T is sufficiently small, then, for every 17" € (0, T3(T)), we have

j[(zsz)T,tzﬂ)(g(tl)’ ymf) B ‘][(zkﬁl)T,tlH)(g(tl)’ Z%ef)‘ <
15 2
1(||f(tz)|| + Nlyrerll) ™ (B.51)

We now combine (B.49) and (B.51)) to find that, if 7" is sufficiently small, then,
for every 7" € (0,75(T)), we have

J[(kl+1)T,tl+1)(§(tl)a Yref) — J[(zkl+1)T,tl+1)(€(tl)v yref)‘

< ‘J[(kl—l-l)T,tHl)(g(tl)?yref) — j[%lirl)T,tHl)(f(tl), yref)‘ -
‘j Ut ) (€D Yrer) = Tlayra, ) (), yref)‘
(5+5) (@I + s

- g[ng(tl)n + llyresl]”.

A\

It remains to combine the result of Claim 4 with (B.46). Clearly, if T is suffi-
ciently small, then, for every 77 € (0,75(T)), it follows immediately that

T tii €D, Ureg) = Ty, (8 vrer)|

< ity €, Bres) = TR sayry (60, tres)| +
‘J[(le)T,tm)(f(tl)a Yrer) = il s1yr (€ (0), yref)‘
(s +5) L@l + loresl]?
< el + llyresll]*.

IN

A
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Appendix C

Proofs from Chapter 5

We will require the following two technical lemmas.

Lemma C.1 If all eigenvalues of A € R™"™ are less that one in magnitude,
then there exist constants § > 0, v > 0, and X € (0,1) so that, for every
A € PCy satisfying ||Allee < 6 we have

[(A+ AT < (N, keZt, T>o0.

Proof:

Let k € ZT, T > 0, and A € PC, be arbitrary. We obtain this result by using
(discrete time) Lyaponov energy methods. Since all eigenvalues of A € R™*" are
less that one in magnitude, there exists a positive definite symmetric matrix P that
satisfies

APA—-P=—1I. (C.1)

We define = via
zlk+ 1] = (A+ A[T)) z[k], z[0] = xo. (C.2)

Additionally, we define
V(xk]) == 2'[k] P[k],

:= max {1, maximum eigenvalue of P},
A ;= minimum eigenvalue of P,

and
a = | All;

observe that, since P is positive definite and symmetric, by the definition of V', we

have
Allz[K]]]? <V (x[k]) < N [k]|*. (C.3)
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Using the definition of V' combined with (C2]) and then (CIJ) yields

V(zlk+1]) = 2'[k[{(A+A[T])P(A+ A[T))}z[k]
[Kl{A'PA+2A'PA[T] 4+ N'[T ]PA[ ] P—i—P}x

—a'[k]a' [k] + 2/ [k] {24’ PA[T] + A’ (1)} [k] + 2'[k] P/ [K]
< —l=lkl* + [[24'PA[T] + A[T]PA || X ||lz[k ]||2 + V( [k])
< (=14 20| Al + MA[E) [ [K]1* + V (2[]). (C.4)

If we fix § € (O,—a—i-\/aQ—i-%), then

—1 < —142a)M|Alle + AAJA
< —1+42aM\5+ N2
< 0, [Allo <4,

and there exists a constant o € (—1,0) satisfying
—1+ 2a)[|Alloo + MIA[Z < @, Al < 6

we now restrict ourselves to only those A € PC,, that satisfy [|Afl. < d. Together
with (C4), (C3), and the fact that A\ > 1, this yields

V(elk+1]) < allz[k]|)* + V(«[k])
a%V(w[k]) + V(x[k]),
< (a+1)V(z[k]); (C.5)

IA

clearly
a+1€(0,1),

so, since V' > 0, we can solve (C.0) iteratively to yield
V(z[k]) < (a+1)*V(z[0]).
Using (C.3), this becomes
Ak < (a + 1) Mol

SO

A

X (o + 1)* o],
A &\/—/
N~~~ =k

which implies that
[(A+ AT)H]| < v(W)".
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Lemma C.2 WithT >0 and A € PCy, consider the difference equation
z[(k+1)T) = A(T)z[kT) + Alk], ke Z*

for which there exist constants v1 > 1, v9 > 0, and \; < 0 so that
I(A)"|| < neM* T, ke zt, Te(0,T)

and B
IAR]]| < T |=(kT)l|, keZ", Te(0,T)

For every T € (0,T), there exists a constant £y € (A1,0) so that, for every

Ao € (A1, €)) satisfying i
2717262
(A1 = Ao

there exists a constant 5(y2, A\2) > 1 so that

<1,

2[R < F(72, M) BT|2[kT)|, k >k, keZF

and
lim (2, A2) = 1.

v2—0

Proof:
Fix T>0and T € (0,T) and let k € ZT and Xy € (A\;,0) be arbitrary. Define

Z[kT) = e BT kT), k> E;
using this definition in the difference equation under study, we obtain

A(k+ )T = e TEEIT(A(T)2RT] + AlK])
= e MTA(T) Z[kT] + e 2T e 2E-BDTA[L] k> Ek

—— ————
=A(T) =:A[k]
whose solution satisfies
k—1
2RT) = (AT) 2k + > (AD) e R TAfl], k> k.
i=k

We adopt the notation
[12]|o == sup [|Z[£TT]]].
k>k

For k € Z*, clearly,

-1 M kT

1A

IA
o

7€

_ ,yle(/\l—AQ)kT
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and

IAKI < e EBT T 2 [kT|

= T zkT]],

S0, since Ag € (A1, 0), we have

e.¢]
2l < MIZRTI] + D ne T e T 2] o

i=k
=T
= T172€ -
< mllZTI+ — =er Lzl
and therefore .
myee T _ ;
L= oL | 2llee = mllZIRTT). (C.6)

For [|Z]|~ to be well defined, it is enough for the coefficient on the left be positive.
To that end, we observe that for sufficiently small |y; — 5|, we have

71726_)‘2T 271726_)‘2T
1 —ei=A)T™ — ‘)\1 — )\2‘

which, by assumption, is less than one; therefore, for sufficiently small |A; — As|, we

obtain )
Y1y26~ 22T

1 - 1 _ e(/\1—>\2)T

T > 0.

Returning to (C), this means that, if |A\; — \g| is sufficiently small, then we have

. gi! -
17l < | et IZ(ETT]],

|A1—A2]

=7(v2,A2)

so, since z[kT| = z[kT], we have

ZIRTY| < (2, M) |2[ETN]], K > K,
and therefore

lz[kT] = ||e>\2(k*E)T5[kTH|
< (72, M) EBT|LRT], k> k.

Finally, when )\, is fixed, clearly

lim (72, X2) = 1.

v2—0
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Proof of Proposition 5.1k

Let & € R™, ¢ > 0, and T € (0,T},42) be arbitrary. It will turn out that, once we
have (iii), the remaining items follow almost directly, so we will start with it.

(iii)
For each p € M, Lemma [C.1] provides a bound on [|®5(T',0)|; however, we wish to

find a uniform bound, which is easier said than done. To obtain this result we will
need to leverage the properties of compact sets and analytic functions.

For any two (not necessarily distinct) sets of Markov Parameters p,p € M we
have ) )
@5(T,0) = 7 + (05(T,0) — M7

(& J/

=:Ap 5(T]

Furthermore, since A, is Hurwitz, for every T > 0 and p € M, from Lemma [C1]
there exists constants 6, > 0, 7, > 0, and A\, € (0,1) so that, for every function
A € PCo which is such that [|A]|. < d,, we have

This bound does not have the desired structure, but that is a secondary concern;
more importantly the bound depends on the choice of p and hence is not uniform.
To make this bound independent of p, we will cover the set of all of our admissible
plants with a finite number of open sets, each of which admits a uniform bound,
and then leverage the finiteness to find a uniform bound for the entire set M, which
we will then convert to the desired structure. To do so, we must first show that
|Ap 5]l can be made small.

Recall that, by the definition of flp and H (p,t) we have that

(eAPT n A(T))k <7(\)E, k ezt (C.7)

- T
el = T / eAﬁ(T_T)BI;H(ﬁ, T)dT
0
which combines with the definition of @7 to yield

12p5(TII = [125(T0) — 7|

S ||€A5T o eApTH +

T
jg | T=D B, AT B | H (p, 1) |dr +

T
/0 le DBy || |1 H (5, 7) = H(p. )] +

|Hp,7) = He(p.Dll|dr, ppeM. (C8)

!Observe that, with our definition of ®°, if e = 0 then A, ;[T = 0.
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Recall that the set )
P = {(ApaBpaC) pE M}

contains only minimal representations, so if we define I to be the set of all (not
necessarily canonical form) state-space triples

(A, B,C) c R™*™ %« Rnxl X R1><n

which are such that the pair (A, B) is controllable and the pair (C, A) is observable,
then P is a compact subset of I'. Furthermore, since H(p, 7) is an analytic function
of p and 7, and p is an analytic function of (Ap, B, C), clearly H(p, ) is bounded
on the compact set P x [0, Thaz), say by h. Finally, since I is open, there exists an
open ball B; C I centered at (Ap, By, C') whose closure lies in I, so there exists a
constant 75 > 0 such that

HeAﬁT - eApTH < :VﬁHAﬁ - Ap||7 (Apv By, C) € By,
[ By — e Byl < 3145 — Al + 1By = Byll|, (4, By, C) € By,
and
|H@,7) = Hp. D)l < 51145 = A1l + 1B = Byll|, (4, By, C) € B,
Combining these and the fact that [|H — H?|| < ¢ with (C.§)) we see that
180T < FollAp — Ayl +
Tonas3p 145 = Aol + B3 = Byl | i+
T ™0 55 145 = 4,1+ 15 = B] + €] (4,,5,.0) € 5,

so clearly, there exists a constant £€; > 0 and a ball Bﬁ C Bp with a sufficiently
small radius such that

18,571 < 65, (A, By, C) € By, € €[0,55).

We can now apply (C.7) to find that

@0’ = | (anstrr+ 7Y’

< 75()\23)k, k € Z+, (Ap,Bp, C) c Bﬁ, £ € [O,Ep)

At this point, we have found a uniform bound over (sufficiently small) balls.
We would now like to leverage these to find a uniform bound over the entire set P.
To do so, we observe that the open sets B form an open cover of P, so, since P is
compact, there exists a finite sub-cover in the sense that there exists

{pi:i=1,.,1} CcM
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so that

l
Pc B,
=1

and
- k = _
H (CI)p(T, 0)) H S ’yﬁi(/\ﬁi)kv ke Z+7 (Apa BP7O) S Bﬁw €€ [075ﬁi)'
If we set
= i:lz,l.}.?l Tpi>
A= P Ape
and
€1 = z'I:nll,..,l gﬁiv
then

H(CI);(Tv 0))kH S Vl(xl)ky ke Z+7 pE M7 €€ [0751)

It remains to put this bound in the desired form. Observe that, since A; € (0, 1),
there exists Ay < 0 such that
A)F <M T €0, Thga], k € Z7;

in fact, any A\; < 0 satisfying

In(\
)\1 & ( Tfm;),())

will work. We choose any such \; to find

H(‘I’Z(Ta 0))kH <y R eZT peM, e€[0,8). (C.9)

Henceforth, we restrict € € [0,£;) and let p € M and k € Z* be arbitrary.
(i)
Define

(=g =€
and recall that, by definition,

ERT] = e,

Clearly,
(t) = AL() + BH(p, )E(KT) — B,H* (p, t)€°[kT]
= Apé(t) + BpHE(p, t)g[kT] +
B,(H(p,t) — H*(p,£))°(kT), ¢ € KT, (k + 1)T),
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whose solution satisfies

E) = Bt TOT)+ [ (MR (1) — 7)o ar
t e [kT,(k+1)T). (C.10)

As usual, we will begin by analyzing the period endpoints. To that end, observe
that, in particular, (C.10) says that

Sk +1)T] = (T, 0)5[KT] +

T _
[/ eA”(T_T)Bp (H(p, T)— H(p, T))dT erFTe,
0

N /
e

=:We(T)

solving iteratively and using the fact that £(0) = 0 yields

N
—_

ERT) = (®:(T,0))" 7 we(T)e T,

i

I
o

Now,
[U5(T)|| < Te*mbe,
k—1—i

and both e?T and (®:(T,0)) can be bounded by (C9)), so

k—1
IERTY < > et 9T e marp eqy X g |
1=0

k—1 \
fy%e(leaxb Te Z 671(k—1+i)T||§0H

1=0

=2

T 7)\1T
< e%(k-ﬁ-l)T < 2€ ) e ||€0||

= A

IN

Since T' is bounded above, there exists a constant 3 > 0 so that
Trype 7T

N <73, T e (O7Tmax);

1—e2"T

therefore,
~ A
ST < yse™ EH7e ||

Finally, from the design of H¢ and (C.9)), we have that

IH (p,T)| < e+ |H(p,7)
S €1+ f’yle/\leaz? T E (07T)7
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so, from the definition of @7, observe that,

105t — KT, 0)[| < emew + Tpgpe™merb(sy + fraeTmes) |

[

:'yd)

Applying these to (C.10) yields

~ A
IEDI < 76(rse? EITe|&oll) + Tnaoe ™o be (31 1Eo1)
S (f)/¢fy3 _'_TmameaTmazbfylef)\leaz) e%(k+1)T€H£O||, te [kT, (k + 1)T>
ne
Al
< mezeflbll, =0

(ii)
Define

Clearly,
i) = HpOET] — H(p O RT]
= H(p7 t)g[kT] - (H(p7 t) - Ha(pa t))ga[kT]
= H(p.ORT) ~ (Hp.t) = H(p.1)) (24(T.0))" &
therefore, using (C.9) and (C.III), we obtain

_ A A
||a(t)|| < (h,/y4€71Tmacc + 71€—A1Tmaz) 6711?5”60”‘

(. J/

=5

(iv)

Observe that
7 N T
/2 #1/2,0

so by (CI1)) and (CI2)), we have

2

IN

ly® — y°|3 + rllu® — °|3

2
< 167 = €03+ rllut — w3

H[ys]{yo]z 2 2\ -2 o [0 22
- < @irdel? [ () a
P12 71/24,0 , 4 5 .
=6
6
= g

| A1
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If we set
[ V6
7o = 1Max {717747757 m}
and )
Ao 1= ?17
then the result follows. n

Proof of Proposition [5.2

Fix T, > 0 and let § € R"*, ¢ € (0,8), T € (0,T(T,)), 0 € ¥, and k € Z* be
arbitrary. Observe that forcing 7" to be small is equivalent to forcing h and thereby
h,, to be small. Furthermore, it will be convenient to define

Tij =T +2(j — 1)hn
and
Est{Est{¢[kT] &' o[kT]}, @ o[kT]} :=
%w%nﬂn{”[lﬁ 0] H(h)'STH YT +Tiy) = YKRD]
10w 0T HG) S VT + oy + ) = VAT + )] ||

Finally, throughout this proof it will be important to keep in mind that & is con-
tinuous, which provides many nice properties; for example, for any [¢, 7] C R", we
have that max,cp q [|£(?)|| is well defined.

This proof works by using the KEL to find bounds on the size of our estimates
and thereby the desired variables. Since the KEL does not hold on subintervals in
which there is a switch, we must be careful; we now obtain a bound on the control
signal over the Estimation Phase which holds whether or not there is a switch.

Claim 1: There exists a constant 7, > 0 so that, in all cases, for every sufficiently
small 7" we have that

< .
(O <9 max €O, ¢ € kT (k+1)T)

Proof:

The key to this proof is the following. Since T' < T/2 there can be at most one
switch on any period. Recall that all of our estimates are obtained via an argmin
of two sets of samples obtained on disjoint intervals. Since we know that there is
no switch during the acquisition of at least one of the samples, then that sample
can be bounded by the KEL and so can the associated estimates.
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Using the KEL to bound at least one of the samples, we find that there exists
a constant Y. > 0 so that, for every sufficiently small 7" > 0, we have that
[Est¢[kT] @° o[kTN| < e max{&[kT), €T + hp]}
< ke max - {L(0)} (C.13)

tE[RT KT +hm]
and similarly, with ¢ =1,..,¢ and j =1,..,n;_1,

Est{Est{¢[kT] @' o[kT]} @ o[kT]} <

(SSE Hp||—|—7kelT/> HEst{g[kT]W‘la[kT]}jH+7kelT’ max _ [l€(®)]]. (C.14)

te [k‘T,kT%’TZ‘,]']
By definition,

Est{Est{¢[kT] @' o[kT]}, ® o[kT]}
Est{¢[kT) &' o[kT|} =

Est{Est{{[kT] i1 .a.[k:T]} ® o[kT]}

Ti—1

therefore, using (C.I14), we find that there exists a constant «; > 0 so that, for
every sufficiently small 77 we have that

|Est{¢[kT] & o[kT]}|| < o ||Est{¢[kT] @' o[kT]}|| + v T’  max ]||g(t)\|,

te[kKT KT+2T"
which we can solve iteratively to find that

|Est{¢[kT] @ o[kT]}|| < of |[Est{¢[kT) @° o[kT)}|| + z_:a{T’ max @)l

te[kT kT+2T"

With (C13]), this becomes

te[kT kT+2T"

HEst{ﬂkTwo[kT]}I!s(aivkel+ia{7”> max €@

=0

so, since ¢ is bounded by ¢, there exists a constant ay > 0 so that, for every
sufficiently small 7" we have

|Est{¢[kT] @ o[kT]}|| < az  max ] @), i=1,..,q

tE[KT KT +2T"
and therefore, from the structure of u, if we define
q -4
Y1 = max{Yper, 2} X max {,0, Z(Tmax)] Z ”di,jH} )
=0 i=0
then

< T 1)T).
(O <3 max et e KT (k+ )]

192



(i)

Assume that there are no switches on the interval [kT, (k + 1)T); to simplify nota-
tion, with p € M arbitrary, we assume that o(t) = p over this interval. We begin
by refining the bound on w that was obtained in Claim 1. To do so, we first find a
bound on £ over the Estimation Phase.

Claim 2: There exists a constant v, > 0 so that, for every sufficiently small 7" we
have that
1€ < ellEKTY], t € [KT, KT +217).
Proof:
To proceed, observe that, solving (5.3]) and using o(t) = p provides

t
() = e R e[RT] + / YN Bu(r)dr, t e KT, kT + 2T"),
kT

SO

€@ < e l|E[kT]| +2T"e™ b max |u(7)|, ¢ € [KT, KT +2T").

TEKT ET+2T"]

If we apply Claim 1, then for every sufficiently small 77 > 0, we have that

||f<t>||seaTwns[kT]n+2T'eaTmb(% max ||5<T>||), t € (KT,KT + 2T,

r€[kTkT+2T"]
so clearly
Tmazx 1 aT,
a max kT 2T a maxb
xS e ERTY) 4 2T ety ma ()]
and, if
1
Te(0,— ],
(0 zmery)
then
eaTmaz
t < LT
tE[kT%%“fﬁT’} Hé( )H — 1 _ 2T’€G‘Tmaxb’}/1 Hg[ ]”
< 2T |k
=72
therefore

1€ < ASETT, ¢ € [KT, KT + 217,
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Clearly, Claims 1 and 2 combine to provide (i)(c): for every sufficiently small
T" we have that

<
u®l < _max €O
< wnl€RTY, ¢ € KTAT +27) (C.15)

To proceed, we first need to leverage the KEL to find a nice result regarding
our estimates when there is no switch.

Claim 3: There exists a constant v3 > 0 so that, if 7" is sufficiently small, then
[Est{¢[kT] @ p} — KT @ pl| < WT'IERT, i=0,..q

Proof:
The case of i = 0 is trivial: the KEL and Claim 2, together, say that

Est{¢[kT] @° p} = [kT] + O(T) |€lkT].
By the definition of our controller, the KEL, and Claim 2 we have that
Est{Est{¢[kT] @" p}. @ p} = pEst{¢[kT] @" p} . +
OT") (v llelkTIll + [Est{¢lkT] € p} ) . =1,m.
therefore, back substituting yields
Est{Est{¢[kT] @° p} @ p} = pE[kT]; + O(T)IEFRT, 5 =1,..n

and therefore

P Est{Est{¢[kT] @° p}, ® p}
Est{¢[kT] @' p} =
g Est{Est{¢[kT] ®°p} ®p}

= (kT] @ p+ O(T")|E[kT].
We can continue this process iteratively to find the desired result:
Bst{¢kT] @' p} = ¢kT) & p+OM)|ERTI, i=1,.q
]

By the definition of the controller and Claim 3, we have (i)(b): for ¢t € [kT +
27", (k+1)T), for every sufficiently small 7" > 0, using the fact that, on this interval
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o[kT] = p, we have that

Z(t — kT Z di; (BEst{¢[kT] @' o[kT]} — E[KT] &' o[kT)

< Z(t — kT Z dij|| || Est{€[kT] @ o[kT]} — E[KT] @ o [KT)]|

(C.16)

[A
M»m
<3

g
M»Q
=

-

=

S
™~

7
=

(. J

With this in hand, we can now obtain (i)(a): observe that (again using o[k7T| =
p)

1€(8) = Gy (t — KT, 0)E KT

= ’/0 eA”[kT](t_T)BJ[kT](u(T)—Hs(a[k’T],T)ﬁ[kT])dT

o7
< / ||€AU[kT](t_T)Ba[kT] (U(T) — H*(a[kT], T)f[kT]) |dr +
0

/ et By (u(r) — HE (o [kT), 7)E[KT))||dr, t € [KT, (k+ 1)T).

2 /

Since ¢ is fixed, we have that || H¢|| is well defined, so we can use Claim 2, (C.15])
and (CI6) to find that

1€(2) = Popery (t — KT, 0)E[KTT|
< 2T b (nye + (| HElooy2) IEIRT + (T — 2T7)e = bas T | [KT ||

< eaTmazb 2 (,71,72 + HHEHOOf)Q) + Tmaxa?) T’Hé-[kT]H

(ii)

Since we do not know whether or not there is a switch in this period, rather than
use the sequence {t,;}, we introduce some new notation. We assume that if there
is a switch in the period [T, (k + 1)T), then it occurs at £, i.e., there is a time
t € [kT,(k + 1)T) and two (not necessarily distinct) sets of Markov parameters
p1, P2 € M satistyin

| pi, teKT)
o(t) = { 1];2, telt, (k+1)7T);

2Recall that we assume that o is continuous from the right for convenience.
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if there is no switch in the interval, then p; = p,.

To proceed, we re-investigate the solution to (B.3]) in the context of switches.
Observe that

t
E(t) = e RO RT] + / e OIB u(r)dr, te kT, ),
kT

and

o t
Et) = Mg / AT B u(r)dr,
t
. i
— (1) [eAplt kT) 5[kT] / eAp1 (t=7) By, u(T)dr
k

T

t
/ eAPQ(t’T)Bmu(T)dT, te [f, (k+1)T);
t

if we combine these with Claim 1, then we conclude that, for every sufficiently small
T, we have

le@ =TIl < max{||7 = etn], |7 = et tDeAn DL e +

almaz
Tefrorbyy  maxc €], ¢ € W7, (b +1)T),  (C.17)

and the simpler bound

< aTmaz aT’maz .
Jeo)] < e JRTI] + Te ™ty )] ¢ € (KT, (k1))

We analyze this simpler bound in the same way as in the proof of Claim 2, to find
that, with

T, = min {T(Ts),;},

2e¢Tmaz hryy
for every T € (0,Tp), if T' > 0 is sufficiently small, then

aTmaz

le@)) <

\EIET)||, te kT, (k+1)T]; (C.18)

when combined with Claim 1, this yields (ii)(b):

ut)] < 1 ’””uf[mu t € (KT, (k+ )T,

Furthermore, when (C.I8) is applied to (C.I7), we obtain (ii)(a); to see how, first
observe that, for small T,
[ 1Ay, (¢ = KT)|

< al, tel[kT,(k+1)T),
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and

H T — oAw (i=KT) LApy (=)

~ ||Ap (E = kT) + Ay, (t — )|
< aT, telkT,(k+1)T],
so there exists a constant T} € (0,7p) so that, for every T € (0,T), if T" > 0 is
sufficiently small, then we have
le(®) = €RTII < max {[|T — e[| [T — et } [ [RTY +
1
Te? ey S IERTT]

62(1Tmmcb,y1

Proof of Lemma 5.3k

Fix T, > 0, T € (0,T(Ty)), and € € (0,£) and let 7" € (0,7/2) be arbitrary.
To reduce clutter, with p € M arbitrary, assume that o(t) = p over the interval
[T, kT). From Proposition 5.2(i)(a), if 7" is sufficiently small, then there exists a
function A,[k] € PCo and a constant § > 0 satisfying

1AL [K][| < ST'IEIRTT|l, pe M (C.19)

and
Ek+1)T) = @;(T, 0)E[RT) + ALlk]l, k=k,...k—1. (C.20)

From Proposition B1J(iii) we have that
c k
1(@5(T,0))" || < 70e™*, pe M,

so the difference equation ([(C.20Q) is of the form in Lemma [C.2] which we would like
to apply; to that end, we let Ay € (Ao, 0) be arbitrary. We would like our result to
hold for all admissible A;; to do so, for each A\; € (A, 0), we must be able to ensure
the existence of a constant v; > 0 that satisfies

0T < ’le
and
270716*)\1Tmaz - 1
A1 = Aol '
Together, these are equivalent to
Ao — A
0T < ’}/1T < | 0 1|

2706_)\1Tmaz ’
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Clearly

ST Ao — A1
2/706_)\1Tma9c
Ao — A -
eT < o=l T =:T'(\,T),

25706*)\1Tmaz

so for every T" € (0,T"(\,T)/2) we have that such a v, exists. Observe that v
can be made independent of 7" but that it depends on T" and A;; the dependence
on T will be useful, but the dependence on A\; will not, so we re-write it as v, (7).
Furthermore, if we freeze Ay, then such a v, has the property that

lim v,(7") = 0.

T—0

For the remainder of this proof, we let 7" € (0,7"(\;,T)/2) be arbitrary.

We now apply Lemma to (C20Q) to find that there exist constants ey €
(Ao, 0) and (71, A1) > 1 such that, for every \; € (Ag,€)) we have

IEKTTIN < 7(, M) BTNERTT, b =k, ...k, (C.21)

and, if Ay is fixed, then
lim ’_}/("}/1, )\1) =7-

v1—0

Observe that this implies (with A, fixed)
lim (v, (T = Y0;
lim (1 (T), ) = ;3
It serves our purposes to stress the dependence on 7', so, since 7, is a function of

both 7" and A\; we will write (7', A;) instead of J(vy1, A).

We now have the desired structure at the sample points; it remains to show that
our state is well behaved everywhere. To that end, we observe that, since @ is
clearly bounded, Proposition [[.2(i)(a) says that there exists a constant v3(7") > 0
such that, for every sufficiently small 77 > 0, we have

IE@DN < s(TERT, ¢ € kT, (k+1)T), keZT;
since ¢ is continuous, we have that

%1%73(T) =1

Using this bound together with (C.21]), if 7" is sufficiently small, then we obtain

1€ (DT M) EBITERT), k =k, ...k, te[kT,(k+1)T),
(DT A)e M MEED|ERTY|, ¢ € (KT, kT).

(T, A1)

<
<
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Finally, with A, fixed we have

] L _ “MT
lim (T, A1) = lim (y3(T)3(T, A)e ™)
= 1x Yo X 1

= 7o

Proof of Lemma 5.4k

Note that we do not need a minimum realization. We will use the controller state
z to hold all of the samples of y, so we will need z to have dimension

n, =2 (m+2qni> .
i=1
We assume that the period of the controller is ¢, so
T ="/(h

and therefore,
kT = klh, ke Z".

With e; the standard basis vector, we then define the periodic state update function

G (4,20} y(Gh)) = { z%(ihe)fﬂy(jh) ? _ (1), ol =2

observe that z; will hold y[kT + (i — 1)h] and that, at the beginning of each period
we clear the state. Clearly, this provides the desired property

G(0,2[5], y(7h)) = G(0,0,y(jh)).

It remains to carefully design the output function J. We will do so in a series
of phases that mirror how the controller is defined, but first we introduce some
notation. The discrete time analogue to T is defined by

(1 :=2(m+1)and 4; ;== l; 1+ 2n; 1 (m+ 1);
we also define the discrete time analogue to T; ;:

Cip=0;+2(l—1)(m+1).

Phase 1: State Estimation Phase

Here we want u = 0, so we set
J(j,z[j],7) =0, 7=0,..,0, — 1.
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Phase 2: Control Estimation Phase

Here we need u to be the sequence of test signals:
u(t) = pEst{¢[kT] @' o[kT},, t € (KT + Liyh, KT + €;141h).

Recall that we use m + 1 instead of m to avoid initialization issues; however, this
means that we are obtaining one more sample than we require; i.e. we want to
throw away the m + 1** sample. To that end, we will now abuse the notion of the
basis matrix F; introduced elsewhere in this document. We define

= I
- m (m+1)xm
I: { 0 ] ceR

and then, with E; € R™*™ consisting of block elements of size (m+ 1) x m, we set

0]

— i"™™ block element,

™
I
. O)\”O...

0

so EI'z[j] is a vector consisting of the (i — 1)(m + 1) to i(m + 1) — 2" elements of

z[j]-
We begin with ¢ = 1. Observe that

Est{¢[kT] «° o[kT]}, = Est{¢[kT]},
= %e?argmin{” [ I, 0] H(h)_ls_ljy(kT)”v

—Vo(h)

[ I, 0]HM)STYET + hy)|}

1 ) _ .
= el argmin{ VoW EL =Ll Va() 22111},
j == gl,l, ..,f — 1. (C.QQ)
So we can set

J(j, zli],7) = efargmin{||Vo(h)ET z[5]|l, |Vo(R)ET 2[5},
j = El,la "761,l+1 - 1, [ = ]., .., n.

Via a similar argument, with

ny = 2 and n; == N;_1+ 2TLZ +1
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observe that, for i = 2, .., ¢ we have

Est{¢[kT] @ o[kT]}, =

1 (Eg-&-l n +2 ET) [ ]
—ef argmin  |[Vi(h) :
p .
(EV]L:,+1 2 ET ETZL;H 1 Eg) Z[]]
j=Vliy,. =1, 1=1.,n; (C.23)

so, with * the content of the argmin above, we can set
J (5, 2[j], 7) = ef argmin{*} j = Lliy, ., ligs1 — 1, 1=1,.n,

Phase 2: Control Phase
Here we wish to apply

Q

q
u(r + kT) =37 S di Bst{€[kT] @ o[kT]}, 7 € [Ty11,T):
=0 =0
if we use the state based estimate realizations (C.22)) and (C.23), then it is enough
to set
TG, 2l 7) =D 7Y diBst{¢[kT) & o[kT]}, j =Ly, ... 0—1.

j=0  i=0
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Appendix D

Proofs from Chapter 6

We will require the following technical lemma:

Lemma D.1 If A € R™™" is Hurwitz, then there exist constants 6 > 0, A <0,
and v > 0 such that, for all A € PCy satisfying ||Al| < 0, we have

(i) | @asalt,to) = Palt,to)| < VAl ), t > t,

(ii) [|@asa(t to)| < veX0), ¢ >t

Proof:

Let to € R, t > tg, and A € PC,, be arbitrary. Observe that (ii) is the continuous
time equivalent to Lemma Since A is Hurwitz, there exists a positive definite
symmetric matrix P that satisfies

PA+AP=—1. (D.1)

We define x and x5 via
(t) = A x(t), x(ty) = o, (D.2)
t5(t) = (A+ A(t)) zs(t), xs(to) = x(to) = 0. (D.3)

(ii)
We prove this result by obtaining a bound on ||zs(¢)|| in terms of ||xs(to)||. To do

so we will solve some differential inequalities, constructed through manipulation of
energy functions. To that end, set

V(ws(t)) = x5(t) Prs(t),
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which combines this with (D.I) and (D.3)) to yield

V(ws(t)) = —af(t)zs(t) + x5(t) [PA(E) + A () P xs(t)
< =@ + 2 P Alloolls (£,
If we fix .
R
then this becomes 1
V(x5(t)) < —gllxa(t)HZ? Al < 0. (D.4)

To that end, we restrict ourselves to only those A € PC, that satisfy ||Alls < 0.
Furthermore, define

A := maximum eigenvalue of P,

and
A ;= minimum eigenvalue of P

and observe that, since P is positive definite and symmetric, by the definition of
V', we have B
Alz@®))* < V(zs(t) < Mz t >t (D.5)

which, when combined with (D.4), yields

whose solution satisfies

e 0V (25(t0)), ¢ >t
Xe” 270 |35 (L) |12, > to.

Vi(s(t))

IN N

Finally, using (D.5]) yields

Mzs@))? < Aem 5560 |z5(¢0) ||

= a0l < (5) Sl >0 (D.6)

—— —eM1(t—1g)
=m

NI

A
[>1] >

so clearly we have the desired result
1@aralt o) < meM, 1>t
furthermore, observe that we can set A = 0 to obtain

[@a(t, to)]] < 710, 1> 4, (D.7)
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(1)
Since x5(ty) = x(to) = xo, we can write

(x5 — 2)(t) = [Paralt, to) — Palt, to)]xo;
therefore, we can find our desired bound by solving the differential equation given
by
(&5 — 2)(t) = Aws(t) — 2(t) + A(t)zs(t), ws(to) — x(to) =0,

whose solution is

(xs —x)(t) = / G4 (t, 7)A(T)xs(T)dT,

to
so clearly

t
[(zs — x)(B)]] S/ [@a(t, T)A(T)as(7)]|dT.
to
Using (D7) to bound ||®4]| and ([D.6]) to bound |[|z5|| yields

t
[(zs = =) (0] < /716“1“‘7)||A||oo%6A1(T_t°)IIZBolldT

to

IN

t
712"A"m”1‘0" / 6)‘1(t77)e>\71(7*t0)d7_
to

272 A
N )

IN

Proof of Lemma (The Estimation Lemma):

Let zp € R", r € PCw, to € RT, h € (0,h), 4 € R, and g € G(G,Ts,c,) be
arbitrary. Recall that we are analyzing two models (62) and (63) that do not
contain noise signals.

Here we wish to prove a result pertaining to stacked error signals £. To make
the proof more tractable, we will split our analysis into two parts: we first inves-
tigate y and then y,.;. Recall from standard linear system theory that the Zero
Input Response (ZIR) is the system response when the initial condition is nonzero
and input is zero; conversely, setting the initial condition to zero and introducing a
nonzero input produces the Zero State Response (ZSR). The input under consider-
ation in this proof is zero and then constant, and we would like to investigate the
system responses to each of these segments independently and then combine the
result. To that end, it will be convenient to split the various system responses into
two parts in the following WayEl:

¢
y(t) = C/peAp(titO)xp(tO) +/ CpeAp(tiT)Bpg(T)u(T) dr, t € [to,to+ 2hy,).
v to

~~

J/

::yzi'r(tytO) NV
:Zyzsr(tvto)

Our use of ZIR and ZSR are slightly non-standard here, but the nomenclature serves the
purpose of helping to keep track of which component we are discussing.
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We will require the following notation:

c, Cu
= p: 8 and O, = : ,
CrAY Cw Al

and we define Y(ty) and Y,.f(to) so that they are consistent with the definition of
E(ty) and define Y,;.(to, o) so that it is consistent with the definition of Y(ty) and

Yzir (t, tO) .
We begin by investigating the plant output y.
Claim 1: There exist constants v > 0 and h > 0 so that for every u of the form

u(t) = 0, t€lto,to+ hm)
@, tE[to+ hm,to + 2hm),

the solution to (G.]) has the following two properties:

(1) 1K (R) 1S5 V(o + Fam) = V(t)) | < @l + chllzy (to) -
(ii) Furthermore, if g € G(G, Ty, ¢4) is continuous on [tg, ty + 2h,,), then

X (R) 7185 (Pt + hin) — V(t)) — Cp(Ap)™ ™ Byemrg(to)al| <
vh(llzp(to)ll + llal])-

Proof:

We begin by performing some preliminary analysis, starting with the time interval
[to, to + hum), in which w = 0. For every [ = 0, .., m we have

y(to+1h) = Cpe™z,(to),

 Cp(Aplh)’
=D %%(%) + O(h™ ), (to)

= [1 1 ... 1™ ] Xpu(h)Opxy(to) + O(R™ ), (to).
We then stack all of the signals of the form y(ty + lh) to yield

V(to) = SmXm(R)O,x,(to) + O(R™ N, (to). (D.8)

Now we turn to the time interval [to+ hy,, to+2h,, ), in which v = 4. To simplify
notation we define
tl — to + hm

Using the same method as above, we obtain the (stacked) response due to the initial
conditions:

yzir(tl, to) = Sme(h)Op€Aphm$p(t0) + O(hm+1)€Aphml’p(tQ). (Dg)
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(i)

To find a loose bound on the forced response, we first note that the elements
of G(G, Ty, c,) are uniformly bounded and P; has relative degree m; as such, for
t € [t1,t1 + hy,,) we have

¢
Yesr (L, t1) = /CpeAP(t_T)Bpg(T)udT

t1

_ /tt {%(Ap(t =" | ot - 7| oyad-

(m—1)!
= ST B o) 4 ot - 1

t e [tl,tl -+ hm> (D]_O)
In particular, this yields
Cp(Ap)™ " Bp(lh)™
m!
Combining this with (D.9) and subtracting (D.8)) yields
V(to +hm) = V(to) = SuXum(W)[Op(e™"™ — Iy(to) + O(1)a] +
O(R™ N, (to) + O(R™ Y.

Yosr(t + LR, 1) = O(1) u+OMm™Na, 1=0,.,m.

Finally, we simplify and invert S,,X,,(h) to obtain

Xin(h) 1S5 (V(to + hin) = V(to)) = O(h)zy(to) + O(1)t + O(h)z,(to) + O(h)u
= O()u+ O(h)xy(to).

(ii)
Here we have the additional assumption that g is continuous on [tg, to + 2h,,), so it
follows that for every such g € G(G, T5, ¢,)

19(t) = g(to)| < ¢yt = KT, 1 € [to, o + 2hum),
which means that we can write
g(t) = g(to) + O(h), t € [to,to+ 2hm). (D.11)
We can use (D.I1)) to find a tighter version of (D.10):

¢
Yosr(E,11) = /CpeAp(tT)Bpg(T)ﬂdT

- [ [P o 1) ) + OB aar

(m—1)!
= /[ (AP(S’;L f;,m Bo g t)+

O((t —7)™) + O((t — )Wl)@(h)}adf, tE [t b+ ho).
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so we have
CpAg_pr(lh)m

m)!

Yosr(t + Lhyty) = g(t)u+Oh™Na, 1=0,..,m.

Combining this with (D.9]) and subtracting (D.8)) yields

V(to+ ) = V(to) = SuXin(h)[Ope ™, (to) + O™+ )z (to) +
Co(A) ™ B,g(te) S Xom (h)emsr@i + O(h™ V)i, (D.12)

finally, we invert S, X,,(h) to obtain

Xon(h) 7185 V(to + hm) = V(t0)) = O(h)Opp(to) + Cp(Ap)m_prg(tO)em—Hﬂ +
O(h)z,(ty) + O(h)a
= en1Cy(Ay)" " Byg(to)u +
OM)llzp(to)ll + lal].

We now turn to the filter output y,.;.

Claim 2: There exist constants ¥ > 0 and h > 0 so that the solution to (G.3)
satisfies

X () 718 (Vg (to) = Vrer (to + han)) | < vh(ll2w (t) ]| + [I7]ls0)-
Proof:
The solution to (G3)) satisfies

t
Yref () = Cre 02, (t9) + / Cue 1 B (1) dr.
to

Using Assumption [6.1] and the same methods as in the proof of Claim 1, we obtain
Vrer(to) = SnXm(h)Ouwtu(to) + O(K™ )2y (to) + O(A™ )7l (D.13)
and
Vre(tothm) = SmXom(h)Owe™ ™ 2, (te) +O (K™ )2 (1) + O (R™ ) ||7] 0o, (D.14)
which combine to yield

y’r’ef(tO) - yref<t0 + hm) - Sme(h)Ow(eAWhm - ])xw(t0> +
O(h™ )y (to) + O(R™ )1l oo

we then multiply by X,,(h)~1S 1 and simplify to obtain

Xin(h) 785! Vrep (to) = Vreg (to + him)) = O(h)zw(to) + O() |17l
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We obtain the desired results via a direct application of Claims 1 and 2. Com-
bining the inequalities in Claim 1(i) and Claim 2 yields

X (h) 1SN (E (o) = E(to + han)) = O(L)a + O(R) (|| (to) | + [z (to)l| + [I7]]o0);
which implies

[Cp<Ap)mipr] o €£+1Xm(h)715;zl (5(t0> - g(tO + hm)) =
O(L)u+ O(h)([lzp(to)|| + [lzw(to) | + [[7]ls),

while combining the inequalities in Claim 1(ii) and Claim 2 yields

Xm(h>_15;11 (g(t()) - g(tO + hm)) - €m+1Cp(Ap)m_prg(t0)ﬂ =
O(h)(Ja] + [lzp(to) | + llzw (Eo) | + [7]ls0),

which implies

[Co(A) " By el X (h) 'S (E(t) — Eto + hum)) — glto)i =
O[] + |z, (t0) || + 2w (o) | + [[7]loc)-

Proof of Proposition [6.1k

Fix Kj;; € S(P;) and let p € R", r € PCw, and g € G(G, T}, ¢,) be arbitrary.
Here we will require a state space representation of the ideal system (i.e. ¢ = 1 and
C = Ky;) in closed loop:

i%(t) = (A— B,F)z(t) + Br(t) (D.15)
\—::20_/
) = \[—Cp 0 Cy |2°()
=Cu

Define A(g(t)) to be the difference between A¢(g(t)) and AY:
Ag(t)) = Al(g(t)) — Aq
= Bu(g(t)o(g(t)) — 1) F

Finally, since AY, is Hurwitz by design of Kj; we can apply Lemma[D} there exist
constants 0 > 0, A\; < 0, and ; > 0 so that, for all A(g) satisfying [|A(g)]/c < 0,
we have

[Pz, (9) (£, t0) — P ao, (£, o) ]| < meeM )t > ¢ (D.16)

1D 4z, (g (£ o) | < 72T 1 >t (D.17)
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(i)
From the definition of A we have that

1A = [1Bulg(t)¢7(9(t)) = 1) F|
< [Bull x [[Fl xe, 20,

so, if we choose & such that

)
[ Bull < [|F]|”
then it follows directly from (D.I7) that

M

<
1 a2, (g) (1, 1) || < et > g0 e e (0, 8).

(ii)
Since we are interested in weighted sensitivity, we investigate (e° — €°)(¢) with zero
initial conditions:

(t) —e"(t) = Cala®(t) —2°(t))

t
e / [t ) (£, 7) — o (1, 7)] Byr (7).
0

We take norms on both sides and use (D.16]) to conclude that

t
I(e® =) < IICczII/7166A1(t_7’||3r||I\T’HoodT
0

4!
mHCczH 1B e(1 — e")]|7[| o

=2
yoellrlloo,  t>to, €€ (0,8).

IA

Construction of Suitable State Matrices for x:

For simplicity, in this construction we look at the special case of ¢ =1 and ¢; = 1;
also, recall that p = 2(¢+ 1)(m + 1) = 4(m + 1). Define:

[ Yoo Tm ] = (Cp<Ap)m+pr>_legm+1Xm(h)_ls;zl'

The controller is periodic of period p, so we choose periodic matrices: for i € Z*
we set

. 0 k=0
Az[””k]:{f k=1, p—1
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(|1 0
k=0
_0 Yo
. 00 k=1,..m
Blip+kl=<{ L0 %
0 0 } k=m+1,..,2(m+1)—1
0 —Yr—(m+1)
L 0 k=2m+1),.,p—1,
0 kE=0,..m
C.lip+kl=<¢ [1 0] k=m+1,.,2(m+1)—1
sl 20+ Dac—1 2(¢+1Day | k=2(m+1),...,p—1,

and
D.lip+ k] =0.
Proof of Lemma (One Period Lemma):
Fix Kj;; € S(Py) and € € (0,8) and let g € R", r € PCw, k € Z, g € G(G, Ts, ¢,)
be arbitrary. Assume that C(Ky;,e,T') is attached to the plant P,.

Before proceeding, we give an overview of the proof. First we use the Estimation
Lemma to obtain rough bounds on |u| and || (t)—x[kT]||. We then use these bounds
to find tighter bounds for the case where g is continuous on the interval. Since
T :=2(q+1)hy, and h,, = (m+1)h, we have that T', h, and h,, are interchangeable
with respect to order notation. We begin by using the Estimation Lemma to obtain
bounds on the estimates (and hence on the input):

Claim 1: There exists a constants 7y, > 0 so that, if A > 0 is sufficiently small,
then

lu@l <5 sup (D) +nblrle, ¢ € KT, (k+1DT).
Te[kT,(k+1)T)

Proof:
From the definition of v and the Estimation Lemma we have
Est{cig ' kT’ (GT)} = (Cp(Ap)™ " By) ep i1 Xim(h)1S," x
[E(KT + (2 4+ V) hyy,) — E(KT + 2ih,,)]
= O(1)Est{c;1g'[kT1u"(jT)} +
O(h)[xy (KT + 2ihy,) + x4y (ET + 2ihy,) + ||7| o),
1=0,..,q —1;
solving iteratively and using the fact that u°[kT] = Fz[kT], we obtain
Est{cig " KT (GT)} = OM)z[kT]+ O(h) |  max lz(7)] + [r]x

TE[kT,(k+1)T)

= 0 max le(m)] + OW)lIrfe,

i=0,.,q—1.
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Our desired result follows directly from the special structure of w. n

We now turn to an analysis of the system equation (G.5]) and derive a bound on
the state = over the interval [kT, (k + 1)T).

Claim 2 There exists a constant 7, > 0 so that, if 7" > 0 is sufficiently small, then

[z < vllzFTH + 2T lrlleo, ¢ € KT, (k+1T).

Proof:
Solving (65) and then applying Claim 1 yields

x(t) = eA(t_kT)x[kT] + /]:T A=) [Bug(T)u(r) + Byr(r)| dr

— OM)z[kT] + O(T)

TEKT,(k+1)T)

sup —flu(7)]| + H?“||oo]

— O()elkT] + O(T) [Hrnw i )||x<r>u],

rE[KT,(k+1)T

te kT, (k+1)T);
it follows immediately that

= O)z[kT)+ O(T - :
odax (0l = OW)2lkT] + OD)llirlloo +__ max (7))

which means that

max |2(7)|| = O(V)z[kT] + O(T)||7|| 0,

re[kT,(k+1)T

so clearly
z(t) = O()x[kT] + O(T)||r||eo, t € KT, (k+1)T).

We now use Claims 1 and 2 to find a bound on z(t) — z[kT].

Claim 3: There exists a constant 3 > 0 so that, if 7" > 0 is sufficiently small,
then
J(t) = KT < AT (2Tl + lIrllc), ¢ € [KT, (k+1)T).

Proof:
Solving ([6.5) yields
x(t) — z[kT] = (eA(t_kT) — 1) z[kT) +

t

| A Bugru(e) + Bor(r) dr
KT
= O(T) |xkT]+  sup Jlu(®)|[ + |, t € [T, (k+1)T);
TE€[RT,(k+1)T)
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if we simplify and apply Claim 1 followed by Claim 2 then we find

2(t) — «[kT] = O(T) (=K T + [Irfl)-

(1)

We can use Claims 1 and 2 to obtain (b): from Claim 1 we have

u(t) =0(1) _ max (@] + OW)lrl. ¢ € KT (k + 1),

to which we apply Claim 2, yielding
u(t) = O()x[kT) + O(T)||r||eo, t € kT, (k+1)T). (D.18)

To find (a), we observe that, for t € [kT, (k+ 1)T'), we have

t

z(t) — P ac () (1, ET)x[kT] — /kT D pe (g)(t, 7) B (7)dT
= 2(t) — 2[KT] + (I — Pae o) (t, KT))x[kT] —

t
/ B (g (£, 7) Byr(r)dr,
kT

to which we apply Claim 3, yielding

t

£(t) — B e gy (1, KT)2[RT] — / B (0)(£.7) Byr(r)dr =
kT

O(T)(@[kKT] + [rlloc) + O(T)2[KT] + O(T) [l oo

(ii)
We must now investigate the case in which ¢ is continuous on [k, (k + 1)T); to

that end, we restrict ourselves to such pairs ¢ and k.

Observe that we can rewrite the system equation (6.3]) in the following way:
©(t) = Ax(t)+ Bug(t)u(t) + B,r(t)
= A (g(t)x(t) + [A — AL(g(1)]x() + Byr(t) + Bug(t)u(t),

whose solution satisfies

t

x(t) = (I)Aiz(g)(t’ kT)x[kT] +/ (I)Ail(g)(t,T)BTT<T)dT+
kT

/k G T){ [A— A5(g(r)]=(r) + g(T)Buu(T)}dT.
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From the definition of A%, we have

A — A5(g(7)) = —Bug(1)¢"(g(1))L,

o) = P (0D = [ D7) Brr(r)r =

/k (8.7 Bug(7) [ = 6 () + ()]

J

v~

=m(kT\,t)
We proceed by using the Estimation Lemma to show that the effect of u is similar
to that of ¢*(g)u’ and then use that result to find a nice bound on 7.
Claim 4: There exists a constant y4 > 0 so that, if 7" > 0 is sufficiently small, then

Proof:

From the Estimation Lemma (with ty = kT + 2ih,, and u = w(kT + (2i + 1)h,,))
we have

(k+1)T
/k (u(r) = & (g TN’ KT])dr|| < %T([Ja (kT[] + [I7]loo)-

T

Est{cig ' kT (GT)} = g(kT + 2ihy)u(kT + (2i + 1)h,,) +
O(T)[||xp (KT + 2ihy)|| + ||2w (KT + 2ihy,) || +
[u(KT + (20 4+ 1) hn)| + |7l 00)-

As in (D.II)), since g is continuous on [kT, (k + 1)T] we have that
g(t) = glkT]+O(T), te kT, (k+1)T),
S0

Est{c;g T kT’ (GT)} = [g[kT] + O(D)|u(kT + (2i 4 1)h,y,) +
O(T)[||l2p(ET + 2ihpy)|| + 2w (KT + 2ihy)|| +
[u(kT + (2i + 1) han )| + (|7l o]
= g[kT uw(kT + (2i + 1)hp) + O(T) |||z, (ET + 2ihy,)|| +
|ww (KT + 2ih,)|| + |w(KT 4+ (20 + 1)hy)| + 7] oo)-

Now, from (6I0) we have

w(kT + (2i + 1)hy) =

Est{cZ WG RTIC(GT)Y, i=0,1,...,q—1,
Ci—1
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SO

L pat{er g WTIOGT)) +
1—1

O(D)[||zp(KT + 2ihy,)|| + ||xw(KT + 2ihy,) || +
|w(kT + (20 + D) hp)| + [|7]] o) -

Est{c;g T kT (GT)} = glkT]

Finally, using Claim 1 to provide a bound on |u(kT + (2i + 1)h,,)| and Claim 2 to
provide a bound on ||z(t)|| we obtain the update equation

“ Bst{ci1g' KT )u’ (GT) 1+ O(T) (|2 KT+ rl]o),

Est{cig" kT’ (jT)} = g[kT]
Ci—1
which, solved iteratively using the ‘initial condition’ of Est{u’(jT)} = u°[kT] yields
Est{c,-g”l[kT]uO(jT)} = cz-g”l[kT]uO[kT]—f—O(T)(Hx[kT]||—|—||r||oo), i=0,1,..,q—1.
Since
(k1)
[ )~ e lerylar
kT
[qg—1

= h | Y u(kT + (20 + 1))

’L_

_l_

2h ( kT + 2qhy,) — T (g[kT))uC[kT]

-1

— h, Z S Bst{ci1g' KT (GT)}

0 Ci—1

_|_

q

Z

Est{c@ 1g' (KT’ (5T}~

Ci—1

“ Bst{ci1g' [WTI (GT)} | — To" (glkT))u’[kT]

Ci—1

=0

this result together with and the fact that 7' := 2(q + 1)h,, yields

(k+1)T
/kT u(r) — ¢ (kT kT Ndr

Z a;g' [KTuC[kT]

O(T) o [[FT] 4[|l o]
= O(T*)(a[kT] + [Ir[l)-

= 2(q+ Dhy — T (g[kT])u[kT] +

We now turn to . We begin by finding a bound on ¢¢(g(¢))u"(¢). Since
u’(t) = Fa(t), (D.19)
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we have

¢ (g(t)u’(t) — ¢*(g[kTN)u"[KT] = [6°(9(1)) — ¢*(g[kT])]u"[KT] +
Ll (t) — «[kT]]¢"(9(1));

to which we apply Claim 3 and use the fact that g(¢t) = g[kT] + O(T), yielding

¢ (g)u’(t) = o (glkT)u’[kT] +
O(T) ([ (kT + [[2[kT) + lIrll), ¢ € [KT, (k +1)T).

We can use this in the definition of 7 to obtain

(k+1)T
o0l < [ o] = FET)CRT) + u(r) +

T

O(T) ([ [KT1| + [l«[KT]] + \Irl\oo)}dT

(k+1)T
= 01 /]C [—d)s(g[kT])uo[kT]—i-u(T)} dr| +

T

O(T*)(|u"(KT]| + (KT + |Irllo), ¢ € [KT, (k + 1)T).
We then use Claim 4 to bound the first term and (D.19)) in the second term, yielding
In(kT, )| < OT*)(||[KTI| + lI7lloc), ¢ € [KT, (k + 1)T),

so, for every t € [kT, (k + 1)T) we have

t

z(t) — Pac () (t, KT)x[KT] — / D pe (g)(t, 7) B (T)dT
T

k = n(kT7 t)
= O(T*)(l= kT + lI7llo0)-

Proof of Proposition [6.2:

Fix o =0, Kj; € S(P), and € € (0,€) and let g € G(G, T}, ¢,) be arbitrary. Both
the stability and the sensitivity parts of this proof work by gluing together the single
period results obtained in the Control Lemma. In the previous three chapters, we
used the switching sequence {t;} to state and to prove our results since it provided
a very natural way to define nominal performance in the face of plant switches. In
this chapter, the weighted sensitivity function is well defined, even in the face of
discontinuities in g, so instead of using the switching sequence, here we proceed by
observing that, as T" — 0, the percentage of intervals of length 7" which contain a
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discontinuity in ¢ tends to zero, so that the stronger conclusion of Lemma [6.2] is
applicable. To that end we define the following integer function:

It follows that
p(T)T < T,

and that p(T)T" — T as T — 0; hence on any interval of p(7)T" time units long,
there is at most one interval of length 7" which has a discontinuity.

Before proceeding, we invoke two of our previous results. First, from Proposi-
tion we have that

||¢)Ail(g) (t,to)” S ’706>\0(t_t0), t 2 t(). (DQO)

Second, from the Control Lemma, there exists a constant § > 0 and functions A
and A, satisfying

0 if g is continuous on [kT, (k+ 1)T)

+
0T  otherwise , keZ

1A KT < {

and
| Ao[KT|| < 6T2, ke Z*

so that, for every sufficiently small 7" > 0, we have

t

£(t) — B e o) (1, KT)x[KT] — /k (6B =
ART] 4+ Aok T [k T 4+ 7], ¢ € KT, (k + DT), k € Z*+.  (D.21)

We let T' > 0 to be arbitrary and sufficiently small to ensure that the above holds.

Before moving to the details of each of our two problems (i.e., stability and
weighted sensitivity), we present the following technical result.

Claim 1: There exist constants 4, > 0 and A; € (Ao, 0) so that, for every r € PC\,
if kg € Z* and w € PC satisfy

w(t) =0, t> kT
and T > 0 is sufficiently small, then
lz[KTT)| < (M 2k T + [Irlloe) s K > Ko.
Proof:
Let ko € Z* and w € PC,, be arbitrary such that they satisfy

wt) =0, t> kT
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and let £ > kg and r € PC, be arbitrary.

Using ([D.20) to bound [[® 4¢ (o || in the integrand, from (D.21]), in particular, we
have that

ok + D] = e o) ((k+ )T, kT)2lkT] +

(k+1)T
O(1) [ e T B o+

O ALET] + ST [T + 7] ]
— D4 o) ((k+ )T, KT)x[kT) +
O(T)|[7]loo + O) [|ALKTY|| + 6T7] || [KT]]].

Observe that, from the definition of a state transition matrix, we have that

k—1
O e () (KT, ko T) = [ [ ®acy) (i + VTiT), k> ko, ko € Z7,
i=ko

so we can iteratively solve the above difference equation to obtain

7—1
tKT) = e (KT koT)xlkoT] + Y (@Ail(g)(( j—1)T,4T) x
=0

[OT)rlloe + O) (IMKT]] +6T2) 2(T)]]).

Using (D.20), we find that there exists a constant a; > 0 such that

j—1
[k < 0 I kT + a1 Y (r0e™0 1707
=0

[Tlrlloe + (1A KT + 0T2) [l2(iT) ] ).

If we define the RHS of this inequality to be [kT], then we obtain the more easily
handled equation

Y[(k+ DT = e PkT] + oryo [Tlrllee + (11 [KT]| + 07%) || [KTTI]
vollz kTN = $[koTT; (D.22)

since

[z[kT]|| < ¢[kT]

to obtain the desired result, it is sufficient to find a bound on ¢ for all k. We begin
with (D.22)), which implies

Y[k +1T] < (€ + ool A KT +4500T?) ¢ [KT] + yoon T|r]le.  (D.23)
Observe that there exists a A; € (Ao, 0) such that, for small T

Mot 4 %alde < e;\lT;
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if we apply this to (D.23]) and use the definition of A;, then we obtain

Pl(k+1DT] <

{ MTYIET) + o1 T ]| oo if g is continuous on [KT, (k + 1)T')

(1 +7010T)[kT] + o0 T||7 |l otherwise. (D.24)

Recall that, in every p(7T) periods, we have at least p(7') — 1 periods where g is
continuous. As such, if 7" > 0 is sufficiently small, then we can use (D.24) and
eMT < 1 to write

[k +p(T)T] < MDD 4y §T)[KT] +
p(T)—1

> (147067 (yoar T|7loo)

=0
MTEMO-D(1 4 0, 5T)P[RT] +
Yoo Tp(T) (1 + Y0a10T)"D|7|| o,

IN

but
(1+70T) < T T >0

and by definition
p(I)T < T,

SO

V[(k+p(T)T] < MTEO-D20TYRT] 4 yp0y Tee™™

7| 0-

Finally, observe that there exists a Ay € (A1, 0) such that, for small 7', we have
MT(p(T) — 1) + 70T < X\Tp(T),

so we have

Y[(k + p(T))T] < TP DPRT] + yoon Toe?*™

7 |loo;

indeed, we can solve this iteratively to find that

_ '705Ts
: XoT\jp(T) €
Ullko +3p(TNT] < (PP plheT) 4 — oL
AT\ jip(T n00ts
< (6 2 )JP( )w[kOT] + m"m&lTs HT’HOO,

[ J/

Vv
=2

jeZ". (D.25)

To complete the proof of the claim we must show that v is well behaved at the
sample points which lie between jp(T)T and (j+1)p(T)T. We consider (D:23]) and
use a weak bound on A;: for small T’

Y[(k+ 1)T] (e)‘OT + 2900 TV [ET] + voor T||7|| 0o

<
< (14 290D KT + o T[]
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which, solved iteratively to obtain a crude bound on W[kT], provides the following:

for every kg > ko and small T" we have

(14 20Tk Ho —
2’}/05T

< 20T lh—ko)y [T + Z‘—;[e?%”(k—fﬂﬂ ~1|7lles k>ko  (D.26)

—_— 1
YIRT] < (14 29%0T)" "9 koT] + yoou T 7]l oo

so for I = 0,..,p(T) — 1, set kg = ko + jp(T), k = (ko + jp(T) + )T, and use
[ < p(T) to find

. . (0%
Ylko +jp(T) +DT] < T D plkg + jp(T)T] + S —1]r]|oc

26
< Yl +jp(T)T)+ 5l = 1) o, j € 2°
hv—/

=:a3

which combines with (D.29)) to yield

Ul +jo(T) +DT] < 5T [(FT)HOYIGT] + alrlc] + aslirle

< 62706Ts€—f\2Ts (eS‘QT)jp(T)'H@/)[kOT] +

[62706T5042 + 063} H’f’”oo, j S Al

/

WV
=:q4

which implies that

YIRT] < 2002 (2T )Ekoy [0 T) + aul|rl|oe, K > K.

=:as
Using the definition of ¢ it follows that

|z (kTI| < yoase™ " * D alkyT] + aulrlloe, k> ko,

Sensitivity:

Fix w = 0 and let r € PC, be arbitrary. By the definition of weighted sensitivity,
it is enough to bound (e — e°) by r. Since

e = Cpx — Cyr,
it clearly sufficient to bound (x — x%) by r; indeed, it is sufficient to show
1(z= = 2)(®)]] = O(T) [ oo-

To do so, we will begin by showing that z[kT] is bounded, independent of the choice
of k£ and then use this to show that x* — x is well behaved at the sample points;
finally, we show that nothing untoward happens between samples. To that end, we
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now look for a bound on the difference between x and z° at the sampling times.
Observe that, since w = 0, Claim 1 says that, if T" > 0 is sufficiently small, then

le (KT < 71 (e ol + [Irllec) . & € ZF.

It will be convenient to define

~E

¢ =z — 2.
Claim 2: There exists a constant 7, > 0 so that, if T > 0 is sufficiently small then

1Z[ETI < 9T lrlle, k€Z.

Proof:
Let k € Z" be arbitrary. From (69) we have

(k+1)T

2 [(k + D)T] = ®az (o) ((k + )T, KT) 2" [KT] + / D4z (o) (K + )T, 7) Byr(7)dr,

kKT

so, using (D.21]), we have

Fl(k+1D)T] = ®aeo)((k+ )T, KT)F[RT] +
[A[ET] + Ao [KT] x [[|lz KT + [I7floc] »

whose solution satisfies

e

[RT] = ] (2,0 (k = 1)T,0)) [A[T] + A2 [ T1) x [[J2[GTT] + [I7[loc]) -

J

Il
=)

If we use Claim 1 to bound ||z [kT7||, the definition of Ay, and the bound on [[® 4z (o) |
then, for sufficiently small T', we have

k—1
|25 KT < Y o T [IALTI + 6T (1 + D)7 oo (D.27)

j=0

The only problematic term is A;. In the worst case, g has discontinuities every
p(T') samples, that is, A(i7T") = 0 for every 7 that is not an integer multiple of p(T").
Therefore, we have

k—1 [e%S)
Z e)\oT(k—l—i)HAl[k,T]H < Z e)\op(T)Ti(ST
i=0 i=1
< Z MT26T for small T
=0
1
- 0 T
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Furthermore,

k—1 00
§ 6)\0T(/€—1—i) S § 6)\0Ti
i=0 =0

B 1

1 — T

< 2 f nr
—— for small 7T,

= X|T

so (D.27)) becomes

IZETIN < [%0(T) + 50T H)T?] [Irlw
O(T)[[7{|oo-

We can now prove the sensitivity bound; as stated above, it is clearly enough

to prove that
5= O(T)|Ir |-

Claim 2 says that z° is of the right form at integer multiples of T'; it remains to
show that z°(¢) is well behaved between these points. It is straightforward to show
that

2*(t) = 2°[kT] = O(D)[[|="[K T[] + [lrfloc);

using Proposition [6.I)(i) to find a crude bound on ||z°[kT]|| yields
2°(t) — 2°[kT) = O(T)||7|| co- (D.28)

It remains to find a bound on x(t) — x[kT]; to do so, we return to (D.21]), use the
bound on @ 4¢ (), and assume the worst case (i.e. for every k € Z*, A [kT] = O(T))
to find that

v(t) — 2[KT) = OT)[alkT] + ), t € (KT, (5 + 1),
and then we use Claim 1 to provide a crude bound on ||z[kT]]|, yielding
v(t) — 2{KT) = O(T) || (D.29)
Combining (D.28) and (D.29) yields
7 (1) — #KT] = O(T) |
which we use with Claim 2 to find the desired result:
°(t) = [2°(t) — T°[KT)] + 2°[kT]

O(T)I7loo-
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Stability:

Fix r = 0 and let w € PC4 be arbitrary. Observe that, when investigating per-
formance we set w = 0 but that we can not do so when investigating stability.
However, since W is stable, our system is linear, and x incorporates the state of
Ky and P, and e = Cz — w,, to prove stability it is sufficient to show that, with
r = 0, both x and u are uniformly bounded functions of w.

This proof works by investigating the response to noise when it is present over
only one interval and then stitching together those results to obtain a bound over
the entire interval; to this end, with j € Z*, define

(1) = { u(t) tEUT G +1)T)

and let z; and z; be the responses due to w; (we define e; and u? in an analogous
way), with

T (O) = Ty = 0.
Observe that, since r = 0, Claim 1 says that, if 7" > 0 is sufficiently small, then for
every j € Z* we have

(KT < 3 (M2 [+ DTN+ [Irlle) & 25+ 1. (D-30)

Before proceeding, we sketch the proof. Now, observe that (D.30) indicates that
we have a bound on z; as in Figure [D.Il Furthermore, since the system is linear
and causal, we have that

x(t) = ixj(t), t >0,

so if we can show that the exponential bound on z; is uniform over j, then z will
also be bounded. The bound on u will follow directly. To proceed, we must first
nail down 7 so that we can fix T in an appropriate range. To do so, we require the
following claim, which will also provide the exponential part of our bound.

Claim 3: There exists a constant 3 > 0 so that, for every sufficiently small 7" > 0
we have

lz; (O < eI D2+ DTN, > G+ DT, j e Z*

Proof:

Let j € Z™ be arbitrary. Using (D.30) in conjunction with the One Period Lemma
we find that, if 7" > 0 is sufficiently small, then

= (0(1) +O(T)) M=l [(5 + DT,
te kT, (k+1T), k>j+L
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bound on ||z;(t)]|

OM)[wlle

OM)eM =D j;((j + 1)T])|

T
0 T GH+DT

Figure D.1: Bound on z;

At this point we fix T" > 0 so that it is sufficiently small to satisfy Claims 1
and 3. It remains to investigate the interval t € [T, (j + 1)7'), in which we apply
noise. As such, we now rewrite the system equations to reflect the inclusion of noise

and r = 0:

#(t) = Ax(t) + Bug(t)(u(t) + wu(t)) + | —Bu

u’(t) = Fa(t) — Dyw,(t),
e(t) = Cux(t) —w,(t).
There is no change to k:

UO

zlk+1] = A.[k]z[k] + B.[K] [ ] (kh)

J @

e
w0
o = CH:lE+ D.fR |
u(kh+71) = 9lk], 7€][0,h).
Recall that k is periodic of period p and that
T = ph,

so0, since the system is linear and causal, we have

;[jT] =0,

ziljp] =0,

&;[JT] = —wy [T1,

and

ujl§T] = —Dyw,[5T].
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If we solve (D.31)), then it is easy to show that there exists a constant ag so that
for all j € Z* and k = jp,..,(j + 1)p — 1 we have

;O < asllz; (BRI + [u;(kR)| + lwlleo), ¢ € [kh, (k +1)h); (D.33)

if we combine this with (D.32)), then we see that there exists a constant a; > 1 so
that, for all j € ZT and k = jp,..,(j + 1)p — 1, we have

zilk + 1] < ay ;K] + azl|w||oo;
eilk+1] | | UlK]
solving iteratively yields
xj(kh) 0 o — 1
S T 1 e Ol
=jp,-,(J+1)p— 'QZ)]‘ [k’] —Dk'wy(()) 7
ab —1
< b T :
1D + 5 [ ol
—rag

Using this in (D.33)) yields

max (1)) < o208 + 1) [|[w||so,
s (8] < o2 + 1) ]
=:ag

so, with Claim 3, we have

lz; ()l < 9™ VD oo, ¢ > 4T

Finally, we find the full response to w by stitching together the z;s. Recall that

z(t) = Z%‘(t),

so for each k € Z™ we have
k
@) < Y @)l
=0

k
ysag MU |, t € KT, (k+1)T), keZ?

< ,
7=0 <eM(k—j-1)T
0 .
< ysage MY (M) wllo
7=0
-7
= 2 llwle, t20
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Hence we have the desired bound on x, independent of ¢g. It remains to show that u
is bounded. This follows directly from the special structure of the controller. From
(GI0) - ([GI1) we see that, since T is fixed, there exists a ajy > 0 such that

te[kT,(k+1)T)

||u<t>||§am( o ||e<t>||+||u°[kTJ||), te KT, (k + 1)T).

Since e(t) and u’(t) are linear functions of z(¢) and u(t), it follows that there exists
a constant aq; so that
[u@®)|l < anflwlle, ¢=0.
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Appendix E

List of Notation

Since this thesis contains a significant amount of notation, here we compile the more
important terms that were not introduced in Chapter 2. Although it may sometimes
be repetitive, to improve accessibility, we will provide four lists of notation, one for
each of the chapters 3 to 6. We refer to equation numbers where possible, in the
absence of which we refer to page numbers.
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Table E.1: Notation for Chapter 3

The state-space matrices corresponding to the

(Az7 By, C) (31) (MIMO) plant P,
P The state-space matrices corresponding to the reg-
(Aot Bot, Corn) | (3-1) ularized time-varying plant P, at time ¢
A; (3.4) | The regularized A matrix for the plant P,
- A; == A, + B;F;, the optimal closed loop A matrix
for the plant P;
Uniform bounds on the matrices A;, B;, C;, L;,
a, bl f p.23 ,
and F; over every 1
F; p.22 | The optimal state feedback gain for the plant P,
H; (3.10) | The optimal hold gain for the plant P,
i, p.24 ﬁhe adjusted version of the hold gain for the plant
H, (3.20) | The difference between H; and H,
K (3.3) | The regularization gain
L, (3.4) 216 noise input state-space matrix for the plant
The time varying plant corresponding to the
Py p-20 D
switching signal o
S p-24 | The sampler gain
01 (3.11) | Output of the first sampler
Vg (3.12) | Output of the second sampler
Provides uniform bound on optimal closed loop
modes:
%0 % (39) le!]] < q0e™, i=1,..q, t > 0.
Note: 79 > 0 and Ay < 0
o:R" — {P,.., P}, the signal that specifies the
o p.20 |. ; . :
index of the time-varying plant at every time ¢
v (3.3) | The regularized plant input
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Table E.2: Notation for Chapter 4

The state-space matrices corresponding to the reg-

(4i, B, i) | (43) ularized, augmented plant P;
i 6 A, = A; + B, F}, the optimal closed loop A matrix
f PP2 ) for the plant P
a.b. 0, f D62 Uniform bounds on the matrices A;, B;, L;, and

F; over every 1

r 61 The optimal state feedback gain for the aug-

! p- mented, regularized plant P,

G (4.4) | The gain relating  to = and u for the plant P,

_ A uniform bound on the size of discontinuities in

g p-60 ¢

H; (4.12) | The optimal hold gain for the plant P,

i, D62 ﬁhe adjusted version of the hold gain for the plant

H; (4.20) | The difference between H; and H,

K (4.3) | The regularization gain

I, (4.4) T]Ehe noise input state-space matrix for the plant

Q p.61 | An augmented LQR gain

S p.63 | The sampler gain

Uy (4.13) | Output of the first sampler

Vg (4.14) | Output of the second sampler

n (4.1) | The augmented plant state
Provides uniform bound on optimal closed loop
modes:

70, A0 (4.11) ||6Ait|| < et i=1,...q t>0.

Note: 79 > 0 and Ay < 0

v p-58 | The regularized augmented plant input

¢ (4.5) A change of variables from 7 to allow noise in the

model of the augmented plant
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Table E.3: Notation for Chapter 5

The state-space matrices corresponding to the ob-

(Ay, B,,C) | (5.2) | servable canonical form of the plant P, and the
Markov Parameters p
I .79 A, := Ay+ B, F,, the optimal closed loop A matrix
P ’ for the plant P,
ab, f p.82 Uniform bqunds on the matrices A,, B,, and F)
over every 1
F, p.79 | The optimal state feedback gain for the plant P,
H p-85 | The optimal function
- A polynomial approximation to the optimal func-
H (5.5) .
tion
L variots The controller’s sampling rate - an arbitrary inte-
ger
i 84 hpm := (m + 1)h. An inter-sample rate used in the
" p- Estimation Phase
" 20 An integer in {n,..,2n}, chosen to ensure that p
p- uniquely identifies the plant
P p.80 | The first m Markov parameters of the plant P,
An arbitrary upper bound on the length of the
Tmam p'85 .
controller period T'
\ 36 Provides uniform bound on the transmission ma-
70, A0 p- trix ® Note: 79 > 0 and Ay < 0
o : Rt — M, the signal that specifies the Markov
o p.80 | parameters of the time-varying plant at every time
t
) p.86 | A state transition matrix
13 (5.2) | The state of the observer canonical form
£0 p.86 | The optimal state trajectory
¢ p.86 The state trajectory when the function H¢ is ap-

plied
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Table E.4: Notation for Chapter 6

The state-space matrices corresponding to aug-

(4, Bu, B,, F,C) | (6.5) mented open loop system
The closed loop A matrix when the polynomial ap-
A, (6.9) | proximation ¢ is applied to the time varying plant
by
3 VAo The estimator’s sampling rate - an arbitrary inte-
ger
A 5119 hm := (m + 1)h. An inter-sample rate used in the
" Estimation Phase
m p.113 | The relative degree of the nominal plant P
. (6.5) The state matrices corresponding to augmented
open loop system
. The state trajectory when the polynomial approx-
x p.121 | .
imation ¢° is used
Provides uniform bound on the transmission ma-
70, Ao p-121 trix ® Note: 79 > 0 and \g < 0
) p.120 | A polynomial approximation to 1/g
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