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Summary

In light of the complex and highly uncertain nature of dynamical systems requiring
controls, it is not surprising that reliable system models for many high performance
engineering applications are unavailable. In the face of such high levels of system un-
certainty, robust controllers may unnecessarily sacrifice system performance whereas
adaptive controllers are clearly appropriate since they can tolerate far greater system
uncertainty levels to improve system performance. In contrast to fixed-gain robust
controllers, which maintain specified constants within the feedback control law to sus-
tain robust performance, adaptive controllers directly or indirectly adjust feedback
gains to maintain closed-loop stability and improve performance in the face of sys-
tem uncertainties. Specifically, indirect adaptive controllers utilize parameter update
laws to identify unknown system parameters and adjust feedback gains to account for
system variation, while direct adaptive controllers directly adjust the controller gains

in response to plant variations.

To develop a highly robust, adaptive control framework we first develop a gen-
eral adaptive control framework to address linearly parameterized uncertainties for
adaptive stabilization, disturbance rejection, and command following of nonlinear
uncertain dynamical systems with exogenous disturbances. In particular, the adap-
tive control framework is Lyapunov-based and guarantees partial asymptotic stability
of the closed-loop system; that is, asymptotic stability with respect to part of the

closed-loop system states associated with the system state variables. Building on

XVviil



this result, we then characterize robust adaptive controllers to account for nonlinear
state-dependent uncertainty that is not captured by a finite linear combination of

basis functions.

An implicit assumption inherent in most adaptive control frameworks is that the
adaptive control law is implemented without any regard to actuator amplitude and
rate saturation constraints. As a consequence, actuator nonlinearities arise frequently
in practice and can severely degrade closed-loop system performance, and in some
cases drive the system to instability. In light of this, we develop an adaptive con-
trol framework that guarantees asymptotic stability of the closed-loop tracking error
dynamics in the face of amplitude and rate saturation constraints. Specifically, the
adaptive control signal to a given reference (governor or supervisor) system is modified

to effectively robustify the error dynamics to the saturation constraints.

A novel parametrization-free adaptive control framework is also developed for
a class of nonlinear uncertain systems. Specifically, we consider matrix second-order
systems that possess sign-varying damping and stiffness operators. All that is required
to implement the adaptive controller is that the damping and stiffness operators
are continuous and (lower) bounded; otherwise they are unknown. The approach is

applied to combustion processes to suppress the effects of thermoacoustic instabilities.

Nonnegative and compartmental dynamical system models are derived from mass
and energy balance considerations that involve dynamic states whose values are non-
negative. These models are widespread in engineering and life sciences and typically
involve the exchange of nonnegative quantities between subsystems or compartments
wherein each compartment is assumed to be kinetically homogeneous. For this class of
dynamical systems, we develop adaptive and neural adaptive control frameworks for
adaptive set-point regulation of nonlinear uncertain nonnegative and compartmental

systems. Based on this result, we apply the adaptive control framework to regulate

Xix



(maintain) a desired constant level of consciousness for noncardiac surgery.

Even though adaptive control algorithms have been developed in the literature
for both continuous-time and discrete-time systems, the majority of the discrete-
time results are based on recursive least-squares and least mean squares algorithms
with primary focus on state convergence. Alternatively, Lyapunov-based adaptive
controllers have been developed for continuous-time systems guaranteeing asymp-
totic stability of the system states. However, the literature on discrete-time adap-
tive disturbance rejection control using Lyapunov methods is virtually nonexistent.
In light of this, we develop a direct adaptive control framework for adaptive sta-
bilization, disturbance rejection, and command following of multivariable discrete-
time nonlinear uncertain systems with exogenous bounded amplitude disturbances
and bounded energy (square-summable) ¢y disturbances. These results are analo-
gous to the continuous-time adaptive disturbance rejection results discussed above

for continuous-time nonlinear uncertain systems.

The complexity of modern controlled uncertain nonlinear dynamical systems is
often exacerbated by the use of hierarchical abstract decision-making units perform-
ing logical checks that identify system mode operation and specify a subcontroller
within the feedback control architecture to be activated. These multiechelon systems
are classified as hybrid systems and involve an interacting countable collection of dy-
namical systems possessing a hierarchical structure characterized by continuous-time
dynamics at the lower-level units and logical decision-making units at the higher-
level of the hierarchy. In the last part of this dissertation, we develop a hybrid
adaptive control framework for hybrid dynamical systems to guarantee asymptotic
stability /attraction of the closed-loop system states associated with the hybrid plant

dynamics using the hybrid invariance principle.

XX



Chapter 1

Introduction

1.1. Closed-Loop Adaptive Control

One of the fundamental problems in feedback control design is the ability of the
control system to guarantee robust stability and robust performance with respect to
system uncertainties in the design model. To this end, adaptive control along with ro-
bust control theory have been developed to address the problem of system uncertainty
in control-system design. The fundamental differences between adaptive control de-
sign and robust control theory can be traced to the modeling and treatment of system
uncertainties as well as the controller architecture structures. In particular, adaptive
control [12,121,176] is based on constant linearly parameterized system uncertainty
models of a known structure but unknown variation, while robust control [237,245]
is predicated on structured and/or unstructured linear or nonlinear (possibly time-
varying) operator uncertainty models consisting of bounded variation. Hence, for
systems with constant real parametric uncertainties with large unknown variations,
adaptive control is clearly appropriate, while for systems with time-varying para-
metric uncertainties and nonparametric uncertainties with norm bounded variations,
robust control may be more suitable. Furthermore, in contrast to fixed-gain robust

controllers, which maintain specified constants within the feedback control law to sus-



tain robust performance, adaptive controllers directly or indirectly adjust feedback
gains to maintain closed-loop stability and improve performance in the face of sys-
tem uncertainties. Specifically, indirect adaptive controllers utilize parameter update
laws to identify unknown system parameters and adjust feedback gains to account for
system variation while direct adaptive controllers directly adjust the controller gains
in response to plant variation. In either case, the overall process of parameter iden-

tification and controller adjustment constitutes a nonlinear control law architecture.

Even though the design of adaptive control for linear plants has evolved tremen-
dously over the past two decades it is only recently with work involving differential
geometric methods [120,122,183,232] that has made the design of adaptive controllers
for certain classes of nonlinear systems possible using concepts of zero dynamics and
feedback linearization [48,175,188,204,219,220,228]. These techniques, however, are
limited to low relative degree systems with restrictive matching conditions imposed
on the structure of the uncertainty and usually rely on cancelling out system nonlin-
earities using feedback which may lead to inefficient designs since feedback linearizing
controllers may generate unnecessarily large control effort to cancel beneficial system
nonlinearities. A major breakthrough in the design of adaptive controllers for a large
class of nonlinear cascade systems was introduced with the development of recursive
backstepping methods [133,146,147]. The popularity of this adaptive control method-
ology can be explained in a large part due to the fact that it provides a systematic
procedure for finding an adaptive Lyapunov function for the closed-loop system and
choosing the adaptive control such that the time derivative of the adaptive Lyapunov
function along the trajectories of the closed-loop system is negative. To compensate
for estimating the same uncertain system parameters within the recursive backstep-
ping procedure tuning functions were introduced by Krsti¢ et al. [145-147] to remove

this overparameterization by modifying the recursive update laws. Furthermore, the



adaptive controller is obtained in such a way that the nonlinearities of the dynamic
system which may be useful in reaching performance objectives need not be cancelled

as in state or output feedback linearization.

1.2. Closed-Loop Control in Clinical Pharmacology

Control technology is the underpinning for technological advances in fields as
diverse as aerospace, chemical, power, manufacturing, electronic, communication,
transportation, and network engineering. However, control technology has had less
impact on modern medicine. There have been exciting breakthroughs in such areas as
robotic surgery, electrophysiological systems (pacemakers and automatic implantable
defibrillators), life support (ventilators, artificial hearts), and image-guided therapy
and surgery. However, in general, there are steep barriers to the application of modern
control theory and technology to medicine. The steepest barriers are the system un-
certainties, inherent to biology, that preclude mathematical modeling and application

of many of the tools of modern control technology.

One of the exceptions to this generalization is in the area of clinical pharmacology;,
a discipline in which mathematical modeling has had a prominent role. Some of the
most important advances in modern medicine have been in the area of pharmacology.
The physician in the 21st century has a broad armamentarium of drugs available for
the treatment of disease. This is in contrast to previous generations of physicians,
who were largely limited to diagnosis, possible surgery, and often only consolation.
But while we have an abundance of therapeutic agents, proper dosing of drugs is
often imprecise and may be a significant cause of increased costs and morbidity and
mortality. In this dissertation, we develop adaptive control methods for nonlinear
uncertain dynamical systems and discuss potential applications of adaptive control

to clinical pharmacology, specifically the control of drug dosing.
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It is instructive to consider how dose guidelines are derived. Drug development
begins with animal experimentation. Promising agents are then taken to human trials,
beginning with healthy volunteers and progressing to patients with the disease for
which the drug is being developed. Early stages of these trials focus on safety while the
final trials usually entail randomized, blinded administration of placebo and different
drug doses for the evaluation of efficacy. Efficacy is statistically defined and even when
there is a therapeutic effect in the statistical aggregate, there still may be individual
patients for whom the drug is either not efficacious or who experience side-effects. If
a therapeutic effect is observed, then the drug may be approved by the Federal Drug
Administration and, in general, the recommended dose is that found to be efficacious
in the “average” patient. And this is the problem. No patient is an “average” patient.
There is very substantial variability among patients in the drug concentration at the
locus of the effect (the effect site concentration) that results from a given dose and
there is a very substantial variability among patients in the therapeutic efficacy of any
given effect site concentration. Thus, there is large variability among patients in the
therapeutic effect of any given dose. In the vast majority of cases, the appropriate dose
for a specific patient is found by trial and error. For example, the internist treating a
patient with essential hypertension will begin by prescribing the recommended dose
and then, in follow-up, will observe the effect of the drug on blood pressure and
adjust the dose empirically. This process can be cumbersome, time consuming, and

imprecise.

1.3. A Primer on Clinical Pharmacology

It has been apparent for some time that dosing of drugs could be put on a more
rational basis by using pharmacokinetic and pharmacodynamic modeling. Pharma-

cokinetics is the study of the concentration of drugs in various tissues as a function of



time and dose schedule. Pharmacodynamics is the study of the relationship between
drug concentration and effect. By developing techniques relating dose to resultant
drug concentration (pharmacokinetics) and concentration to effect (pharmacodynam-

ics) one can generate a model for drug dosing.

Pharmacokinetic models will be familiar to most control engineers and theorists
since they are based on dynamical system theory. The disposition of drugs in the
body is a complex interplay of numerous transport and metabolic processes, many
of which are still poorly understood [66,238]. However, compartmental models may
effectively encapsulate these processes [123]. Common pharmacokinetic models as-
sume that, for the purpose of describing drug disposition, the body is comprised
of a few homogenous, well-mixed compartments (so that the drug concentration is
constant within the compartment), with linear (proportional to drug concentration)
transport to other compartments or elimination from the compartment and the body
by metabolic processes. The simplest model, the one-compartment model, assumes
that the body is just a single compartment and also typically assumes instantaneous
mixing when drug is introduced intravenously, with subsequent linear elimination.
The model is characterized by two parameters, the volume of distribution (Vg) and
the elimination rate constant (a.). With this simple model the concentration (C)
immediately after a dose of amount of D is equal to D/Vy and drug is subsequently
eliminated at a rate equal to a,C' (exponential decay). While the behavior of a few
drugs may actually be described by this model, it is too simplistic for most. The
assumption of instantaneous mixing, which is clearly unrealistic in the case of drugs
that are taken orally, can be remedied by using a two (or more) compartment model
in which there is a compartment representing the gastro-intestinal tract that receives
the dose and from which drug is transferred irreversibly to a second compartment

that represents intravascular blood (blood within arteries or veins) and organ sys-



tems which receive a large amount of blood flow and hence which equilibrate with

intravascular blood rapidly.

For drugs that are administered intravenously, a common model is the two com-
partment mammillary model [123]. This model assumes that there is a central com-
partment which receives the intravenous dose with instantaneous mixing. Drug is
then either transferred to a peripheral compartment or metabolized and eliminated
from the body. Drug elimination from the peripheral compartment is ignored since
this compartment is identified with tissues such as muscle or fat which are metaboli-
cally inert as far as the drug is concerned. (Most drugs are metabolized in the liver
or kidney, organs that, along with the heart and brain, equilibrate rapidly with the
intravascular blood and are identified with a central compartment that receives the
intravenous dose.) Drug in the peripheral compartment transfers back to the central
compartment with linear kinetics. The system is then described by the familiar state

space model

(t) = Az(t), =(0) ==z, t>0, (1.1)
where
A= —(a21 +ap1) an
21 —a12
x =[xy, xg}T is the state vector representing the masses in the two compartments,

a2 and ag; are the compartment 2 to compartment 1 and the compartment 1 to
compartment 2 transfer coefficients, respectively, and ag; is the rate at which drug is
eliminated out of the system from (the central) compartment 1. The other system
parameter is V;, the volume of the central compartment (for a total of four phar-
macokinetic parameters). Note that with the assumption of instantaneous mixing,
the concentration at t = 0 after dose D is D/V;. The assumption of instantaneous
mixing is unrealistic but has little effect on the predictive accuracy of the model as

long as we do not try to model drug concentrations immediately (within 5 minutes)
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Central
Compartment

Figure 1.1: n-compartment mammillary model. The central compartment is the site
for drug administration and is generally thought to be comprised of the intravascular
blood volume as well as highly perfused organs such as the heart, brain, kidney,
and liver. The central compartment exchanges with the peripheral compartments
comprised of muscle and fat and which are metabolically inert as far as drug is
concerned.

of the initial drug dose. This model, the two-compartment mammillary model, is
generally useful for drugs that are administered intravenously although some require
an extension of the model to include two distinct peripheral compartments along with
the central compartment (the three compartment mammillary model). Other exten-
sions or revisions of the basic model are possible. For example, Figure 1.1 shows an
n-compartment mammillary model. In most cases the assumption of linear transfer

is maintained so that the system equation remains the familiar
(t) = Az(t), x(0)==x9, >0, (1.2)

where x € R” represents the system compartmental masses or system compartmental
concentrations and A € R™ ™ is a compartmental matriz [123] in the case where x
represents compartmental masses and a nonnegative matriz [123] in the case where
x represents compartmental concentrations. Hence, (1.2) describes a nonnegative,
compartmental dynamical system and there is a substantial body of theoretical work
which is relevant for analyzing these systems (see [6,29,46,70,123,124,203] and the

numerous references therein).



Parenthetically, it is important for the control engineer or theorist who wants to
approach the pharmacokinetic literature to realize that the conventions of nomen-
clature are somewhat different than those used in this dissertation. For example,
pharmacokineticists denote the transfer coefficient from compartment ¢ to compart-
ment j as k;; rather than aj. Pharmacokineticists also often parameterize models
differently. For example, most pharmacokinetic papers will report the terminal elim-
ination half-life, the time required for drug concentration to decrease by 50% if all
tissues are equilibrated with the blood concentration. Another commonly reported
parameter is the clearance, which is the volume of tissue or blood “cleared” of drug
per unit time. Many pharmacokinetic investigations will be parameterized in terms
of compartment volumes and intercompartmental clearances. These parameters are
simply transformations of the basic elements of the system matrix A, along with a
scale parameter, which in the case of the two-compartment mammillary model is the

volume of the central compartment.

The experimental data used for pharmacokinetic modeling is typically collected
by administering drug to patients and then drawing blood samples at various times
after the initiation of dosing and determining the concentration of drug as a function
of time. Consequently most pharmacokinetic investigations focus on blood concen-
trations and one of the goals of the analysis for drugs administered intravenously is
to derive an expression for the unit disposition function, the blood concentration that
results from a single unit bolus dose (impulse function) of drug. In the case of linear
kinetics, if the unit disposition function (f,q) is known then the blood concentra-
tion that results from any arbitrary dose schedule is easily calculated by convolution
integral

C(t) = /0 fua(T)D(t — 7)dT, (1.3)

where D(t) is the dose as a function of time [206]. Note that it is seldom technically



feasible to actually measure drug concentrations in the tissue thought to be the site
of the therapeutic effect and it is often assumed that effect site concentration and
blood concentration are linearly related, if not equal. The vast majority of drugs are
distributed to the site of action by blood flow and in general the effect site rapidly
equilibrates with blood. If the finite equilibration time between the central intravas-
cular blood volume and the effect site is clinically relevant, then the pharmacokinetic

model should be revised to include a distinct effect site compartment.

Pharmacokinetic parameters (the entries of the system matrix A) are estimated
by fitting models to the data. The models, of course, are approximations and there
are numerous sources of noise in the data, from assay error to human recording error.
Thus there is always an offset between the concentration predicted by the model
and the observed data, the prediction error. One common method for estimating
pharmacokinetic parameters is to use the method of maximum likelihood [51]. In
this type of analysis one assumes a specific statistical distribution for the prediction
error and then determines the parameter values that would maximize the likelihood
of the observed results. For example, suppose we have conducted a study in a single
patient in which we have collected blood samples at 10 different points in time after a
single bolus intravenous dose of the drug. If we assume that the prediction error has
a simple normal or Gaussian distribution, then the likelihood of the observed results

will be proportional to

7PE,L-2/20'2 (14)

H V2mo? 7
where PFE; is the prediction error of the ith observation and is given by PFE; =
Cp,; — Cn;, where (Y, is the predicted ¢th drug concentration and CY,; is the measured

2 is the variance of the assumed Gaussian distribution of

tth drug concentration, o
prediction errors, and r is the number of observations (measured concentrations). We

refer to this as the intrapatient error model. Note that the above expression is a



function of ¢ and the pharmacokinetic parameters (the entries of the system matrix
A). By maximizing the above expression (or more commonly its logarithm) with
respect to the pharmacokinetic parameters and ¢ one may estimate the structural
model parameters (the entries of the system matrix A) and the error model parameters
(in this simple case, o) that maximize the likelihood of the observed results. The
reader familiar with statistical estimation theory will realize that the above example
reduces to simple least squares estimation. However, using a more sophisticated error
model (for example, by assuming that prediction error has a normal distribution with
variance proportional to the predicted concentration raised to an unknown power)

leads to more complex methods of parameter estimation [51].

There are two distinct approaches to estimating mean pharmacokinetic param-
eters for a population of patients [212,213]. In the first, models are fitted to data
from individual patients and the pharmacokinetic parameters for individual patients
are then averaged (two-stage analysis) to provide a measure of the pharmacokinetic
parameters for the population. The other approach to data analysis involves pooling
of the data from individual patients. It is called mized-effects modeling because in
this situation the prediction error is determined not only by the stochastic noise of the
experiment but also by the fact that different patients have different pharmacokinetic
parameters. The error model, the analogue of the simple Gaussian distribution used
in the example above, must account not only for variability between the observed
and predicted concentrations within the same patient but also for variability between
patients. The analyst must assume a statistical distribution for both intrapatient
variability and interpatient variability. Most commonly it is assumed that pharma-
cokinetic parameters have a log-normal distribution. This sophisticated method of
analysis not only estimates the mean structural pharmacokinetic parameters (the el-

ements of the system matrix A) but also the statistical variability of these elements
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in the population, the interpatient variability. Since the total variance is the sum of
interpatient and intrapatient variability, the latter is also estimated. This is a very
powerful method of analysis for two reasons. First, it gives the clinician not only an
estimate of the pharmacokinetic parameters but also an estimate of their variance.
This is extremely important for the clinician since no matter how desirable the prop-
erties of a drug are, on average, if there is extreme variability in these properties it
may not be safe for clinical use. And second, mixed-effects modeling may allow a
reduction in the amount of data that is gathered from each individual patient. In a
two-stage analysis, one must have enough data points from each patient to estimate
their pharmacokinetic parameters. For example, if one adopts a two compartment
mammillary model there are 4 pharmacokinetic parameters. It is impossible to es-
timate these parameters for any one patient with 4 or less data points from that
patient. However, with mixed-effects modeling it is possible to use sparse data. This
also is an important advantage since pharmacokinetic studies may be expensive and

time consuming.

In contrast to pharmacokinetic modeling, pharmacodynamic modeling is more
empirical. The molecular mechanism of action of many drugs is reasonably well-
understood and most drugs act by binding to some “receptor” on or within target
cells [66]. There is a well-developed theory of multiple equilibrium binding of ligands,
such as drug molecules, to receptors on larger macromolecules, such as proteins. So
in theory pharmacodynamics, the relationship between drug concentration and effect
should follow from these models of molecular binding. However, the physiological
effect is a complex interplay of numerous factors and it is generally not possible to
quantitatively relate the effect at the level of the intact organism to the number of
receptors bound by the drug at the molecular level. Empirical models are needed.

It could be assumed that drug effect is proportional to the drug concentration at

11



the effect site but this is clearly unrealistic since it admits the possibility of limitless
drug effect. For example, consider a drug which lowers heart rate. It is unrealistic
to assume that the drug effect is proportional to drug concentration since there is
no limit on the drug concentration but there is a limit on the effect (the heart rate
cannot be slower than zero). The empirical model should incorporate a ceiling effect.

One model that has been quite effective for a variety of drugs is the Hill equation
E= Emaxc’y/(cy + Cgo)a (1'5)

where F is the drug effect, F,,.x is the maximum drug effect, C' is the drug concentra-
tion, C5q is the drug concentration associated with 50% of the maximum effect, and
v is a dimensionless parameter that determines the steepness of the concentration-
effect relationship [110]. Note that this model reduces the concentration-effect rela-
tionship to three parameters, the maximum effect, a measure of the midpoint of the
relationship, and a measure of the steepness. It is interesting that this model was
first developed in 1906 to describe a molecular interaction, the binding of oxygen to
hemoglobin. Since that time it has been applied to a wide variety of phenomenon
which are far removed from explanations at the molecular level. There are a number
of modification of this basic model that have been employed. One important one is
when the drug effect is a binary, yes-or-no, variable. An example would be anesthesia,
for which the patient is either responsive or not. In this case, the pharmacodynamic

model based on the Hill equation becomes
P=C/(C+ D), (1.6)

where the effect is now the probability P that the patient will not respond to some

noxious stimuli (and Fy.x equals unity) [162,163].

In typical pharmacodynamic studies, drug is administered and the effect is mea-

sured at various points in time. At each point of observation, a blood sample is taken
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for the determination of the drug concentration at the time of observation of effect.
The parameters of the pharmacodynamic model (Ep.x, Cso, 7) may then be estimated
by the same methods (maximum likelihood, generalized least squares, etc.) described
above. Obviously, if blood drug concentrations and effect site concentrations have

not equilibrated, then this analysis is invalidated.

It should be noted that pharmacodynamic models are inherently nonlinear, in
contrast to pharmacokinetic models, which are usually linear. However, the interplay
with pharmacodynamics may lead to nonlinear pharmacokinetics also. For example,
some intravenous anesthetics depress cardiac output, the volume of blood pumped by
the heart per unit of time. Since the basic transport processes that determine pharma-
cokinetic behavior are fundamentally functions of blood flow, administration of the
drug alters its kinetics and since the pharmacodynamic relationship between drug
concentration and depression of cardiac output is nonlinear, the pharmacokinetics of

the drug are, in reality, also nonlinear.

1.4. Clinical Pharmacology and Drug Dosing

In addition to safety and efficacy, the Food and Drug Administration requires
pharmacokinetic evaluation before approval of any new drug. The pharmacokinetic
profile may be useful in developing dose guidelines. However, this application of ba-
sic principles is usually quite simplified. The disposition of most drugs is determined
by both metabolic processes that eliminate the drug and distribution processes, i.e.,
transfer between various tissue groups. The route of distribution is via the intravascu-
lar blood volume whether the drug is administered by mouth, intramuscular injection
or intravenously. The complexity of these processes implies that the governing dy-
namical system equation is almost always a vector differential equation. However,

the vast majority of drugs are given for chronic conditions and when the time scale
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of treatment greatly exceeds the time scale of the distributive processes, one can ig-
nore them. Furthermore, very few patients would comply with the complex dosing
schemes (“take 3 pills in the morning and then 2 1/2 at 3:00 p.m. and then 2 at 8:00
and 10:00 p.m. and then one the next morning...”) needed to account for distributive
processes at the onset of therapy. Thus the application of pharmacokinetic principles
must be simplified. In terms of the system equation (1.2), we assume that A is a
scalar. For example, if we know that a dose of 50 mg of an antihypertensive drug is
efficacious in the “average” patient and we also know that the half life in the “aver-
age” patient is 12 hours then we may propose a dosing schedule that begins with an
initial dose of 50 mg with subsequent dosing of 25 mg every 12 hours. Or, as another
example, suppose we know that a blood concentration of an intravenous anesthetic of
100 pg/ml reliably produces unconsciousness and that we also know that the clear-
ance (the amount of blood cleared of drug per unit time) is 150 ml/minute. Then an
infusion of 100 pg/ml x 150 ml/min = 15000 pg/min will maintain this blood concen-
tration, although this concentration will not be achieved until distributive processes
have equilibrated. In point of fact, many of the dosing guideline recommended by the
manufacturers of drugs are based on simple calculations like these. And although it is
often not perceived as such by the clinician, initial drug dosing is a form of open-loop

control, that is, control without feedback.

There have been attempts to develop more precise open-loop control in the acute
care environment, especially in the area of anesthetic pharmacology. With the in-
creased availability in the 1980s of small computers that could be taken into the
operating room, several groups of investigators developed computer-controlled pump
systems that continually adjusted the drug infusion rate to achieve and maintain the

drug concentration desired by the clinician [5,14,210,211]. These algorithms use the
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appropriate pharmacokinetic model
&(t) = Az(t) + Bu(t), x(0) =z, t>0, (1.7)

with average pharmacokinetic parameters taken from previous investigations to cal-
culate the needed dose u(t), t > 0, usually via the unit disposition function and the

assumption of linearity. The output, which is continually updated, drives the infusion
pump.

This is clearly open-loop control since, as previously emphasized, no one patient
is an “average” patient and there is no mechanism for measuring the concentrations
in the individual patient for feedback control. It is technically not feasible to actually
measure blood concentrations of intravenous anesthetics in real time. But even with
the lack of feedback, numerous studies have demonstrated better control of drug con-
centrations than the standard empirical dosing used by most clinicians. The clinical
relevance of this is unclear. While open-loop control systems have not yet been ap-
proved by the Food and Drug Administration for routine clinical use in the United
States, several European countries have approved a device for the infusion of the in-
travenous anesthetic, propofol, and this device is currently in use for clinical delivery

of anesthesia.

While initial dosing guidelines may be based on the “average” patient, the very
significant interpatient pharmacokinetic and pharmacodynamic variability observed
for most drugs leads to the inevitable conclusion that precise drug dosing will require
closed-loop control. As noted in Section 1.2, in one sense most drug dosing is a form
of closed-loop control. Patients are quite familiar with this. The physician prescribes
a drug, usually given orally, and an initial dose, observes the response, and adjusts
the dose. An experienced physician can be quite adept at this process, but, in general,

it is certainly not systematic and is usually time consuming. Most individuals who
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have been treated for a chronic disease know this well.

The process of dose titration can be made somewhat more precise by the use of
mixed-effects pharmacokinetic modeling and post-hoc Bayesian estimation of individ-
ual patient pharmacokinetic parameters [51,212,213]. It will be recalled that mixed-
effects modeling provides not only estimates of pharmacokinetic parameters but also
their variance within the population. Suppose one has measured one or more drug
concentrations in an individual patient. Using Bayesian probability principles, the
likelihood of a given value of some pharmacokinetic parameter, ©, is proportional
to P(C|©)P(©). P(C|©) is the probability of the observed concentration(s) as a
function of © and is simply the intrapatient error model cited earlier (an example
is equation (1.4)). P(©) is the a priori probability of a given value of © and is
given by the assumed distribution for © (as noted above, usually log-normal) and the
variance of © estimated from the mixed-effects analysis. By determining the mode
of P(C|©)P(0) with respect to © one can derive a maximum likelihood estimate of
© for the specific patient. By estimating patient-specific parameters one can more
accurately calculate the necessary dose to achieve a given drug concentration. This
process has been demonstrated to improve the precision of drug dosing [168]. But
note that it only improves the precision of achieving a given drug concentration which
may or may not lead to better control of drug effect, given pharmacodynamic vari-
ability. Also this process requires measurement of drug concentration, something that
cannot usually be done quickly (a typical drug assay takes hours, if not more than a

day, to complete).

While the process of titrating drug dose to the desired effect may be acceptable (if
often frustrating) for chronic outpatient therapy, in the acute care environment, such
as the operating room or the intensive care unit, this process may be dangerously

slow or imprecise. It is in this environment that control technology has much to offer
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modern medicine and for the remainder of this article we will restrict ourselves to

drugs used in the acute care setting.

In order to implement closed-loop control in an acute care environment one must
have a real-time nearly instantaneously measurable performance or control variable.
Early attempts at closed-loop control have of necessity focused on control of variables
that are conveniently measured. By their very nature, cardiovascular and central
nervous system function are critical in the acute care environment, and so mature
technologies have evolved for their measurement. Thus, the primary applications of
closed-loop control of drug administration have been to hemodynamic management
and control of levels of consciousness. Before discussing our investigations of closed-
loop control of anesthesia, we will briefly review closed-loop control of cardiovascular
function, as it illustrates many of the general problems inherent in the application of

control technology to physiological function.

1.5. Closed-Loop Control of Cardiovascular Function

After major surgery, especially cardiac surgery, many patients become profoundly
hypertensive [158]. While this syndrome is distinct from the essential hypertension
well known to both patients and medical professionals, it does require treatment since
elevated blood pressure may cause cardiac dysfunction, leading to pulmonary edema
or myocardial ischemia, may be a risk factor for stroke, and may exacerbate bleeding
from fragile surgical suture lines. There are a number of potent drugs available for
the treatment of post-operative hypertension but titrating these drugs to achieve the
desired blood pressure may be difficult. Underdosing leaves the patient hypertensive
and overdosing can reduce the blood pressure to levels associated with shock. There
has been interest since the late 1970s in developing controllers for the administration

of sodium nitroprusside (SNP), a commonly used and potent anti-hypertensive. The
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problems encountered in this endeavor are enlightening. The initial attempts used
simple nonadaptive methods such as proportional-derivative or proportional-integral-
derivative controllers that assumed a linear relationship between infusion rate and
effect [214,218]. This was a tenuous assumption. While the drug concentration
may be the simple convolution of the infusion rate and a transfer function (equation
(1.3)), the relationship between effect and infusion rate is not likely to be so simple
(see equation (1.5)). Also, one of the significant challenges to the design of a blood
pressure controller is the fact that there is a time delay between administration of
the drug and the clinical effect. Failure to account for this time delay can lead to
significant system oscillations. These early blood pressure controllers included time
delays in the system model, however, the delays were assumed to be the same for each
patient. While these early controllers were successful in some patients, in general they
have not had wide clinical implementation. The barriers to clinical implementation
were the nonlinear patient response and significant interpatient differences in drug
sensitivity. It was very evident that interpatient variability and also the fact that an
individual patient’s sensitivity to the drug varies in time made adaptive controllers
essential. Subsequently, single model and multiple model adaptive controllers were
developed [11,107]. Single model adaptive controllers are based on on-line estimation
of system parameters using minimum variance or least squares methodology. These
controllers were also not acceptable due to large amplitude transients. Multiple model
adaptive controllers represent the system by one of a finite number of models. For each
model there is a separate controller. The probabilities that the system is represented
by each of the different models are calculated from the relative offsets of the system
response and the response predicted by each model. The output of the controller is the
probability-weighted sum of the outputs from each model. Multiple model adaptive

controllers have proven to be somewhat more satisfactory. Subsequent refinements
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to blood pressure control have included single model reference adaptive control [189],
which appeared promising in simulations, and neural network-based methods [45].
There has also been substantial interest in optimal control since sodium nitroprusside

has toxic side effects when the dose is too high [16].

These investigations into control of blood pressure reveal the challenges inherent
to biological systems, specifically nonlinearity, interpatient variability (system un-
certainty), and time delays. Despite the refinements of closed-loop blood pressure
controllers, they are seldom used clinically. While this is due, in part, to the cost of
technology acquisition, this is probably not the most important impediment to their
clinical use. Blood pressure control is important but cardiovascular function involves
several other important variables and all these variables are interrelated [158]. The
intensive care unit clinician (nurse or physician) must not only insure that blood
pressure is within appropriate limits but that also cardiac output (the amount of
blood pumped by the heart per minute) is acceptable and heart rate is within rea-
sonable limits. Mean arterial blood pressure is proportional to cardiac output, with
the proportionality constant denoted the systemic vascular resistance, in analogy to
Ohm’s law. Cardiac output is equal to the product of heart rate and stroke volume,
the volume of blood pumped with each beat of the heart. Stroke volume, in turn, is
a function of contractility (the intrinsic strength of the cardiac contraction), preload
(the volume of blood in the heart at the beginning of the contraction), and after-
load (the impedance to ejection by the heart). The intensive care unit clinician must
balance all these variables. There are drugs (inotropic agents) that increase contrac-
tility but they will also have variable effects on heart rate and afterload. There are
also drugs which increase (vasopressors) or decrease (vasodilators) afterload. Finally,
stroke volume may be increased by increasing preload and this can be accomplished

by giving the patients fluid. However, giving too much fluid may be deleterious since
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it can lead to impaired pulmonary function as fluid builds up in the lungs. The fact
that closed-loop control of blood pressure has not widely adopted by clinicians is not
too surprising when one considers the complex interrelationships of hemodynamic
variables. However, this also indicates an area where future applications of control
theory could be invaluable. The technology is currently available to measure heart
rate, blood pressure, cardiac output, and measures of preload continuously and in
real time. Adaptive and robust optimal controllers which control the administration
of multiple drugs (inotropes, vasopressors, vasodilators) and fluids would be a major
advance in critical care medicine. There have been some preliminary investigation of
the control of multiple hemodynamic drugs [108,243] but this must still be considered

unexplored territory.

1.6. Closed-Loop Control of Anesthesia

There has been long-standing interest in closed-loop control of anesthesia. Ade-
quate anesthesia is comprised of several components; analgesia, lack of reflex response,
such as increased blood pressure or heart rate, to surgical stimulus, lack of movement
(which complicates the task of the surgeon), and hypnosis or lack of consciousness.
In order to implement closed-loop control it is necessary to measure the state and
the assessment of consciousness has been challenging. However, two technical innova-
tions have facilitated the development of feedback controllers. The first (historically)
is the routine clinical implementation of real-time spectroscopic methods for mea-
suring the concentration of inhaled anesthetic agent in exhaled gases from the lung,
in particular end-expiratory (routinely called end-tidal) gases. End-tidal anesthetic
gas concentration is a reasonable surrogate for arterial blood anesthetic concentra-
tion [57]. Since end-tidal anesthetic agent concentrations can be measured in real-

time with this technology, this has allowed closed-loop control of end-tidal anesthetic
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concentration. However, anesthetic concentration cannot be equated with anesthetic
effect. More recently, real-time processed electroencephalograph (EEG) measurement
has held open the possibility of closed-loop control of anesthetic effect. It has been
known for decades that the EEG changes with induction of anesthesia [194]. However,
quantitatively relating the EEG to anesthetic effect has been challenging. In the last
decade, there has been substantial progress in developing processed EEG monitors
that provide a measure of the depth of anesthesia and are candidates for performance

variables for closed-loop controllers.

Inhaled anesthetic agents have been the mainstay of clinical practice since the first
delivery of anesthesia. A fundamental characteristic of every inhaled anesthetic agent
is its “MAC” value, for minimum alveolar (alveoli are the fundamental units of the
lung) concentration that is associated with a 50% probability of patient movement
or no movement in response to surgical stimulus [243]. By maintaining end-tidal con-
centrations well above MAC, the practitioner is relatively assured of hypnosis. The
ready availability of spectroscopic systems for measuring end-tidal anesthetic concen-
tration in real time has led several investigators to develop closed-loop controllers.
The earliest of these used proportional-integral-derivative algorithms [195,197]. As
noted above, these share the weaknesses of assuming that all patients are the same.
More recently, adaptive model-based controllers have been developed [125,234]. These
typically rely on least-squares methods to estimate the specific system parameter for
the individual patient. In animal studies, the adaptive controllers have performed,
not surprisingly, more robustly than the fixed gain controllers. However, they have
not been widely adopted clinically. The primary reason is that because of inter-
patient pharmacodynamic variability, control of anesthetic concentration does not
translate into control of anesthetic effect, and most clinicians would value control

technology only if it prevented the possible overdoses inherent in maintaining end-
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tidal concentration in each individual patient well above the MAC value, an average
from a population of patients. Closed-loop control of anesthesia requires a monitor

of anesthetic effect, specifically consciousness.

The development of a monitor of consciousness has been an elusive challenge for
anesthesiologists. The EEG, a global measure of electrical activity in the brain, has
been an obvious candidate. However, the EEG is a complex of multiple time series
and multiple spectra and while there are characteristic changes in the EEG with
the induction of anesthesia, it has not been clear which, if any, characteristic of the
EEG best reflects the anesthetic state. Building on pioneering work by Bickford [26],
Schwilden and his colleagues developed and clinically tested a closed-loop model-
based adaptive controller for the delivery of intravenous anesthesia using the median
frequency of the EEG power spectrum as the control variable [207]. Their model
assumed a two compartment pharmacokinetic model for which the concentration of

drug C(t) as a function of time (¢) after a single bolus dose was given by
C(t) = Ae™™ + Be ™", (1.8)

where A, B, «, (§ are patient-specific pharmacokinetic parameters. It was also as-
sumed that the control variable, median EEG frequency (denoted by E), was related

to the drug concentration by the modified Hill equation
E = Ey — EnaxC"/(C7 + C3p), (1.9)

where Ej is the baseline signal, E,.. is the maximum decrease in signal with in-
creasing drug concentration, Cq is the drug concentration associated with 50% of the
maximum effect, and ~ is a parameter describing the steepness of the concentration-
effect curve. From the above equation it can be seen that the drug effect is a function
of the pharmacokinetic parameters (A, B, a, () as well as the pharmacodynamic

parameters (Ey, Fuax, Cs0, and ). If these parameters are known, calculation of the
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dose regimen needed to achieve the target EEG signal is straightforward. However,
these parameters are not known for individual patients. The algorithm developed by
Schwilden and his colleagues assumed that each of the pharmacodynamic parameters
(Eo, Emax, Cso, and 7y) and the pharmacokinetic parameters o and 3 were equal to
the mean values reported in prior studies. Then using the mean population values
of the pharmacokinetic parameters A and B as starting values, estimates of these
parameters were refined by analysis of the difference between the target and observed

EEG signal (AF). Linearizing AFE with respect to A and B we find
AE = (0E/0A)0A + (OE/OB)JB, (1.10)

where A, 0 B represent the updates to the values of A and B in the adaptive control
algorithm. In conjunction with minimization of §A? 4+ § B? this equation was used to
solve for 0A and dB. It is important to note that this algorithm was only partially
adaptive in that the only parameters of the model that were updated were A and B.
This algorithm was implemented for the intravenous anesthetic agents methohexital
and propofol but did not appear to offer great advantage over standard manual control
[207,208]. This may have been due to the approximations of the algorithm or due to

the deficiencies of the median EEG frequency as a measure of the depth of anesthesia.

Since the early work by Schwilden et al., other EEG measures of depth of anes-
thesia have been developed. Possibly the most notable of these is the bispectral index
or BIS [67,209]. The BIS is a single composite EEG measure that appears to be
closely related to the level of consciousness (see Figure 1.2). Recently, Struys and
colleagues have described a closed-loop controller of the delivery of the intravenous
anesthetic propofol using a model-based adaptive algorithm with the BIS as the con-
trol variable [227]. The algorithm is similar to that of Schwilden and his colleagues in
that it is based on a pharmacokinetic model predicting the drug concentration as a

function of infusion rate and time and a pharmacodynamic model analogous to that
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Photo courtesy of Aspect Medical Systems

Figure 1.2: Bispectral index (BIS) monitor

used by Schwilden et al. [207,208] relating the BIS signal to concentration. How-
ever, in contrast to Schwilden and his colleagues, Struys et al. [227] assume that the
pharmacokinetic parameters are always correct and that any variability in individual
patient response is due to pharmacodynamic variability. More specifically, with in-
duction they calculated a predicted concentration using the pharmacokinetic model
and then constructed a BIS-concentration relationship using the observed BIS during
induction and the predicted propofol concentration. With each time epoch, the dif-
ference between the target BIS signal and the observed BIS signal is used to update
the pharmacodynamic parameters relating concentration and BIS signal for the indi-
vidual patient. Note that this algorithm is only partially adaptive in the sense that
there is no adaptive updating of pharmacokinetic parameters. Using this algorithm,
Struys et al. [227] demonstrated excellent performance as measured by the difference
between the target and observed BIS signals. However, as pointed out by Glass and
Rampil, the excellent performance of the system may have been because the system
was not fully stressed [69]. In their study, Struys et al. [227] administered a relatively
high fixed dose of the opioid remifentanil, in conjunction with propofol. This blunted

the patient response to surgical stimuli and meant that the propofol was needed only
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to produce unconsciousness in patients who were profoundly analgesic. The result
was that only small adjustments in propofol concentrations were necessary. Whether
the system would have been robust in the absence of deep narcotization is an open

question.

In contrast to these model-based adaptive controllers, Absalom et al. have devel-
oped a proportional-integral-derivative controller using the BIS signal as the variable
to control the infusion of propofol [2]. The median absolute performance error (the
median value of the absolute value of AE/Ejage) of this system was good (8.0%) but
in 3 of 10 patients oscillations of the BIS signal around the set-point were observed and
anesthesia was deemed clinically inadequate in 1 of the 10 patients. This same system
has also been used with an auditory evoked potential as the control variable [138].
Intravenous propofol anesthesia has also been delivered by a closed-loop controller
that uses both auditory evoked responses and cardiovascular responses as the control
variables with a fuzzy-logic algorithm. This system has had only very minimal clinical
testing [161]. More recently, Gentilini and his colleagues have described model-based
controllers for inhalation anesthetic agents that attempt to control the BIS signal
or mean arterial blood pressure, while keeping end-tidal anesthetic concentrations

within pre-specified limits [65].

Given the uncertainties of both pharmacokinetic and pharmacodynamic mod-
els, and the magnitude of interpatient variability, in this dissertation we investigate
parameter-independent adaptive controllers that can be implemented using the pro-
cessed EEG as a performance variable (see Figure 1.3). Specifically, we develop
direct adaptive and neural network adaptive control algorithms for nonnegative and
compartmental systems. As mentioned above, nonnegative and compartmental mod-
els provide a broad framework for biological and physiological systems, including

clinical pharmacology, and are well suited for the problem of closed-loop control of
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Figure 1.3: Adaptive closed-loop control for drug administration

drug administration. Specifically, nonnegative and compartmental dynamical sys-
tems [6, 70, 75, 123, 124, 203] are composed of homogeneous interconnected subsys-
tems (or compartments) which exchange variable nonnegative quantities of material
with conservation laws describing transfer, accumulation, and elimination between
the compartments and the environment. It thus follows from physical considerations
that the state trajectory of such systems remains in the nonnegative orthant of the
state space for nonnegative initial conditions. Using nonnegative and compartmen-
tal model structures, in this dissertation a Lyapunov-based direct adaptive control
framework is developed that guarantees partial asymptotic set-point stability of the
closed-loop system; that is, asymptotic set-point stability with respect to part of the
closed-loop system states associated with the physiological state variables. Further-
more, the remainder of the state associated with the adaptive controller gains is shown
to be Lyapunov stable. In addition, the adaptive controllers are constructed without
requiring knowledge of the system pharmacokinetic and pharmacodynamic parame-
ters while providing a nonnegative control (source) input for robust stabilization with

respect to a given set-point in the nonnegative orthant.

Neural network adaptive control algorithms are also developed in this dissertation
for addressing closed-loop control of drug administration. Neural networks consist of a
weighted interconnection of fundamental elements called neurons, which are functions
consisting of a summing junction and a nonlinear operation involving an activation

function. One of the primary reasons for the large interest in neural networks is their
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capability to approximate a large class of continuous nonlinear maps from the col-
lective action of very simple, autonomous processing units interconnected in simple
ways. In addition, neural networks have attracted attention due to their inherently
parallel and highly redundant processing architecture that makes it possible to de-
velop parallel weight update laws. This parallelism makes it possible to effectively
update a neural network on line. These properties make neural networks a viable
paradigm for adaptive system identification and control in clinical pharmacology. In
this dissertation we also present a neural network adaptive control framework that ac-
counts for combined interpatient pharmacokinetic and pharmacodynamic variability.
In particular, we develop a neural adaptive output feedback control framework for
adaptive set-point regulation of nonlinear uncertain nonnegative and compartmental
systems. We emphasize that the formulation addresses adaptive output feedback con-
trollers for nonlinear compartmental systems with unmodeled dynamics of unknown
dimenston while guaranteing ultimate boundedness of the error signals corresponding
to the physical system states as well as the neural network weighting gains. Output
feedback controllers are crucial in clinical pharmacology since key physiological (state)

variables cannot be measured in practice.

1.7. Brief Outline of the Dissertation

In the first part of this dissertation we develop a direct adaptive control framework
for adaptive stabilization, adaptive tracking, and disturbance rejection of multivari-
able nonlinear uncertain dynamical systems with exogenous disturbances. Specifi-
cally, in Chapter 2 we develop a Lyapunov-based adaptive control framework that
guarantees partial asymptotic stability of the closed-loop system with exogenous
bounded disturbances. In the case of bounded energy L, disturbances the proposed

approach guarantees a nonexpansivity constraint on the closed-loop input-output
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map. Furthermore, if the nonlinear system is represented in normal form with input-
to-state stable internal dynamics, then it is shown that nonlinear adaptive controllers
can be constructed without requiring knowledge of the system dynamics or the system
disturbance. This framework provides the basis for the nonlinear adaptive control
framework given in the subsequent chapters of this dissertation. In particular, in
Chapter 3 we extend the proposed framework to structured (norm-bounded) uncer-
tainties. In addition, we consider an output feedback adaptive control problem for a
class of nonlinear uncertain dynamical systems. Specifically, we address an adaptive
absolute stabilization problem that is reminiscent to the classical absolute stability
problem with the key difference being that the plant dynamics are not assumed to be

known nor is the sector assumed to be known.

In Chapter 4, we address the problem of input amplitude and rate saturation con-
straints. In this research we construct a reference (governor or supervisor) model to
derive adaptive update laws that guarantee that the error system dynamics are asymp-
totically stable in the face of actuator amplitude and rate saturation constraints. In
addition, in Chapter 5, we consider an adaptive reduced-order dynamic compensation

problem for nonlinear uncertain dynamical systems.

In Chapter 6, we address stabilization problem for a class of time-invariant and
time-varying matrix second-order dynamical systems. In this framework no parametriza-
tion is required to construct adaptive feedback control laws as long as the generalized
damping and stiffness operators are continuous and (lower) bounded. We also extend

the result to the case where the system involves unbounded nonlinearities.

In the second part of this dissertation, namely, Chapters 7-12, we characterize
adaptive feedback control laws for nonnegative and compartmental dynamical systems
with applications to clinical pharmacology. Specifically, in Chapter 7 we develop

an adaptive control framework for linear uncertain nonnegative and compartmental
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systems with specific applications to drug infusion control for general anesthesia.
In this framework we present the case where the control input is constrained to be
nonnegative as well as the case where such a restriction is not imposed. Based on
these results, in Chapter 8 we extend the framework to nonnegative systems involving
unknown time delays using a Lyapunov-Krasovskii framework. Our adaptive control
laws are designed to guarantee asymptotic set-point regulation in the nonnegative

orthant.

In Chapter 9, we further extend the results developed in Chapter 7 to nonlinear
nonnegative systems. Analogous results to the results developed in Chapter 7 are
obtained for nonlinear nonnegative systems with component decoupled Lyapunov

functions.

In Chapters 10-12, we consider neural network adaptive controllers for nonlinear
nonnegative dynamical systems to guarantee ultimate boundedness of the physical
system states as well as the neural network weighting gains. Specifically, in Chapter 10
we develop neuro adaptive control laws based on the assumption that we have full
measurement of the state. On the other hand, in Chapters 11 and 12 we develop neuro
adaptive output feedback controllers that require information of part of the system
states. In particular, under the assumption of input-to-state stable internal dynamics,
the methodology developed in Chapter 11 is based on nonlinear passivity theory,
while in Chapter 12 we make use of tapped delay lines to estimate the full states and
construct adaptive feedback laws via the estimated controller states. Furthermore, in
Chapters 11 and 12 we discuss the notion of partial ultimate boundedness to derive
less conservative ultimate bounds for the case where system dynamics possess internal

dynamics.

In Chapters 13 and 14 we address adaptive control problems for discrete-time

nonlinear dynamical systems. In particular, Lyapunov-based adaptive feedback con-
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trollers are developed to achieve adaptive stabilization and tracking as well as adaptive
disturbance rejection in Chapter 13. Assuming much weaker conditions on the sys-
tem, in Chapter 14 we develop adaptive control framework to guarantee state and
parameter error convergence when a generic geometric constraint on the adaptive gain
matrix function holds. It is shown that this condition is consistent with the notion

of persistent excitation in the adaptive control literature.

In Chapter 15, combining the results in the preceding chapters and using the
recently developed hybrid invariance principle [35,80], we construct novel hybrid
adaptive control algorithms for impulsive dynamical systems to achieve asymptotic
stability. In addition, a less restrictive hybrid adaptive control framework is developed

to guarantee attraction of the plant states.

Finally, in Chapter 16 we give concluding remarks and discuss future extensions
of the research. Throughout the dissertation numerous illustrative numerical exam-
ples as well as specific applications to the problems of thermoacoustic combustion
processes and drug delivery systems are provided to demonstrate the efficacy of the

proposed approaches.

The notation used in this dissertation is fairly standard. Specifically, R denotes
the set of real numbers, R™ denotes the set of n x 1 real column vectors, R™*™ denotes
the set of m x n real matrices, N (resp., P") denotes the set of n x n nonnegative
(resp., positive) definite matrices, A/ denotes the set of nonnegative integers, ( )T
denotes transpose, ( ) denotes the Moore-Penrose generalized inverse, and I,, or I
denotes the n x n identity matrix. Furthermore, we write tr(-) for the trace operator,
spec(-) for the spectrum of a square matrix, || - || for the Euclidean vector norm, || - ||¢
for the Frobenius matrix norm, In(-) for the natural log operator, Ayi(M) (resp.,
Amax(M)) for the minimum (resp., maximum) eigenvalue of the Hermitian matrix M,

Omax(M) for the maximum singular value of the matrix M, V'(z) for the Fréchet
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derivative of V' at z, and dist(p, M) for the smallest distance from a point p to any
point in the set M. Finally, M ® N denotes the Kronecker product of matrices M
and N, and M > 0 (resp., M > 0) denotes the fact that the Hermitian matrix M is

nonnegative (resp., positive) definite.
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Chapter 2

Direct Adaptive Control for
Nonlinear Uncertain Systems with
Exogenous Disturbances

2.1. Introduction

In this chapter we develop a direct adaptive control framework for adaptive sta-
bilization, disturbance rejection, and command following of multivariable nonlinear
uncertain dynamical systems with exogenous disturbances. In particular, in the first
part of the chapter, a Lyapunov-based direct adaptive control framework is devel-
oped that requires a matching condition on the system disturbance and guarantees
partial asymptotic stability of the closed-loop system; that is, asymptotic stability
with respect to part of the closed-loop system states associated with the plant. Fur-
thermore, the remainder of the state associated with the adaptive controller gains
is shown to be Lyapunov stable. In the case where the nonlinear system is repre-
sented in normal form [122] with input-to-state stable internal dynamics [122,222],
we construct nonlinear adaptive controllers without requiring knowledge of the system
dynamics or the system disturbance. In addition, the proposed nonlinear adaptive
controllers also guarantee asymptotic stability of the system state if the system dy-

namics are unknown and the input matrix function is parameterized by an unknown
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constant sign-definite matrix. Finally, in the second part of the chapter, we gener-
alize the aforementioned results to uncertain nonlinear systems with exogenous Lo
disturbances. In this case, we remove the matching condition on the system distur-
bance. In addition, the proposed framework guarantees that the closed-loop nonlinear
input-output map from uncertain exogenous Ly disturbances to system performance
variables is nonexpansive (gain bounded) and the solution of the closed-loop system
is partially asymptotically stable. The proposed adaptive controller thus addresses
the problem of disturbance rejection for nonlinear uncertain dynamical systems with
bounded energy (square-integrable) Ls signal norms on the disturbances and per-
formance variables. This is clearly relevant for uncertain dynamical systems with
poorly modeled disturbances which possess significant power within arbitrarily small

bandwidths.

We emphasize that the direct adaptive stabilization framework developed in this
chapter is distinct from the methods given in [12,121,136,139] predicated on model
reference adaptive control. The work of [115,176] on linear direct adaptive control is
most closely related to the results presented herein. Specifically, specializing our result
to single-input linear systems with no internal dynamics and constant disturbances,

we recover the result given in [115].

The contents of the chapter are as follows. In Section 2.2 we present our main
direct adaptive control framework for adaptive stabilization, disturbance rejection,
and command following of multivariable nonlinear uncertain dynamical systems with
matched exogenous bounded disturbances. To further elucidate the proposed ap-
proach, in Section 2.3 we specialize the framework developed in Section 2.2 to single-
input uncertain dynamical systems in normal form. In Section 2.4 we extend the
results of Section 2.2 to nonlinear uncertain dynamical systems with exogenous Lo

disturbances without a matching condition requirement. Several illustrative numeri-
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cal examples are presented in Section 2.5. In Section 2.6 we apply our framework to
the control of thermoacoustic combustion instabilities to demonstrate the efficacy of
the proposed direct adaptive stabilization and tracking framework. Finally, in Section

2.7 we draw some conclusions.

2.2. Adaptive Control for Nonlinear Systems with Exoge-
nous Disturbances

In this section we begin by considering the problem of characterizing adaptive
feedback control laws for nonlinear uncertain dynamical systems with exogenous dis-
turbances. Specifically, consider the following controlled nonlinear uncertain system

G given by
i(t) = F(a() + G@)u(t) + J@W)w(d), =(0) ==y, >0,  (21)

where z(t) € R™, t > 0, is the state vector, u(t) € R™, ¢t > 0, is the control input,
w(t) € RY ¢ >0, is a known bounded disturbance vector, f : R® — R" and satisfies
f(0) =0, G:R* — R”™ and J : R® — R™ is a disturbance weighting matrix
function with unknown entries. Note that even though w(t), t > 0, is assumed
to be known, the disturbance signal J(x(t))w(t), t > 0, is an unknown bounded
disturbance. The control input wu(-) in (2.1) is restricted to the class of admissible
controls consisting of measurable functions such that u(t) € R™, ¢ > 0. Furthermore,
for the nonlinear system G we assume that the required properties for the existence
and uniqueness of solutions are satisfied; that is, f(-), G(-), J(-), u(-), and w(-) satisfy

sufficient regularity conditions such that (2.1) has a unique solution forward in time.

Theorem 2.1. Consider the nonlinear system G given by (2.1). Assume there
exist a matrix K, € R™** and functions V; : R” — R, G : R* — R™™ F:R" — R®,
with F'(0) = 0, and £ : R"® — R’ such that V,(-) is continuously differentiable, positive
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definite, radially unbounded, V;(0) = 0, £(0) = 0, and, for all z € R™,
0 = V() () + (1 (2)0(x), (22)
where
fi(x) 2 f(z) + G(2)G(2) K F (). (2.3)

Furthermore, assume there exist a matrix ¥ € R™*? and a function J: R" — Rmxm

~

such that G(x)J(z)¥ = J(z). Finally, let Q; € R™™, Q2 € R™™, Y € R***, and

Z € R4 he positive definite. Then the adaptive feedback control law

~

u(t) = Ga(t) K () F (x(t) + J (@ (t)(t)w(?), (2.4)
where K (t) € R™** ¢ >0, and ®(t) € R™*? t > 0, with update laws

K(t) = —3QuGT (x(0)GT ((6)) VST (@(®) FT(2(1))Y, K(0) =Ko,  (2.5)
b(t) = —3QaJ T (@(1)GT (x())V/T (x(t)w™ (1) Z,  ®(0) = Do, (2.6)
guarantees that the solution (z(t), K (), ®(t)) = (0, Ky, —¥) of the closed-loop system

given by (2.1), (2.4)—(2.6) is Lyapunov stable and ¢(z(t)) — 0 as t — oco. If, in

addition, (T (z)¢(x) > 0, z € R™, x # 0, then z(t) — 0 as t — oo for all zy € R".

Proof. Note that with u(t), ¢ > 0, given by (2.4) it follows from (2.1) that
i(t) = f(2(t) + Gx(8)) Gla(0) K (O F (x(1)) + Gl (1)) J (x(t)) @ (t)w(t)
+J(x(t)w(t), =(0)=mxy, t=>0, (2.7)

or, equivalently, using the fact that G(z)J(z)¥ = J(z),

~

#(t) = fi(x(t) + G(a() G (1)) (K(t) = Kg) F(x(t))

FG(@() I (@) (@) + Ww(t), z(0) =x9, t>0. (2.8)

35



To show Lyapunov stability of the closed-loop system (2.5), (2.6), and (2.8) consider

the Lyapunov function candidate
V(r, K, ®) = Vi(x)+tr Q7 (K—K,)Y N (K—Ky) " +tr Q1 (@+9) Z 1 (+W)T. (2.9)

Note that V (0, K, —VU) = 0 and, since V4(-), @1, @2, Y, and Z are positive definite,
V(z, K,®) > 0 for all (z,K,®) # (0, Ky, —¥). In addition, V(z, K, ®) is radially
unbounded. Now, letting x(t), ¢ > 0, denote the solution to (2.8) and using (2.2),
(2.5), and (2.6), it follows that the Lyapunov derivative along the closed-loop system
trajectories is given by

V(a(t), K(t), ®(t) = V{(x(1)) [fs(fv(t)) + Ga() G () (K (t) — K F(x(1))

+G(2(1)) (2 ()(2(F) + V)w(t)

+2tr QMK (1) — Kp)Y 'K (8) 4 2tr Q31 (®(t) + V) Z 1T (1)

0 (K (1) = ) F(2(£) V. (2(1) Gl (1) Gl (1))

—taf (D(t) + \If)w(t)‘/;'(w(t))G(x(t))j(x(t))}

= 0T (2(8) 0z (b))

<0, t>0, (2.10)

which proves that the solution (x(t), K(t),®(¢)) = (0, Ky, —¥) to (2.5), (2.6), and
(2.8) is Lyapunov stable. Furthermore, it follows from Theorem 2 of [42] that
((z(t)) — 0 as t — oo. Finally, if {T(z)l(z) > 0, z € R™, x # 0, then z(t) — 0

as t — oo for all o € R". O

Remark 2.1. Note that in the case where ¢ (z)l(z) > 0, z € R", x # 0, the

conditions in Theorem 2.1 imply that z(¢) — 0 as t — oo and hence it follows from
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(2.5) and (2.6) that (z(t), K(t),®(t)) — M £ {(z, K, ®) € R" x R™** x R™*? : g =
O,K:O,q'):()}astﬁoo.

Remark 2.2. Theorem 2.1 is also valid for nonlinear time-varying uncertain dy-

namical systems G, of the form
(t) = f(t,z(t)) + G(t, z(t))u(t) + J(t, z(t)w(t), x(0)=z¢, >0, (2.11)

where f : R x R" — R" and satisfies f(t,0) = 0,¢t > 0, G : R x R" — R™"™,
and J : R x R® — R™ 4 In particular, replacing F' : R® — R* by F : R x R" —
R®, where F(£,0) = 0, t > 0, G : R* — R™™ by G : R x R" — R™™ and
requiring G(t, z)J(t,z)¥ = J(t, ), where J : R x R" — R™ ™ and t > 0, in place of

G(z)J(x)¥ = J(x), it follows by using identical arguments as in the proof of Theorem

2.1 that the adaptive feedback control law

A

u(t) = Gt,z(t)) K () F(t, 2(t) + J(t, (1)) D(t)w(t), (2.12)
with the update laws

K(t) = —1QuG" (6, 2(0)G (b 2V, (@(O)F (1, 2(1)Y,  K(0) = Ko, (2.13)

(1) = —1Qu (L 2(D)G (L eV, (2w (1) Z,  B(0) = Do, (2.14)

~

where V/(x) satisfies (2.2) with fy(x) = f(t,z) + G(t,2)G(t, ) K F (¢, x), guarantees
that the solution (x(t), K(t),®(t)) = (0, Ky, —¥) of the closed-loop system (2.11)-

(2.14) is Lyapunov stable and z(t) — 0 as t — oo for all 5 € R™.

Remark 2.3. It follows from Remark 2.2 that Theorem 2.1 can also be used to
construct adaptive tracking controllers for nonlinear uncertain dynamical systems.
Specifically, let r7q(t) € R™, ¢t > 0, denote a command input and define the error state

e(t) = x(t) — rq(t). In this case, the error dynamics are given by

1) = fult, e(t)) + Gu(t, e())u(t) + Ji(t,e())wi(t), e(0)=eo, t>0, (2.15)
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where fi(t,e(t)) = f(e(t) +ra(t)) — n(t), with f(rq(t)) = n(t), Gi(t,e(t)) = G(e(t) +
ra(t)), and Ji(t, e(t))wy(t) = n(t) — ra(t) + J(e(t) + ra(t))w(t). Now, the adaptive
tracking control law (2.12)—(2.14), with x(¢) replaced by e(t), guarantees that e(t) — 0

as t — oo for all ¢g € R™.

It is important to note that the adaptive control law (2.4)—(2.6) does not require
explicit knowledge of the gain matrix K,, the disturbance matching matrix ¥, and
the disturbance weighting matrix function J(z); even though Theorem 2.1 requires
the existence of K, and ¥ along with the construction of F(z), G(z), J(z), and V()
such that G(x)J(z)¥ = J(z) and (2.2) holds. Furthermore, no specific structure on
the nonlinear dynamics f(x) is required to apply Theorem 2.1. However, if (2.1) is in
normal form [122] with asymptotically stable internal dynamics, then we can always
construct functions V; : R" — R, F' : R* — R* with F(0) =0, and G : R" — Rwm
such that (2.2) holds without requiring knowledge of the system dynamics. These facts
are exploited below to construct nonlinear adaptive feedback controllers for nonlinear
uncertain dynamical systems. For simplicity of exposition in the ensuing discussion

we assume that J(z) = D, where D € R™¢ is a disturbance weighting matrix with

unknown entries.

To elucidate the above discussion assume that the nonlinear uncertain system G

is generated by

m d
0" (0) = fula(®) + Y Gsp(a()us(t) + ) Diwwn(t), t20, i=1,--,m,
=1 k=1
(2.16)
where ¢ = [qq, - ,qi”’”, s my ,qgmfl)]T, q(0) = qo, q,f”) denotes the r deriva-

A

tive of g;, 7; denotes the relative degree with respect to the output ¢;, Dix) € R,
i=1,---m, k=1,---,d, and wg(t) e R, t >0, k =1,---,d. Here, we assume that

the square matrix function G(q) composed of the entries Gy(; ;)(q), i,j = 1,---,m, is
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such that det G4(q) # 0, ¢ € R, where # = r; +- - -+, is the (vector) relative degree
of (2.16). Furthermore, since (2.16) is in a form where it does not possess internal
dynamics, it follows that 7 = n. The case where (2.16) possesses internal dynamics

is discussed below.

T T
Next, define z; = [qi7 . Z.(”*Q)} =1 m, Ty 2 [qgrl—l)7 o 7qgm—l)} ’

and x £ [z, ,:r%H]T, so that (2.16) can be described by (2.1) with

f@) = Az + fu(z), G(z)= {Og%m 1 , J(@)=D= {Om—gw } . (2.17)

where
i) o]

Ay € R ig 54 known matrix of zeros and ones capturing the multivariable
controllable canonical form representation [43], f, : R — R™ is an unknown function
and satisfies f,(0) = 0, Gg : R® — R"™ ™ and D € R™?, Here, we assume that
fu(x) is unknown and is parameterized as f,(x) = O f,(z), where f, : R® — R? and
satisfies f,(0) = 0, © € R™*? is a matrix of uncertain constant parameters. Note
that J(z) and ¥ in Theorem 2.1 can be taken as J(z) = G;'(z) and ¥ = D so that
G(z)J(x)¥ = J(z) = D is satisfied.

Next, to apply Theorem 2.1 to the uncertain system (2.1) with f(x), G(x), and

J(z) given by (2.17), let K, € R™** where s = ¢+ r, be given by
K, =[6,—06, 9,], (2.18)
where ©, € R™*? and ¢, € R™*" are known matrices, and let

F(z) = { ﬁgg } , (2.19)

where f, : R* — R”, with fn(O) = 0, is an arbitrary function. In this case, it follows

that, with G(z) = G (z),

S

fol@) = f(x) + Gla)G(a) K F ()
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= Az + fule) + O%S’@;m } GoH(2) [ Onfalz) = Ofa() + Pufal) ]

T O(nfm)xl
= Avt { 60 fa(z) 4 Bn f(2) } ' (2:20)

Now, since ©, € R™*? and &, € R™*" are arbitrary constant matrices and fn :
R"™ — R" is an arbitrary function we can always construct K, Vi(z), and F'(x) without
knowledge of f(x) such that (2.2) holds. In particular, choosing ©, f,(z) + @nfn(x) =
Az, where A € R™" it follows that (2.20) has the form fy(z) = Az, where A, =
[AOT, AT]T is in multivariable controllable canonical form. Hence, choosing A such
that Ay is asymptotically stable, it follows from converse Lyapunov theory that there

exists a positive-definite matrix P satisfying the Lyapunov equation
0= AP+ PA,+ R, (2.21)

where R is positive definite. In this case, with Vi(z) = 2T Px, the adaptive feedback

controller (2.4) with update laws (2.5), (2.6), or, equivalently,

K(t) = —Q,GT(z(t))GT (z(t))Px(t) FT (z(t))Y, K(0) = Ko, (2.22)

b(t) = —QaJ " (x(1)) G (x(1)) Pa(t)w" (t)Z,  (0) = Dy, (2.23)

guarantees global asymptotic stability of the nonlinear uncertain dynamical system
(2.1) where f(z), G(x), and J(x) are given by (2.17). As mentioned above, it is
important to note that it is not necessary to utilize a feedback linearizing function
F(x) to produce a linear fs(x). However, when the system is in normal form, a
feedback linearizing function F'(x) provides considerable simplification in constructing

V!(x) necessary in computing the update laws (2.5) and (2.6).

S

A similar construction as discussed above can be used in the case where (2.1) is

in normal form with input-to-state stable internal dynamics [222] and w(t) = 0. In
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this case, (2.16) is given by

2(t) = fu(q(t),2(t)), =2(0)=2z, t=>0, (2.24)
0" (0) = fuila(t),2(0)) + 3 Gy (a(t), 2()us(t), i =1, ,m, (2.25)

where f, : R" x R*" — R"" # < n, and where we have assumed for simplicity of ex-
position that the distribution spanned by the vector fields col; (G(z)), - - -, col,,(G(x)),
where col;(G(z)) denotes the i*" column of G(z), is involutive [122]. Here, we assume
that the zero solution z(t) = 0 to (2.24) is input-to-state stable with ¢ viewed as the
input. Next, define x £ [2T,27]T, where # £ [2],---, 2L ,]T € R". Now, since the
internal dynamics given by (2.24) are input-to-state stable, it follows from Theorem 2

of [42] and Lemma 5.6 of [139] that the zero solution z(t) = 0 to (2.1) with w(t) =0

is globally asymptotically stable.

Next, we consider the case where f(z) and G(x) are both uncertain and 7 = n.
Specifically, we assume that G(z) is such that G4(z) is unknown and is parameterized
as Gs(z) = B,Gy(z), where G, : R" — R"™*™ is known and satisfies det G,,(z) # 0,
r € R" and B, € R™"™ with det B, # 0, is an unknown symmetric sign-definite
matrix but the sign definiteness of B, is known; that is, B, > 0 or B, < 0. For
the statement of the next result define By, £ [Omx(n_m), ]m]T for B, > 0, and By =

[0 (nmys —Im] " for By < 0.

Corollary 2.1. Consider the nonlinear system G given by (2.1) with f(z), G(x),
and J(x) given by (2.17) and Gs(z) = ByGxu(z), where B, is an unknown symmetric
matrix and the sign definiteness of B, is known. Assume there exist a matrix K, €
R™*% and functions V; : R" — R, F : R — R*, with F(0) = 0, and ¢ : R" — R
such that V;(-) is continuously differentiable, positive definite, radially unbounded,

Vi(0) =0, £(0) = 0, and (2.2) holds. Finally, let Y € R*** and Z € R%*? be positive
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definite. Then the adaptive feedback control law

ut) = G, (@) KO F(x(t) + G (2(t) 2()w(t), (2.26)

n

where K (t) € R™*% t >0, and ®(t) € R™*? ¢ > 0, with update laws

K(t) = =3By V" (a(t)) FT (x())Y, K(0) = Ko, (2.27)

- 2

0(t) = —3B, V(@) ()2, @(0) = Py, (2.28)

guarantees that the solution (z(¢), K(t), ®(t)) = (0, Ky, —¥), where ¥ € R™*4_ of the
closed-loop system given by (2.1), (2.26)—(2.28) is Lyapunov stable and ¢(z(t)) — 0
as t — oo. If, in addition, (T(x)l(z) > 0, z € R", x # 0, then x(t) — 0 as t — oo for

all zp € R".

Proof. The result is a direct consequence of Theorem 2.1. First, let G(x) =
J(z) = G;'(z) and ¥ = B;'D so that G(x)G(z) = [0 (n—m), Bu] " and G(z)J(z)U =
D, and let K, = B;'[©, — ©,®,]. Next, since J; and @, are arbitrary positive-
definite matrices, Q; in (2.5) and Qs in (2.6) can be replaced by ¢;|B.|™! and g2 By|™?,
respectively, where 1, o are positive constants and |B,| = (B2)2, where (-)2 denotes
the (unique) positive-definite square root. Now, since B, is symmetric and sign
definite it follows from the Schur decomposition that B, = UDg U", where U is
orthogonal and Dg, is real diagonal. Hence, |B,|"'GT(2)GT(2) = [Omx(n_m)> Zm] =
By, where Z,, = I, for B, > 0 and Z,, = —1I,, for B, < 0. Now, (2.5) and (2.6),

with ¢1Y and ¢2Z replaced by Y and Z, imply (2.27) and (2.28), respectively. OJ

It is important to note that if, as discussed above, K, and F(z) are constructed to
give fs(x) = Asz in (2.3), where Ag is an asymptotically stable matrix in multivariable
controllable canonical form, then considerable simplification occurs in Corollary 2.1.

Specifically, in this case V,(z) = 2T Px, where P > ( satisfies (2.21), and hence (2.27),
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(2.28) become

K(t) = —BI Pz(t)F"(z(t))Y, K(0)= Kj, (2.29)

d(t) = —BIPz(t)yw™ (t)Z, ®(0) = Py. (2.30)

2.3. Specialization to Single-Input Systems with Uncertain
Dynamics

In this section we apply the framework developed in Section 2.2 to single-input
uncertain dynamical systems in normal form to further elucidate the proposed adap-
tive stabilization approach. For simplicity of exposition we assume that the system
G has no internal dynamics. The case where G possesses input-to-state stable inter-
nal dynamics can be handled as discussed in Section 2.2. Here, we assume that the

nonlinear uncertain system @G is given by (2.1) with

flz) = z : G(x):{o(;s(;g;l], J(:c):D:{O("j)Xd}, (2.31)
ful)

where f, : R” — R is an unknown function and satisfies f,(0) = 0, ¢ : R® — R
and satisfies g(z) # 0, z € R”, and d € R In addition, we assume that f,(x) is
unknown and is parameterized as f,(z) = 0f.(z), where f, : R* — R? and satisfies
f2(0) = 0, and 6 € R is a vector of uncertain constant parameters. Note that in
the single-input case m = 1 and hence J (x) and ¥ in Theorem 2.1 can be taken as

J(x) = g7'(z) and ¥ = d, respectively, so that G(z).J(z)¥ = J(z) = D is satisfied.

Next, to apply Theorem 2.1 to the single-input case with unknown dynamics let
K, € R be given by

Kg=[0n—0, ¢u], (2.32)
where 6, € R? and ¢, € R'*" are known vectors with s = r + ¢, and let F(x) be
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given by (2.19). In this case, it follows that, with G(z) = g ' (x),

S

fo(x) = f(x) + G(2)G(2) K, F(x)

_ : O(n—1)x1 1 — x f (x
- +[%®)}%m[&ﬁ@)9ﬁﬁ+@%(”
| fu(®)
_ x _ (2.33)
| O fu() + Gufu(2)

Now, since 6, € R and ¢, € R*" are arbitrary constant vectors and fn :R" —
R" is an arbitrary function we can always construct K,, Vi(x), and F(x) without
knowledge of f(z) such that (2.2) holds. In particular, choosing 0y fu(z) + ¢nfo(x) =
a1r1 + asxs + -+ + apx,, it follows that (2.33) has the form fi(x) = Asx, where
Ag is in controllable canonical form. Hence, choosing a;, « = 1,---,n, such that
Ay is asymptotically stable, it follows that there exists a positive-definite matrix P
satisfying (2.21). In this case, with Lyapunov function V,(z) = 2T Pz, the adaptive

feedback controller (2.4) with update laws (2.5), (2.6), or, equivalently,
K(t) = =G (a(t))G" (x(t)) Pa(t)F" (x(1))Y, K(0) = Ko, (2.34)
b(t) = —J"(x()G" (1)) Pr(t)yw" (t)Z, ®(0) = Do, (2.35)
guarantees global asymptotic stability of the nonlinear dynamical system (2.1) where
f(z), G(x), and J(x) are given by (2.31).

Next, we consider the case where f(x) and G(z) are both uncertain. Specifically,
we assume that G(z) = [01x(n—1), bugn(z)]", where g, : R” — R is known and satisfies
gu(x) # 0, 2 € R", and b, # 0 is unknown but sgnb, = b,/|by| is known. For the

statement of the next result define By = [01x(n_1), sgn by
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Corollary 2.2. Consider the nonlinear system G given by (2.1) with f(z), G(z),
and J(x) given by (2.31) and gs(z) = bygn(x), where b, is unknown but sgnb, is
known. Assume there exists a vector K, € R'** and functions V; : R* - R, F : R" —
R®, with F/(0) = 0, and ¢ : R®™ — R’ such that V,(-) is continuously differentiable,
positive definite, radially unbounded, V;(0) = 0, ¢(0) = 0, and (2.2) holds. Finally,
let Y € R*** and Z € R4 be positive definite. Then the adaptive feedback control

law
u(t) = gy (2 () K()F(2(t) + g, ' (x(t) (t)w(t), (2.36)

where K (t) € R™* ¢t >0, and ®(¢t) € R™*? ¢ > 0, with update laws

K(t) = =3B, V" (z(t) FT (x(#))Y, K(0) = Ko, (2.37)

-2

b(t) = —5 BV (@(®)w' ()2, 2(0) = @y, (2.38)

guarantees that the solution (x(t), K (t), ®(t)) = (0, Ky, — V), where ¥ € R™? of the
closed-loop system given by (2.1), (2.36)—(2.38) is Lyapunov stable and ¢(z(t)) — 0
as t — oo. If, in addition, ¢T(2)¢(x) > 0, z € R", z # 0, then z(t) — 0 as t — oo for

all zp € R".

Proof. The result is a direct consequence of Theorem 2.1. First, let é(x) =
J(x) = g-'(x) and note that taking ¥ = b71d it follows that G(2)J(2)¥ = D. Next,
since ()1 and 9 are arbitrary positive-definite matrices, ()7 in (2.5) and Q5 in (2.6)
can be replaced by |b,|7'Q; and |b,| ' Q2, respectively, where in this case Q; and Qo
are scalars. Hence, (2.5) and (2.6), with @Y and Q27 replaced by Y and Z, imply
(2.37) and (2.38), respectively. O

If K, and F'(x) are constructed to give fs(x) = Agz in (2.3), where Ay is an asymp-
totically stable matrix in controllable canonical form, then considerable simplification

occurs in Corollary 2.2. Specifically, in this case V,(x) = 2 Pz, where P > 0 satisfies
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(2.21), and hence (2.37), (2.38) become

K(t) = —BYPz(t)F*(z(t))Y, K(0)= K, (2.39)

d(t) = —BIPz(t)yw™ (t)Z, ®(0) = ®y. (2.40)

Finally, we specialize Corollary 2.2 to the case where d = 1, w(t) =1, de R, and
f(z) = Az, where

A= { ’20 } , (2.41)

Ay € RO=1Dx7 i5 a known matrix and § € R™*” is an unknown vector. In this case,

our results specialize to results given in [114,115].

Corollary 2.3. Consider the system G given by (2.1) with f(z) = Az, G(x) = B,
d=1, J(x) = [le(n,l),cﬂT, and w(t) = 1. Assume there exists a vector K, € R'*"
such that (2.21) holds with A, & A+ BK,, P > 0, and R > 0. Furthermore, let
Y € R™™ be a positive-definite matrix and Z € R be a positive constant. Then the

adaptive feedback control law
u(t) = K(t)z(t) + o(t), (2.42)
where K (t) € R™™" t >0, and ¢(¢t) € R, t > 0, with update laws
K(t) = —BYPz(t)z" (t)Y, K(0) = K,, (2.43)
o(t) = =By Pz(t)Z,  $(0) = ¢v, (2.44)

guarantees that the solution (z(t), K(t),¢(t)) = (0, Ky, —1)), where ¢ € R, of the
closed-loop system given by (2.1), (2.42)—(2.44) is Lyapunov stable and Rz(t) — 0

as t — oo. If, in addition, R > 0, then z(¢) — 0 as t — oo for all g € R™.

Proof. The result is a direct consequence of Corollary 2.2 with s = n, d = 1,
flx) = Az, w(t) =1, F(z) = z, and Vy(z) = 2T Px. ]
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Once again, even though Corollary 2.3 requires the existence of K, such that
(2.21) holds, the adaptive feedback controller (2.42)—(2.44) can be constructed with-
out knowledge of 6 in A or b in B. However, sgnb must be known. To see this note

that by choosing K, = ¢ [0, — 0] it follows that

A+BKg:{%O}Jr{g]%[én—ﬁ]:[?:]

Since 6, is arbitrary, it follows that P can be determined without knowledge of 8 or b.

2.4. Adaptive Control for Nonlinear Systems with L, Distur-
bances

In this section we consider the problem of characterizing adaptive feedback con-
trol laws for nonlinear uncertain dynamical systems with exogenous L, disturbances.

Specifically, we consider the following controlled nonlinear uncertain system G given

by
(t) = f(x(t) + G(z(t)u(t) + J(x(t)w(t), x(0)=z¢, w(-)€ Ly, t>0, (2.45)

with performance variables

2(t) = h(x(t)), (2.46)

where z(t) € R™, t > 0, is the state vector, u(t) € R™, ¢ > 0, is the control input,
w(t) € R ¢ > 0, is an unknown bounded energy L, disturbance, z(t) € R?, t > 0,
is a performance variable, f : R” — R™ and satisfies f(0) = 0, G : R* — R™™
J:R" — R™ and h : R® — RP is continuous and satisfies h(0) = 0. The
following theorem generalizes Theorem 2.1 to nonlinear uncertain dynamical systems

with exogenous Ly disturbances.

Theorem 2.2. Consider the nonlinear system G given by (2.45) and (2.46). As-

sume there exist a matrix K, € R™** and functions V; : R" — R, G : R — R™xm,
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F :R" - R, with F(0) = 0, and ¢ : R" — R’ such that V(-) is continuously
differentiable, positive definite, radially unbounded, V;(0) = 0, £(0) = 0, and, for all
r € R",

0= V() fs(x) +T(2), (2.47)
where

D(z) £ 72V (2)J ()" )V () + 1 (2) (@) (2.48)
and fy(x) is given by (2.3). Finally, let @ € R™*™ and Y € R**® be positive definite.
Then the adaptive feedback control law

u(t) = Gx(t) K (1) F(x(t), (2.49)
where K (t) € R™** ¢ > 0, with update law
K(t) = —3QGT (z(t)GT (a(6)) VT (x() FT(2(t))Y, K(0) = Ko, (2.50)

guarantees that the solution (x(t), K(t)) = (0, K,) of the undisturbed (w(t) = 0)
closed-loop system given by (2.45), (2.49), and (2.50) is Lyapunov stable and h(z(t))—
0 as t — oo. If, in addition, hT(z)h(z) > 0, x € R™, x # 0, then z(t) — 0 as t — oo
for all zg € R"™. Furthermore, the solution z(t), ¢ > 0, to the closed-loop system given

by (2.45), (2.49), and (2.50) satisfies the nonexpansivity constraint

/0 ()t dt < A2 /0 W (Ew(t) dt + V(2(0), K(0)),
T>0, v>0, w()eLly (2.51)

where
Ve, K) = Vi(z) +tr Q (K — Kp)Y (K — Ky)". (2.52)
Proof. Note that with u(t), ¢ > 0, given by (2.49) it follows from (2.45) that

#(t) = f(x(t) + Glat)G () K ) F(x(t) + J(@t)w(t), x(0) =z,
w(-) €Ly, t>0, (2.53)
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or, equivalently, using the definition for fs(x) given in (2.3),

i(t) = fola(t) + Ga(t)Ga(t) (K (t) = Kg) F(a(t) + J(@(t)w(t), 2(0) = o,

w(-) €Ly, t>0. (2.54)

To show Lyapunov stability of the closed-loop system (2.50) and (2.54) consider the
Lyapunov function candidate given by (2.52). Note that V' (0, K,) = 0 and, since V;(-),
@), and Y are positive definite, V(z, K) > 0 for all (z, K) # (0, K;). Furthermore,
V(z, K) is radially unbounded. Now, letting z(t), t > 0, denote the solution to
(2.54) and using (2.47) and (2.50), it follows that the Lyapunov derivative along the

undisturbed (w(t) = 0) closed-loop system trajectories is given by

V(a(t), K(t) = VJ(x(1) [fs(w(t)) + G((8))G(x() (K (t) — Kg)F(x(t))}
+2tr QK (t) — K, Y 'K (1)

= —T(z())

<0, t>0, (2.55)

which proves that the solution (x(t), K (t)) = (0, Kg) to (2.50) and (2.54) with w(t) =
0 is Lyapunov stable. Furthermore, it follows from Theorem 2 of [42] that h(x(t)) — 0
ast — oo for all 7y € R™. If, in addition, kT (z)h(x) > 0,2 € R™, x # 0, then z(t) — 0

as t — oo for all g € R".
Finally, to show that the nonexpansivity constraint (2.51) holds, note that, for all

(z,w) € R" x RY,

0< [2I @V (@) — ] [ET @V @)

2 2 s

= I(z) + Y*w w — 272 — VT (2)J (z)w. (2.56)
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Now, let w(-) € Ly and let x(t), t > 0, denote the solution of the closed-loop system
(2.54). Then, using (2.50), the Lyapunov derivative along the closed-loop system

trajectories is given by

V(a(t), K(1) = Vi(a(t)) [fs(:v(t)) + G (2(1)) G () (K (1) — K F(x(t))

< Yw(Hw(t) — 2" (t)z(t), t>0. (2.57)
Now, integrating (2.57) over [0, 7] yields

V(a(T), K(T)) < /0 [y wh (w(t) — 2" (H)z(1)] dt + V (2(0), K(0)),

T>0 >0, w(-)€Ly (2.58)

which, by noting that V(z(T'), K(T)) > 0, T > 0, yields (2.51). O

It is important to note that unlike Theorem 2.1 requiring a matching condition on
the disturbance, Theorem 2.2 does not require any such matching condition. Further-
more, as shown in Section 2.2, if (2.45) is in normal form with asymptotically stable
internal dynamics, then we can construct functions V5 : R* — R, G:R" — R
and I : R" — R® with F'(0) = 0, such that (2.47) holds without requiring knowledge
of the system dynamics. In addition, in the case where J(z) = D and h(x) = Ex, the
adaptive controller (2.50) can be constructed to guarantee the nonexpansivity con-
straint (2.51) using standard linear H,, methods. Specifically, choosing fs(x) = Asz,
where Ay is asymptotically stable and in multivariable controllable canonical form,

it follows from standard H,, theory [240] that if (As, E) is observable, ||G(s)|e < 7,
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where G(s) = E(sI, — A;)7'D, if and only if there exists a positive-definite matrix

P satisfying the bounded real Riccati equation
0=A;P+ PA,+~ *PDD"P+ E"E. (2.59)

It is well known that (2.59) has a nonnegative-definite solution if and only if the

Hamiltonian matrix
A v2DDT

"= _prp —AT |

(2.60)

has no purely imaginary eigenvalues. In this case, with V,(z) = 2™ Pz, the adaptive
feedback controller (2.49) with update law (2.50), or, equivalently,

K(t) = —QG" (x())G" (x(t)) Px(t) F* (2(1))Y,  K(0) = Ko, (2.61)

guarantees global asymptotic stability of the nonlinear undisturbed (w(t) = 0) dy-
namical system (2.45), where f(z) and G(x) are given by (2.17). Furthermore, the
solution z(t), t > 0, of the closed-loop nonlinear dynamical system (2.45) and (2.49)

is guaranteed to satisfy the nonexpansivity constraint (2.51).

Finally, if f(z) and G(z) given by (2.17) are uncertain and Gs(z) = B,Gy(z),
where the sign definiteness of B, is known, then using an identical approach as in

Section 2.2, it can be shown that the adaptive feedback control law
u(t) = G (@) K () F(2(1)), (2.62)
with update law

K(t) = =3B V" (x(t)) FT(2(1))Y, K(0) = Ko, (2.63)

)

where B is defined as in Section 2.2, guarantees asymptotic stability and nonexpan-

sivity of (2.45) and (2.46).
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2.5. Illustrative Numerical Examples

In this section we present several numerical examples to demonstrate the utility of
the proposed direct adaptive control framework for adaptive stabilization, disturbance

rejection, and command following.

Example 2.1. Consider the uncertain controlled Liénard system given by

)+ u(2*(t) — ) 2(t) + Bz(t) +ytanh(z(t)) = bu(t), 2(0) =zo, 2(0) =2, t>0,

(2.64)
where p, v, 3,7,b € R are unknown. Note that with z; = z and x5 = 2, (2.64) can be
written in state space form (2.1) with z = [z, 20]T, f(z) = [22, =Bz — ytanhx; —
pu(x} —a)ze)t, and G(z) = [0,b]". Here, we assume that f(z) is unknown and can be
parameterized as f(x) = [1a, 0121 + 0315 + 03 tanh x1 + O4xizs]T, where 0y, 0, 03, and
04 are unknown constants. Furthermore, we assume that sgnb is known. Next, let
F(z) = [21, 29, tanh(z1), 2tas]" and Ky = 1[0, — 01, 0n, — 02, —03, —64] , where 0,

0., are arbitrary scalars, so that

1) = 10+ | ) |5 1o = 1060, = 00001 Flo)

Now, with the proper choice of #,, and 0,,, it follows from Corollary 2.1 that the
adaptive feedback controller (2.26) with w(t) = 0 guarantees that z(t) — 0 as t — oo.
Specifically, here we choose 6,, = —1, 0,, = —2, and R = 2[5, so that P satisfying
(2.21) is given by

P_[:l)’ H (2.66)

With p =2, a=1,8=1,v=1,b=3,Y = I, and initial conditions z(0) = [1,1]T

and K(0) = [0,0,0,0], Figure 2.1 shows the phase portrait of the controlled and
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Figure 2.1: Phase portrait of controlled and uncontrolled Liénard system

uncontrolled system. Note that the adaptive controller is switched on at ¢ = 15 sec.
Figure 2.2 shows the state trajectories versus time and the control signal versus time.

Finally, Figure 2.3 shows the adaptive gain history versus time.

Example 2.2. Consider the uncertain controlled Van der Pol oscillator given by
E(t) —e(1— 22(t)2(t) + 2(t) = bu(t), 2(0) =20, 2(0)=2, t>0, (2.67)

where €,b € R are unknown. Note that with z; = z and 23 = 2, (2.67) can be

written in state space form (2.1) with @ = [y, 25|T, f(z) = [22, —21 + (1 — 22) 2] T,
and G(z) = [0,b]T. Here, we assume that f(z) is unknown and can be parame-
terized as f(x) = [v9, —x1 + 0129 + Hgm%xg]T, where 6, and 8, are unknown con-
stants. Furthermore, we assume that sgnb is known. Next, let F(z) = [za, #225]"
and K, = % [0n, — 01, —05] , where 6,,, is an arbitrary scalar, so that

fs@) = f(z) + { 2 } % [ 00, — 01,65 | F(x)

o 1
—_lenlx.
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Now, with the proper choice of 6,,,, it follows from Corollary 2.1 that the adaptive
feedback controller (2.26) with w(t) = 0 guarantees that x(t) — 0 as t — oco. Specif-
ically, here we choose 0,, = —2 and R = 2I,, so that P satisfying (2.21) is given
by (2.66). With e = 2, b = 3, Y = I, and initial conditions z(0) = [1,1]T and
K(0) = [0,0], Figure 2.4 shows that the phase portrait of the controlled and un-
controlled system. Note that the adaptive controller is switched on at ¢ = 15 sec.
Figure 2.5 shows the state trajectories versus time and the control signal versus time.

Finally, Figure 2.6 shows the adaptive gain history versus time.

Example 2.3. Consider the uncertain controlled Rayleigh system given by

~

H(t) — e(2(t) — a2b(t)) + B2(t) = bu(t) +d, 2(0) =z, 2(0) =z, >0, (2.68)

where €,a,b € R are unknown and d € R is an unknown constant disturbance.

Note that with 1 = 2z and xs = 2, (2.68) can be expressed in state space form
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(2.1) with z = [z1,22)T, f(z) = [12, B2 + e(xy — axd)]T, G(z) = [0,4]T, J(z) =
0,d]", and w(t) = 1. Here, we assume f(x) is unknown and can be parameterized
as f(x) = [12,0121 + Oozo + O323]T, where 01,0,, and 03 are unknown constants.
Furthermore, we assume that sgn b is known. Next, let F/(z) = [z1, 22, 23] and K, =
% [0, — 01, 0,, — 05, —03], where 6,,,, 0, are arbitrary scalars, so that fs(x) is given
by (2.65). Now, with the proper choice of #,, and 6,,, it follows from Corollary 2.1
that the adaptive feedback controller (2.26) guarantees that xz(f) — 0 as t — oc.
Specifically, here we choose 6,, = —1, 0,, = —2, and R = 2[5, so that P satisfying

(2.21) is given by (2.66). Withe =1, a =3, =1, b =3, d=3,Y =13, Z =1,

5
and initial conditions z(0) = [1,1]T, K(0) = [0,0,0], and ®(0) = 0, Figure 2.7 shows
the phase portrait of the controlled and uncontrolled system. Note that the adaptive
controller is switched on at t = 15 sec. Figure 2.8 shows the state trajectories versus

time and the control signal versus time. Finally, Figure 2.9 shows the adaptive gain

history versus time.

Example 2.4. The following example considers the utility of the proposed adap-
tive stabilization framework for systems with time-varying disturbances. Specifically,

consider the uncertain controlled Duffing system given by

mE(t) + c2(t) + kz(t) + ka®23(t) = bu(t) + Acoswt, 2z(0) = 29, 2(0) =z, t >0,

(2.69)
where m, ¢, k, a, b, and A are unknown. Note that with z; = z and xo = £, (2.69) can
be written in state space form (2.1) with z = [21, 2|7, f(z) = [z2, — Lz — L2y —
k31T Gx) = [0, 2], J(x) = [0, A]T, and w(t) = coswt. Here, we assume that
w and sgnb are known and f(z) can be parameterized as f(z) = [xa, 0121 + Ooxo +
0523]T, where 0y, 05, and 05 are unknown constants. Next, let F(z) = [z, 29, 23]"
and Ky = 7 [0y, — 01,04, — 05, —03], where 0,, and 0, are arbitrary scalars, so that
fs(x) is given by (2.65). Now, with the proper choice of #,, and 6,,, it follows from
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Corollary 2.1 that the adaptive feedback controller (2.26) guarantees that x(t) — 0
as t — oo. Specifically, here we choose 6,, = —1, 6,, = —2, and R = 215, so that
P satisfying (2.21) is given by (2.66). With m = 1,¢ =0.1, k=2, a =1, A = 4,
w=1,b=3Y = I3, Z =1, and initial conditions z(0) = [1,1]T, K(0) = [0,0,0],
and ®(0) = 0, Figure 2.10 shows the phase portrait of the controlled and uncontrolled
system. Once again, the adaptive controller is switched on at t = 15 sec. Figure 2.11
shows the state trajectories versus time and the control signal versus time. Finally,

Figure 2.12 shows the adaptive gain history versus time.

Example 2.5. The following example considers the utility of the proposed adap-
tive stabilization framework for systems with time-varying dynamics. Specifically,

consider the uncertain controlled Mathieu system given by

Z(t) + p(1 4 2ecos2t)z(t) = bu(t), =2(0) =2z, 2(0)=2,, t>0, (2.70)
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where p,e,b € R are unknown. Note that with 21 = z and x5 = 2, (2.70) can be writ-
ten in state space form (2.11) with x = |2, 22T, f(t, ) = [w9, —u(1 + 2¢ cos 2t) x| T,
and G(t,r) = [0,b]T. Here, we assume that sgn b is known and f(¢, z) can be parame-
terized as f(t,z) = [z, 0121 + 05 cos(2t)z1]T, where §; and 0y are unknown constants.
Next, let F(t,z) = [z, cos(2t):v1,x2,]T and K, = % [0n, — 01, —02, ¢], where 0, and

¢, are arbitrary scalars, so that

folz) = [ b ] -

Now, with the proper choice of 6,,, and ¢,, it follows from Corollary 2.1 and Remark
2.2 that the adaptive feedback controller (2.26) with w(t) = 0 guarantees that z(¢) —
0 as t — oo. Specifically, here we choose 6,, = —1, ¢, = —2, and R = 2], so that P
satisfying (2.21) is given by (2.66). With =1, e =04, b = 3, Y = I3, and initial
conditions z(0) = [1,1]" and K (0) = [0, 0, 0], Figure 2.13 shows the phase portrait of
the controlled and uncontrolled system. Note that the adaptive controller is switched
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on at t = 15 sec. Figure 2.14 shows the state trajectories versus time and the control

signal versus time. Finally, Figure 2.15 shows the adaptive gain history versus time.

Example 2.6. The following example considers the utility of the proposed adap-
tive control framework for command following. Specifically, consider the spring-mass-

damper uncertain system with nonlinear stiffness given by

~

mi(t) + ci(t) + kiz(t) + ko (t) = bu(t) + dw(t), z(0) =z, #(0) =iy, t>0,

(2.71)
where m, ¢, ki, ks € R are positive unknown constants, and b is unknown but sgnb
is known. Let r4(t),t > 0, be a desired command signal and define the error state

é(t) = x(t) — rq(t) so that the error dynamics are given by

A

me(t) 4 cé(t) 4 (ky + ko(€%(t) 4 3ra(t)é(t) + 3r2(t))e(t) = bu(t) + dw(t)
—(mig(t) 4 crq(t) + kyra(t) + kor3(t)),  €(0) =&, €(0)=¢é, t>0. (2.72)
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Here, we assume that the disturbance signal w(t) is a sinusoidal signal with unknown
amplitude and phase; that is, dw(t) = \/A2 + AZsin(wt + ¢) = A sinwt + Ay coswt,
where ¢ = tan"'(Ay/A;) and A; and A, are unknown constants. Furthermore, the

desired trajectory is given by

t—2
ra(t) = tanh (TO) ;

so that the position of the mass is moved from —1 to 1 at ¢ = 20 sec. Note that
with e, = é and e; = &, (2.71) can be written in state space form (2.15) with
e = [en,e2]", fi(ra,e) = [ea, —=(ki+ ko(ed + 3rae; + 3r3))er — Seo]T, G(t,e) =
[0, %]T, Ji(t,e) = % [OGXl,CZE}T, where d, = [A1, Ay, —k1, —ka, —c, —m], and wy(t) =

[sinwt, coswt, r4(t), r3(t),74(t), 7a(t)]T. Here, we parameterize fi(rq,e) = [e2, 6161 +
Oges + 0363 + O4rqet + Osr3eq|T, where 0;, i = 1,--- 5, are unknown constants. Next,
let F(rq,e) = [e1, €2, €}, 1€l rie1]" and Ky = 2 [0y, — 01,04, — 05, —03, —04, —05],

where 0,,, 0, are arbitrary scalars, so that fs(e) is given by (2.65). Now, with the
proper choice of 6,, and 6,,, it follows from Corollary 2.1 and Remark 2.3 that the
adaptive feedback controller (2.26) guarantees that e(t) — 0 as t — oo. Specifically,
here we choose 0,, = —1, 6,, = —2, and R = 2[5, so that P satisfying (2.21) is given
by (2.66). Withm =1, ¢ =1, ky = 2, ky = 0.5, dw(t) = 2sin(wt + 1), w = 2, b = 3,
Y =I5, Z = I, and initial conditions e(0) = [0,0]", K(0) = 01«5, and ®(0) = 0;xs,
Figure 2.16 shows the actual position and the reference signal versus time and the
control signal versus time. Finally, Figure 2.17 shows the adaptive gain history versus

time.

Example 2.7. Consider the nonlinear dynamic equations for a single-link ma-

nipulator with flexible joints and negligible damping coupled through a gear train to
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a DC-motor given by ([225])

LGy () + MgLsingi(t) + k(q1(t) — ¢2(t)) = 0,  @1(0) = quo,  ¢1(0) = Guo, t >0,
(2.73)

Lga(t) = k(q1(t) — q2(t)) = u(t), q2(0) = gao,  G2(0) = Goo, (2.74)

where ¢; and ¢y are angular positions, I; and I are mass moments of inertia of the
link and the motor, respectively, k is a spring constant, M is the total mass of the link,
L is the distance from the joint axis to the link center of mass, g is the gravitational

constant, and u is a control torque input. Defining the state variables

Mgl . k

(1 ) = q(t),  x2(t) 2 @(t),  xs(t) 2 - I, sin gy (t) — I_I(Ch(t) —q2(1)),
i) 2 =L (1) cosan(®) - (@ (0) — (1),

(2.73), (2.74) can be written in the form of (2.1) with = = [z, 29, 25, 24] , G(z) =

[01><37ﬂ5]Ta w(t> = Oa and

T2
T3
€T) =
(@) " ,
—(acoszy + B+ 7)w3 + a(zd — ) sinxy
where a £ NfL,ﬂ = %,7 = %,5 = 1—12 Here, we assume that «, 3,7, and 0 are

unknown positive constants. Furthermore, assume that the angular position g (¢)
is required to track the angle rq(t) = sint. Next, define the error states e;(t) =
A (21(t) —ra(t)),i = 1,---,4, so that the error dynamics can be written in the form

d#i—1

(215) with e = [617 €2, €3, 64]T7 ft(rd7 6) = [627 €3, €4, ftu(rd7 7:,du ri;d7 e)]Ta where

fou(ra,7a,7q,e) = —(acos(e; +1rq) + 6+ v)es — aiq(cos(e; + rq) — cosryq)
+al((ex +74)* — ) sin(ey +rq) — (73 — ) sinrg],
G(t,e) = [01x3, 0], Ji(t, €) = 053, dE]T, where dy = [—1, —(8+7), o, —ay, —a], and
wy(t) = [7"54)(15), Pq(t), 72(t) sinrq(t), sinrg(t), #q(t) cosrq(t)]*. Here, we parameterize
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feu(ra, 7a,Ta, €) as
fou(ra,a, 7a,€) = [ Ores + bzes cos(er + ra) + O3(cos(ey + rq)Fq — cos raia)
+04((e2 + 74)*sin(ey + rq) — 73sinry) + O5(sin(e; +rq) — sinry) ]T ,
where, 0;, 1 = 1,---,5, are unknown constants. Next, let
F(rq,rq,7q,€) = [ e3, escos(er +7q), cos(ey + rq)iq — cosraiq,
(€2 +7q)*sin(e; +rq) — r3sinrg, sin(e; +rq) —sinrg, e, ez, ey }T

and K, = [0y, — 01, =0, —03, =04, =05, dny, Onys Png|, Where by, Py, Pr,, and ¢y, are

arbitrary scalars, so that fs(e) is given by

o 1 0 0

0 0 1 0
Kea=1|q9 o o 1 |©

¢n1 ¢n2 9n1 ¢n3
Now, with the proper choice of 0, , ¢n,, ¢n,, and ¢, it follows from Corollary 2.1 and
Remark 2.3 that the adaptive feedback controller (2.26) guarantees that e(t) — 0 as
t — oo. Specifically, here we choose 6,, = —24, ¢,, = —16, ¢, = —32, P, = —8§,

and R = I, so that P satisfying (2.21) is given by

3.0156 3.5312 1.5977 0.0312
3.5312 6.9883 3.6719 0.1260
1.5977 3.6719 3.2861 0.1738
0.0312 0.1260 0.1738 0.0842

With « =10, 8 =2, v =4, 6 = 1, Y = 20[3, Z = 20[5, and initial conditions

P =

e(0) = 04x1, K(0) = 014, and ®(0) = 0145, Figure 2.18 shows the actual position
¢1(t) and the reference signal versus time. Figure 2.19 shows the error signals and
the control signal versus time. Finally, Figure 2.20 shows the adaptive gain history

versus time.

Example 2.8. Consider the two-degree-of-freedom uncertain structural system

given by

Mi(t) + Cui(t) + Koa(t) = u(t), 2(0) =xo, #(0) =9, >0, (2.75)
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where z(t) € R? u(t) € R?, ¢t > 0,

m; 0 ] Cé[cl+02 —02} Ké{lﬁ-kk‘z _k2:|

A
MS o |i 0 mo —C2 Cy —/{52 k’g

and mq, ma, c1, Co, k1, ko € R are unknown constants such that mq, my > 0. Let rq(¢)

be a desired command signal and define the error state é(t) = x(t) —rq(t) so that the

error dynamics are given by

Mé(t) + Csé(t) + Keé(t) = u(t) — Mitg(t) — Cera(t) — Kora(t),
e(0)=¢éy, €(0)=2¢y, t>0. (2.76)

Note that with e; = & and ey = €, (2.76) can be written in state space form (2.15)

with e = [e], e5]Y, fi(t,e) = [es, — (M7 Ksey + M Ciex)T|T, G(t, €) = [Ogxa, MY,
Ji(t,e) = [Ogxa, DT]T, where Dy = [—I, —M;'Cy, —M'Ky], and w(t) = [#T(¢),
ri(t),r5(t)]". Note that M ! is symmetric and positive definite but otherwise un-

known. Here, we parameterize fi(t,e) as fi(t,e) = [es, (0161 + Oqe0)t]T, where
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0; € R**? and ©, € R?*? are unknown constant matrices. Next, let F(f,e) = e and
Ky = M, [0y, + M7'Ky, ©,, + M7'Cy], where ©,, € R**? 0,, € R?*? are arbitrary
matrices, so that

ra=| gt o |e
Now, with the proper choice of ©,, and ©,,, it follows from Corollary 2.1 and Remark
2.3 that the adaptive feedback controller (2.26) guarantees that e(t) — 0 as t — oo.
Specifically, here we choose O,, = —I5, 0,, = —I5, and R = 214, so that P satisfying

(2.21) is given by

O = O W
_ o Ww o
SN O =
N O = O

With my =3, my =2, ¢1 = ¢ = 1, by = 2, ky = 1, rq(t) = [5cos(t),3cos(L)]",
Y = 1, Z = I, and initial conditions z(0) = 04x1, K(0) = 024, and ®(0) = 0z,
Figure 2.21 shows the actual positions and the reference signals versus time and the
control signals versus time. Finally, Figures 2.22 and 2.23 show the adaptive gain

history versus time.

Example 2.9. The following example considers the utility of the proposed adap-
tive control framework for Ly disturbance rejection. Specifically, consider the nonlin-

ear dynamical system representing a controlled rigid spacecraft given by
i(t) = -1, ' XLa(t) + I ut) + Dw(t), z(0)=1z¢, w(-)€Lly, t>0, (2.77)

where x = [z}, 15, 23]T represents the angular velocities of the spacecraft with respect
to the body-fixed frame, I, € R3*3 is an unknown positive-definite inertia matrix
of the spacecraft, u = [uy,us,u3|" is a control vector with control inputs providing

body-fixed torques about three mutually perpendicular axes defining the body-fixed
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frame of the spacecraft, D € R3*! and X denotes the skew-symmetric matrix

0 —xI3 i)
A
X = T3 0 -2
—X9 T 0

Note that (2.77) can be written in state space form (2.45) with f(z) = —I,' XLz,
G(r) = I', and J(z) = D. Here, we assume that the inertia matrix I, of the
spacecraft is symmetric and positive definite but unknown. Since f(x) is a quadratic
function, we parameterize f(r) as f(z) = ©f,(z), where © € R**6 is an unknown
matrix and f,(x) = [z}, 23, 22, 1179, Tox3, 2371]T. Next, let F(z) = [fnT(x),xT}T and

K, =1,[—0, ®,], where ®, € R**3 is an arbitrary matrix, so that
fs(z) = Oy = Agx.

Now, with the proper choice of ®,, it follows from Theorem 2.2 that the adaptive
feedback controller (2.62) with update law (2.63) guarantees that z(t) — 0 as t — oo

with w(t) = 0. Furthermore, the closed-loop nonlinear input-output map from Lg
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disturbances Dw(t) to performance variable z(t) = Exz(t) satisfies the nonexpansivity
constraint (2.51). Here, we choose Ay = —101I3, ETE = 2I3, and v = 1.4, so that P
satisfying (2.59) is given by

0.1653 0.0408 0.0245
P =1 0.0408 0.1255 0.0153
0.0245 0.0153 0.1092

With
20 0 0.9 8
I=1| 0 17 0 |, Y=10l), D= |5 1|, w(t)=e"*sinl.8t,
09 0 15 3

and initial conditions z(0) = [0.4,0.2, —0.2], and K (0) = 03x9, Figure 2.24 shows the
angular velocities versus time. Figure 2.25 shows the control signals versus time. An
alternative adaptive feedback controller that also does not require knowledge of the
inertia of the spacecraft is presented in [3]. However, unlike the proposed controller,
the adaptive controller presented in [3] is tailored to the spacecraft attitude control

problem.
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2.6. Adaptive Control for Thermoacoustic Combustion In-
stabilities

High performance aeroengine afterburners and ramjets often experience combus-
tion instabilities at some operating condition. Combustion in these high energy den-
sity engines is highly susceptible to flow disturbances, resulting in fluctuations to the
instantaneous rate of heat release in the combustor. This unsteady combustion pro-
vides an acoustic source resulting in self-excited oscillations. In particular, unsteady
combustion generates acoustic pressure and velocity oscillations which in turn perturb
the combustion even further [34,49]. These pressure oscillations, known as thermoa-
coustic instabilities, often lead to high vibration levels causing mechanical failures,
high levels of acoustic noise, high burn rates, and even component melting. Hence,
the need for active control to mitigate combustion induced pressure instabilities is

severe.
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Due to the intricate complex physical phenomena in combustion processes in-

volving acoustics, thermodynamics, fluid mechanics, and chemical kinetics, finite di-
mensional linear or nonlinear models are unavoidably inaccurate. Basic system data
such as damping, frequency, and mode shapes are often poorly known. Furthermore,
approximations of pressure and velocity fluctuations involving time averaging in the

governing system equations result in further system uncertainty that manifests itself
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as highly structured constant real parametric uncertainty in modal frequencies and
damping [49,50]. Thus for pressure oscillation suppression in combustion processes,

system modeling uncertainty necessitates the need for nonlinear adaptive control.

In this section we apply the Lyapunov-based direct adaptive control framework
developed in Section 2.2 to suppress the effects of thermoacoustic instabilities in com-
bustion processes. The overall framework demonstrates that the proposed adaptive
controllers provide considerable robustness in suppressing thermoacoustic combustion

instabilities in the presence of parametric uncertainties in the model.

In order to develop a state space model for combustion processes that capture
the coupling between unsteady combustion and acoustics, we consider the mass, mo-
mentum, and energy conservation equations for a two phase mixture in a combustor.

Specifically, the conservation equations are given by [50]

0
a—f o, Vp=W, (2.78)
Ovg
P TP Vgt Vp=F, (2.79)
dp
BN +pV -vg +vg - Vp =P, (2.80)

where p is the local density of the mixture, v, is the local velocity of the gas phase, p
is the local pressure, v is the mixture ratio of specific heats, VW represents the mass
conversion rate of condensed phases to gases per unit volume, F is the force interaction
between the gas and condensed phases, P is the sum of heat release associated with
chemical reactions and energy transfer between the gas-liquid phase, V denotes the
nabla operator, and “-” denotes the dot product in R”. In this formulation we assume
that droplets are dispersed in the gas, which implies that, if p; and p, are the local

pressures of the liquid and gas phase, respectively, p; < pg, p = p, and hence [50]
p=pRT, (251)

where R is the gas constant for the mixture and T is the temperature of the gas.
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The framework for analyzing combustion instabilities is based on the conserva-
tion equations (2.78)—(2.80) for total mass, momentum, and energy, with the energy
equation written with the pressure as the dependent variable. Writing all dependent

variables as sums of mean () and fluctuating (-)’ parts given by

p(ri,7a,73,t) = p+p'(r1,72,73, 1), (2.82)
p(r1,r2,73,t) = p(ry,a,73) + p' (71,72, 73, 1), (2.83)
Vg (71,79, 73, 1) = Ug(r1,72,73) —|—Ué(7“1,7”2,7"3,t), (2.84)
Ty(ri,ro,rs,t) = Ty(ry,ra,73) —I—Tg’(rl,rz,rg,t), (2.85)

where (r1,rg,r3) represent generalized coordinates, and assuming that the average
values P, p, Ug, Ty do not vary with time and the average pressure p is uniform inside
the combustion chamber, a second-order approximation of (2.78)—(2.81) yields

1 82]?/
VZ r
P= 2o

=, n-Vp =-9, (2.86)

where @ = is the local average sound velocity inside the combustor, n is the

E
SISl

outward normal vector of the combustor chamber surface, and ¢ and ¢ are nonlinear
terms containing all physical processes of acoustic motions, mean flow, and combus-

tion under conditions with no external forcing [50].

To control combustion instabilities appropriate external forces are needed to influ-
ence the unsteady mass, momentum, and energy in the combustion chamber. Hence,
control forces are included in the conservation equations by modifying the nonhomo-
geneous terms of (2.78)—(2.80) to include control input terms of the form W, F., and
P., respectively. The specific forms of W,., F., and P. depend on the type of control
actuation used. In this case, (2.86) becomes

1 82 ! r 7T ’T 7t
V2! (r1,r2, 73, 1) — a2 a 1(‘)7522 »t) = (11,79, 73,1) + @c(r1,72,73, 1), (2.87)

- Vp' (ry,ma,13,t) = —9(r1, 72,73, t) — 0c(11, 72,73, 1), (2.88)
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where

1 0P,
Socév'f/ _PC

c a2 ot 79(: = _fé : TA% (289)

represent external inputs due to control actuation. Since the input terms in (2.87),
(2.88) are treated as small perturbations to the acoustic field, the solution for the
unsteady pressure field p'(ry, 79, 73,t) can be approximated by
oo
/ _
p(ri,re,m3,t) =p Z Nk () Yije (11,72, 73), (2.90)
1,5,k=0

where );;;, are the normal modes of the system forming a complete set of orthogonal

basis functions satisfying

0= Viu(r1,72,73) + kptbiju(ri, ra, 3), (2.91)
0= fl'vwijk(Tl,Tg,Tg), i,j,k:0,1,2,..., (292)
where kjji, i,7,k = 0,1,2,.. ., are the wave numbers defined by k; ;s = wi_j’“, and w;j,
1,7,k =0,1,2,..., are the natural frequencies. Now, using a Galerkin decomposition

it follows from (2.87), (2.90), and (2.91) that

gk + Wiikige = Fijk + i, (2.93)
where
@
Fijr = — = (/ SOl/ijdVvLj{ 19¢ijkd3) ; (2.94)
DLy, m Sm
2
1 IAAY

m m
)

El 2 /v V7Y (2.96)

where V,, is any arbitrary material volume within the continuum, &, is the surface
that encloses V,,, and dV and dS are the infinitesimal volume and surface elements,

respectively.
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Next, considering m point acoustic drivers (actuators) providing control excitation
Uq(t) at positions (741, ra2, 7a3), @ = 1,...,m, where we assume mass and momentum

are not controlled, i.e., W, = 0 and F. = 0, we obtain

Pc(r1, 12,73, 1) = —Z(Sa(rl,rg,rg)ﬂa(t), (2.97)
190(7’1,7"2,7’371;) = 07 (298)
where d,, a = 1,...,m, is the spatial delta function concentrated at (ry,re,r3) =

(Ta1,Ta2,7a3), @ = 1,...,m, with dimensions (length)™3. Using (2.97) and (2.98),
(2.95) becomes

_9 m
a/ A
uZ]k<t> - ]5E1—2 Z ua(t)wijk(rab Ta2, Ta3)' (299)
ijk q=1

Finally, using a one-dimensional combustor model whose geometry is such that
the longitudinal modes are decoupled from the transverse modes, it follows that the
index ¢ is the only index in the triple ¢, j, k that applies. Furthermore, we substitute
x for the generalized coordinates (ri,r,73) so that V = fo (r)dz, where A.(z)
represents the cross sectional area of the combustor and L is the combustor length.
In this case, (2.93) becomes
i (1) +win(t +Z intlp(t) +€iptlp(t) +ZZ WipgTlp (1)1 (1) +bipgnp (£)114(1)) = ws(t),

p=1 p=1 =1
(2.100)

where the constants d;;,, €;p, @ipg, and b;,, depend on the unperturbed mode shapes

and natural frequencies of the combustor [50], and the control input to the i*® mode

is given by
% = .
uilt) = T ; Ga()Yi(50), (2.101)
where E? = fo V(1) Ac(z)dx and x4, corresponds to the location of the a'" actuator.

To design a direct adaptive controller for combustion systems we concentrate on

the nonlinear combustion model developed above, with nonlinearities present due to
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the second-order gas dynamics. Furthermore, we assume that actuation is provided by
loud speakers while we measure pressure fluctuations via pressure-type microphones.

Now, using (2.100) and (2.101), a two-mode, nonlinear combustion plant model is

given by
l‘l(t) = l‘g(t), .2131(0) = X190, t Z 0, (2102)
ao(t) = w4(t),  22(0) = w20, (2.103)

i3(t) = 20123(t) — (W7 — 201w1) w1 (t) — Frias(t)wy(t) — Flox, (t)zo(t)

+%(¢1(1‘s1)@1(t) + U1(2s2)02(1)),  23(0) = 30, (2.104)
ZL’4(t) = 20(25(74(t) — (wg — 262W2)I2(t> — F21$§<t) — FQQQ:%(t)

oz (Va(20) 0 (t) + Ya(w)ia (1)), 24(0) = 249, (2.105)

where z1(t) = n1(t), z2(t) = n2(t), x3(t) = M(t), xa(t) = Mo(t), ui(t), 1 = 1,2, are
control input signals, «; = —%dii € R represents a growth/decay constant, 6; =

%Z— € R represents a frequency shift constant, w; and wy are the frequencies of the

: _ 3—2y _ 501 2 __y+3
first and second modes, respectively, F; = =5 Fis = Wi Fy = -5 and

Fh = 72_—710)% In the case where we consider a cylindrical combustor closed at both

ends with pure longitudinal modes, it follows that the first two modes are given by

0

For details of this formulation see [190]. For the nondimensionalized (using the time
factor 7, = wL/a) data parameters [63] oy = 0.0144, ap = —0.0559, ¢, = 0.0062,
0, = 0.0178, v = 1.2, w; = 1, wy = 2, and xy = [0.01, 0.1, 0, 0]T, the open-loop
(u;(t) = 0, i« = 1,2) dynamics (2.102)—(2.105) result in a limit cycle instability.

Figure 2.26 shows the state response versus time of the open-loop system.

To design a direct adaptive controller using Corollary 2.1, note that (2.102)—
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Figure 2.26: Open-loop state response versus time

(2.105) can be written in state space form (2.1) with z = [z, zo, 3, 24]7T,

3
Ty
20[1!133 — (w% — 201&)1)[[’1 — F11I31'4 — le‘lxg
20(2[[4 — (w% — 2(92&)2)1‘2 — F21£U§ — F22$%

fz) =

0 0
o 0 0
G(x)—ﬁ—E? wl(ﬂé’sﬁ wl(msz) 7

1/12($s1) ¢2($s2)

where «;, 0;, w;, Fj;, 4,5 = 1,2, and _E2(> 0) are assumed to be unknown. Here, we

parameterize f(z) as f(x) = [x3, T4, (O + O fu(x))T]T, where fu(z) = 1122, T374,
and

o, 3]t

0, — —(w% - 291&)1) 0 2&1 0
T 0 — (W2 —205w5) 0 20y |’

@ _ _F12 _F11 O 0
t 0 0 —Fy —Fy

are unknown constant matrices. Furthermore, we assume that loud speakers are
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placed at x5, = 2L and x5, = 3L so that B, and Gy (z) in G(z) = [0, G1(z)B,]" are

given by

B, = a* {ﬁ

_ﬁEQ g :| , Gn(l‘) = IQ.

T2
pEi

0
1
N
Next, let F'(z) = [27, fL(2)]T and K, = — ( a ) [0, — 6, —O ], where ©, € R***

is an arbitrary matrix, so that

fs(x) = { éz ] x = Agx,

where Ay = [0s, I5]. Now, with the proper choice of O, it follows from Corollary 2.1
that the adaptive feedback controller (2.26) with update law (2.27) guarantees that

x(t) — 0 as t — oo. Specifically, here we choose

-15 0 =25 O
On = 0O -5 0 —45 |’

and R = 214, so that P satisfying (2.21) is given by

2.6667 0 0.6667 0

0 2.2333 0 0.2000
0.6667 0 0.6667 0

0 0.2000 0 0.2667

P =

To illustrate the dynamic behavior of the closed-loop system, let a; = 0.0144,

as = —0.0559, 6; = 0.0062, 0, = 0.0178, v = 1.2, wy = 1, wy = 2, Y = 2[5, and

a
pE?

control law (2.26), (2.27) and initial conditions zy = [0.01, 0.1, 0, 0]T, K(0) = Oayxs

= 0.4. The response of the controlled system (2.1) with the adaptive feedback

is shown in Figure 2.27. Stability of the closed-loop system (2.1), (2.26), (2.27) is

guaranteed by Corollary 2.1. Note that the adaptive controller is switched on at

t = 300.

To illustrate the robustness of the proposed adaptive control law, we switch the
growth constant of the first mode from a; = 0.0144 to a; = 0.0720 at t = 600. The

closed-loop response is shown in Figure 2.28. Figure 2.29 shows the same change in
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Figure 2.27: Closed-loop state response versus time

the growth constant of the first mode with the switch occurring at ¢ = 350 while the

control law is still in process of adapting.

Finally, we change the transient parameters #; = 0.0062 and 6y = 0.0178 to
61 = 0.54 and 6y = 1.006 at t = 600. The closed-loop response is shown in Figure 2.30.
Note that this change corresponds to 8709% and 5651%, respectively, of the original
values of the parameters. The same change in the transient parameters occurring at

t = 350 is shown on Figure 2.31.

2.7. Conclusion

A direct adaptive nonlinear control framework for adaptive stabilization, distur-
bance rejection, and command following of multivariable nonlinear uncertain dynam-

ical systems with exogenous bounded disturbances and bounded energy L, distur-
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Figure 2.28: Closed-loop state response versus time

bances was developed. Using Lyapunov methods the proposed framework was shown
to guarantee partial asymptotic stability of the closed-loop system; that is, asymp-
totic stability with respect to part of the closed-loop system states associated with the
plant. Furthermore, in the case where the nonlinear system is represented in normal
form with input-to-state stable internal dynamics, the nonlinear adaptive controllers
were constructed without knowledge of the system dynamics. Finally, several illustra-
tive numerical examples were presented to show the utility of the proposed adaptive

stabilization and tracking scheme.
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Chapter 3

Robust Adaptive Control for
Nonlinear Uncertain Systems

3.1. Introduction

In Chapter 2 (see also [84,90,91]), a direct nonlinear adaptive control frame-
work for adaptive stabilization, disturbance rejection, and command following was
developed. In particular, a Lyapunov-based direct adaptive control framework was
developed that guarantees partial asymptotic stability of the closed-loop system; that
is, asymptotic stability with respect to part of the closed-loop system states associ-
ated with the plant. Furthermore, the remainder of the state associated with the
adaptive controller gains was shown to be Lyapunov stable. In the case where the
nonlinear system was represented in normal form [122] with input-to-state stable in-
ternal dynamics [122,222], the nonlinear adaptive controller was constructed without

requiring knowledge of the system dynamics.

As is the case in the adaptive control literature [12,121,147,176], the system er-
rors as characterized in Chapter 2 are captured by a constant linearly parameterized
uncertainty model of a known structure but unknown variation. This uncertainty

characterization allows the system nonlinearities to be parameterized by a finite lin-
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ear combination of basis functions within a class of function approximators such as
rational functions, spline functions, radial basis functions, sigmoidal functions, and
wavelets. However, this linear parametrization of basis functions cannot exactly cap-
ture the unknown system nonlinearity. In this Chapter, we generalize the results
given in Chapter 2 to nonlinear uncertain dynamical systems with constant linearly
parameterized uncertainty and nonlinear state-dependent uncertainty. Specifically,
we consider a robust adaptive control problem that guarantees asymptotic robust
stability of the system states in the face of structured uncertainty with unknown
variation and structured (possibly nonlinear) parametric uncertainty with bounded
variation. Hence, the overall adaptive control framework captures the residual ap-
proximation error inherent in linear parameterizations of system uncertainty via basis

functions.

3.2. Robust Adaptive Control for Nonlinear Uncertain Sys-
tems

In this section we introduce an adaptive feedback control problem for nonlinear
uncertain dynamical systems with constant linearly parameterized uncertainty struc-
ture and nonlinear state-dependent parametric uncertainty. Specifically, consider the

controlled nonlinear uncertain system G given by
2(t) = f(x(t)) + Af(z(t) + G(z(t)ult), 2(0) =z, ¢=0, (3.1)

where z(t) € R", t > 0, is the state vector, u(t) € R™, t > 0, is the control input,
f: R* — R" and satisfies f(0) = 0, Af : R* — R” and satisfies Af(0) = 0, and
G : R" — R™™. Here, we assume that f(-) and Af(-) are uncertain. In particu-
lar, the uncertainty in f(-) is captured by a constant linearly parameterized system
uncertainty model of a known structure but unknown variation, while A f(-) denotes

structured (possibly nonlinear) parametric uncertainty with bounded variation. The
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structured uncertainty Af(-) can effectively capture the residual approximation er-
ror inherent in the linear parameterization of the system uncertainty f(-) as well as
capture structured nonlinear (possibly state-dependent) uncertainty in the system of
known bounded variation. Here, we assume that A f(-) belongs to the uncertainty set

F given by

F={Af:R" - R": Af(z) = Gy(2)5(hs(z)), © € R", §(-) € A}, (3.2)
where A satisfies

A={5:R" - R™:5(0)=0, 6" (y)d(y) <m" (y)m(y), y € R"}, (3.3)

and where G5 : R" — R™™s and hs : R" — RPs satisfying hs(0) = 0, are fixed
functions denoting the structure of the uncertainty, 6 : R — R™s is an uncertain
function, and m : RP» — R™ is a given function such that m(0) = 0. The special case
m(y) =~y 'y, where v > 0, is worth noting. Specifically, in this case, (3.3) specializes
to

A={0:R¥ - R™ :§0) =0, 6T(y)5(y) <A %yTy, y e RPs }, (3.4)

which corresponds to a nonlinear small gain-type norm bounded uncertainty charac-

terization.

The control u(-) in (3.1) is restricted to the class of admissible controls consisting
of measurable functions such that u(t) € R™, ¢ > 0. Furthermore, for the non-
linear uncertain system G we assume that the required properties for the existence
and uniqueness of solutions are satisfied; that is, f(-), Af(-), G(-), and u(-) satisfy

sufficient regularity conditions such that (3.1) has a unique solution forward in time.

Theorem 3.1. Consider the nonlinear uncertain system G given by (3.1). As-
sume there exist a matrix K, € R™** and functions V; : R" — R, G :R" — Rm>xm,
F : R*" — R with F(0) = 0, and ¢ : R" — R’ such that V() is continuously
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differentiable, positive definite, radially unbounded, V;(0) = 0, ¢(0) = 0, and, for all

r e R™
0 = V/(2) fi(x) + (" (@)((x) + T(a), (3.5)
where
fo(@) £ f(2) + G(2)G(2) K F (). (3.6)
D(z) £ V)(2)Gs(2)G5 (2)V (2) +m™ (hs(x))m(hs(2)), (3.7)

Furthermore, let @ € R™*™ and Y € R**® be positive definite. Then the adaptive
feedback control law

u(t) = Ga() K () F (x(1)), (3:8)

where K (t) € R™** ¢ > 0, with update law
K(t) = —3QG" (x(1) G  (a()V, () F  (x(1))Y, K(0) = K,,  (3.9)

guarantees that the solution (x(t), K(t)) = (0, K,) of the closed-loop system given
by (3.1), (3.8), and (3.9) is Lyapunov stable for all Af(-) € F and ¢(z(t)) — 0 as
t — oo. If, in addition, (T(z)¢(x) > 0, z € R", x # 0, then x(t) — 0 as t — oo for all

xo € R" and Af(-) € F.

Proof. Note that with u(t), ¢ > 0, given by (3.8) and Af(-) € F it follows from
(3.1) that

or, equivalently,

() = fu(a(t) + Gsx(t))d(hs(2(t))) + Gla(1)) G (x() (K (1) — Kq) F(x(t)),
z(0) =x9, t>0. (3.11)
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To show Lyapunov stability of the closed-loop system (3.9) and (3.11) consider the

Lyapunov function candidate
Ve, K)=Vi(x) +tr Q' (K — K,)Y (K — K,)". (3.12)

Note that V(0, Kg) = 0 and, since V;(), @, and Y are positive definite, V(z, K') > 0
for all (z, K) # (0, K,). Furthermore, V(z, K) is radially unbounded. Now, letting
x(t), t > 0, denote the solution to (3.11) and using (3.5) and (3.9), it follows that the

Lyapunov derivative along the closed-loop system trajectories is given by

V(@ (t), K(1) = VZ(x(0)) [fu(a(t) + Gs(a(6)3(hs(a(2))
G () Ga(t) (K (1) ~ Ky Fla(t))]
+2trQ (K (t) — Ky )Y 'K (t)
= (T (@(®)((t)) — T(a(t) + Vi (x(t))Cala(£)8(hs(x(1)))
x| (K (1) — Kg) F(a()V (@ 0]

| (K (1) = Ko F(a(D)V, (@ ]

IN
|
(9

—
—~
&
—~
~
N—
N—
I~
—
&
—
~
N~—
N~—
|
|—
<

1V (@ () Gs(a ()G (1) VI (2(t)
=07 (hs((1)))d(hs(x(1))) + VI (2(t) Gs(2(t))d (hs(x(1)))

= —(M(@®)(x(t) = [5(hs(x(t)) — $GF @)V (@(1)]
- [0(Rhs(x(t))) — 5G5 (2 () VI (x(1))]
= (" (x(t))l(x(t))
<0, t>0, (3.13)

which proves that the solution (z(t), K(t)) = (0, K,) to (3.9) and (3.11) is Lya-

punov stable for all Af(-) € F. Furthermore, it follows from Theorem 2 of [42] that
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{(z(t)) — 0 as t — oo for all zy € R™ and Af(-) € F. If, in addition, £T(z)l(x) > 0,
x €R" x#0, then 2(t) — 0 as t — oo for all zp € R” and Af(-) € F. O

Remark 3.1. Note that in the case where (T(z)l(z) > 0, x € R", z # 0, the
conditions in Theorem 3.1 imply that z(t) — 0 as t — oo for all Af(-) € F and hence
it follows from (3.9) that (z(t), K(t)) — M 2 {(z, K) € R* x R™** : 2 = 0, K = 0}

as t — oo.

Remark 3.2. Note that I'(x) given by (3.7) serves as a bounding function for
the uncertain set F in the sense that I'(-) bounds F. To see this, note that for all

x € R™ and §(-) € A,

0 < [3(hs(x)) = 2GT @)V (2)] " [8(hs()) = 4G5 )V (w)]
= 0" (hs(2))d(hs(x)) + 1V (2)G5(2)G5 (@) VI (@) — VI (2)Gs(2)d(hs())
< m" (hs(x))m(hs(2)) + VI (2)Gs(2)Gg (2)V] (2) — V() Af ()

< I(z) = Vi(z)Af (),

which shows that V/(z)Af(z) < I'(x) for all z € R™ and Af(-) € F. For further
details see [76].

It is important to note that the adaptive control law (3.8) and (3.9) does not
require explicit knowledge of the gain matrix K,; even though Theorem 3.1 requires
the existence of K, along with the construction of F(x), G(z), and Vi(z) such that
(3.5) holds. Furthermore, no specific structure on the nonlinear dynamics f(z) is
required to apply Theorem 3.1; all that is required is the existence of F'(x) such that
(3.5) holds. However, if (3.1) is in normal form with asymptotically stable internal
dynamics [122], then we can construct functions V; : R* — R, F': R" — R®, with

F(0) =0, and G : R” — R™™ such that (3.5) holds without requiring knowledge of
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the system dynamics f(z). To see this assume that the nonlinear uncertain system

G is generated by
0" (1) = fu(a®)+ A fus@®)+D Gegpla®)ui(t), >0, i=1,-,m, (3.14)
j=1

where q= [qlv T 7Q§r1_1)a oy Qmy 7q%m_1)]T7 q(o) = qo, Qz(n) denotes the rgh deriva-

tive of ¢;, and r; denotes the relative degree with respect to the output ¢;. Here
we assume that the square matrix function Gs(g) composed of the entries Gy; ;(q),
i,j = 1,---,m, is such that det Gs(q) # 0, ¢ € R”, where # = r{ + -+ + 1, is the
(vector) relative degree of (3.14). Furthermore, since (3.14) is in a form where it does
not possess internal dynamics, it follows that # = n. The case where (3.14) possesses

input-to-state stable internal dynamics can be handled as shown in Section 2.2.

T T
Next, define z; = [(Ji; T (ri_ﬂ yi=1,.m, Ty S [qi“_”, e 7(]7(5”1_1)} )

i

and z £ [z, ,:vglﬂ]T, so that (3.14) can be described as (3.1) with

fo) = Ao+ fw). af) = | e | o= | Y L )

where
=[] o[

Ay € R=m)%7 s g known matrix of zeros and ones capturing the multivariable con-
trollable canonical form representation [43], and f, : R* — R™ and Af, : R* — R™
are unknown functions. Here, we assume that f,(x) is unknown and is parameterized
as fu(x) = ©fy(z), where f, : R — R? and satisfies f,(0) =0, © € R™*? is a matrix
of uncertain constant parameters, and Af,(-) € F,, where F, is assumed to be of the
form given by (3.2) with §(-) € A satisfying (3.3). More generally, Af(-) need not
have the form given by (3.15). In particular, any parametric nonlinear uncertainty

can be considered so long as Af(-) € F.

Next, to apply Theorem 3.1 to the uncertain system (3.1) with f(x) and G(x)
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given by (3.15) and Af(-) € F, let K, € R™**, where s = g + r, be given by
K, =[0, -0, d,], (3.16)

where ©, € R™*? and ¢, € R™*" are known matrices, and let

P,

where f, : R" — R” and satisfying f,(0) = 0 is an arbitrary function. In this case, it

F(z) = { (3.17)

follows that, with G(z) = G (x),

S

folx) = f(z) + G(2)G(2) K F (x)
_ +[0 o m} G () [ Oufale) — Oful(w) + Py fulz) ]

[ ey 618

Now, since ©, € R™ and &, € R™*" are arbitrary constant matrices and
fu : R — R” is an arbitrary function we can construct K,, Vi(z), and F(z) with-
out knowledge of f(z) such that the (3.5) holds. In particular, choosing ©, f,(z) +
O, fu(z) = Az, where A € R™" it follows that (3.18) has the form f,(z) = Agz,
where A, = [AT, AT)T is in multivariable controllable canonical form. In addition,
in the case where Af(+) is linear; that is, Af(z) = BsACsz, where opa(A) < 471,
the adaptive controller (3.8) can be constructed to guarantee robustness using linear
guaranteed cost robust control theory [23]. Specifically, choosing fs(z) = Asz, where
A is asymptotically stable and in multivariable controllable canonical form, it follows
from standard robust control theory [23] that if there exists a positive-definite matrix

P satisfying the Riccati equation
0=A'P+ PA,+~?PBs;B; P+ C; Cs + R, (3.19)

where R is a positive-definite matrix, then the adaptive feedback controller (3.8)

guarantees that (3.11) is globally asymptotically stable for all Af(:) € F with Gs(x) =
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Bs, hs(z) = Csz, 5(y) = Ay, and m(y) = v~ 'y. In this case, with V;(z) = 2T Pz, the

update law for the adaptive controller (3.8) is given by

K(t) = —QG" (@) G (e(t) Pr() FT (2(1))Y, K(0) =Ko (3.20)

Next, we consider the case where f(z), Af(z), and G(x) are uncertain. Specif-
ically, we assume that G(z) is such that Gs(x) is unknown and is parameterized as
Gs(x) = ByGy(z), where G, : R — R™*™ is known and satisfies det G,,(z) # 0,
xr € R" and B, € R™™ with det B, # 0, is an unknown symmetric sign-definite
matrix but the sign definiteness of B, is known; that is, B, > 0 or B, < 0. For
the statement of the next result define B, £ [Omx(n,m),lm]T for B, > 0, and

Bo 2 [Opxnmy, —Im] - for B, < 0.

Corollary 3.1. Consider the nonlinear system G given by (3.1) with f(z) and
G(z) given by (3.15), Af(-) € F, and Gs(x) = B,Gy(x), where B, is an unknown
symmetric matrix and the sign definiteness of B, is known. Assume there exist a
matrix K, € R™** and functions V; : R” — R, F': R" — R®, with F'(0) = 0, and
¢ : R" — R* such that V,(-) is continuously differentiable, positive definite, radially
unbounded, V;(0) = 0, £(0) = 0, and (3.5) holds. Finally, let Y € R**® be positive

definite. Then the adaptive feedback control law
u(t) = GoH (@) K () F(2(1)), (3:21)
where K (t) € R™** ¢ > 0, with update law

K(t) = =3B, V. (2() FT (2(t))Y, K(0) = Ko, (3.22)

-2
guarantees that the solution (x(t), K(t)) = (0, Ky) of the closed-loop system given
by (3.1), (3.21), and (3.22) is Lyapunov stable for all Af(-) € F and ¢(z(t)) — 0 as
t — oo. If, in addition, ¢T(z)¢(x) > 0, z € R", z # 0, then x(t) — 0 as t — oo for all
xg € R" and Af(-) € F.
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Proof. The result is a direct consequence of Theorem 3.1. First, let é’(w) =
G 1(z) so that G(2)G(x) = [Omx(n_m), Bu]". Next, since Q is an arbitrary positive-
definite matrix, @ in (3.9) can be replaced by ¢|B,|™', where ¢ is a positive constant
and |B,| = (B?)z, where (-)z denotes the (unique) positive-definite square root.
Now, since B, is symmetric and sign definite it follows from the Schur decomposi-
tion that B, = UDg,U", where U is orthogonal and Dg, is real diagonal. Hence,
|Bo| PG (2)GT(2) = [Ox(nm), Im) = By, where Z,,, = I, for B, > 0 and Z,, = —1,,,

for B, < 0. Now, (3.9), with ¢qY replaced by Y, implies (3.22). O

3.3. Adaptive Absolute Stabilization for Nonlinear Uncer-
tain Systems

In this section we introduce an adaptive absolute stabilization problem. The goal
of this problem is to determine an adaptive controller that stabilizes an uncertain
system with state-dependent nonlinearities that belong to a given unknown sector W.

Specifically, we consider the controlled nonlinear uncertain system G given by
z(t) = Azx(t) + By(y(t)) + Bu(t), z(0) =z, t>0, (3.23)
y(t) = Cux(t), (3.24)
where z(t) € R™, t > 0, is the state vector, u(t) € R™, ¢t > 0, is the control input,
y(t) € R™ t >0, is the system output, and ¥ (-) € ¥, where
T2 {yY:R" = R":9(0) =0,y [¥(y) + My] <0,y €eR™},  (3.25)

and M € R™™ is an unknown matrix. If M = diag[M,,---, M,,] is diagonal, then

the sector condition characterizing W is implied by the scalar sector conditions
bily)ys < —Miy?, yi €R, i=1,---,m, (3.26)

where 1;(y) and y; are the ith components of 1(y) and y, respectively. Hence, the

adaptive absolute stabilization problem is reminiscent to the classical absolute sta-
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Figure 3.1: Adaptive absolute stabilization problem

bility problem [179] with the key difference being that the plant dynamics are not
assumed to be known nor is the sector, characterized via M, assumed to be known
(see Figure 3.1). For the statement of the next result recall the definitions of minimum

phase and weakly minimum phase given in [33].

Theorem 3.2. Consider the controlled nonlinear uncertain system G given by
(3.23) and (3.24). Assume det(CB) # 0 and assume G, with ¢ (y) = 0, is weakly
minimum phase. Furthermore, let ) € R™*™ and Y € R"™*™ be positive definite.

Then the adaptive feedback control law
u(t) = K(t)y(t), (3.27)
where K (t) € R™*™ ¢ > 0, with update law
K(t) = =Qu(t)y" (1)Y, K(0) = Ko, (3.28)

guarantees that the solution (x(t), K(t)) = (0, Ky + M) of the closed-loop system
given by (3.23), (3.27), and (3.28) is Lyapunov stable for all ¢(-) € ¥. If, in addition,
G, with ¢(y) = 0, is minimum phase, then z(t) — 0 as t — oo for all 2y € R" and
P(-) €.
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Proof. Since det(CB) # 0 and G, with ¥(y) = 0, is weakly minimum phase it
follows from Theorem 2 of [60] (see also [126]) that there exist matrices P € R™*™,

L € RP™ and K, € R™*™ with P positive definite, such that

0= (A+ BK,C)'P+ P(A+ BK,C)+ L"L, (3.29)

0=B"P-C. (3.30)
Next, with u(t), t > 0, given by (3.27) and (-) € ¥ it follows from (3.23) that
#(t) = Az(t) + By (y(t)) + BE(t)y(t), (0) =z, t>0, (3.31)
or, equivalently,
#(t) = (A+ BK,C)z(t)+ Bo(y(t)) + BK () — K)y(t), (0) =z, ¢>0. (3.32)

To show Lyapunov stability of the closed-loop system (3.28) and (3.32) consider the

Lyapunov function candidate
V(r,K) =2 Pz +trQ (K — Ky — M)Y YK — K, — M)™. (3.33)

Note that V (0, K;+ M) = 0 and, since P, (), and Y are positive definite, V' (z, K) > 0
for all (z,K) # (0, Ky + M). Furthermore, V(z, K) is radially unbounded. Now,
letting x(t), t > 0, denote the solution to (3.32) and using (3.28)—(3.30), it follows

that the Lyapunov derivative along the closed-loop system trajectories is given by

V(x(t), K(t) = 227 (t)P[(A + BE,C)x(t) + Bi(y(t)) + B(K (1) — Ky)y(t)]
+2trQ N (K (t) — Ky — M)Y 'K (t)
+2[y" () My(t) —y" () My(t)]
= —a(t)L" La(t) + 227 () CT(y (1)) + 2y* (1) My(t)
+22 (H)CT(K (1) — Kg)y(t) — 2y* (1) My(t)
=2t (K (t) — Ky — M)y(t)y" (t)]
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= —x(t)LTLa(t) + 24" (z) [ (y(t)) + My(t)]
2t (K () — Ky — M)y(t)y" ()]
—2a(K(t) — Ky — M)y(t)y* (t)]

< —x"(t)LT La(t)

<0, t>0, (3.34)

which proves that the solution (z(t), K(t)) = (0, Ky + M) to (3.28) and (3.32) is
Lyapunov stable for all ¢(-) € W. Furthermore, it follows from Theorem 2 of [42]
that Lz(t) — 0 ast — oo for all zg € R™ and ¢(-) € ¥. If, in addition, G is minimum
phase, then it follows that LTL > 0 and hence z(t) — 0 as t — oo for all zp € R

and (-) € W. 0

Next, we consider a nonlinear version to Theorem 3.2. Specifically, consider the

controlled nonlinear uncertain system G given by

2(t) = flx(t) + Gx(0)P(y(t) + Gle(@)u(t), x(0) =zo, ¢=0, (3.35)

y(t) = h(z(t)), (3.36)

where z(t) € R™, t > 0, is the state vector, u(t) € R™, ¢t > 0, is the control input,
y(t) € R™ t > 0, is the system output, f : R" — R" and satisfies f(0) = 0,
G : R" - R™™ and 9(-) € W. For the statement of the next result recall the

definitions of passivity [33] and exponential passivity [39].

Theorem 3.3. Consider the controlled nonlinear uncertain system G given by
(3.35) and (3.36). Assume G, with ¥ (y) = 0, is exponentially passive with a contin-
uously differentiable storage function V; : R" — R such that V;(+) is positive definite
and radially unbounded. Furthermore, let ) € R™™ and Y € R™*™ be positive

definite. Then the adaptive feedback control law

u(t) = K(t)y(t), (3.37)



where K (t) € R™*™ ¢ > 0, with update law

K(t) = —Qyt)y" (1)Y, (3.38)

guarantees that the solution (z(t), K (t)) = (0, M) of the closed-loop system given by
(3.35), (3.37), and (3.38) is Lyapunov stable for all ¢(-) € ¥ and z(t) — 0 as t — oo

for all o € R™.

Proof. Since G, with ¥(y) = 0, is exponentially passive with a continuously
differentiable storage function V; : R” — R such that V;(-) is positive definite and
radially unbounded, it follows from [111] that, for all z € R", there exist £ : R" — R

and € > 0 such that

0= V/(z)f(x) +eVi(z) + (X (x)l(z), (3.39)

0= V/(2)G(z) — h" (). (3.40)
Next, with u(t), t > 0, given by (3.37) and ¥ (-) € ¥ it follows from (3.35) that

w(t) = flz(t) + G(x(t)y(h(x(t) + Gl @) K (D)h(x(t)), x(0) =z, ¢=0.
(3.41)
To show Lyapunov stability of the closed-loop system (3.38) and (3.41) consider the

Lyapunov function candidate
Vv, K) = Vi(z) + trQ (K — M)Y Y (K — M)™. (3.42)

Note that V' (0, M) = 0 and, since Vi(-), @, and Y are positive definite, V' (z, K) > 0
for all (z, K) # (0, M). Furthermore, V (z, K) is radially unbounded. Now, Lyapunov
stability of the closed-loop system (3.38) and (3.41) as well as z(t) — 0 as t — oo for
all zop € R" and ¢(-) € ¥ follows as in the proof of Theorem 3.2. O
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3.4. Illustrative Numerical Examples

In this section we present two numerical examples to demonstrate the utility of

the proposed direct robust adaptive control framework.

Example 3.1. Consider the nonlinear uncertain system given by

{ s 1 B { —éf(ltgt)je((; fi%{ffﬁl@ } + [ S — } u(t),

2

[w1<8§ } _ [”Cw } . t>0, (3.43)

T20
where «, 3,¢,b,01,02 € R are unknown with ¢; € [—2,2] and d; € [—1,1]. Note that
(3.43) can be written in the form of (3.1) with f(x) = [z9, =871 + e(a — x3)xs]",

Af(x) = [0121(t) + 6a22(1),0]T, and G(x) = [0, —5—]". Here, we assume that f(z)

) 1+a?+a3
and A f(r) are unknown and can be parameterized as f(x) = |19, 0121 +0s20+0323 5]t
and Af(x) = BsACsz, where 0y, 05, and 653 are unknown constants and B; = [1,0]7,
Cs = I, and A = [d1,85]. Note that (3.2) is satisfied with m(Csz) = 7 'Csz =
2. Furthermore, we assume that sgnb is known. Next, let G,(x) = 1/(1 + 22 +

23), F(z) = [a:l,xg,x%xQ]T, and K, = 3 [0, — 01,00, — 02, —03], where 0,,,, 0,, are

arbitrary scalars, so that

[ Ony — 01,00, — 03, —05 ] F(x)

>

o = s+ |y Jasatea

1+x%+x%
0 1
- { 0. o, 11; (3.44)

Now, with the proper choice of ,, and 6,,, it follows from Corollary 3.1 that if there
exists P > 0 satisfying (3.19), then the adaptive feedback controller (3.21) guarantees
that z(t) — 0 as t — oo for all Af(-) € F. Specifically, here we choose 6,, = —100,

0n, = —10, and R = I5, so that P > 0 satisfying (3.19) is given by

14.6347 0.2777
P= 0.2777 0.1287 |~ (345)
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Figure 3.2: Phase portrait of controlled and uncontrolled system
Witha =1, =1,¢ =2,b=3, 6 =021, 6o = 08, Y = 0.5, and initial
conditions z(0) = [1,1]T and K(0) = [0,0, 0], Figure 3.2 shows the phase portrait of
the controlled and uncontrolled system. Note that the adaptive controller is switched
on at t = 15 sec. Figure 3.3 shows the state trajectories versus time and the control

signal versus time. Finally, Figure 3.4 shows the adaptive gain history versus time.

Example 3.2. Consider the nonlinear uncertain system given by

it'l (t) 51371 (t) + l'g(t)
1’2 (t) _ (52372 (t) + (53263 (t) + l’4(t)
(L’g(t) (l1$1(t) + agxg(t) + 01$3<t)$4<t) + C3X1 (t)l’g(t)
T4(t) ago(t) + asgwa(t) + cox?(t) + cyxi(t)
0 0 21(0) 10
0 0 x2(0) Tag
+ b u(t), , t>0, (3.46
0 om0 Q 3(0) 30 (3.46)
coshbi4(t) 0 I‘4(O) L40
where ay,---,a4,¢1,- -, ¢4, b1,b2,01,02,03 € R are unknown, b; and by are positive,

and 0, € [—1,1], 62 € [-1,1], and 05 € [—2,2]. Note that (3.46) can be written in the
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Figure 3.3: State trajectories and control signal versus time
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Figure 3.4: Adaptive gain history versus time
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form of (3.1) with f(z) = [x3, 24, a171 + a3T3 + 17172 + C3T3T4, 2Ty + A4y + Cox? +

C4x§]T7 Af(z) = [0121, 0222 + 531337070]T7 and

0 0
0 0
G(:U) = 0 - b
by +s(1)n T3
cosh x4

Here, we assume that f(z), Af(z), and G(x) are unknown and can be parameterized

as
f(x) = [x3, 24, 0121 + O35 + O52109 + O34, 09 + O44 + 0722 + Og?] T,
0 ——
Af(z) = BsACsz, Glo)=| 2 ) ) T |
0 b2 cosh x4 0
where 6;, i = 1,---,8, are unknown constants and Bs = [I5,0,]T, Cs5 = [I3,03x1],
and A = [ %1 (? (;) } . Note that (3.2) is satisfied with m(Csz) = v~ 'Csx = 2Csz.
2 03
Next, let
0 cosh x4 T
Gn(]:) - 2+ sin 0 :| ) F(.T) = [JIT,I1[E27.T3$4,LU%,.T§,} ,
—1
b0
Ky = { 0 by ]
| Onyy =01 Ony, Onps — 03 Oy, —05 —0s O 0 ]
Oy Opnpy — 02 Oy Oy — 04 O 0 —6; —b6g |’
where 0,,,,i=1,2, j =1,---,4, are arbitrary scalars, so that
B by 0 0 5 0 cosh x4 by 077"
fs(ﬁ)—f(x)jL[O bg]{ﬁ 0 ’ 2 + sin x3 0 0 b
On,, — 01 Ony, Onyy — 03 Ony, —05 —0s O 0
l O, Ongy — O Ony b 0, 0 0 —0. —g | T
0 0 1 0
0 0 0 1
I R (340
01’121 6n23 91’123 91’124

Now, with the proper choice of 6, , i = 1,2, j = 1,---,4, it follows from Corollary

3.1 that if there exists P > 0 satisfying (3.19), then the adaptive feedback controller
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(3.21) guarantees that z(t) — 0 as ¢ — oo for all Af(-) € F. Specifically, here we
02 P

—100L, —101, and R = I4, so that P > 0 satisfying (3.19) is given

choose Ag =

by
14.6347  0.0000  0.2777 0.0000

0.0000  6.0200  0.0000 0.0554
P=1 02777 —0.0000 0.1287 0.0000 | (3.48)

0.0000  0.0554 —0.0000 0.0556
With ay = —9, ag = —14, as = 02, ay = —6, bl = 3, bg = 5, Cc1 = 02, Cy = 07,

cg = —1.5, ¢4 = 0.9, 64 = 0.7, 6o = 0.6, 63 = 1.6, Y = I, and initial conditions
z(0) = [1,0,0,0]T and K(0) = 0yxs, Figure 3.5 shows that the phase portraits of
the controlled and uncontrolled system. Note that the adaptive controller is switched
on at t = 6 sec. Figure 3.6 shows the state trajectories versus time and the control

signals versus time.

3.5. Conclusion

A direct robust adaptive control framework was developed for a class of nonlinear
uncertain dynamical systems with constant linearly parameterized uncertainty and
nonlinear state-dependent uncertainty. The proposed framework is Lyapunov-based
and captures the residual approximation error inherent in standard adaptive control

methods predicated on linear parameterizations of system modeling uncertainty.
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Chapter 4

Adaptive Control for Nonlinear
Uncertain Systems with Actuator
Amplitude and Rate Saturation
Constraints

4.1. Introduction

In light of the increasingly complex and highly uncertain nature of dynamical sys-
tems requiring controls, it is not surprising that reliable system models for many high
performance engineering applications are unavailable. In the face of such high levels
of system uncertainty, robust controllers may unnecessarily sacrifice system perfor-
mance whereas adaptive controllers are clearly appropriate since they can tolerate far
greater system uncertainty levels to improve system performance. However, an im-
plicit assumption inherent in most adaptive control frameworks is that the adaptive
control law is implemented without any regard to actuator amplitude and rate satura-
tion constraints. Of course, any electromechanical control actuation device is subject
to amplitude and/or rate constraints leading to saturation nonlinearities enforcing
limitations on control amplitudes and control rates. As a consequence, actuator non-

linearities arise frequently in practice and can severely degrade closed-loop system
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performance, and in some cases drive the system to instability. These effects are even
more pronounced for adaptive controllers which continue to adapt when the feedback
loop has been severed due to the presence of actuator saturation causing unstable

controller modes to drift, which in turn leads to severe windup effects.

The research literature on adaptive control with actuator saturation effects is
rather limited. Notable exceptions include [1,7,129,134,186,191,244|. However, the
results reported in [1,7,134,186,191,244] are confined to linear plants with amplitude
saturation. Many practical applications involve nonlinear dynamical systems with
simultaneous control amplitude and rate saturation. The presence of control rate
saturation may further exacerbate the problem of control amplitude saturation. For
example, in advanced tactical fighter aircraft with high maneuverability requirements,
pilot induced oscillations [109,171] can cause actuator amplitude and rate saturation

in the control surfaces, leading to catastrophic failures.

In this Chapter we develop a direct adaptive control framework for adaptive track-
ing of multivariable nonlinear uncertain systems with amplitude and rate saturation
constraints. In particular, we extend the Lyapunov-based direct adaptive control
framework developed in Chapter 2 (see also [84,90,91]) to guarantee partial asymp-
totic stability of the closed-loop tracking system; that is, asymptotic stability with
respect to the closed-loop system error states associated with the tracking error dy-
namics, in the face of actuator amplitude and rate saturation constraints. Specifically,
a reference (governor or supervisor) dynamical system is constructed to address track-
ing and regulation by deriving adaptive update laws that guarantee that the error
system dynamics are asymptotically stable and the adaptive controller gains are Lya-
punov stable. In the case where the actuator amplitude and rate are limited, the
adaptive control signal to the reference system is modified to effectively robustify

the error dynamics to the saturation constraints and thus guaranteeing asymptotic
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stability of the error states.

4.2. Adaptive Tracking for Nonlinear Uncertain Systems

In this section we consider the problem of characterizing adaptive feedback track-
ing control laws for nonlinear uncertain systems. Specifically, we consider the con-

trolled nonlinear uncertain system G given by
i(t) = f(z@t) + G(z(t))u(t), x(0) =z, t=0, (4.1)

where z(t) € R™, t > 0, is the state vector, u(t) € R™, ¢ > 0, is the control input,
f:R" - R" and G : R® — R™™. The control input u(-) in (4.1) is restricted to
the class of admissible controls such that (4.1) has a unique solution forward in time.
Here, we assume that a desired trajectory (command) z4(t), ¢ > 0, is given and the
aim is to determine the control input wu(t), t > 0, so that lim; ., ||z(t) — za(¢)]] = 0.

To achieve this, we construct a reference system G, given by
() = Ay (t) + Ber(t),  2.(0) =, t>0, (4.2)

where z,(t) € R", t > 0, is the reference state vector, r(t) € R™, t > 0, is the reference
input, and A, € R™" and B, € R™"™ are such that the pair (A,, B;) is stabilizable.
Now, we design u(t), ¢ > 0, and a bounded piecewise-continuous reference function
r(t), t > 0, such that lim; . ||z(t) — z.(¢)|| = 0 and lim;— ||z (t) — za(t)|| = 0 so
that lim; o ||2(¢) — 24(t)|| = 0. The following result provides a control architecture
that achieves tracking error convergence in the case where the dynamics in (4.1) are
known. The case where G is unknown is addressed in Theorem 4.2. For the statement

of this result define the tracking error e(t) = z(t) — x.(t).

Theorem 4.1. Consider the nonlinear system G given by (4.1) and the reference

system G, given by (4.2). Assume there exist gain matrices K, € R™™ and K, €
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R™** and functions G :R" — R™m and F : R" — R such that

0= G(2)G(x)K, — B, z€R" (4.3)

0= f(z)+ B Ky F(z) — A, xe€R", (4.4)
hold. Furthermore, let K € R™*™ be given by
K=—-R;'B'P, (4.5)
where the n x n positive-definite matrix P satisfies
0=A'P+ PA, — PB.R;'B'P + Ry, (4.6)

and Ry € R™™ and Ry, € R™*™ are arbitrary positive-definite matrices. Then the

feedback control law
u(t) = Ga(t) Ki(r(t) + Ko F(x(t) + Ke(t)), (4.7)
guarantees that the zero solution e(t) = 0 of the error dynamics given by

é(t) = (f(=(t) + Glz(®)u(t) — (Awz(t) + Ber(t),  e(0) =20 — 2 S €0, 20,

(4.8)
is globally asymptotically stable.
Proof. Using the feedback control law given by (4.7), (4.8) becomes
é(t) = (Ar+ G(a() Ga() K K)e(t)

(G (2 (1))G(a(t) K1 Ko F(a(t) + f(2(1)) — Awe(t))

+(G(z(t)G(z(t) Ky — B)r(t), e(0) =ey, t>0. (4.9)
Now, using (4.3) and (4.4), it follows from (4.9) that

é(t) = (A + B.K)e(t), e(0)=-eg, t>0. (4.10)

110



Finally, since (A, B;) is stabilizable and R; > 0, it follows from standard linear-
quadratic regulator theory that A, + B, K, with K given by (4.5), is Hurwitz. Hence,

the zero solution e(t) = 0 to (4.8) is globally asymptotically stable. O

Theorem 4.1 provides sufficient conditions for characterizing tracking controllers
for a given nominal nonlinear dynamical system G. In the next result we show how
to construct adaptive gains K;(t) € R™ ™ t > 0, and Ks(t) € R™** ¢ > 0, for
achieving tracking control in the face of system uncertainty. For this result we do
not require explicit knowledge of the gain matrices K; and K. o; all that is required is
the existence of K7 and K, such that the compatibility relations (4.3) and (4.4) hold.

Furthermore, we shall require that det K; #0.

Theorem 4.2. Consider the nonlinear system G given by (4.1) and the reference
system G, given by (4.2). Assume there exist gain matrices K, € R™™ and K, €
R™** with det K, # 0, and functions G:R" - R™™ and F : R* — R?, with
det G(x) # 0, z € R", such that (4.3) and (4.4) hold. Furthermore, let K € R™*"
be given by (4.5), where P > 0 satisfies (4.6). In addition, let Q1,2 € R™*™ be

positive definite. Then the adaptive feedback control law
u(t) = G(m(t))Kl(t)(r(t) + Ky(t)F(z(t)) + Ke(t)), (4.11)
where K (t) € R™™ t > 0, and Ky(t) € R™** ¢t > 0, with update laws

K\(t) = —K,(H)Q1 BT Pe(t)u™ ()G~ (x () K, (t), (4.12)

K(t) = —QaB; Pe(t)F* (x(t)), (4.13)

guarantees that there exists a neighborhood D C R™ x R"™*™ x R™*% of (O,Kl,
K,) such that if (e(0), K1(0), K5(0)) € D, then the solution (e(t), K1 (1), Ky(t)) =
(0, K1, K3) of the closed-loop system given by (4.11)-(4.13) is Lyapunov stable and
e(t) — 0 as t — oo.
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Proof. With u(t), ¢t > 0, given by (4.11) it follows from (4.3), (4.4), (4.12), and

(4.13), that the error dynamics e(t), t > 0, are given by

é(t) = (A + BiK)e(t) + By(K7 ' — K (8) G (@(t))u(t) + Bo(Ka(t) — K2) F(x(1)),

e(0) =€y, t>0. (4.14)

To show Lyapunov stability of the closed-loop system (4.11)—(4.14), consider the

Lyapunov function candidate

Ve, K1, Ks) = " Pe+tr(K7 = KT ) TQTH KT — KTY) 4 tr( Ky — Ko) T Q5 (K — Ky),

(4.15)
where P > 0 satisfies (4.6). Note that V'(0, f(l,f(g) = 0 and, since P, )1, and Qs
are positive definite, V(e, K1, K3) > 0 for all (e, K1, K3) # (O,Kl,kQ). Now, letting
e(t), t > 0, denote the solution to (4.14), using (4.6), (4.11)—(4.13), and using the
fact that $(K'(t)) = — K7 (t) K, (t) K7 (t), it follows that the Lyapunov derivative
along the closed-loop system trajectories is given by

V(e(t), Ki(t), Ka(t)) = e (t)Pe(t) + €' (t) Pe(t)
r2tr(K = KN0)) QS (=K (1))
+2tr( Ky (t) — Ko) T Q5 Koy (t)

= T (t)P(A; + B.K)e(t) + e (t)(A; + B.K) Pe(t)
+2e" () PB(K' — K (8) G (2(8))u(?)
126" (1) PB,(Ky(t) — Ky) F(x(t))
—2tr(K7 " = K (1) "B Pe(t)u”™ ()G (x(t))
—2tr(Ky(t) — Ko) " BY Pe(t)FT (x(t))

= —e"(t)(R1 + KTRyK)e(t)
+260 G (w(8) Ju(t)e" (8 PB.(KT ' — K{'(1))
+2trF(2(t))e T (1) PB.(Ky(t) — K>)

112



—2trG Y (z(t))u(t)eT () PB. (KTt — K7(t))
—2trF(2(t))e” () PB, (K, (t) — K>)
= —e"(t)(R; + KTRyK)e(t)

<0, t>0, (4.16)

which proves that there exists a neighborhood D C R"™ x R™*™ x R™*4 of (0, K, Kz)
such that if (e(0), K1(0), K5(0)) € D, then the solution (e(t), K;(t), K»(t)) = (0, Ky,
K>) of the closed-loop system given by (4.11)—(4.14) is Lyapunov stable. Furthermore,
since By + KTRyK > 0, it follows from Theorem 2 of [42] that e(t) — 0 as t — oo

for all (e(0), K1(0), K5(0)) € D. 0

Remark 4.1. Note that the conditions in Theorem 4.2 imply that e(t) — 0 as
t — oo and hence it follows from (4.12) and (4.13) that (e(t), K1(t), Ky(t)) — M =
{(e, K1, K,) € D CR" x R™™ x R™%s - ¢ =0, K; =0, Ky =0} as t — 0.

Remark 4.2. Note the Lyapunov function candidate (4.15) is not radially un-
bounded with respect to K;, and hence Theorem 4.2 provides local stability guar-
antees. However, if G(x), x € R", is known, then Ki(t), t > 0, can be taken to be
the constant gain matrix K, so that (4.12) is superfluous. In this case, the adap-
tive feedback control law (4.11) with update law (4.13) guarantees that the solution
(e(t), Ka(t)) = (0, K3) of the closed-loop system given by (4.11), (4.13), and (4.14)
is Lyapunov stable and e(t) — 0 as t — oo for all eg € R". For further details see

Chapter 2 (see also [84,90,91]).

It is important to note that the adaptive law (4.11)—(4.13) does not require explicit
knowledge of the gain matrices K, and K,. Furthermore, no specific structure on
the nonlinear dynamics f(x) and G(z) are required to apply Theorem 4.2; all that

is required is the existence of F(z) and G(z) such that the compatibility relations
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(4.3) and (4.4) hold for a given reference system G,. The compatibility conditions
(4.3) and (4.4) provide a generalization to the stronger conditions already existing
in the literature required for tracking control using feedback linearization techniques.
However, if (4.1) is in normal form with asymptotically stable internal dynamics [122],
then we can always construct functions G:R" - R™™ and F : R* — R?*, with
det G(x) # 0, € R, and a stabilizable pair (A,, B;) such that (4.3) and (4.4) hold
without requiring knowledge of the system dynamics. To see this assume that the

nonlinear uncertain system G is generated by

0" (1) = fua®) + 3 Gaap (@®)us(t), £20, i=T1oom, (417)
j=1
where q= [qla e 7Q§r1_1)a iy Qmy 7qgm_l)]T7 q(o) = qo, QZ(TZ) denotes the r;h deriva-

tive of ¢;, and r; denotes the relative degree with respect to the output ¢;. Here
we assume that the square matrix function Gs(g) composed of the entries Gy; ;(q),
i,j = 1,---,m, is such that det Gs(q) # 0, ¢ € R”, where # = r{ + -+ + 1, is the
(vector) relative degree of (4.17). Furthermore, since (4.17) is in a form where it does
not possess internal dynamics, it follows that # = n. The case where (4.17) possesses
input-to-state stable internal dynamics can be handled as shown in Section 2.2.

T T
Next, define Z; = |:Qi7"'7qz'(Ti_2)i| ,Z' = 17"'7777/; Tm+1 = [qgrl_l)a"'ngm_l) ;

and z £ [2], .- ,x%H]T, so that (4.17) can be described as (4.1) with

f(z) = Az + fu(z), G(z)= l O%ﬂ;fn } : (4.18)

where
~ Ao = O(n_
A= : () = (n—m)x1 :
|: Omxn :| f ( ) |: fll(x)
Ay € R(=mxn g 5 known matrix of zeros and ones capturing the multivariable

controllable canonical form representation [43], and f, : R — R™ and G : R" —

R™*™ are unknown functions. Here, we assume that f,(z) and Gs(z) are unknown and
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are parameterized as f,(7) = Oz + O fu(7), where fy : R® — R?, Gy(z) = ®Gy(2),
where Gy : R® — R™™ and satisfies det G5(z) # 0, x € R, and ©, € R™*",
O € R4 and & € R™*™, with det® # 0, are matrices of uncertain constant

parameters.

Next, to apply Theorem 4.2 to the uncertain system (4.1) with f(z) and G(x)
given by (4.18), let B, = [O(H,m)xm,BrsT}T, where B, € R™*™ is invertible, let
A = [A0T7@HT7 where ©, € R™" is a known matrix, let K, € R™**, where
s =mn 4+ q, be given by

Ky = B3 [0, — 6, —0y], (4.19)

and let

F@g::[ﬁix)]. (4.20)

G(z)G(x)K, = B, (4.21)
and

.ﬂ$%+BJ%FW@=:A$+fM$%+{Omﬂm””}Bgl[@ﬂ*—Gﬂ——@whA@]

= Az, (4.22)

where A, is in multivariable controllable canonical form. Hence, choosing A, and B,
such that (A,, B;) is stabilizable and choosing R; > 0 and Ry > 0, it follows that

there exists a positive-definite matrix P satisfying the Riccati equation (4.6).
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4.3. Adaptive Tracking with Actuator Amplitude and Rate
Saturation Constraints

In this section we extend the adaptive control framework presented in Section 4.2
to account for actuator amplitude and rate saturation constraints. Recall that The-
orem 4.2 guarantees that the tracking error e(t), t > 0, converges to zero; that is,
the state vector x(t), ¢ > 0, converges to the reference state vector z.(t), ¢ > 0.
Furthermore, it is important to note that z,(t), t > 0, does not directly appear in the
control signal u(t), ¢ > 0, given by (4.11), which depends on the reference input r(t),
t > 0. However, since for a fixed set of initial conditions there exists a one-to-one
mapping between the reference input r(¢), ¢ > 0, and the reference state x,(t), t > 0,
it follows that the control signal (4.11) guarantees convergence of the state z(t), t > 0,
to the reference state z,(t), t > 0, corresponding to the specified reference input r(t),
t > 0. Of course, the reference input r(t), t > 0, should be chosen so as to guarantee
asymptotic convergence to a desired state vector xq4(t), t > 0. However, the choice
of such a reference input r(¢), ¢ > 0, is not unique since the reference state vector
x,(t), t > 0, can converge to the desired state vector x4(t), ¢t > 0, without matching

its transient behavior.

Now, we provide a framework wherein we construct a family of reference inputs
r(t), t > 0, with associated reference state vectors z,(t), t > 0, that guarantee that
a given reference state vector within this family converges to a desired state vector
x4(t), t > 0, in the face of actuator amplitude and rate saturation constraints. We
begin by solving for r(t), t > 0, from the control law (4.11) using the assumption that
K, (t), t > 0, is nonsingular to obtain the reference input as a function of the control

input

r(t) = KP' G Y@ (t)ult) — Kot F(a(t)) — Ke(t), ¢>0.  (4.23)
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Next, we assume that the control signal is amplitude and rate limited so that
umin,i S uz(t) S umax,i and umin,i S uz(t) S umax,ia t 2 07 1= 17 U Where uz(t>
and 1;(t) denote the ith component of u(t) and w(t), respectively, and wmin ;; Umax i

Umin i, AN Uyayx; are given such that umin ; < Umax i, Umini < Umax,i- For the statement

of our main result the following definitions are needed. For i € {1,---,m} define
T;(t) £ min{umax i, wi(t — €) + Umaxi€}, t >0, (4.24)
w;(t) = max{umin s, Wi (t — €) + Umin €}, ¢ >0, (4.25)

where € > 0 is an arbitrary time which can be chosen as small as desired. The
introduction of the infinitesimal time ¢ > 0 is necessary since the time derivative of
x(t), t > 0, and the time derivative of u(t), t > 0, are not available. However, since
x(t) and u(t) are known at all times, estimates of these derivatives can be obtained

with any specified accuracy. Now, define

wi(t), if () < wu(t) < (),
o(u(t)) = < w(t),  if wi(t) > (), i=1,---,m, t>0. (4.26)
wi(t), ifui(t) <u(t),

It follows from (4.24) and (4.25) that if w,(t) < w;(t) < w;(t) at time t € [0, 00),
then wu;(t) satisfies both the amplitude and rate saturation constraints. Finally, for
the statement of our main theorem we define the component decoupled diagonal

nonlinearity (u) by

S(u(t)) £ diaglo(ui(t)), o(uz(t)), ..., o(un(t))], t>0. (4.27)

Theorem 4.3. Consider the controlled nonlinear system G given by (4.1) and the
reference system G, given by (4.2). Assume there exist gain matrices K, € R™™ and
K, € R™* with det K; # 0, and functions G:R" - R™™ and F : R” — R*, with
det G(x) # 0, 2 € R, such that (4.3) and (4.4) hold. Furthermore, let K € R™*" be

given by (4.5), where P > 0 satisfies (4.6). In addition, for a given desired reference
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input r4(t), t > 0, let the reference input r(¢), ¢ > 0, be given by
r(t) = K7t ()G Hx ()2 () — Ko () F(x(t) — Ke(t), ¢>0, (4.28)
where

wH(t) = Gz(t) K1 () (r*(t) + Ko () F(z(t)) + Ke(t)), (4.29)

7 (t) = ra(t) + A(r(t) —ra(t)), r*(0)=r;, t>0, (4.30)

and where A € R™*™ is Hurwitz. Then the adaptive feedback control law (4.11), with
update laws (4.12) and (4.13) and reference input r(t), ¢t > 0, satisfying (4.28)—(4.30)

guarantees that:

i) There exists a neighborhood D C R™ x R™*™ x R™*# of (0, K, Kg) such that if
(e(0), K1(0), K5(0)) € D, then the solution (e(t), K1 (t), Ks(t)) = (0, K1, Ks) of
the closed-loop system given by (4.11)—(4.13) is Lyapunov stable and e(t) — 0

as t — oo.
1) Umin; < Ui(t) < Upax; forallt >0andi=1,...,m.
’LZZ) umin,i S uz(t) S umax’i for all ¢ 2 0 and 7 = 1, oo, M.

iv) If there exists t* > 0 such that u*(t), t > t*, does not violate the amplitude and
rate saturation constraints, then lim; . ||7(¢) — ra(¢)|| = 0 and lim;_, o ||z () —

zq(t)]] = 0.

Proof. i) is a direct consequence of Theorem 4.2 with r(t), ¢ > 0, satisfying

(4.28)—(4.30). To prove ) and 74) note that it follows from (4.11) and (4.28) that

~

u(t) = G(x(t)) K1 (t)(r(t) + Ko (t)F(x(t)) + Ke(t))
= G(a(t) Ky (t) | K ()G (a(t)S(ur (1))

= S(ur(t), t>0, (4.31)



which implies u;(t) = o(uf(t)), i = 1,---,m. Hence, if the control input w}(t),
i € {1,---,m}, does not violate the amplitude and rate saturation constraints at
time ¢t € [0,00), then it follows from (4.26) that u;(t) = u}(¢) at time t € [0, 00).

Alternatively, if ul(t), i € {1,---,m}, violates one or more of the input amplitude

and/or rate constraints at time ¢ € [0, 00), then (4.26) and (4.31) imply

1) ui(t) = Umax; if ©)(t) > Umax i
2) ui(t) = Umin; if uf(t) < Umin 3

3) 5(t) = T if L) 5 s and Ui s < 1) () < tmaxs; and

€

. . . () —u*(t— .
4) 0;(t) = Upmin; if wmuilt=9 o Uin i AN Unin ; < U () < Upaxi;

€

which guarantee that tmin; < %;(t) < Umax,; and Umin; < ui(t) < Umax,; for all £ > 0
and i = 1,---,m. Finally, to show iv) let t* > 0 be such that X(u*(t)) = u*(¢), t > t*.
In this case, 7(t) = K7 ()G Y (x(t))u*(t) — Ky(t)F(z(t)) — Ke(t) = r*(t), t > t*.
Hence, it follows from (4.30) that 7(t) — 7q(t) = A(r(t) — ra(t)), t > t*, which, since
by assumption A € R™*™ is Hurwitz, guarantees that lim; ., ||r(¢) — rq(t)|| = 0 and

hence limy_, ||z, (t) — zq(t)|| = 0. O

Note that it follows from Theorem 4.3 that if the desired reference input rq(%),
t >0, is such that the actuator amplitude and/or rate saturation constraints are not
violated, then r(t) = rq(t), t > 0, and hence z(t), t > 0, converges to zq(t), t > 0.
Alternatively, if there exists ¢* > 0 such that the desired reference input drives one
or more of the control inputs to the saturation boundary, then r(t) # rq(t), t > t*.
In this case however, (4.30) guarantees that lim;_ ||7(t) — 7a(t)|| = 0 so long as the
time interval over which the control input remains saturated is finite. If this is not
the case, then our approach cannot guarantee convergence of the reference input r(t),

t > 0, to the desired reference r4(t), t > 0. Of course, if there exists a solution to
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the tracking problem wherein the input amplitude and rate saturation constraints are
not violated with the proposed controller when the tracking error is within certain

bounds, then our approach is guaranteed to always work.

4.4. Illustrative Numerical Examples

In this section we present two numerical examples to demonstrate the utility of the
proposed direct adaptive control framework for adaptive stabilization and tracking in

the face of actuator amplitude and rate saturation constraints.

Example 4.1. Consider the uncertain controlled Liénard system given by

)+ u(z(t)—a)2(t)+Bz(t) +vytanh(z(t)) =bu(t), 2(0) =2y, 2(0) =2y, t>0,

(4.32)
where p, ., 3,7,0 € R are unknown. Note that with 1 = 2z and 2, = 2, (4.32)
can be written in state space form (4.1) with z = [z, 20T, f(x) = [22, —Bz1 —
ytanhz; — p(rt — a)zs]T, and G(x) = [0,0]T. Here, we assume that f(x) and G(z)
are unknown and can be parameterized as f(x) = [z, 0z + Oy tanh xy + Opoxixs)T
and G(x) = b[0, 1]T, where §, € R?, 0,4, € R, and 0,4, € R are unknown. Next, let
F(z) = [27, tanh(z1), 2i2)T, A, = [AT, 007, B, = [0,1]T, G(z) = 1, K, = %, and

Ky, = [0n — 6, =01, —Op5], where Ag = [0,1] and 6, is an arbitrary vector, so that

G2)C(2) Ky = {2].1%:“]:3“

F(@) + BRaF (@) = fla) + [

:{?j]x

= Arx>

:| [Gn — 9@, —enél, _QMQ]F(x)

and hence (4.3) and (4.4) hold. Now, it follows from Theorem 4.3 that the adaptive

feedback controller (4.11) guarantees that e(t) — 0 as t — oo in the face of input
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Figure 4.1: Stabilization of the Liénard system with no saturation constraints

amplitude and rate saturation constraints. Specifically, here we choose 0, = [—4, —4],

R; = 100015, and Ry = 1, so that K and P satisfying (4.5) and (4.6) are given by

p_ [ 10275 279
—| 279 287

} , K=[-2719 —28.7]. (4.33)

To analyze this design we assume that y =2, a=1,=1,v=1,b=3, @ = 1,
Q2 = I, e = 1075 with initial condition z(0) = [1, 1]T. First, we consider a regulation
problem; that is, stabilization to the origin. Figure 4.1 shows the case where no input
saturation constraints are considered and Figure 4.2 shows the case where U, =
—Umin = 0.7 and Upmay = —Umin = 2. Note that the adaptive controller is switched on

at t = 15 sec with z.(15) = z(15), K;(15) = 0.1, and K,(15) = [0,0,0,0]".

Next, we consider the case where we seek to track zq(t) = sint. Figure 4.3 shows
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Figure 4.2: Stabilization of the Liénard system with amplitude and rate saturation
constraints

the case where no input saturation constraints are considered and Figure 4.4 shows
the case where tUpmaxy = —Umin = 0.7 and Upax = —Umin = 2. It is interesting to
note that at the given amplitude and rate saturation levels the control signal remains
periodically saturated and hence our formulation cannot guarantee that x,,(t) —
xq(t) as t — oo. However, our approach provides a “close” agreement between the

desired signal to be tracked and the achieved tracked signal for the given saturation

levels. In the case where we slightly relax the saturation levels to tyax = —Umin = 0.75
and Umax = —Umin = 2, our approach guarantees perfect tracking (see Figure 4.5).
Finally, we note that in the case where .y = —Umin = 0.75 and Uyax = —Umin = 2

and the adaptive controller of Theorem 4.2 is used without the reference input as in
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Figure 4.3: Tracking of the Liénard system with no saturation constraints

Theorem 4.3, the closed-loop system is unstable and neither regulation nor tracking

can be achieved.

Example 4.2. Consider the nonlinear dynamical system representing a controlled

rigid spacecraft given by
i(t) = -1, ' X La(t) + I, 'ut), x(0) =z, t>0, (4.34)

where x = [z, 15, 23]T represents the angular velocities of the spacecraft with respect
to the body-fixed frame, I, € R3*3 is an unknown positive-definite inertia matrix
T

of the spacecraft, u = [uy, us, ug]" is a control vector with control inputs providing

body-fixed torques about three mutually perpendicular axes defining the body-fixed
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Figure 4.4: Tracking of the Liénard system with amplitude and rate saturation
constraints

frame of the spacecraft, and X denotes the skew-symmetric matrix

0 —XI3 T9
A
X = T3 0 —T
—X2 T 0

Note that (4.34) can be written in state space form (4.1) with f(z) = —I; ' XL,z
and G(x) = I . Since f(z) is a quadratic function, we parameterize f(z) as f(z) =
O fu(z), where O, € R3*® is an unknown matrix and f(z) = [z}, 23, 23, 2129,

Toxs, 23217, Next, let F(z) = [27, 8%, B, = I, G(z) = B, = I, G(z) = I,
K, = Iy, and Kg[Ar, —O ], so that

G(2)G(2) Ky = I7 I, = Is = B,

f(@) + BKoF () = f(x) + I3[ A, =0y | Fla) = Ay,
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Figure 4.5: Tracking of the Liénard system with amplitude and rate saturation
constraints

and hence (4.3) and (4.4) hold. Now, it follows from Theorem 4.3 that the adaptive
feedback controller (4.11) guarantees that e(t) — 0 as t — oo when considering input

amplitude and rate saturation constraints. Specifically, here we choose

0 1 0
A=1 0 0 1|,
-8 —12 —6
Ry = 10013, and Ry = 0.113, so that K and P satisfying (4.5) are given by
3.2219  0.1384 —0.3097 —32.2188 —1.3837  3.0974
P=1] 01384 32932 —-04234 |, K= | —1.3837 —32.9325 4.2344
—0.3097 —0.4234 2.5623 3.0974 4.2344  —25.6229
To analyze this design we assume that
20 0 09
[b: O 17 O 5 Ql :Q2:[3,
09 0 15
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Figure 4.6: Angular velocities versus time

¢ = 1075, with initial condition z(0) = [0.4,0.2, —0.2]T. Furthermore, we consider a
regulation problem and switch the adaptive controller on at ¢ = 15 sec with z,(15) =
x(15), K1(15) = 0.113, and K5(15) = 03x9. Figure 4.6 shows the angular velocities
versus time for the case where no saturation constraints are enforced and the case
where Upax = —Umin = 1 and Upax = —Umin = 0.5. Figure 4.7 shows the corresponding

control inputs and their time rate of change.

4.5. Conclusion

A direct adaptive nonlinear tracking control framework for multivariable nonlin-
ear uncertain systems with actuator amplitude and rate saturation constraints was
developed. By appropriately modifying the adaptive control signal to the reference
system dynamics, the proposed approach guarantees asymptotic stability of the error

system dynamics in the face of actuator amplitude and rate limitation constraints.
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Finally, two numerical examples were presented to show the utility of the proposed

adaptive tracking scheme.
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Chapter 5

Adaptive Reduced-Order Dynamic
Compensation for Nonlinear
Uncertain Systems

5.1. Introduction

In this chapter a direct adaptive reduced-order dynamic compensation framework
for nonlinear uncertain dynamical systems is developed. In particular, a Lyapunov-
based direct adaptive fixed-order dynamic compensation framework is developed that
guarantees partial asymptotic stability of the closed-loop system; that is, asymptotic
stability with respect to part of the closed-loop system states associated with the plant
and compensator states. Furthermore, the remainder of the states associated with
the adaptive dynamic controller gains are shown to be Lyapunov stable. In the case
where the controlled nonlinear system is represented in normal form [122] with input-
to-state stable internal dynamics [122,222], the proposed nonlinear adaptive dynamic
controller is constructed without requiring knowledge of the system dynamics. Finally,
we emphasize that the direct adaptive stabilization framework presented herein builds
on the nonlinear adaptive control results developed in Chapter 2 and is distinct from
the methods given in [12,121, 136,139, 176] predicated on model reference adaptive

control.
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5.2. Adaptive Dynamic Control for Nonlinear Uncertain Sys-
tems

In this section we begin by considering the problem of characterizing adaptive
reduced-order dynamic feedback control laws for nonlinear uncertain dynamical sys-

tems. Specifically, consider the nonlinear uncertain system G given by
i(t) = flx(t) + Gz(t))ul(t), ©(0)=xo, t=0, (5.1)

where z(t) € R™, t > 0, is the state vector, u(t) € R™, ¢ > 0, is the control input,
f:R" — R™ and satisfies f(0) =0, and G : R" — R™™. Furthermore, consider the

n-order adaptive dynamic compensator G, given by

Te(t)

u(t)

Ac(B)ze(t) + Bo®)x(t), we(0) = 2eqs >0, (5.2)

G(2(t)[Ce(t)ze(t) + De(t) F(x(t))], (5:3)

where x.(t) € R™, t > 0, is the compensator state, A, : R — R™*" B.: R — R"*"
Ce: R — R™" D, : R — R"™5, G:R" — R™™ and F : R"™ — R® and satisfies
F(0) = 0. For the nonlinear system G and the dynamic compensator G. we assume
that the required properties for the existence and uniqueness of solutions are satisfied;
that is, f(), G(-), Ac(+), Bc(+), and u(-) satisfy sufficient regularity conditions such
that the closed-loop system given by (5.1)—(5.3) has a unique solution forward in

time. For the statement of the next result define 7 £ n + n..

Theorem 5.1. Consider the nonlinear system G given by (5.1) and the adaptive
dynamic compensator G, given by (5.2), (5.3). Assume there exist matrices A, €
Rme*ne B, € R™*" Cp € R™" D, € R™* and functions V; : R" — R,
G:R" — R™™ F:R" — R* with F(0) = 0, and £ : R* — R’ such that Vi(-) is

continuously differentiable, positive definite, radially unbounded, V;(0) = 0, £(0) = 0,
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and, for all z € R",

0= V(&) f(&) + (" (@)(), (5.4)

where
f@ e | HOE A ﬁa(mlcx , (5.5)
fu(z) £ f(z) + G(2)G(2) Deg F (). (5.6)

Furthermore, let Q; € R™ ™ ¢=1,---,4, Y] € R"%*" Y, € R"*", Y3 € R™*" and
Y, € R**¢ be positive definite. Then the adaptive dynamic feedback controller (5.2),

(5.3), with update laws

Al = ~3@ G ORT o, 57
Bult) = Qz%Zj(())wT(t)Yz, 59
Cult) = 3G al0) - G (O 59
Dt) = ~3QUE )G w) G- GO Y, (610

guarantees that the solution (Z, A, B, Ce, D) = (0, Acg, Beg, Ceg, Deg) of the closed-
loop system given by (5.1)-(5.3), (5.7)—(5.10) is Lyapunov stable and ¢(Z(t)) — 0 as
t — oo. If, in addition, /Y (Z)¢(Z) > 0, T # 0, then z(t) — 0 and z.(t) — 0 as t — oo

for all (zg,zc) € R™ x R".

Proof. Note that with the dynamic controller (5.2), (5.3), it follows from (5.1)
that
(2(1))Ce(t)e(t) + G (a(t) G (1) De(t) F(x(t))

Ac(t)zc(t) + Be(t)x(t) ’
x(0) = xg, 2.(0) =zco, t >0, (5.11)

—
8
=
[
Il
—
=
&
=
=
+
2
&
=
)
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or, equivalently,

G(2(1))G(a(t)(Ce(t) — Ceg)e(t) + G((1))G(a(t))(De(t) — Deg) F((1))
(Ac(t) = Acg)e(t) + (Be(t) — Beg)x(t) ’

#(0) =&, t>0. (5.12)

To show Lyapunov stability of the closed-loop system (5.7)—(5.10) and (5.12) consider

the Lyapunov function candidate

V(% Ac, B, Ce, D)
= Vi(2) + trQy (Ae — A Yy (Ae — Acg) T +t1 Q5 (Be — Beg)Yy (B — Beg)®

Hr Q3" (Ce — Co) Yy (De = Cog) " + t1 Q' (De — Deg )Yy (De = Cg) ™. (5.13)

Note that V(0, Acg, Beg, Ceg, Deg) = 0 and, since Vi(+), Q;, and Y;, i = 1,---,4, are
positive definite, V(Z, A¢, B, Ce, D) > 0 for all (z, A, B., Ce, D) # (0, Acg, Beg, Ceg,
D.,). Furthermore, V(z, A, B., Ce, D.) is radially unbounded. Now, letting z(t), t >
0, denote the solution to (5.12) and using (5.4)—(5.10), it follows that the Lyapunov

derivative along the closed-loop system trajectories is given by

V(#(t), Ac(t), Be(t), Ce(t), De(t))

- VEO)ILG®)
( G (1) Gl (1)) (Celt) — Ceg)re(?) >
i) |\ GG (Delt) — Do) F(a(t))
(Aclt) — Acg)elt) + (Bult) — Beg)a()
1200 Q7 (Aclt) — Ag)Yi M AL(1) + 200 Q5 (Be(t) — Beg) Vs B (1)

- B
+2tr Q31 (Ce(t) — Cog)Ys 'CF (1) + 2tr Q1M (De(t) — Deg) Yy ' DY (1)

=~ (@(1))((t)
ovr
_'_

5= (#(0) [ Gla() Gla(®)(Celt) = Cop)relt)

+G ()G (@) (De(t) — Deg) F(a(t
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Ox.
] (400~ Ao 05 60)] = 1 (B0~ Boya(0 5 a10)
—tr| (Cu(t) ch):cc(t>aa—‘§<:E(t))G(x<t))@(x<t))}
] (Dult) ~ D) F(a(0) G GO)GLa 1) G0
= —E0)GE)
<0, t>0, (5.14)

which proves that the solution (Z(t), Ac(t), Be(t), Ce(t), De(t)) = (0, Acg, Beg, Cegy Deg)
to (5.7)—(5.10), and (5.12) is Lyapunov stable. Furthermore, it follows from Theo-
rem 2 of [42] that £(%(t)) — 0 as t — oo. Finally, if /T(2)¢(Z) > 0, T € R, & # 0,

then Z(t) — 0 as t — oo for all 7, € R™. O

Remark 5.1. Note that in the case where (T(2){(Z) > 0, T € R", & # 0,
the conditions in Theorem 5.1 imply Z(t) — 0 as t — oo and hence it follows
from (5.7)-(5.10), using F(0) = 0, that (Z(t), Ac(t), Be(t), Ce(t), D(t)) — M =
{(&, Ac, B, C, Do) € R x Rnexne i ReXn 5 RmXne 5 Rm*s - 7 = (), A, = 0, B, =
0, C. =0, DC:O} as t — oo.

It is important to note that the adaptive dynamic controller (5.2), (5.3), (5.7)—
(5.10), does not require explicit knowledge of the gain matrices Acg, Beg, Ceg, and Deg:
even though Theorem 5.1 requires the existence of Ac, Beg, Ceg, and D, along with
the construction of F(z), G(z), and V,(Z) such that (5.4) holds. Furthermore, if (5.1)
is in normal form with asymptotically stable internal dynamics [122], then we can
always construct the gain matrices Aeg, Beg, Ceg, Deg, and the functions V; : R — R,

G :R" — R™™ and F : R" — R*, with F(0) = 0, such that (5.4) holds without

requiring knowledge of the system dynamics. To see this assume that the nonlinear
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uncertain system G is generated by

00" () = fuila®) + D Gaap(@®)us(t), >0, i=1,--,m, (5.15)
=1
where ¢ = [q1, - - - ,qYl_l), G, ,qgm_l)]T, q(0) = qo, qfri) denotes the r deriva-

tive of ¢;, and r; denotes the relative degree with respect to the output ¢;. Here
we assume that the square matrix function Gs(g) composed of the entries Gy; ;(q),
i,j = 1,---,m, is such that det Gs(q) # 0, ¢ € R”, where # = r{ + -+ + 1, is the
(vector) relative degree of (5.15). Furthermore, since (5.15) is in a form where it does
not possess internal dynamics, it follows that # = n. The case where (5.15) possesses

input-to-state stable internal dynamics can be handled as shown in Section 2.2.

T T
Next, define ZT; = |:Q7J T 7qi(7"i*2)i| 5 1= 17 e, My Tl = |:qu171)7 e 7(]7(7:77171) ;

and z £ [z, ,:B%_H]T, so that (5.15) can be described as (5.1) with

f(z) = Az + fu(z), G(z)= l OWGS@;T" } : (5.16)

where

A=l | R =] e
Ay € R(=mx7 g a known matrix of zeros and ones capturing the multivariable
controllable canonical form representation [43], fu(x) is an unknown function and
satisfies f,(0) = 0, and Gg : R" — R™ ™. Here, we assume that f,(x) is unknown
and is parameterized as f,(z) = O f,(z), where f, : R" — R? and satisfies f,(0) = 0,

and © € R™*? is a matrix of uncertain constant parameters.

Next, to apply Theorem 5.1 to the uncertain system (5.1) with f(x) and G(x)
given by (5.16), let D., € R™**, where s = ¢ + r, be given by
Dy =[0,—-0, 9,1, (5.17)
where ©,, € R™* and ®, € R™*" are known matrices, and let G(z) = G'(z) and

F(z) = { ;:8 ] : (5.18)

134



where fn : R™ — R" and satisfies fn(O) = 0 is an arbitrary function. In this case, it

follows that

fil@) = f(@) + G(2)G(x) DgF()
#] e ]| 6w [ 0uu(e) - 04 + 0fae) |

. O(nfm)xl
— Az + { 0L ()1 B f () ] . (5.19)

Now, since ©, € R™% and &, € R™*" are arbitrary constant matrices and

A~

fo : R — R" is an arbitrary function we can always construct Acs, Beg, Ceg, Deg,

Vi(Z), and F(x) without knowledge of f(z) such that (5.4) holds. In particular,

choosing O, fu(x) + @y fu(z) = Az, where A € R™*" it follows that

PN AS écg ~ A f o~
fs(x) = [ Bcg Acg } T = AS:E,
where A = [AOT,AT]T is in multivariable controllable canonical form and C’Cg =

[O(n—m)xn., Coy] - Hence, choosing A, Aeg, Beg, and C, such that A, is asymptotically

stable, it follows from converse Lyapunov theory that there exists a positive-definite

matrix P satisfying the Lyapunov equation
0=ATP + PA, + R, (5.20)

where R is positive definite. In this case, with V(%) = 7 PZ, where

- P P
P‘[P@ PJ’

P, € R Py € R™ e Py € R"*™ the adaptive dynamic feedback controller (5.2),

(5.3), (5.7)—(5.10), or, equivalently,

Ad(t) = —Qu(Pha(t) + Pare(D))al (1)Y1, (5.21)
Bo(t) = —Qa(Pha(t) + Pare(D))2" (1)Y3, (5.22)
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Cc(t) = —Q3(Pix(t) + Pzc(t)xl (1)Ys, (5.23)

De(t) = ~Qu(Prar(t) + Proao(t) F* (2(1)) Y, (5.24)

guarantees global asymptotic stability of the nonlinear uncertain dynamical system

(5.1) where f(z) and G(z) are given by (5.16).

Next, we consider the case where f(x) and G(x) are uncertain. Specifically, we
assume that Gg(x) is unknown and is parameterized as Gs(x) = BuyGy(z), where
G, : R" — R™™ is known and satisfies det G,(z) # 0, x € R", and B, € R™"™,
with det B, # 0, is a symmetric sign definite matrix but the sign definiteness of B,
is known; that is, B, > 0 or B, < 0. For the statement of the next result define

By & [Omx(n_m), ]m}T for B, > 0, and By, & [Omx(n_m), —Im}T for B, < 0.

Corollary 5.1. Consider the nonlinear system G given by (5.1) and the adap-
tive dynamic compensator G. given by (5.2) with f(z) and G(x) given by (5.16) and
Gs(x) = B,Gp(x), where B, is an unknown symmetric matrix and the sign defi-
niteness of B, is known. Assume there exist matrices A, € R™*" B, € R"*",
Ceg € R™ " D, € R™** and functions V : R = R, £: R" — R and F': R" — R*,
with F'(0) = 0, such that V,(+) is continuously differentiable, positive definite, radially
unbounded, V;(0) = 0, £(0) = 0, and (5.4) holds. Finally, let Q; € R™™ i = 1,2
Y] € R*m Yy, € R™", Y3 € R™*" and Y, € R**® be positive definite. Then the

adaptive dynamic feedback controller

Te(t) = Ac(t)zc(t) + Be(t)z(t), xc(0) =xcp, t>0, (5.25)

u(t) = G (@(t)[Ce(t)ac(t) + De(t) F(x(t))], (5.26)

with update laws

Adt) = —1Q——=-(&(t))zr (t)Y1, (5.27)

Bu(t) = 10,2 (5(8)a" (1) Ya, (5.28)



ovr

Celt) = —5Bo—5 2 (T(0)d ()Y, (5.20)
Dult) = ~5Bo = (5 (0) " (1) Ve (5.30)

guarantees that the solution (Z, A, B, Ce, D) = (0, Acg, Beg, Ceg, Deg) of the closed-
loop system given by (5.1), (5.25)—(5.30) is Lyapunov stable and ¢(Z(¢)) — 0 as
t — oo. If, in addition, ¢*(Z)¢(Z) > 0, x # 0, then z(t) — 0 and x.(t) — 0 as t — oo

for all (zg, zc9) € R™ x R".

Proof. The result is a direct consequence of Theorem 5.1. First, let é(x) =
G7(z). Next, since Q3 and Q4 are arbitrary positive-definite matrices, Q3 in (5.9)
and Qg in (5.10) can be replaced by g3|B,|™! and q4|B.|™!, respectively, where g3, qu
are positive constants and |B,| = (B2)2, where (-)2 denotes the (unique) positive-
definite square root. Now, since B, is symmetric and sign definite it follows from
the Schur decomposition that B, = UDg U™, where U is orthogonal and Dp, is real
diagonal. Hence, |B,|*B" = [0ynx(n—m): Zm] = By, where Z,,, = I, for B, > 0 and
Ly = —1,, for B, < 0. Now, (5.9) and (5.10), with ¢3Y3 and ¢,Y} replaced by Y3 and
Yy, imply (5.29) and (5.30), respectively. O

It is important to note that if, as discussed above, D, and F'(x) are constructed

to give fs(z) = A% in (5.5), then considerable simplification occurs in Corollary 5.1.
P Py

Specifically, in this case V(&) = ZT PZ, where P = T

} > 0 satisfies (5.20),
and hence (5.27)—(5.30) become

A(t) = —Q1(PLa(t) + Poxc(t) X (1)Y1, (5.31)
B.(t) = —Qy(PLa(t) + Poxc(t)z™ (1)Ys, (5.32)
Ce(t) = —Bo(Pye(t) + Prowe(t))ad (1)Ys, (5.33)
De(t) = —Bo(Pya(t) + Prowe(t))F™ (2(t))Ya. (5.34)
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5.3. Illustrative Numerical Examples

In this section we present two numerical examples to demonstrate the efficacy of

the proposed adaptive reduced-order dynamic compensation framework.

Example 5.1. Consider the uncertain controlled Van der Pol oscillator given by
2(t) —e(1 — az?(t)2(t) + Bz(t) = bu(t), =2(0) =z, 2(0)=2, t>0, (5.35)

where ¢, , 3,0 € R are unknown. Note that with z; = z and 25 = 2, (5.35) can be
written in state space form (5.1) with x = [z1, 29]T, f(x) = [12, —Bz1 +e(1—az?)zs] T,
and G(z) = [0,0]". Here, we assume that f(x) is unknown and can be parameterized
as f(x) = [x2, 0121+ 0219 +93x%x2]T, where 04, 05, and 03 are unknown constants. Fur-

thermore, we assume that sgn b is known. Next, let F'(z) = [z1, 22, J;fxz]T ,Gh(x) =1,

and Dg, = % [On, — 01,64, — 02, —03], where 0,,,,0,, are arbitrary scalars, so that

fs(z) = [ (9(311 912 :| L.

Now, with the proper choice of 0,,, th,, Acg, Beg, Ceg, it follows from Corollary
5.1 that the adaptive dynamic feedback controller (5.25) and (5.26) guarantees that

Z(t) — 0 as t — oo. Specifically, here we choose n. = 2, 0,, = 6,, =0,

0 1 0 0
Ae=| g J )0 B | s som | Ca=l10]

so that
0 1 0 0
~ 0 0 1 0
A= 0 0 (5.36)
—-1.5 —6.25 —-875 —5
Furthermore, we choose R = I; so that P satisfying (5.20) is given by
3.1048 3.7560 1.9845 0.3333
P 3.7560 7.4708 4.3958 0.6810 (5.37)

1.9845 4.3958 3.9708 0.5595
0.3333 0.6810 0.5595 0.2119
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Figure 5.1: Phase portrait of controlled and uncontrolled Van der Pol oscillator

Withe =2 a=0=1,0=3, Q1 =0Q=1,Y1 =Y, =Y =1, Y, = I3, and
initial conditions z(0) = [1,1]T, z.(0) = [0, 0], A.(0) = 03, B.(0) = 05, Cc(0) = 01x2,
and D.(0) = 0;x3, Figure 5.1 shows that the phase portrait of the controlled and
uncontrolled system. Note that the adaptive full-order (n. = 2) dynamic controller is
switched on at ¢ = 15 sec. Figure 5.2 shows the state trajectories versus time and the
control signal versus time. Finally, Figure 5.3 shows the adaptive gain history versus

time.
Example 5.2. Consider the nonlinear dynamical system representing a controlled
rigid spacecraft given by
i(t) = =1, X Lo(t) + I, Mu(t), x(0) =z, t>0, (5.38)

where x = [x1, 15, 23]T represents the angular velocities of the spacecraft with respect

to the body-fixed frame, I, € R3*3 is an unknown positive-definite inertia matrix
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Figure 5.2: State trajectories versus time and the control signal versus time

of the spacecraft, u = [uy,us,us]" is a control vector with control inputs providing
body-fixed torques about three mutually perpendicular axes defining the body-fixed

frame of the spacecraft, and X denotes the skew-symmetric matrix

0 —I3 i)
A
X = I3 0 —T1
—x9 T 0

Note that (5.38) can be written in state space form (5.1) with f(x) = —I, 'X I,z
and G(z) = I,'. Here, we assume that the inertia matrix I, of the spacecraft is
symmetric and positive definite but unknown. Since f(z) is a quadratic function,

we parameterize f(z) as f(z) = © fy(x), where © € R**® is an unknown matrix and

, Gu(z) = 1,

fn(x) = [$%,$§,$§7$1$2,I2$3, x3x1]T' NeXt? let F(l’) = [fl;l‘(‘r)ij]T

and Do, = I, [-0, ®,], where ®,, € R3*3 is an arbitrary matrix, so that

fs(z) = Oy = Agx.

Now, with the proper choice of ®,,, Ay, Beg, and Cy, it follows from Corollary 5.1 that
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Figure 5.3: Adaptive gain history versus time

the dynamic feedback controller (5.25), (5.26) guarantees that Z(t) — 0 as t — oo.

Here, we choose n. =1,

010 0
$,=100 1|, Ag=-5 Be=[-15 —625 —875], Cu=|0 |,
000 1
so that A is given by (5.36). Furthermore, we choose R = I, so that P satisfying

(5.20) is given by (5.37). With

20 0 09
L= 0 17 0 |, Qi=0Qx2=13 Yi=Y3=30, Yy=3003 Y;=101,
09 0 15

and initial conditions x(0) = [0.4,0.2,—0.2], z.(0) = 0, A.(0) = 0, B.(0) = 013,
C.(0) = 03x1, and D.(0) = 03x27, Figure 5.4 shows the angular velocities, compensator

state, and control signal versus time.
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Figure 5.4: Angular velocities, compensator state, and control signal versus time

5.4. Conclusion

An adaptive reduced-order dynamic compensation framework for nonlinear un-
certain dynamical systems was developed. Specifically, using Lyapunov methods the
proposed framework was shown to guarantee global asymptotic stability of the closed-
loop system states associated with the plant and compensator states. The efficacy
of the proposed approach was demonstrated on two representative nonlinear control

problems.
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Chapter 6

Direct Adaptive Control for
Nonlinear Matrix Second-Order
Dynamical Systems with
State-Dependent Uncertainty

6.1. Introduction

In light of the increasingly complex and highly uncertain nature of dynamical sys-
tems requiring controls, it is not surprising that reliable system models for many high
performance engineering applications are unavailable. In the face of such high levels of
system uncertainty, adaptive controllers are clearly appropriate since they can tolerate
high levels of system errors to improve system performance. However, a fundamental
limitation of adaptive control is the fact that system errors are captured by con-
stant linearly parameterized uncertainty models of a known structure but unknown
variation [12,121,147,176]. If the system uncertainty is nonlinear in the uncertain
parameters or the system uncertainty is nonlinearly dependent on the system states,
then adaptive controllers predicated on a constant linearly (over)parameterized model

will unnecessarily sacrifice system performance, and in some cases lead to instability.

In [200], the authors present a novel adaptive control framework for scalar second-
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order nonlinear systems that does not require any parametrization of the (partial)
state-dependent system uncertainty. In this chapter we generalize the result of [200] in
several directions. In particular, for a class of nonlinear multivariable matriz second-
order uncertain dynamical systems with state-dependent uncertainty we develop a
nonlinear adaptive control framework that guarantees global partial asymptotic sta-
bility of the closed-loop system; that is, global asymptotic stability with respect to
part of the closed-loop system states associated with the plant. This is achieved with-
out requiring any knowledge of the system nonlinearities other than the assumption
that they are continuous and lower bounded. The class of systems represented by our
framework includes nonlinear vibrational systems, as well as multivariable nonlinear
dynamical systems with sign varying; that is, nondissipative, generalized stiffness and

damping operators.

Next, we extend our main result to the case where the system nonlinearities are
unbounded. Using this result, we provide a universal adaptive controller that guaran-
tees asymptotic stability for the case of matrix second-order systems with polynomial
nonlinearities with unknown coefficients and unknown order. We note that for
the special case of scalar second-order systems this result does not require that the
system nonlinearities be lower bounded and hence cannot be obtained using the re-
sults of [200]. In addition, we emphasize that the universal adaptive controller for
polynomial nonlinearities developed in this section is distinct from standard adaptive
controllers involving a parameter estimate update law for the uncertain polynomial
coefficients. The proposed adaptive controller is parametrization free and does not
require knowledge of the order of the polynomial nonlinearities. Hence, our design
methodology yields adaptive controllers that minimize control system complexity by
assuring the implementation of the simplest possible controller for achieving system

stability in the face of state-dependent system uncertainty. By “simplest” we are
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referring to the elimination of system parameter estimates within the adaptive con-

troller.

6.2. Adaptive Control of Nonlinear Matrix Second-Order
Dynamical Systems

In this section we consider the problem of adaptive stabilization of nonlinear
matrix second-order dynamical systems with exogenous disturbances. Specifically,
consider the controlled nonlinear uncertain matrix second-order dynamical system G

given by

M(t) + Clq(t))q(t) + K(q(t)q(t) = u(t) + Dw(t), q(0) =qo, 4(0) =qo, =0,
(6.1)
where ¢(t),q(t),{(t) € R™, t > 0, represent generalized position, velocity, and accel-
eration coordinates, respectively, u(t) € R", t > 0, is the control input, w(t) € R,
t > 0, is a known bounded signal, M € R™" C : R" —- R"" K : R* — R™*",
and D € R™4 We assume that M > 0, C(-) and K(-) are continuous maps, and
C(),K(-) € S, where
S (PR R Flg) = F(0), Yo il (g = 3 0. 20 )
i,jzl,...,;}:,l (6.2)
and where ¢; denotes the ith element of ¢ and F4;)(-) denotes the (k, j)th element
of F(-). Otherwise, we assume that M, C(-), K(-), and D are unknown. Hence, even
though w(t), t > 0, is assumed to be known, the disturbance signal Dw(t), t > 0, is
an unknown bounded disturbance. The control input u(-) in (6.1) is restricted to the
class of admissible controls consisting of measurable functions such that u(t) € R",
t > 0. Furthermore, for the uncertain dynamical system G we assume that the

required properties for the existence and uniqueness of solutions are satisfied; that is,
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C(+), K(+), u(-), and w(-) satisfy sufficient regularity conditions such that (6.1) has a

unique solution forward in time.

Next, with z; £ ¢, 20 = ¢, and z = [2],27]7, it follows that the state space

representation of (6.1) is given by

{ 283 } - [ —M*(K(:m(t))%(t) +Cgf(2:£:?(t))x2(t) —u(t) — Dw(t)> ] ,
{i;ﬁﬁi]{gg} (20, (63)

For the statement of our main result define By = [0,,, I,,].

Theorem 6.1. Consider the nonlinear dynamical system (6.3), or, equivalently,
the nonlinear matrix second-order dynamical system (6.1). Assume there exists ¢ € R
such that C(xy) > el, and K (1) > el,,, ¢ € R™. Let Q;,Q, € R™" Y € R¥x2n

7 € R™4 and P € R?>*2 be positive definite, where P = [ 51 12)12 } and pip > 0.
12 P2

Then the adaptive feedback control law
u(t) = U (t)x(t) + (t)w(t), (6.4)
where WU(t) € R™2" ¢ >0, and ®(t) € R™*? t > 0, with update laws

U(t) = —QBY (P ® L)z(t)x" (t)Y, W(0) = Uy, (6.5)

O(t) = —QBY (P @ L)x(t)w™(t)Z, ®(0) = @y, (6.6)

guarantees that the solution (z(t), U(t),®(t)) = (0, Ky, —D), where K, € R™ " of
the closed-loop system given by (6.3)—(6.6) is Lyapunov stable and z(t) — 0 as t — oo

for all zo € R?".

Proof. Let o, € R be such that

aM < K(q), BM<C(q), qeR", (6.7)
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and let kg, ko € R be such that

kg < a, (6.8)

1 i >
koo < 83— —|—F———+ . 6.9
2g B D <4p12(a _ k‘1g) D12 ( )

Next, let Ky = [k1gM, kog M| and define U(t) £ U(t) — K,, ®(t) £ &(t)+ D, C(z,) £
C(x1) — kog M, and K(z,) & K(x,) — kig M, so that with u(t), ¢t > 0, given by (6.4),
(6.3) becomes

[ 0 ] B ] () ] ~
ialt) | T | ~M (R ) (1) + Claa(®)ra(t) — F0alt) - (0l |
z1(0) | _ | @
07w iz0 o
To show Lyapunov stability of the closed-loop system (6.5), (6.6), and (6.10) consider

the Lyapunov function candidate

1 1

V(z, U, ®) = 12"(P® M)z + p, / o' K (0)do + pis / o'C(0)do

0,path 0,path

+r QUIUY T 4 L Q' 07197, (6.11)
where the path integrals in (6.11) are taken over any path joining the origin to z; €
R™. Note that the path integrals in (6.11) are well defined since C(-), K(-) € S and
fulx1) & 2TK(x,) and f.(z;) 2 2TC(x1) are such that g—g’:’i and ngi are symmetric
and hence gradients of real-valued functions [9, Theorem 10-37]. Thus, using the

transformation o = 0z, where 6 € [0, 1], it follows that

X B 1 5 1 5
/ oK (0)do — / 02" R (01,0 — / TR (021)21]0d0 > 0, a1 € R™.
0 0 0

,path
(6.12)
An identical analysis shows that
T 5
/ o'C(o)de >0, =z €R™ (6.13)
0,path

Furthermore, note that V' (0, K, —D) = 0 and, since P, M, Q1, @2, Y, and Z are pos-
itive definite, V(z, ¥, ®) > 0 for all (z, ¥, ®) # (0, K, —D). In addition, V (z, U, @)
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is radially unbounded. Now, letting x(t), ¢ > 0, denote the solution to (6.10) and
using (6.5)—(6.7) it follows that the Lyapunov derivative along the closed-loop system

trajectories is given by

V(@(t), (1), ®(t) = a(t)(P @ M)i(t) + xi (t)[p2K (21(8)) + praC (21 (1)1 (2)
e QTYI ()Y NI + tr Q3 d(H) 21 ()
= [pray () + prawy ()] Mo (1)
+at ()2 K (1(1)) + praC (a1 (1))]2 (t)
~[praxy (1) + powy (D)[K (1 ()1 (8) + C (1 (1)) 22 (t) — V(1) (t)
—0(t)wt)] +tr QMU ()Y (1) +tr Q1 0(1)Z DT (1)
= —proat (DK (1(8))a1(8) + praf (8) Mas(t) — a5 () (p2C (:1(1))
—praM)as(t) + tr () [z(t) 2" (t)(P ® 1,) By + Y 0T (1)Q1 ']
+tr O(8)[w(t)a (t)(P @ L) By + Z 70T (1)Q5 ]
= —proay (K (1(t))a1() + pray (t) Mo (t)
—a3 () (p2C(:1(1)) — pr2M)s(t)
—piz(a = kig)ay ()M () + pray (t) Mas(t)
~(pa( — kag) — pra)s () Mas(t)

= ") (R® M)x(t), t>0, (6.14)

IN

where

RA pr2(a — kig) —p1/2
—p1/2 Pz(ﬁ - ng) — P12

Now, it follows from (6.8) and (6.9) that R > 0 and hence, since M > 0, (6.14) implies
that V(z(t), U(t), ®(t)) < 0, (z(t), U(t),d(t)) € R x R™> x R"™? t > 0, which
proves that the solution (x(t), ¥(t), ®(t)) = (0, Ky, —D) to (6.5), (6.6), and (6.10) is
Lyapunov stable. Furthermore, since R ® M > 0, it follows from Theorem 2 of [42]

that x(t) — 0 as t — oo for all z; € R™. O
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Remark 6.1. Note that the conditions in Theorem 6.1 imply that x(t) — 0 as
t — oo and hence it follows from (6.5) and (6.6) that (z(t),¥(t),®(t)) — M =
{(z,0,®) € R* x R x R4 1 =0, U =0, d =0} as t — oo.

Remark 6.2. It is important to note that the bounds for K(gq) and C(q), ¢ € R™,
do not need to be known in order to implement the adaptive controller (6.4)-(6.6).
All that is required is that K(-),C(-) € S, and K(-),C(-) are continuous and lower
bounded but otherwise unknown. Furthermore, M € R"*" needs to be positive

definite but otherwise unknown.

Remark 6.3. It can be seen from the proof of Theorem 6.1 (see the fourth equal-
ity in (6.14)) that Theorem 6.1 also holds for the case where ¢* K (q)q > eq*q, ¢ € R™.
This condition is weaker than requiring K(q) > €I,,, ¢ € R™. This observation is key
in developing some of the results in Section 6.3. A similar remark, however, does not

hold for C(-) since the necessary term in (6.14) to be bounded is ¢*C(q)¢ and not

q"C(q)q.

Theorem 6.1 is applicable to the case where C'(q) and K(q), ¢ € R", are lower
bounded. In practice however, C'(¢) and K(q), ¢ € R", are often unbounded. Next,
we provide a corollary to Theorem 6.1 that addresses the case where C(-) and K (-)

can be unbounded operators.

Corollary 6.1. Consider the nonlinear dynamical system (6.3), or, equivalently,
the nonlinear matrix second-order dynamical system (6.1). Assume there exist known
matrix functions Cy(+), K, (+) € S and a scalar € € R such that C(z1) — Cyp(x1) > eI,
and K(x) — Ky(z1) > el,, 11 € R™. Let Q1,Qo € RV Y € R 7 ¢ Rdxd,

and P € R?*? be positive definite, where P = [ 51 1;912 } and p;o > 0. Then the
12 P2
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adaptive feedback control law
u(t) = Kyp(zq1(t))x1(t) + Cp(z1(t))z2(t) + W(t)z(t) + P(t)w(t), (6.15)

where U(t) € R™2" ¢ >0, and ®(t) € R™*? t > 0, with update laws (6.5) and (6.6)
guarantees that the solution (z(t), U(¢t), ®(t)) = (0, Ky, —D), where K, € R"™*?"  of
the closed-loop system given by (6.3), (6.5), (6.6), and (6.15) is Lyapunov stable and

z(t) — 0 as t — oo for all 7y € R?".

Proof. Rewrite (6.1) as

~

Mi(t) + Cq(t)d(t) + K(q(t)q(t) = a(t) + Dw(t), q(0) =qo, d(0)=do, t=>0,
(6.16)
where C'(q) £ C(q) — Ch(q), K(q) 2 K(q) — Ki(q), and @ £ u — Cy(q)d — K(q)g-

Now, the result is a direct consequence of Theorem 6.1. 0

Remark 6.4. Note that Corollary 6.1 gives an adaptive stabilizing controller for
a large class of nonlinearities in the generalized damping and stiffness operators C(q)
and K(q), ¢ € R". For example, in the special case where n = 1, let C(-) and K(+)

belong to the set of nonlinearities given by
NE2{n:R—-R: n(q) —1as |¢g| — oo} (6.17)

See Figure 6.1 for a representative nonlinearity in . In this case, with C},(¢) = ¢ and
Ky (q) = ¢, Corollary 6.1 can be used to construct “robustly” stabilizing controllers
with respect to the class of nonlinearities considered. Note that unlike absolute sta-
bility theory, the nonlinearities n(-) € A are not required to be sector bounded nor

satisfy n(0) = 0.

Next, we generalize Theorem 6.1 and Corollary 6.1 to the case where C'(q) — (0 @
I,)Cy(q) and K(q) — (6} @ I,,) K, (q) are lower bounded and 6., 0;, € R? are unknown

parameters and Cy, Ky, : R™ — RP"™™ are known functions.
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Figure 6.1: Representative nonlinearity n(-) € N’

Theorem 6.2. Consider the nonlinear dynamical system (6.3), or, equivalently,
the nonlinear matrix second-order dynamical system (6.1). Assume there exist a
constant ¢ € R, vectors 6., 60, € RP, and symmetric matrix functions CY, K3, : R” —
RP™*™ such that C(x1)— (0 ®1L,)Cy(z1) > eI, and K (z1)— (0, ®1,) Ky (x1) > el,, 71 €
R™. Furthermore, let Cy;(-), K1;(+) € S, i =1,...,p, where Cy;(+), Kni(+), i =1,...,p,
are such that Cy,(z1) = [Cpy(x1), -+, Chp(z1)]T and Ky (z1) = [Kpi(21), -+ -, Kpp(z1)]7,

and let Q1,Q2 € R™™ Q3,04 € RP*P Y € R2n><2n, Z € RdXd, and P € R**2 be

b1 Di2

} and p;s > 0. Then the adaptive feedback
P12 P2

positive definite, where P = [

control law

u(t) = (O () ® L) Ky (1(8))21(t) + (O (t) @ L) C (w1 (1) )w2(t) + W ()2 (t) + @ (t)w(t),

(6.18)

where O (t),0.(t) € RP, t > 0, U(t) € R™?* ¢ > 0, and ®(t) € R™*? ¢t > 0, with
update laws (6.5), (6.6), and

Ok(t) = —Qs(I, ® 2 (1)) K (21(1)) By (P ® I)x(t), ©Ok(0) = Oko,  (6.19)

Oc(t) = —Qu(L, ® x5 (1)) Co(x1(t)) By (P @ L) (t),  Oc(0) = Oco,  (6.20)

guarantees that the solution (z(t),V(t), D(t),0.(t),Ok(t)) = (0, Ky, —D, 0., 6%),
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where K, € R"*?" of the closed-loop system given by (6.3), (6.5), (6.6), (6.18)—(6.20),

is Lyapunov stable and z(t) — 0 as t — oo for all 5 € R?".

Proof. Let o, 5 € R be such that
aM < K(q) = (0 @ I)Kv(q), BM < Clg) = (0 @ L,)Ch(q),

and let ky,, ko € R be such that (6.8) and (6.9) hold. Furthermore, define C/(z;) £
C(a1) = (67 © L) Co(1) = kagM, K (1) & K(21) — (6 © L) Ky (1) — k1M, O4(1) =
Ok(t) — Oy, and O.(t) £ O.(t) — 6., and consider the Lyapunov function candidate

1 z1

V(z,,®,0y0.) = iz"(P® M)z +p, / 0T K(o)do + pio / o'C(o)do
0,path 0,path

+itr QUIOY T + Tt Q710271 0T + 167 Q56

+367Q;'6., (6.21)

where the path integrals in (6.21) are taken over any path joining the origin to z; €

R". Now, the proof is identical to the proof of Theorem 6.1. U

Remark 6.5. Theorem 6.2 generalizes Corollary 6.1 in that C(q) — (X ®1,,)Cy(q)
and K (q) — (0} ® I,) K,,(q) are lower bounded as opposed to C'(¢) — Cy(q) and K(q) —
Ky(q) be lower bounded. This gives yet a larger class of nonlinearities that can be
considered in C(-) and K(-). To see this, recall Remark 6.4, let n = 1, and let C(-)

and K (-) belong to the set of nonlinearities given by

Ne={n:R—R: lim n/(q) exists}. (6.22)

|gl—00

In this case, there exists 0., 0, € R such that C(q) — 0. and K(q) — 0rq are lower
bounded. Note that N, D N.
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6.3. Polynomial Uncertainty with Unknown Coefficients and
Unknown Order

In this section we provide special cases to Corollary 6.1 and Theorem 6.2 that
address nonlinearities for which there always exist Cy,(-) and Ky(-) satisfying the
conditions of Corollary 6.1 and Theorem 6.2. Our first result considers scalar second-

order systems.

Proposition 6.1. Consider the nonlinear dynamical system (6.3), or, equiva-
lently, the nonlinear second-order dynamical system (6.1). Assume n = 1 and let
C(-) and K(-) be unknown polynomials. Let Q;,Q, € R, Y € R**2 7 € R™? and
P € R**2 be positive definite, where P = [5112 ]])9122 ] and p;o > 0. Finally, let
a,f >0 and let C}, : R — R (resp., K}, : R — R) be given by one of the following

conditions, as appropriate:

i) If the order N of the polynomial C(q) (resp., K(q)) is known, then choose
Cp(q) = —agN ™! (resp., Ky(q) = —p¢¥H1) if N is odd, or Cyp(q) = —agN*?
(resp., Kp(q) = —B¢¥*2) if N is even. If N is even and the sign of the leading

coefficient is positive, then choose Cy,(q) = 0 (resp., K,(¢) = 0).

i1) If the order N of the polynomial C'(q) (resp., K(q)) is unknown but the sign,
o 2 sgna = a/|al, of the leading coefficient a is known, then choose Cy(q) =
—acosh(fq) + ao sinh(3q) (resp., Ky(q) = —acosh(Bq) + ao sinh(8q)) if N is
odd, or Cy,(q) = a(o — 1)cosh(Bq) (resp., Ky(q¢) = a(c — 1)cosh(Bq)) if N is

even.

i7i) If neither the order N of the polynomial C(q) (resp., K(¢)) nor the sign o

of the leading coefficient are known, then choose C},(q) = —acosh(3q) (resp.,

Ky (q) = —acosh(8q)).
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Then the adaptive feedback control law
u(t) = Ky(x1(t))z1(t) + Co(x1(2))z2(t) + ¥ ()2 (t) + () w(t), (6.23)

where ¥(t) € R™? ¢ > 0, and ®(¢) € R4 ¢ > 0, with update laws (6.5) and (6.6)
guarantees that the solution (z(t), U(¢t), ®(t)) = (0, Ky, —D), where K, € R"? of
the closed-loop system given by (6.3), (6.5), (6.6) and (6.23) is Lyapunov stable and

z(t) — 0 as t — oo for all 7y € R2.

Proof. The proof is a direct consequence of Corollary 6.1 by noting that C,(¢) and
Ky(q), ¢ € R, given by i)-iii) yield bounds to C(q) and K(q), ¢ € R, respectively, in
each of the three cases. Here we give the proof for C'(¢) polynomials with a = 5 = 1.
Identical arguments hold for K(g) polynomials as well as for the case where «, 3 >
0 are arbitrary. Specifically, note that any polynomial of even order with leading
coefficient as unity is lower bounded. Hence, for all ¢ € R, C(q) + ¢t is lower
bounded if N is odd and C(q) + ¢~ *? is lower bounded if N is even. Furthermore, if
N is even and the leading coefficient is positive then C'(q), ¢ € R, is lower bounded
which proves the result for condition ). To prove the result for condition i), note
that for all ¢ € R, C(q) if lower bounded if N is even and the leading coefficient is
positive, C(q) + 2cosh(q) is lower bounded if N is even and the leading coefficient
is negative, C(q) + €? is lower bounded if N is odd and the leading coefficient is
positive, and C(q) + e~ 9 is lower bounded if N is odd and the leading coefficient is
negative. Finally, to prove the result for condition i) it need only be noted that
for all ¢ € R, C(q) + cosh(q) is lower bounded irrespective of N and the sign of the

leading coefficient. O

Remark 6.6. Proposition 6.1 provides a parametrization free universal adaptive
controller for scalar second-order systems with polynomial nonlinearities with un-

known coefficients and unknown order. We emphasize that (6.23) is distinct from
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standard adaptive controllers involving an N-vector parameter estimate update law
for the uncertain polynomial coefficients. In contrast, (6.23) provides a minimal com-

plexity adaptive controller involving the scalar parameters Ky (x) and Cy(z1).

A multivariable generalization to Proposition 6.1 is not straightforward. To see
this let C'(¢) and K(gq) be multivariable polynomial matrix functions in ¢ = [¢1, ...,
¢.]T. Then even though it can be shown that C(q) — Cy(q) > el, and K(q) —
Kyv(q) > eI, where Cy(q) = Kyp(q) = — ][, cosh(¢;)U and U € R™™ is the ones
matrix containing all unity elements, Cy,(¢) and Ky,(¢), ¢ € R™, do not belong to
the set S given by (6.2). Of course, a trivial extension to Proposition 6.1 is the
case where C(q) and K(q), ¢ € R™, are diagonal and component decoupled; that
is, C(q) = diag[C1,1)(q1); C2,2)(¢2), - -+, Cnny(qn)] and similarly for K(q). Next, we
consider a partial generalization to Proposition 6.1 for matrix second-order systems.

To state this result the following key lemma is needed.

Lemma 6.1. Let f : R" — R be a twice continuously differentiable function such
that f(q) — oo as ||¢||— oo, f(0) =0, and g—g = 0. Then there exists ¢ € (—o0, (]
q=0
such that f(q) > eqq.

Proof. It follows from the radially unbounded condition that there exists r > 0
such that

F2{geR": f(q) <0} C{geR": |q|< )},

which implies that F is compact. Hence, since f(-) is continuous it follows that there
exists g9 € (—00,0] such that f(q) > €9, ¢ € F. Now, since f(q) > 0, ¢ € R"\F, it
follows that

flq) >0, qeR™ (6.24)
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Next, define H = 22—£
q

and let € € R be such that H — £[,, > 0. Hence, since

1
2 =0

f(0) =0 and g_{; =0, it follows that

q=0

fla) —éq"q=q"(H — el,)q+ O(q),

where O : R" — R is such that ﬁq(ﬁg) — 0 as ||¢|]|— 0. Thus, there exists 6; > 0 such
that

fla)—é¢'q¢=0, ¢eR" |q|< 0 (6-25)
Next, note that it follows from (6.24) that

My 2% ger, o> ae

q"q ~ q%q 6%
Hence, f(q) > eq¥q, ¢ € R™, where ¢ £ min{é, g—g . O
Proposition 6.2. Consider the nonlinear dynamical system (6.3), or, equiva-
lently, the nonlinear matrix second-order dynamical system (6.1). Let C(-), K(-) be
matrix functions with unknown polynomial entries. Furthermore, assume C(-) is such
that Cf; j)(q) = Cpjy, @ # 7, and C5)(q) = Cii(qi), where Ciii(qi), 1 = 1,---,n, is

an unknown polynomial. Let Q;, Qs € R™™ Y € R¥"*? 7 ¢ R¥¥4 and P € R?>*?

P11 P12
P12 P2
i=1,---,n,and let C}, : R® — R™" (resp., K}, : R™ — R™*") be given by one of the

be positive definite, where P = { } and p;s > 0. Finally, let «;, 5; > 0,

following conditions, as appropriate:

i) If the highest order N of the polynomial functions in C(q) (resp., K(q)) is
known, then choose Cy,(q) = —diag[a1¢?, - - -, ang] (resp., Ky (q) = —diag[a, ¢},

oo angM]), where M is the smallest even integer such that M > N.

ii) If the highest order N of the polynomial functions in C(q) (resp., K(q)) is
unknown, then choose Cy,(q) = —diaga; cosh(51q1), -, ay, cosh(B,q,)] (resp.,
Ky(q) = —diagay cosh(Biq1), - - -, an cosh(B,q,)])-
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Then the adaptive feedback control law
u(t) = Kp(z1(t))x1(t) + Cp(x1(t))z2(t) + W(t)z(t) + P(t)w(t), (6.26)

where U(t) € R™?" ¢ >0, and ®(t) € R™*? ¢ > 0, with update laws (6.5) and (6.6)
guarantees that the solution (z(¢), ¥ (¢), ®(¢)) = (0, Ky, —D), where K, € R™?"  of
the closed-loop system given by (6.3), (6.5), (6.6), and (6.26) is Lyapunov stable and

z(t) — 0 as t — oo for all xy € R*™.

Proof. The proof is a direct consequence of Corollary 6.1 and Remark 6.3 by
noting that Cy(¢) and Ky, (q) given by i) and éi) belong to S and there exists ¢ € R
such that C(q) — Cy(q) > eI, and ¢"(K(q) — Ky(q))q > €q%q, q € R, for each of
the cases. The first inequality is immediate from Proposition 6.1 given the assumed
structure of C(-). To show the second inequality, define f(q) £ fi(q) + f2(q), where
f1(@) & ¢*K(q)q and f»(q) & —q¢TK(¢q)q. Note that for condition 7), fa(q) is a
negative definite function for all ¢ € R™ and has order M + 2. Furthermore, since
— f2(q) is radially unbounded and has a higher order than f;(q), it follows that f(q)
is radially unbounded. Next, note that f(0) = 0 and g—g o = 0 and hence the result
follows from Lemma 6.1. To show the result for condition i), note that f(q) is radially
unbounded since — f2(q) = —¢" Ky, (q)qg = Y1, cicosh(5;¢:)q? is a hyperbolic function

and radially unbounded. Once again, the result now follows from Lemma 6.1. 0

Remark 6.7. Proposition 6.2 presents a partial generalization to Proposition 6.1
for multivariable matrix second-order systems. It is important to note that K(-) is
a general matrix function with unknown polynomial entries and hence no internal
structural constraints are imposed on K (-). However, unlike K(-), C(+) is assumed to
be a matrix function with constrained structure involving unknown polynomials on

the diagonal entries and unknown constants on the off-diagonal entries. As shown in
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the proof of the proposition, this constraint guarantees the existence of ¢ € R such

that C(q) — Cyw(q) > el,.

Finally, we use Theorem 6.2 to provide a generalization of Proposition 6.1.

Proposition 6.3. Consider the nonlinear dynamical system (6.3), or, equiva-
lently, the nonlinear matrix second-order dynamical system (6.1). Assume n = 1 and
let C(+) and K(-) be unknown polynomials. Let Q1,Q, € R, Y € R*? 7 € RI¥*?

P12 D2
a,3 >0 and let Cy, : R — R? (resp., K}, : R — R?) be given by one of the following

and P € R?*2? be positive definite, where P = { b1 P } and pip > 0. Finally, let

conditions, as appropriate:

i) If the order N of the polynomial C(q) (resp., K(q)) is even and known, then

N+2 N+2
’ )

choose Cy,(q) = [q g" 2T (resp., Ky(q) = [q gV,

it) If the order N of the polynomial C'(q) (resp., K(q)) is unknown, then choose

Ci(q) = [cosh(ag), sinh(aq)]™ (resp., Ky(q) = [cosh(Aq), sinh(Bq)]").
Then the adaptive feedback control law
u(t) = OF (1) Ky (z1(1))z1(t) + OF (1) Cyay () wa(t) + U (D) x(t) + S(Hw(t), (6.27)

where ©4(1),0.(t) € R% ¢t > 0, ¥(t) € R>2 + > 0, and ®(t) € R™ ¢t >
0, with update laws (6.5), (6.6), (6.19), and (6.20) guarantees that the solution
(z(t), U (t), ®(t),0.(t),O(t)) = (0, Ky, —D, 0,,0;), where K, € R"*?2 of the closed-
loop system given by (6.3), (6.5), (6.6), (6.19), (6.20), and (6.27) is Lyapunov stable

and z(t) — 0 as t — oo for all 7y € R

Proof. The result is a direct consequence of Theorem 6.2. Specifically, as noted

in the proof of Proposition 6.1, if the order N of the polynomial C(q) (resp., K(q))
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is even and known, then there exist 01,00 € {—1,0,1} (resp., 01,02 € {—1,0,1})
such that C(q) —0.1qN T2 —0.¢™ 2 (vesp., K(q) —0r1q" 2 —Oraq™N T2) is lower bounded.
Alternatively, if the order N of the polynomial C'(q) (resp., K(q)) is unknown, then
there exist 6.1,0. € {—1,0,1} (resp., Ok1,0k2 € {—1,0,1}) such that for every o >
0, C(q) — 0.cosh(aq) — Oosinh(aq) (resp., for every 5 > 0, K(q) — Oricosh(Bq) —
Orosinh((q)) is lower bounded. O

6.4. Illustrative Numerical Examples

In this section we present two numerical examples to demonstrate the utility of

the proposed direct adaptive control framework for adaptive stabilization.

Example 6.1. Consider the nonlinear matrix second-order dynamical system
with sign varying stiffness and damping matrix functions given by (6.1) where n = 2,
M, C(q), K(q) are unknown, M > 0, C(q) and K(q), ¢ € R?, are lower bounded,
and w(t) = 0. Now, with ps > 0 and p;» > 0, it follows from Theorem 6.1 that the

adaptive feedback controller (6.4) guarantees that z(t) — 0 as t — co. With

M = { T ] . Clg) = { c1 sin(qi) 0 |

12 My 0 Co COS(QQ)

w0 = [ e |

where mi =mo =2, mp=1,ci=ca=k =k =1, andp=1,p =2, Q1 =M,
Y = 2I4, and initial conditions ¢(0) = [1, 2]T, ¢(0) = [3, 4], and ¥(0) = 04,
Figure 6.2 shows the state trajectories versus time and the control signals versus

time. Figure 6.3 shows the adaptive gain history versus time.

Example 6.2. Consider the nonlinear matrix second-order dynamical system
with nonlinear damping and stiffness matrix functions given by (6.1) where n = 2,

M, C(q), K(q) are unknown, M > 0, C(q) and K(q), ¢ € R?, are lower bounded,
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C(-),K(-) € S, and w(t) = 0. Now, with p; > 0 and py2 > 0, it follows from Theorem
6.1 that the adaptive feedback controller (6.4) guarantees that x(t) — 0 as t — oo.
With

ML T crgi — ) 0 '
[ Mz My } ’ (4) [ 0 cs(@@—cy) | (q) iag[k1, ko,

where mi =mg =2, mppa =1, ¢ =co=2,c3=c4 =1, ky = ky = 20, and p1» = 1,
p2 =2, Q1 = M,Y =051, and initial conditions ¢(0) = [5, 0], ¢(0) = [0, 0]T, and
U(0) = 0944, Figure 6.4 shows the phase portraits of the controlled and uncontrolled
system. Note that the adaptive controller is switched on at t = 15 sec. Figure 6.5
shows the state trajectories versus time and the control signals versus time. Finally,

Figure 6.6 shows the adaptive gain history versus time.

Example 6.3. Consider the nonlinear matrix second-order dynamical system
with nonlinear damping and stiffness matrix functions given by (6.1) where n = 2,
M, C(q), K(q) are unknown, M > 0, C(q) and K(q), ¢ € R?, are lower bounded,
C(-),K(:) €S, and w(t) = 0. Now, with ps > 0 and p;2 > 0, it follows from Theorem
6.1 that the adaptive feedback controller (6.4) guarantees that x(t) — 0 as t — oo.
With

w=[m 9] e[ e 0],

0 mo 0 C3

K(g) = { ki + ks(af — 20102 + 343) —ky = ka(a? + ¢3)
—ki —ks(gi +a3)  Eat ka4 k(367 — 2012 + 63) |

where mi =3, my =2,¢c1=3,c0=1,c3=—0.5,k; = —1, ks =5, k3 =1, and pyp =
2, po =1, Q) = I, Y = I, and initial conditions ¢(0) = [0, 0], ¢(0) = [3, 0]T, and
U(0) = Ogx4, Figure 6.7 shows the phase portraits of the controlled and uncontrolled
system. Note that the adaptive controller is switched on at t = 10 sec. Figure 6.8
shows the state trajectories versus time and the control signals versus time. Finally,
Figure 6.9 shows the adaptive gain history versus time.
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Example 6.4. Consider the nonlinear scalar second-order dynamical system with
nonlinear damping and stiffness functions given by (6.1) where n = 1, M, C(q), K(q)
are unknown, M > 0, C(q) is known to be a polynomial but otherwise unknown, K (q),
q € R, is lower bounded, and w(t) = 0. Now, with ps > 0 and p;2 > 0, it follows
from Proposition 6.1 that the adaptive feedback controller (6.23) with Ky(xz;) = 0
guarantees that x(t) — 0 as ¢ — oo. For illustrative purposes we choose M = 1,
Clq) = ci(¢N — ¢3), and K(q) = ki + kptanh(q), where ¢; = =2, ¢o = 1, ky = 2,
ky = —1, and p1o = 2, po = 1, Q; = I, Y = I,. Furthermore, we choose the initial
conditions ¢(0) = 2, ¢(0) = 1, and ¥(0) = 01x2. First, we consider the case where the
order of the polynomial C(q) is odd and known (N = 3). In this case, it follows from
i) of Proposition 6.1 that C,(¢) = —agq®. Figure 6.10 shows the state trajectories,
adaptive gains, and the control signal versus time for the case where @ = 1. Next,
we assume that the order of the polynomial C'(q) is even and known (N = 4). In
this case, it follows from ) of Proposition 6.1 that Cy,(q) = —ag®. Figure 6.11 shows
the state trajectories, adaptive gains, and the control signal versus time for the case

where o« = 0.5.

Next, we consider the case where the order of the polynomial C'(gq) is odd but
unknown. Furthermore, we assume that c; is known to be negative. In this case, it
follows from 1) of Proposition 6.1 that C},(q) = —a(cosh(8q)+sinh(8q)). Figure 6.12
shows the state trajectories, adaptive gains, and the control signal versus time for the
case where N = 3, @ = 2, and § = 1. Finally, we consider the case where C(q)
is an unknown polynomial. In this case, it follows from i) of Proposition 6.1 that
Cy(q) = —acosh(Bq). Figure 6.13 shows the state trajectories, adaptive gains, and

the control signal versus time for the case where N =3, o =3, and 3 = 1.

Example 6.5. Consider the nonlinear matrix second-order dynamical system

with nonlinear damping and stiffness matrix functions given by (6.1) where n = 2,
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M, K(q) are unknown, M > 0, C(q) = 02, K(g), ¢ € R? is known to be a ma-
trix function with unknown polynomial entries but otherwise unknown, K(-) € S,
and w(t) = 0. Now, with po > 0 and pj5 > 0, it follows from Proposition 6.2 that
the adaptive feedback controller (6.26) guarantees that x(t) — 0 as t — oo. For

illustrative purposes we choose

M = diag[mi, ma],

ke + k(g — 3¢3¢s + 10¢%gs — 10q1¢3 + 4g2)

Kla) = —k1 — ks(qt + ¢3)

—ky — k3(qt + q3)
ky + ko + k3(4Qi1 - 10(1%‘12 + 109%612 - 3q1q§ + qg) ’

where my = 3, mo = 2, ky = —1, ks =5, k3 = —0.5, and p1os = 1, po = 2, Q1 = I,
Y = I,. Furthermore, we choose the initial conditions ¢(0) = [0, 0]*, ¢(0) = [3, 0]T,
and W(0) = 0gy4. First, we consider the case where the highest order of the polynomial
function K (q) is known (N = 4). In this case, it follows from ¢) of Proposition 6.2 that
Ky(q) = —diag[a1¢%, aaq8]. for the case where oy = ay = 4. Figure 6.14 shows the
state trajectories versus time and the control signals versus time for the case where
a1 = ay = 4. Figure 6.15 shows the adaptive gain history versus time. Finally, we
consider the case where C(q) is an unknown polynomial matrix function. In this case,
it follows from i) of Proposition 6.2 that K3,(¢) = —diag[a; cosh(51q), ag cosh(B2q)].
Figure 6.16 shows the state trajectories versus time and the control signals versus
time for the case where ay = ay = 4, 1 = (o = 1. Finally, Figure 6.17 shows the

adaptive gain history versus time.
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6.5. Nonlinear Matrix Second-Order Systems with Time-
Varying and Sign-Indefinite Damping and Stiffness Op-
erators

In this section we further generalize the result of Section 6.2 in several directions.
In particular, for a class of nonlinear multivariable matriz second-order uncertain
dynamical systems, with time-varying and sign-indefinite damping and stiffness op-
erators, we develop a nonlinear adaptive control framework that guarantees global
partial asymptotic stability of the closed-loop system; that is, global asymptotic sta-
bility with respect to part of the closed-loop system states associated with the plant.
This is achieved without requiring any knowledge of the system nonlinearities other
than the assumption that they are continuous and bounded. Hence, unlike standard
adaptive control methods [12,121,147,176], the proposed adaptive control framework
does not require any parametrization of the state-dependent system uncertainty. The
class of systems represented by our framework includes nonlinear vibrational sys-
tems, as well as multivariable nonlinear matrix second-order dynamical systems with
sign-varying; that is, nondissipative, generalized stiffness and damping time-varying
operators. In the special case of scalar second-order systems with linear time-varying
coefficients, our results specialize to the results of [199]. Finally, we note that a sim-
ilar adaptive control framework for nonlinear uncertain matrix second-order systems
was considered in Sections 6.2 and 6.3 (see also [37,38]). The results presented in
Sections 6.2 and 6.3 however only address time-invariant, sign-indefinite stiffness and
damping operator uncertainty, with the damping operator uncertainty being a partial
function of the system state. In this case, the unknown system nonlinearities need

only be continuous and lower bounded as opposed to continuous and bounded.

In this section we consider the problem of adaptive stabilization of nonlinear

time-varying matrix second-order dynamical systems with exogenous disturbances.
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Specifically, consider the controlled nonlinear time-varying uncertain matrix second-

order dynamical system G given by

M(t) + Clq(t), 4(1), 1)q(t) + K(q(t), t)q(t) = u(t) + Dw(t), ¢(0) = qo, ¢(0) = o,

t>t, (6.28)

where (), q4(t),{(t) € R™, t > tg, represent generalized position, velocity, and accel-
eration coordinates, respectively, u(t) € R, t > tg, is the control input, w(t) € RY,
t > tg, is a known bounded disturbance, M € R™" (' : R" x R" x R — R™"
K :R"xR — R™" and D € R"*¢. We assume that M > 0 and C(-,-,-) and K(-, ")
are continuous and symmetric maps. Otherwise, we assume that M, C(-,-,-), K(-,-),
and D are unknown. Note that even though w(t), ¢ > tg, is assumed to be known,
the disturbance signal Dw(t), t > tg, is an unknown bounded disturbance. The con-
trol input u(-) in (6.28) is restricted to the class of admissible controls consisting of
measurable functions such that u(t) € R", ¢t > t5. Furthermore, for the uncertain
dynamical system G we assume that the required properties for the existence and
uniqueness of solutions are satisfied; that is, C(-,-,-), K(-,-), u(-), and w(-) satisfy

sufficient regularity conditions such that (6.28) has unique solution forward in time.

Next, with 2, £ ¢, o = ¢, and # = [2T,27]7, it follows that the state space

representation of (6.28) is given by

w(t) ] st
[ (t) } - [ —Mfl(K(:cl(t),t)xl(t) + Ol (t), za(t), t)aa(t) — u(t) _Dw(t)> ] :
[ﬁlégi ] - { py } . t>1. (6.29)

do
For the statement of our main result let P € R?*? be positive definite, where P =

|: pP1 P12 ] and p1o > 0, and define By S [Onal’R]T'
P12 P2

Theorem 6.3. Consider the nonlinear time-varying matrix second-order dynam-
ical system G given by (6.28), or, equivalently, the nonlinear time-varying dynamical
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system given by (6.29). Assume there exist scalars ay, as, 81, f2 € R such that

ayM < K(x1,t) <asM, M < Clxy,x9,t) < GoM, (x1,22) € R"XR™, ¢ > ty.

(6.30)
Let Q, Qs € R™™ Y € R?2" and Z € R4 be positive definite. Then the adaptive
feedback control law

u(t) = U(t)z(t) + d(H)w(t), (6.31)

where WU(t) € R™2" ¢ > ty, and ®(t) € R™4, ¢t > t, with update laws

U(t) = —QBY (P @ IL)z(t)z (t)Y, W(0) = Uy, (6.32)

d(t) = —QuBI (P @ L)x(t)w™ (t)Z, ®(0) = &, (6.33)

guarantees that the solution (z(t), ¥(t), ®(t)) = (0, Ky, —D), where K, € R"*?"  of
the closed-loop system given by (6.29), (6.31)—(6.33) is uniformly Lyapunov stable

and x(t) — 0 as t — oo for all xy € R*".

Proof. Define v, = P20t + P12, Yo = Pacia + pr12fa, 7y £ maX{"Yl\Q, ”Yz|2}a and
define the set K C R™*?" by

K £ {[ki M, ko M] € R™?™ 2 ky < ay, kg < B1, p1 + paki1 + praks < 0,
pr2(oa — k1) [p2(Br — k2) — p12] > 2(v — 11/7),

prz2(ar — k1)[pa(Br — ka) — p1a] > 7} (6.34)

Note that since all of the inequalities in (6.34) may be rewritten as upper bounds on k4

and ky, K is not empty. Next, let K, £ [kiz M, koy M] € K and define U(t) £ U(t)—K,

g9
O(t) 2 ®(t) + D, C(x,t) 2 C(x1,w9,t) — koM, and K(x1,t) & K(21,t) — k1, M.

AL

Furthermore, define p, —(p1 + p2kig + prokag) and H(z,t) 2 —(p +p)M +
plgé(x,t) —i—pgf((xl, t) and note that p; > 0. Now, it follows from the definitions of
~v1 and v, that

M < H(x,t) <M, x€R™ >t (6.35)
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Moreover, it follows from (6.35) and the definition of v that
0< H(z, )M 'H(z,t) <YM, z€R™ >t (6.36)

Next, with u(t), t > to, given by (6.31), (6.29) becomes

) (t)
§ t

{ 1 (t) } _ _ By 5
To(t) —M! (K(:L’l(t),t)xl(t) + C(x(t), t)xo(t) — V(t)x(t) — @(t)w(t)) ’
{ 71(0) ] - { o ] . t>t. (6.37)

do
To show uniform Lyapunov stability of the closed-loop system (6.32), (6.33), and

(6.37), consider the Lyapunov function candidate
1 5 . . .
V(e 0, 0) = 5 |2 (P& M)w+pra] Moy +tr QU Y 0T+t Q;lth*l@T]. (6.38)

Note that V(0, Ky, —D) = 0 and, since P, M, Q1, )2, Y, and Z are positive def-
inite, V(z, ¥, ®) > 0 for all (z,V¥,®) # (0, Ky, —D). Furthermore, V(z, ¥, ®) is
radially unbounded. Now, letting x(t), t > to, denote the solution to (6.37) and using
(6.32) and (6.33) it follows that the Lyapunov derivative along the closed-loop system

trajectories is given by

V(@ (t), W(t), ®(t),1) = 2" (O)(P © M)i(t) + prat ()M (1) + 0 Q7 " ()Y 0 (1)

Q3B (H) 2 (1)

= pray (t)Maws(t) + pray (1) Mz (t) — proay (K (1 (t), )21 (1)
—prat (1) C (x(t), 1) (t) — pary () K (21(1), )1 (t)
—pay ()C((t), )aa(t) + proay ()W(1)x(t) + pary ()W (8)a(1)
oy (D@ (E)w(t) + pawy (NS (H)w(t) + prary () Mas(t)
i QTN ()Y TN (1) + tr Q5 B(4) 2 B (1)

= iy () Mas(t) = proar] (K (21(1), )1 (1)
—pay ()C (1), )x2(t) — 2f (8 H (x(1), t)22(1)
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e () [2()a™ (1)(P ® ) Bo + Y9 (1 Q1]
e & () [w ()2 () (P ® 1,)Bo + 27 (1)Q5 Y]

= —poay (VK (21(t), ) (t) — 2y () H (), t)aa(t)

— a3 (8)(p2C (1), 1) — pr2M )a(t)

< —pra(on = kag)wy () My (t) — ay (6) H ((t), t)w(t)
—(p2(Br — kag) — pr2)aq (t) Mo (t)
= —zT (O)R(z(t),t)x(t), t>to, (6.39)
where
a | pa(on — kig) M H(x,t)/2
Riw1) = [ H@,0)/2  (p2(B — hag) — pro)M ] |
Next, define
N 1 pra(an — kig) val
= 2 { Nal p2(B1 — kag) — P12 ]

and note that, using (6.34), R > 0. Hence, it follows from (6.34)—(6.36) that R(x,t) >
(R® M) >0, t >ty Thus, it follows from (6.39) that

V((t), W(t), (1), t) < —a" ()R (x(t), t)a(t)
< —2"(t)(R® M)x(t)

which proves that the solution (z(t),U(t),®(t)) = (0, Ky, —D) of the closed-loop
system (6.32), (6.33), and (6.37) is uniformly Lyapunov stable. Furthermore, since
(R® M) > 0, it follows from Theorem 2 of [42] that z(t) — 0 as t — oo for all

Tg € R?", ]

Remark 6.8. Note that the conditions in Theorem 6.3 imply that x(t) — 0 as
t — oo and hence it follows from (6.32) and (6.33) that (z(t), U(t), ®(t)) — M =
{(z, ¥, ®) € R” x R x R : 2 =0, = 0,d = 0} as t — 0.
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Remark 6.9. It is important to note that the bounds for K(xi,t), (z1,t) €
R™ x R, and C(z1,x2,t), (x1,22,t) € R" x R" x R, do not need to be known in order
to implement the adaptive controller (6.31)—(6.33). All that is required is that K(-,-)
and C(-,-,-) are continuous, symmetric, and bounded; otherwise they are unknown.

Likewise, M € R™ ™ needs to be positive definite but is otherwise unknown.

Remark 6.10. Although K(-,-) and C(-,-,-) are assumed to be symmetric, The-
orem 6.3 also holds for the more general case where K(-,-) and C(-,-,-) are nonsym-
metric operators. In this case however, the inequalities in (6.30) involving K(,-)
and C(-,-,-) should be replaced with the symmetric part of K(-,-) and C(,-,-),
respectively. Furthermore, if M is known to be negative definite but otherwise
unknown, then Theorem 6.3 holds with u(t) given by (6.31) replaced by wu(t) =
=W (t)x(t) — P(t)w(t).

Theorem 6.3 is applicable to the case where C'(q, ¢,t) and K(q,t), q,¢ € R™, t > o,
are bounded. In practice however, C(q,q,t) and K(q,t), ¢,¢ € R"™, t > tg, are often
unbounded. Next, we provide a corollary to Theorem 6.3 that addresses the case

where C(-,-,-) and K(-,-) can be unbounded operators.

Corollary 6.2. Consider the nonlinear time-varying dynamical system G given
by (6.29), or, equivalently, the nonlinear matrix second-order dynamical system G
given by (6.28). Assume there exist known, symmetric matrix functions Ky, : R™ x
R — R™™ and C}, : R" x R x R — R™™ and scalars oy, as, 81, 52 € R such that
M < C(xq,x9,t) — Cp(x1,29,t) < oM and oy M < K(xq,t) — Kp(x1,t) < oM,

T1,T9 € R t >ty Let Q1,Qs € R Y € R2 7 ¢ R4 and P € R**? be

pP1 P12

positive definite, where P =
P12 P2

} and pi2 > 0. Then the adaptive feedback

control law

u(t) = Kp(x1(t), t)z1(t) + Cu(x1(t), 2(t), t)2(t) + U()z(t) + ©(H)w(t), (6.41)
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where W(t) € R™?" t > {5, and ®(t) € R ¢ > t,, with update laws (6.32)
and (6.33) guarantees that the solution (x(t), ¥(t), ®(t)) = (0, Ky, —D), where K, €
R"*2" of the closed-loop system given by (6.29), (6.32), (6.33), and (6.41) is uniformly

Lyapunov stable and z(t) — 0 as t — oo for all zy € R*".

Proof. Rewrite (6.28) as

N ~

M(t) + C(q(t), 4(1), t)q(t) + K(q(t), t)q(t) = a(t) + Dw(t), ¢(0) = qo, ¢(0) = do,

t>to, (6.42)

where C'(q,4,t) = C(q.d,t) — Cula, 4. t), K(q) £ K(q,t) — Kp(q,t), and @ 2 u —

Cv(q,4,t)¢g — Kv(q,t)g. Now, the result is a direct consequence of Theorem 6.3. [

Finally, we generalize Theorem 6.3 and Corollary 6.2 to the case where C(q, ¢,t) —
(0F ® I,)Cy(q, ¢,t) and K(q,t) — (6 @ I,)Ky(q,t) are bounded, where 6, € RPe and
0, € RPr are unknown parameters and C}, : R" x R® x R — RP<™™ as well as

Ky : R* x R — RPE™ ™ gre known functions.

Theorem 6.4. Consider the nonlinear time-varying dynamical system G given
by (6.29), or, equivalently, the nonlinear matrix second-order dynamical system G
given by (6.28). Assume there exist scalars aq, a9, 01,02 € R, vectors 0. € RPe,
0, € RP: and symmetric matrix functions C}, : R” x R® x R — RP<"™ ™ and K, :
R™ x R — RP:™™ guch that oy M < K(x1,t) — (0F @ L) Ky(21,t) < aaM and
BiM < C(xy,29,t) — (0F @ I,)Cp (21, 29, 1) < BoM, x1, 79 € R™, t > 4. Furthermore,
let Cpi : R"XR*" xR — R™" ¢=1,...,p, and Ky; : R" xR — R"™" 5 =1,... ps,
be symmetric maps such that Cy(z1,z2,t) = [Chi(x1, T2,t), -+, Chp, (71,22, 1)]T and
Ky(z1,t) = [Kpi(@1,t), -+, Kpp (21, 8)]T. Let Q1,Q2 € R™™, Q3 € RP*Pr Q€

Rrexre Y ¢ R 7 ¢ R4 and P € R?*? be positive definite, where P =
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[ g ! [;0 12 } and pi2 > 0. Then the adaptive feedback control law
12 D2
u(t) = (04 (t) @ L) Ky (1 (1), )21 (1) + (O (1) © 1) Gy (w1 (1), (1), )2(t)

+U(t)x(t) + P(t)w(t), (6.43)

where Oy (t) € RP* t > tg, O.(t) € RPe, t > to, U(t) € R™2 ¢ > ¢4, and ®(t) € R,

t > 1y, with update laws (6.32), (6.33), and

Ok(t) = —Qs3(I, @ 21 (t)Ky(21(t),t) By (P ® 1,)x(t), ©O4(0) = Oy, (6.44)

Oc(t) = —Qu(Iy, ® x5 (1) Cy (21 (1), 22(t), ) By (P © L) (t),  ©.(0) = Oy, (6.45)

guarantees that the solution (x(t),U(t), ®(),O.(t), Ok(t)) = (0, Kg, —D, 8., 0),
where K, € R"*?" of the closed-loop system given by (6.29), (6.32), (6.33), (6.43)—

(6.45) is uniformly Lyapunov stable and x(t) — 0 as t — oo for all xy € R?".

Proof. Let K, £ [kiaM, kogM] € K. Furthermore, define C(x1,29,1) 2 C(21, 29,
t) - (03 & In)cb(l‘hx%t) - ngM7 [N(('Ilvt) = K(x17t) - (0;9[‘ ® In)Kb(xlat) - klgMa
Ok(t) £ O4(t) — Oy, and O,(t) £ O.(t) — 6., and consider the Lyapunov function

candidate

1 o
V(z,¥,®,00,.) = 5 eT(P® M)z + prat May + tr Q7 0y 1T

+trQy 077 10T + 07 Q56 + éf@;léc] . (6.46)

Now, the proof is identical to the proof of Theorem 6.3. ([

Remark 6.11. Theorem 6.4 generalizes Corollary 6.2 since C(xq,22,t) — (07 @
L,)Cy (1, z9,t) and K (z1,t)— (0 ®1,,) Ky, (1, t) are bounded as opposed to C(zy, w9, t)
—Cy(21,22,t) and K(z1,t) — Kp(z1,t) being bounded. This gives yet a larger class
of nonlinearities that can be considered in the operators C(-,-,-) and K(-,:). See

Remark 6.4 for further details.
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Remark 6.12. Once again, as in the case of Theorem 6.3, Corollary 6.2 and The-
orem 6.4 also hold for the case where M is only sign definite and C(-,-,+) and K(,-)
are nonsymmetric operators. In this case, C(-,-,-) and K(-,-) should be replaced
by their symmetric parts in the expressions C(zy,x9,t) — (0T ® I,,)Cy (21, 79, t) and
K(x1,t) — (0f @ I,,) Ky, (21, t), respectively. Furthermore, when M is negative definite

but otherwise unknown, the control law (6.41) takes the form

ut) = —(O5(t) ® L) Kp(w1(t), )1 (t) — (O (1) ® L) Chy (w1 (1), wa(t), 1) (t)

—U()a(t) — (t)wl(t). (6.47)
6.6. Illustrative Numerical Example

In this section we present a numerical example to demonstrate the utility of the
proposed direct adaptive control framework for adaptive stabilization. Specifically,
consider the nonlinear time-varying matrix second-order dynamical system with non-
linear damping and stiffness matrix functions given by (6.28), where n = 2, and M,
C(q,4,t), and K(q,t) are unknown with M > 0, and C(q, ¢,t) and K(q,t) bounded
for all ¢,¢ € R? and ¢ > ty. Furthermore, assume w(t) = 0. Now, with py > 0
and pi2 > 0, it follows from Theorem 6.3 that the adaptive feedback controller (6.31)
guarantees that z(t) — 0 as ¢ — oo. For illustrative purposes, consider (6.28) with

n = 2 and

5 05
M=105 4 ]

.| exp(—¢3)sin(t) sin(v/t/4)
i) = | G el aprem |

[ sin(git)  sin(t)
K(Qat) = Sin((]t) COS(QQt) :| '

Let p1 =2, po = p12 = 1, Q1 = 215, Y = I, and set the initial conditions ¢(0) =
(1, —2]T, 4(0) = [0, —1]T, and ¥(0) = 09y4. Figure 6.18 shows the phase portraits of
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the controlled and uncontrolled systems. Note that the adaptive controller is switched
on at t = 10 sec. Figure 6.19 shows the state trajectories and the control signals versus

time. Finally, the adaptive gain history versus time is shown in Figure 6.20.
6.7. Applications to Combustion Processes

In this section we apply the framework developed in Section 6.5 to suppress the
effects of thermoacoustic instabilities in uncertain combustion processes. As shown in
Section 2.6, a matrix second-order model with sign-indefinite damping and stiffness
operators can be used to capture the coupling between unsteady combustion and
acoustics in a combustion process. Specifically, using the mass, momentum, and
energy conservation equations for a two phase mixture in a combustor and using a

Galerkin decomposition the authors in [50,98] obtain

o0

i (1) +wimi(t "’Z inTlp(£) +€iptip(t) +Z (@ipg1p ()71 () + bipgTp ()14 (8)) = i),
p=1 p=1 ¢g=1

(6.48)

where 7, denotes the ¢th modal combustion pressure, dip, €ip, Qipg, and by, @ =

1,---,n, are constants depending on the unperturbed mode shapes and natural fre-

quencies of the combustor [50], and u;(t), t > 0, ¢ = 1,---,n, is the control input to

the 7th mode and is given by
@’ = .
ui(t) = B2 Z i (1) i(2s;), (6.49)

where a £ is the local average sound velocity inside the combustor, p is the

=
I

average density in the two phase mixture, v is the mixture ratio of specific heats,
p is the average pressure inside the combustor, ¥;(-), i = 1,---,n, are the normal
modes of the system, E? = fo VYi(x)Ac(x)dx, A.(z) is the cross sectional area of
the combustor, L is the combustor length, ,(t) is a control excitation through an

acoustic driver, and x,; corresponds to the location of the jth actuator.
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To design a direct adaptive controller for combustion systems we use the nonlinear
combustion model given by the matrix second-order system (6.48) with nonlinearities
present due to the second-order gas dynamics. Furthermore, we assume that actuation
is provided by loud speakers while we measure pressure fluctuations via pressure-type
microphones. Assuming a two-mode, nonlinear combustion plant model, (6.48) and

(6.49) yield

i(t) = 2a0m1(t) — (Wi = 261w1)m () — Fiain (£)i(t) — Frana ()n(t)
+%(¢1(5€s1)@1(t) + 1 (zs2)U2(t)),  m(0) =m0, Mm(0) =110, t >0, (6.50)
iia(t) = 2a0m2(t) — (w5 — 200ws)ma(t) — Funi (t) — Faani (t)

2

+z (Va1 )i (1) + Pa(2e2)d2(1)), - 12(0) = 20, 722(0) = 70, (6.51)

where w;(t), ¢« = 1,2, are control input signals, «; = —%dii € R represents

a growth/decay constant, 0; = —%‘;— € R represents a frequency shift constant, w;

5(v=1) 2
27 wl?

) )
and wy are the frequencies of the first and second modes, F}; = 32—77’ iy =
Fy = —72—?, and Fyy = VQ—ZIw% In the case where we consider a cylindrical combustor

closed at both ends with pure longitudinal modes, it follows that the first two modes

are given by

bi(z) = cos(kiz), ki = @% i=1,2. (6.52)
For the nondimensionalized (using the time factor 7, = 7L /a) data parameters [63]
a; = 0.0144, ay = —0.0559, 6, = 0.0062, O, = 0.0178, v = 1.2, w; = 1, wy = 2, and
[ nd ]t = [0.01, 0.1, 0, 0], the open-loop (4;(t) = 0,i = 1,2) dynamics (6.50) and
(6.51) result in a limit cycle instability. Figure 2.26 shows the open-loop response

versus time of the system.

Next, we assume that loud speakers are placed at x4, = %L and x4y = %L. It is

important to note that our proposed adaptive controller would stabilize any nonlinear
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time-varying, matrix second-order dynamical system with unknown nonlinear sign-
indefinite damping and stiffness operators given by (6.28). Hence, we assume our

combustion model is given by (6.50), (6.51) with n =2, ¢ = [91,m2]", u = [y, 1],

_ P [ V2EF 0O
T @ o B
C(q q t) = _E | \/§E12(F11q.2 - 26Y1) 0
o a | E3Fnq —2F2ay |’
Kgt) = L [ V2ER(Fug +wt = 26101) 0
7 a* | E3Fooq E2(w2 — 20,ws) |’
where oy, 0;, w;, Fij, and ;%2.2(> 0), i,j = 1,2, are unknown. Next, let ., =
~LIV2E R, 3B F]T, On = — B [V2E Fia, 3 B3 Fp] ", and
. 0 . 0
Cbl(QJq7t) = |: %2 O:| 3 Cb2<Q7Q7t> = |: q()l q1:| ,

0 0
Kbl(Q7t) = |: %2 O:| ) Kb2(Q7t) = |: % QI] .

Now, it follows from Theorem 6.4 and Remark 6.12 (since the sign-indefinite stiffness
and damping operators are not symmetric) that the adaptive feedback controller
(6.47) with update laws (6.32), (6.33), (6.44), and (6.45) guarantees that the closed-

loop system is uniformly Lyapunov stable and ¢(t) — 0 as t — oo.

To illustrate the dynamic behavior of the closed-loop system, let a; = 0.0144,
ay = —0.0559, 6, = 0.0062, By = 0.0178, v = 1.2, wy = 1, wy = 2, Q1 = Q3 = Q4 =
0.115,Y = 0.515, and 2%2? = 0.4, =1,2. The response of the controlled system (6.28)
with the adaptive feedback control law (6.47) and initial conditions gy = [0.01, 0.1]*,
Go = [0, 0]T, W(0) = Oy, ©(0) = 091, and O4(0) = 0y, is shown in Figure 6.21.
Uniform Lyapunov stability of the closed-loop system (6.28), (6.32), (6.33), (6.44),
(6.45), and (6.47) as well as attraction of ¢(t) is guaranteed by Theorem 6.4 and

Remark 6.12. Note that the adaptive controller is switched on at ¢ = 300.

To illustrate the robustness of the proposed adaptive control law, we switch the

growth constant of the first mode from oy = 0.0144 to a; = 0.0720 at ¢t = 600. The
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closed-loop response is shown in Figure 6.22. Figure 6.23 shows the same change in
the growth constant of the first mode with the switch occurring at t = 350 while the

control law is still in process of adapting.

Finally, we change the transient parameters #; = 0.0062 and 6y = 0.0178 to
01 = 0.4998 and Ay = 1.009 at ¢ = 600. The closed-loop response is shown in
Figure 6.24. Note that this change corresponds to 8061% and 5669%, respectively, of
the original values of the parameters. The same change in the transient parameters

occurring at ¢t = 350 is shown on Figure 6.25.

To illustrate the robustness of the proposed adaptive control law, we switch the
growth constant of the first mode from a; = 0.0144 to a; = 0.0720 at t = 600. The
closed-loop response is shown in Figure 6.22. Figure 6.23 shows the same change in
the growth constant of the first mode with the switch occurring at ¢ = 350 while the

control law is still in process of adapting.

Finally, we change the transient parameters #; = 0.0062 and 6y = 0.0178 to
0, = 0.4998 and 6, = 1.009 at ¢t = 600. The closed-loop response is shown in
Figure 6.24. Note that this change corresponds to 8061% and 5669%, respectively, of
the original values of the parameters. The same change in the transient parameters

occurring at ¢t = 350 is shown on Figure 6.25.

6.8. Conclusion

A direct adaptive control framework for a class of nonlinear matrix second-order
systems with state-dependent uncertainty was developed. In particular, using a
Lyapunov-based framework, global asymptotic stability of the closed-loop system
states associated with the plant dynamics was guaranteed without requiring any

knowledge of the system nonlinearities other than the assumption that they are con-
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tinuous and lower bounded. Generalizations to the case where the system nonlinear-
ities are unbounded were also considered. The efficacy of the proposed approach was
demonstrated on several nonlinear systems with sign varying; that is, nondissipative,

generalized stiffness and damping operators.
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Chapter 7

Adaptive Control for Nonnegative
and Compartmental Dynamical
Systems with Applications to
General Anesthesia

7.1. Introduction

Even though advanced robust and adaptive control methodologies have been (and
are being) extensively developed for highly complex engineering systems, modern ac-
tive control technology has received far less consideration in medical systems. The
main reason for this state of affairs is the steep barriers to communication between
mathematics/control engineering and medicine. However, this is slowly changing and
there is no doubt that control-system technology has a great deal to offer medicine.
For example, critical care patients, whether undergoing surgery or recovering in in-
tensive care units, require drug administration to regulate key physiological (state)
variables (e.g., blood pressure, cardiac output, heart rate, glucose, etc.) within desired
levels. The rate of infusion of each administered drug is critical, requiring constant
monitoring and frequent adjustments. Open-loop control (manual control) by clinical

personnel can be very tedious, imprecise, time consuming, and often of poor quality.
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Hence, the need for active control (closed-loop control) in medical systems is crucial;
with the potential in improving the quality of medical care as well as curtailing the

increasing cost of health care.

The complex highly uncertain and hostile environment of surgery places strin-
gent performance requirements for closed-loop set-point regulation of physiological
variables. For example, during cardiac surgery, blood pressure control is vital and
is subject to numerous highly uncertain exogenous disturbances. Vasoactive and
cardioactive drugs are administered resulting in large disturbance oscillations to the
system (patient). The arterial line may be flushed and blood may be drawn, cor-
rupting sensor blood pressure measurements. Low anesthetic levels may cause the
patient to react to painful stimuli, thereby changing system response characteristics.
The flow rate of vasodilator drug infusion may fluctuate causing transient changes in
the infusion delay time. Hemorrhage, patient position changes, cooling and warm-
ing of the patient, and changes in anesthesia levels will also effect system response

characteristics.

In light of the complex and highly uncertain nature of system response charac-
teristics under surgery requiring controls, it is not surprising that reliable system
models for many high performance drug delivery systems are unavailable. In the face
of such high levels of system uncertainty, robust controllers may unnecessarily sacri-
fice system performance whereas adaptive controllers can tolerate far greater system
uncertainty levels to improve system performance [12,121,147,176]. In contrast to
fixed-gain robust controllers, which maintain specified constants within the feedback
control law to sustain robust performance, adaptive controllers directly or indirectly
adjust feedback gains to maintain closed-loop stability and improve performance in
the face of system uncertainties. Specifically, indirect adaptive controllers utilize pa-

rameter update laws to identify unknown system parameters and adjust feedback
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gains to account for system variation, while direct adaptive controllers directly adjust

the controller gains in response to system variations (drug administration).

In this chapter we develop a direct adaptive control framework for adaptive set-
point regulation of linear uncertain nonnegative and compartmental systems. Non-
negative and compartmental dynamical systems [6,19,24,62,70,75,123,124,164,166,
172,182,187,203] are composed of homogeneous interconnected subsystems (or com-
partments) which exchange variable nonnegative quantities of material with conser-
vation laws describing transfer, accumulation, and elimination between the compart-
ments and the environment. It follows from physical considerations that the state
trajectory of such systems remains in the nonnegative orthant of the state space for
nonnegative initial conditions. Nonnegative and compartmental models thus play a
key role in understanding many processes in biological and medical sciences. Using
nonnegative and compartmental model structures, a Lyapunov-based direct adaptive
control framework is developed that guarantees partial asymptotic set-point stabil-
ity of the closed-loop system; that is, asymptotic set-point stability with respect
to part of the closed-loop system states associated with the physiological state vari-
ables. In particular, adaptive controllers are constructed without requiring knowledge
of the system dynamics while providing a nonnegative control (source) input for ro-
bust stabilization with respect to the nonnegative orthant. Furthermore, in certain
applications of nonnegative and compartmental systems such as biological systems,
population dynamics, and ecological systems involving positive and negative inflows,
the nonnegativity constraint on the control input is not natural. In this case, we also
develop adaptive controllers that do not place any restriction on the sign of the control
signal while guaranteeing that the physical system states remain in the nonnegative

orthant of the state space.

Even though the proposed adaptive control framework is applicable to general
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nonlinear nonnegative and compartmental dynamical systems, in this chapter our
application objective is in clinical pharmacology. In particular, we develop adaptive
controllers for drug administration for general anesthesia. Adaptive control algo-
rithms in pharmacology are vital since the relationships between drug dose and blood
concentration (pharmacokinetics) and between blood concentrations and physiologi-
cal effect (pharmacodynamics) vary widely among individual patients. Active control
for the administration of general anesthesia is not new to this dissertation and has
been considered in the literature. Specifically, building on pioneering work of Bick-
ford [26] several groups have developed and clinically tested closed-loop controllers for
the delivery of intravenous anesthesia using an electroencephalogram (EEG) signal
for the performance and measurement variable. Two model-based control algorithms
have been developed using a pharmacokinetic model relating drug concentration to
drug dose and a pharmacodynamic model relating drug effect to drug concentration.
Unfortunately, biological systems have significant pharmacokinetic and pharmaco-
dynamic variability among individual subjects and using population mean values of
pharmacokinetic and pharmacodynamic model parameters may result in very pro-
nounced bias for any specific individual. To simplify one could assume that phar-
macodynamics (the relationship between drug concentration and effect) do not vary
among individuals and any difference between individual responses is due to phar-
macokinetic variability. Alternatively, one could assume that the pharmacokinetic
parameters are always correct and all variability is pharmacodynamic. Schwilden
et al. [207,208] developed an algorithm which used the former strategy and devel-
oped an adaptive control algorithm which progressively refined estimates of individual
pharmacokinetic parameters by minimizing the difference between the observed and
predicted EEG signal. This algorithm was implemented for the intravenous anes-

thetic agents methohexital and propofol but did not appear to offer great advantage
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over standard manual control. This may have been due to the approximations of the
algorithm or due to the deficiencies of the median EEG frequency (the EEG signal
utilized by the investigators) as a measure of consciousness. In the alternative ap-
proach, Struys et al. [227] have described a closed-loop controller of the delivery of the
intravenous anesthetic propofol using a model-based adaptive control algorithm with
the bispectral index (BIS), a derivative of the EEG signal, as the performance and
measurement variable that assumes that all variability is pharmacodynamic. More
specifically, with induction of anesthesia they calculated a predicted concentration us-
ing the pharmacokinetic model and then constructed a BIS-concentration relationship
using the observed BIS during induction and the predicted propofol concentration.
With each time epoch, the difference between the target BIS signal and the observed
BIS signal is used to update the pharmacodynamic parameters relating concentration
and BIS signal for the individual patient. Using this algorithm, Struys et al. [227]
demonstrated excellent performance as measured by the difference between the target
and observed BIS signals. However, as pointed out by Glass and Rampil [69], the
excellent performance of the system may have been because the system was not fully
stressed. In their study, Struys et al. [227] administered a relatively high fixed dose
of the opioid remifentanil, in conjunction with propofol. This blunted the patient
response to surgical stimuli and meant that the propofol was needed only to produce
unconsciousness in patients who were profoundly analgesic. The result was that only
small adjustments in propofol concentrations were necessary. Whether the system

would have been robust in the absence of deep narcotization is an open question.

In contrast, to the above adaptive control algorithms, Absalom et al. [2] have de-
scribed and implemented a proportional-integral-derivative control algorithm that is
independent of pharmacokinetic and pharmacodynamic models. While overall preci-

sion and bias of this controller was good, the clinical performance was not acceptable
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due to oscillations observed in 3 of the 10 patients investigated. In this chapter, we
present a less restrictive direct adaptive control framework as compared to the ex-
isting algorithms discussed above that accounts for interpatient pharmacokinetic and

pharmacodynamic variability.
7.2. Mathematical Preliminaries

In this section we introduce notation, several definitions, and some key results
concerning linear nonnegative dynamical systems [19, 20, 24, 75] that are necessary
for developing the main results of this chapter. Specifically, for z € R"™ we write
x >> 0 (resp., x >> 0) to indicate that every component of x is nonnegative (resp.,
positive). In this case we say that = is nonnegative or positive, respectively. Likewise,

A € R™™ is nonnegative

or positive if every entry of A is nonnegative or positive,
respectively, which is written as A >> 0 or A >> 0, respectively. Let KZ and R
denote the nonnegative and positive orthants of R™; that is, if x € R", then x € Ki

and x € R’ are equivalent, respectively, to + >> 0 and x >> 0. The following

definition introduces the notion of a nonnegative (resp., positive) function.

Definition 7.1. Let 7" > 0. A real function u : [0,7] — R™ is a nonnegative

(resp., positive) function if u(t) >> 0 (resp., u(t) >> 0) on the interval [0, T.
The next definition introduces the notion of essentially nonnegative matrices.

Definition 7.2 [24,75]. Let A € R™*". A is essentially nonnegative if A(; ;) > 0,

Zaj:177n7l7éj

'In this dissertation it is important to distinguish between a square nonnegative (resp., positive)
matrix and a nonnegative-definite (resp., positive-definite) matrix.
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Next, consider the linear nonnegative dynamical system
(t) = Az(t), x(0)==x9, >0, (7.1)

where z(t) € R", t > 0, and A € R™™ is essentially nonnegative. The solution to
(7.1) is standard and is given by z(t) = e'z(0), t > 0. The following lemma proven
in [24] (see also [75]) shows that A is essentially nonnegative if and only if the state

A

transition matrix e* is nonnegative on [0, 00).

Proposition 7.1. Let A € R™"™. Then A is essentially nonnegative if and only
if e4? is nonnegative for all ¢+ > 0. Hence, if A is essentially nonnegative and xy >> 0,

then z(t) >> 0, t > 0, where z(t), t > 0, denotes the solution to (7.1).

The following result shows that, for nonnegative initial conditions, the states of a

time-varying linear dynamical system G of the form
(t) = A(t)z(t), x(0)=uzo, t>to, (7.2)

where ty € [0,00) and A : [0,00) — R™ ™ is continuous and essentially nonnegative

pointwise-in-time, remain nonnegative.

Proposition 7.2. Consider the time-varying dynamical system (7.2) where A :
[0, 00) — R™" is continuous. Then R, is an invariant set with respect to (7.2) if and

only if A :[0,00) — R™ ™ is essentially nonnegative pointwise-in-time.

Proof. The result is a direct consequence of Proposition 6.1 of [75] (see also
[22]) by equivalently representing the time-varying system (7.2) as an autonomous
nonlinear system by appending another state to represent time. Specifically, defining

y(t —to) 2 z(t) and y,.1(t — o) = t, it follows that the solution z(t), t > to, to (7.2)
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can be equivalently characterized by the solution y(7), 7 > 0, where 7 = ¢ — t;, to

the nonlinear autonomous system

9(1) = Ayna (T)y(7),  y(0) =4, 720, (7.3)

g)n+1(7) =1, ynJrl(O) = to, (7'4>

where 9(-) and ¢,,41(+) denote differentiation with respect to 7. Now, since ¢;(7) > 0,
7 >0, fori=1,---,n+ 1, whenever y;(7) = 0, the result is a direct consequence of

Proposition 6.1 of [75]. O

The following theorems give necessary and sufficient conditions for asymptotic
stability of a linear nonnegative dynamical system using linear and quadratic Lya-
punov functions, respectively. For the statement of the first theorem recall that (7.1)

is semistable if and only if lim, ., e exists [24,25,75].

Theorem 7.1 [75]. Consider the linear dynamical system G given by (7.1) where

A € R™ ™ is essentially nonnegative. Then the following statements hold:

i) G is Lyapunov stable if and only if G is semistable.

ii) If there exist vectors p,r € R™ such that p >> 0 and r >> 0 satisfy
0=A"p+r, (7.5)

then G is semistable (and hence Lyapunov stable).

ii1) If G is semistable, then there exists vectors p,r € R™ such that p >> 0, p # 0,

and r >> 0 satisfy (7.5).

iv) If there exist vectors p,r € R™ such that p >> 0 and r >> 0 satisfy (7.5) and

(A, rT) is observable, then p >> 0 and G is asymptotically stable.

Furthermore, the following statements are equivalent:
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v) G is asymptotically stable.

vi) There exist vectors p, € R™ such that p >> 0 and r >> 0 satisfy (7.5).

Theorem 7.2 [75]. Consider the linear dynamical system G given by (7.1) where

A € R™" is essentially nonnegative. Then G is asymptotically stable if and only if

there exist a positive diagonal matrix P € R™™ and an n X n positive-definite matrix
R such that

0=A"P+ PA+R. (7.6)

Next, we consider a subclass of nonnegative systems; namely, compartmental
systems. As discussed in the Introduction, linear compartmental dynamical systems
are of major importance in biological and physiological systems. For example, almost
the entire field of distribution of tracer labelled materials in steady state systems can

be captured by linear compartmental dynamical systems [123].

Definition 7.3. Let A € R™". A is a compartmental matriz if A is essentially

nonnegative and Z?:l A(%J) S 07 .7 = 17 e, N

If A is a compartmental matrix, then the nonnegative system (1) is called an
inflow-closed compartmental system [75,123,124]. As shown in [24,75], if A is a

compartmental matrix, then the entries in A are given by

Ay ={ 2= 12 7.7
w={ TEme 12 77
where a; > 0,7 € {1,---,n}, denotes the loss coefficient of the ith compartment and

a; >0,1%#7,4,5 € {1,---,n}, denotes the transfer coefficient from the jth compart-
ment to the ith compartment. Note that it follows from (7.7) that Y ", A;;) <0,
j=1,---.,n. Recall that an inflow-closed compartmental system possesses a dissipa-

tion property and hence is Lyapunov stable since the total mass in the system given
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by the sum of all components of the state z(t), ¢ > 0, is nonincreasing along the

T

Y

forward trajectories of (7.1). In particular, with V(z) = ez, where e = [1,1,- -, 1]
it follows that V(z) = eTAz = Yl Al <0, @ € R}. Furthermore,
since ind(A) < 1 (see [24] and [75]), where ind(A) denotes the index of A, it follows
that A is semistable. Hence, all solutions of inflow-closed linear compartmental sys-
tems are convergent. Of course, if det A # 0, where det A denotes the determinant
of A, then A is asymptotically stable. Alternatively, semistability and asymptotic
stability can be deduced from Theorem 7.1. In particular, with p = e >> 0 and
r=—A% = [~ai1, —ag, , —an,) >> 0, (7.5) is satisfied which implies, by The-
orem 3.2 of [75], that an inflow-closed compartmental system is semistable if A is

singular and asymptotically stable if A is nonsingular. For details of the above facts

see [24,75].

Next, we show that every asymptotically stable linear nonnegative system is equiv-

alent, modulo a similarity transformation, to a compartmental system.

Proposition 7.3 [75]. Let A € R™™ be asymptotically stable. Then A is essen-
tially nonnegative if and only if there exists an invertible diagonal matrix S € R"*"

such that SAS™! is a compartmental matrix.

Finally, in this chapter we consider controlled dynamical systems of the form
t(t) = Az(t) + Bu(t), =x(0) =x9, t>0, (7.8)
where z(t) € R", t > 0, u(t) € R™, t > 0, A € R"" and B € R"*"™. The following

definition and proposition are needed for the main results of the chapter.

Definition 7.4. The linear dynamical system given by (7.8) is nonnegative if for

every #(0) € R} and u(t) >> 0, ¢ > 0, the solution z(t), t > 0, to (7.8) is nonnegative.
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Proposition 7.4 [75]. The linear dynamical system given by (7.8) is nonnegative

if and only if A € R™™" is essentially nonnegative and B € R™*™ is nonnegative.

It follows from Proposition 7.4 that the control input signal Bu(t), t > 0, needs to
be nonnegative to guarantee the nonnegativity of the state of (7.8). This is due to the
fact that when the initial state of (7.8) belongs to the boundary of the nonnegative
orthant, a negative input can destroy the nonnegativity of the state of (7.8). Alterna-
tively, however, if the initial state is in the interior of the nonnegative orthant, then
it follows from continuity of solutions with respect to the system initial conditions
that, over a small interval of time, nonnegativity of the state of (7.8) is guaranteed
irrespective of the sign of each element of the control input Bu(t) over this time in-
terval. However, unlike open-loop control wherein lack of coordination between the
input and the state necessitates nonnegativity of the control input, a feedback control
signal predicated on the system state variables allows for the anticipation of loss of
nonnegativity of the state. Hence, state feedback control signals can take negative
values while assuring nonnegativity of the system states. For further discussion of

the above fact see [53].

Next, we present a time-varying extension to Proposition 7.4 needed for the main

theorems of this chapter. Specifically, we consider the time-varying system
(t) = A(t)z(t) + Bu(t), xz(ty) =x0, t>ty, (7.9)

where A : [tg,00) — R™ " is continuous. For the following result the definition of

nonnegativity holds with (7.8) replaced by (7.9).

Proposition 7.5. Consider the time-varying dynamical system (7.9) where A :
[tg, 00) — R™™ ig continuous. If A : [tg,00) — R™ ™ is essentially nonnegative
pointwise-in-time and B € R™ ™ is nonnegative, then the solution x(t), t > to, to

(7.9) is nonnegative.
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Proof. The result is a direct consequence of Proposition 6.1 of [75] (see also
[22]) by equivalently representing the time-varying system (7.9) as an autonomous
nonlinear system by appending another state to represent time. Specifically, defining
y(t —to) = z(t) and y,.1(t — o) = t, it follows that the solution z(t), t > to, to (7.9)
can be equivalently characterized by the solution y(7), 7 > 0, where 7 = ¢ — t;, to

the nonlinear autonomous system

§(1) = Aynia (T)y(7),  y(0) =4, 720, (7.10)

Un+1(T) = 1, Yn41(0) = to, (7.11)

where (+) and 9,.1(-) denote differentiation with respect to 7. Now, since ;(7) > 0,
7 >0, fori=1,---,n+ 1, whenever y;(7) = 0, the result is a direct consequence of

Proposition 6.1 of [75]. 0

Since stabilization of nonnegative systems naturally deals with equilibrium points
in the interior of the nonnegative orthant ﬁi, the following proposition provides
necessary conditions for the existence of an interior equilibrium point z. € R’ of

(7.8) in terms of the stability properties of the system dynamics matrix A.
Proposition 7.6. Consider the nonnegative dynamical system (7.8) and assume
there exist z. € R, and u, € @T such that
0 = Az, + Bu,. (7.12)

Then, A is semistable.

Proof. The proof is a direct consequence of i) of Theorem 7.1 with A replaced

by AT, p = x,, and r = Bu,. O

It follows from Proposition 7.6 that the existence of an equilibrium point z, € R}

for (7.8) implies that the system matrix A is semistable. Hence, if (7.12) holds for
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2. € R? and u, € R, then A is asymptotically stable or 0 € spec(A), where spec(A)
denotes the spectrum of A, is a simple eigenvalue of A and all other eigenvalues
of A have negative real parts since —A is an M-matrix [20]. In light of the above
constraints, it was shown in [53] using Brockett’s necessary condition for asymptotic
stabilizability [28] that if 0 € spec(A), then there does not exist a continuous stabi-
lizing nonnegative feedback for set-point regulation in R’} for a nonnegative system.
However, that is not to say that asymptotic feedback regulation using discontinuous

feedback is not possible.

7.3. Adaptive Control for Linear Nonnegative Uncertain Dy-
namical Systems

In this section we consider the problem of characterizing adaptive feedback control
laws for nonnegative and compartmental uncertain dynamical systems to achieve
set-point regulation in the nonnegative orthant. Specifically, consider the following

controlled linear uncertain dynamical system G given by
(t) = Ax(t) + Bu(t), z(0) =z, t>0, (7.13)

where z(t) € R™, t > 0, is the state vector, u(t) € R™, ¢t > 0, is the control input,
A € R™™is an unknown essentially nonnegative matrix, and B € R™*"™ is an unknown
nonnegative input matrix. The control input u(-) in (7.13) is restricted to the class

of admissible controls consisting of measurable functions such that u(¢) € R™, t > 0.

As discussed in the Introduction, it follows from physical considerations that the
state trajectories of nonnegative and compartmental dynamical systems remain in the
nonnegative orthant of the state space for nonnegative initial conditions. However,
even though active control of drug delivery systems for physiological applications ad-

ditionally requires control (source) inputs to be nonnegative, in many applications of
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nonnegative systems such as biological systems, population dynamics, and ecological
systems, the positivity constraint on the control input is not natural. Hence, in this
section we do not place any restriction on the sign of the control signal and design
an adaptive controller that guarantees that the system states remain in the nonneg-
ative orthant and converge to a desired equilibrium state. Specifically, for a given
desired set point x, € @i, our aim is to design a control input u(t), ¢ > 0, such that
limy oo ||2(t) — z.|]| = 0. However, since in many applications of nonnegative systems
and in particular, compartmental systems, it is often necessary to regulate a subset
of the nonnegative state variables which usually include a central compartment, here
we require that lim; . ;(t) = xg; > 0fori =1,--+- m < n, where xq4; is a desired set
point for the ith state z;(¢). Furthermore, we assume that control inputs are injected
directly into m separate compartments so that the input matrix is given by

B= { Bu } (7.14)

O(n—m)xm

where B, = diag[by,---,b,] and b; € R,, i = 1,---,m. For compartmental systems

this assumption is not restrictive since control inputs correspond to control inflows to

each individual compartment. Here, we assume that fori € {1,---,m}, b; is unknown.
For the statement of our main result define r, £ [z1, 2T]T, where 14 £ [zq1, -+, Tdm]T
and Ty é [xula o 7xu(nfm)]T'

Theorem 7.3. Consider the linear uncertain dynamical system G given by (7.13)
where A is essentially nonnegative and B is nonnegative and given by (7.14). For a

given x4 assume there exist nonnegative vectors x, € Kiﬁm and u, € @T such that
0 = Az, + Bue. (7.15)

Furthermore, assume there exists a diagonal matrix K, = diag(kg,, -, kg, ] € R™*™

such that Ay £ A+BK ¢ is asymptotically stable, where Kg £ [Kg, Omx(n_my)- Finally,
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let ¢; and ¢;, 1 = 1,---,m, be positive constants. Then the adaptive feedback control

law

u(t) = K(t)(&(t) — za) + (1), (7.16)

where K (t) = diag[k1(t),- -+, kn(t)], 2(t) = [#1(¢), -, 2 (t)]*, and ¢(¢) € R™, ¢ > 0,

or, equivalently,
uilt) = ki(t)(xi(t) — xq;) + $i(t), i=1,---,m, (7.17)

where k;(t) € R, t >0, and ¢;(t) e R, ¢ > 0, i =1,---,m, with update laws

bilt) = 0 if ¢;(t) = 0 and (1) > zq;,
U —Gi(w(t) — wa,),  otherwise,

¢i(0) >0, i=1,---,m, (7.19)

guarantees that the solution (x(t), K(t), ¢(t)) = (xe, Ky, ue) of the closed-loop system
given by (7.13), (7.16), (7.18), (7.19) is Lyapunov stable and x;(t) — zq;,i = 1,---,m,

as t — oo for all zy € EZ. Furthermore, x(t) >> 0 for all t > 0 and z( € Ri.

Proof. Note that with u(t), ¢ > 0, given by (7.16) it follows from (7.13) that
i(t) = Az(t) + BK(t)(2(t) — xza) + Bo(t), x(0) =z, t>0, (7.20)
or, equivalently, using (7.15) and A; = A + Bf(g,

i(t) = A(a(t) - 20) + BK () — Kp)(#(t) - q) + BO(t) — ), 2(0) =0, >0,

(7.21)
Furthermore, since Ag is essentially nonnegative and asymptotically stable, it follows
from Theorem 7.2 that there exists a positive diagonal matrix P £ diag[pi,- -, pn)

and a positive-definite matrix R € R™*" such that

0= AP+ PA;+R. (7.22)
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To show Lyapunov stability of the closed-loop system (7.18), (7.19), and (7.21) con-

sider the Lyapunov function candidate

Ve, K,0) = (¢ —2) "P(x — 20) + tr(K — )" Q7 (K — Ky) + (6 — 1) " Q™ (¢ — u),
(7.23)

or, equivalently,

- pib; — DPib;
l’ K ¢ sz T, — mez + Z i (kz - kgz>2 + Z Ci (sz uez)27
i=1 i=1 *
where () = diag |:p1b1 ""p%m] and Q = diag |:p1b1 '--,p . } Note that V(z., K,

ue) = 0 and, since P, ), and Q) are positive definite, V(x,K,¢) > 0forall (z, K, ¢) #
(%e, Kg, te). Furthermore, V' (z, K, ¢) is radially unbounded. Now, letting x(t), t > 0,
denote the solution to (7.21) and using (7.18) and (7.19), it follows that the Lyapunov

derivative along the closed-loop system trajectories is given by
V(a(t), K(t),¢(t)) = 2(x(t) — xe) "P[A(x(t) — ze) + BUK(t) — Ky)(2(t) — wa)
+B(g(t) — ue)] + 2tr (K (1) — K)TQ ' K(t)
+2((t) — ue) Q7' (1)
= —(z(t) — Ie)TR — o) +2 sz i (K )(:Ez(t) - ‘Tdi)Z

+2 Zpibi(%;(t) — 24;)(9i(t) — Ue;)

123" qu (s(t) — b (1) +2 5 P2

= —(fﬂ(t) — xe) R(x(t) — )
+2 sz (0i(t) — ue;) {( i(t) — za;) + %gf&i(t)] : (7.24)

Now, for each i € {1,---,m} and for the two cases given in (7.19), the last term on

the right-hand side of (7.24) gives:
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i) If ¢;(t) = 0 and z4(t) > zq;, then ¢;(t) = 0 and hence

Pibi(¢i(t) — we;) [(ﬂfz(t) —g;) + %¢z(t):| = —pibitte;(74(t) — z4;) < 0.

i) Otherwise, ¢;(t) = —d;(x;(t) — 2q;) and hence
1.
pibi(i(t) — uei) |(z:(t) — zai) + g(bi(t) = 0.
Hence, it follows that in either case

V(a(t), K(t),6(1)) < —(x(t) — ze) "R(x(t) — z.)

<0, t>0,

(7.25)

which proves that the solution (x(t), K(t), #(t)) = (e, Kg, ue) to (7.18), (7.19), and

(7.21) is Lyapunov stable. Furthermore, since R > 0 it follows from Theorem 2 of [42]

that z(t) — . as t — oo for all zy € R’.

Finally, to show that z(t) >> 0, ¢ > 0, for all zy € Ki, note that the closed-loop

system (7.13), (7.16), (7.18), and (7.19) is given by

#(t) = Ax(t) + BEK(t)(@(t) — 24) + Bo(t)

= (A+ BE(), Opxn-m)])x(t) = BE(t)za + Bo(t)

= At)z(t) + v(t) + w(t),

where
ai + b1k (t) a2 e A1m a1 m+1
aoq Qg2 + bgkz (t)
At) & ' bk
am1 e Amm + m m(t> Amm+1
Am+11 e Am+1m Am+1m+1
| Qn1 T Apm A m+1
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Q1n

Q2n,

Amn )

Am+1n

ann

(7.27)



[ biki(t)zar ] [ bign(t) ]
O R IO O (7.28)
0 o

Now, since, by (7.18) and (7.19), k;(t) < 0, ¢t > 0,7 = 1,---,m, and ¢;(t) > 0,
t>0,i=1,---,m, it follows that v(¢) >> 0, t > 0, and w(t) >> 0, t > 0.
Hence, since fl(t), t > 0, is essentially nonnegative pointwise-in-time, it follows from

Proposition 7.5 that x(t) >> 0 for all ¢ > 0 and z € EZ. 0

Remark 7.1. Note that the conditions in Theorem 7.3 imply that z(t) — z. as

>

t — oo and hence it follows from (7.18) and (7.19) that (x(¢), K(¢),¢(t)) — M
{(#,K,¢) e R" x R x R™ : g = 2o, K =0, ¢ =0} as t — 0.

It is important to note that the adaptive control law (7.16), (7.18), and (7.19)
does not require the explicit knowledge of the system matrices A, B, the gain matrix
K, and the nonnegative constant vector u.; even though Theorem 7.3 requires the
existence of K, and nonnegative vectors z,, and u, such that A is essentially nonneg-
ative and asymptotically stable and condition (7.15) holds. Furthermore, in the case
where A is semistable and minimum phase with respect to the output y = z, or A is
asymptotically stable, then there always exists a diagonal matrix K, € R™*™ such
that Ay is asymptotically stable. Necessary and sufficient conditions for set-point
stabilization of the pair (A, B), where A is singular and compartmental are given
in [53,113]. Finally, note that for ¢ = 1,--- m, the control input signal u;(t), ¢t > 0,
can be negative depending on the values of z;(t), k;(t), and ¢;(¢), t > 0. However,
as is required in nonnegative and compartmental dynamical systems the closed-loop

plant states remain nonnegative.

In the case where our objective is zero set-point regulation, that is, x, = 0, the
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adaptive controller given in Theorem 7.3 can be considerably simplified. Specifically,
since in this case x(t) >> x, = 0, t > 0, and condition (7.15) is trivially satisfied with
ue = 0, we can set ¢(t) = 0 so that update law (7.19) is superfluous. Furthermore,
since (7.15) is trivially satisfied, A can possess eigenvalues in the open right-half
plane. Alternatively, exploiting a linear Lyapunov function construction for the plant
dynamics, an even simpler adaptive controller can be derived. This result is given in

the following theorem.

Theorem 7.4. Consider the linear uncertain dynamical system G given by (7.13)
where A is essentially nonnegative and B is nonnegative and given by (7.14). Assume
there exists a diagonal matrix K, = diag[ky,, -, ke, ] € R™™ such that A, =
A+ BK'g is asymptotically stable, where f(g £ [Kg, Opx(n—m)]. Furthermore, let g;,
1=1,---,m, be positive constants. Then the adaptive feedback control law

u(t) = K(t)z(t), (7.29)
where K (t) = diag[ki(t),- -+, kn(t)] and Z(t) = [x1(t),- -, 2 (t)]T, or, equivalently,
wi(t) = ki(t)x;(t), i=1,---,m, (7.30)
where k;(t) € R, i = 1,---,m, with update law

K(t) = —diaglqz1(t), - -, gmam(t)), (7.31)

guarantees that the solution (x(t), K(t)) = (0, Ky) of the closed-loop system given
by (7.13), (7.29), (7.31) is Lyapunov stable and z(t) — 0 as t — oo for all 2y € R’,.

Furthermore, x(t) >> 0, t > 0, for all zy € @Tfr

Proof. Note that with u(t), ¢ > 0, given by (7.29) it follows from (7.13) that
(t) = Ax(t) + BK(t)z(t), x(0) =z, ¢>0,
— (A BIK®), Opeom])a(t)
= A(t)x(t), (7.32)
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where A(t), t > 0, is given by (7.27). Now, since A(t), t > 0, is essentially nonnegative
pointwise-in-time, it follows from Proposition 7.2 that x(t) >> 0, ¢t > 0, for all

To € Ei Next, using A, = A+ Bf(g, note that (7.32) can be equivalently written as
t(t) = Asx(t) + B(K(t) — Kq)z(t), x(0) =0, t>0. (7.33)

Furthermore, since Ay is essentially nonnegative and asymptotically stable, it follows

from Theorem 7.1 that there exist p,r € R™ such that p >> 0 and r >> 0 satisfy
0=Alp+r. (7.34)

To show Lyapunov stability of the closed-loop system (7.31) and (7.33) consider the

Lyapunov function candidate

Viz,K)=p'z+itr(K — K,)"Q (K — Ky), (7.35)
or, equivalently,
1 o= p;b;
T i 2
V(e K)=p's+; ; ” (ki — kg,)?, (7.36)
where Q = diag [%,---,pi’gm]. Note that V(0, K,) = 0 and, since p >> 0 and

Q >0, V(z,K) > 0 for all (z,K) # (0,K,). Furthermore, V(z, K) is radially
unbounded with respect to the nonnegative orthant. Now, letting x(¢), ¢ > 0, denote
the solution to (7.33) and using (7.31), it follows that the Lyapunov derivative along

the closed-loop system trajectories is given by
V(a(t), K1) = p"[Asw(t) + BIK(t) — Kg)a(t)] + tr(K(t) — K,)' Q™' K(t)

= = Ta(t) + 3 pilhi) — b Jos(8) + D P Ch(0) — i)

IA
[=

V
o

which proves that the solution (z(t), K(t)) = (0, K,) to (7.31) and (7.33) is Lyapunov
stable. Furthermore, since r >> 0 it follows from Theorem 2 of [42] that z(t) — 0 as

tﬁooforallzgéﬁi. O
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Finally, we generalize Theorem 7.3 to the case where the input matrix is not

necessarily nonnegative. For the statement of the following result define sgnb; =

bi/|bil.

Theorem 7.5. Consider the linear uncertain dynamical system G given by (7.13)
where A is essentially nonnegative and B is given by (7.14) where b;, i = 1,---,m, is
an unknown constant, but sgn b; is known. For a given x4 assume there exist a nonneg-
ative vector x, € Ei_m and a vector u, € R™ such that (7.15) holds with Az, << 0.

Furthermore, assume there exists a diagonal matrix K, = diag[k - kg, | € Rm™>™

s
such that A, £ A + Bf(g is asymptotically stable, where f(g = Ky, Omx (n—m)|. Fi-
nally, let ¢; and ¢;, © = 1,---,m, be positive constants. Then the adaptive feedback

control law (7.16) with update laws

ki) = —(sgnbi)qi(wi(t) — xa))®, i=1,---,m, (7.37)

.| 0, if ¢;(t) =0 and z;(t) > zq, .

50 = { % i) — za), i voisthoom
(7.38)

where k;(0) and ¢;(0) are such that (sgnb;)k;(0) < 0 and (sgnb;)$;(0) > 0, respec-
tively, guarantees that the solution (z(t), K(t), ¢(t)) = (ze, Kg, ue) of the closed-loop
system given by (7.13), (7.16), (7.37), (7.38) is Lyapunov stable and x;(t) — xg;,
it =1,---,m, as t — oo for all g € @i. Furthermore, z(t) >> 0, ¢t > 0, for all

[Eoem.

Proof. The proof is similar to that of Theorem 7.3 with ) and @ replaced by

— 5 Q. _dm N 5 @1 ... _dm :
Q) = diag PATEARE pmlbm\] and ) = diag PATEARE pmlbm\]’ respectively. O

Note that the adaptive controller given in Theorem 7.5 does not destroy nonnega-
tivity with respect to the plant states. In particular, the closed-loop system dynamics
are given by (7.26). Now, it can be seen that if b; is negative, then k;(t) > 0, ¢t > 0,
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and ¢;(t) <0, ¢t >0, and hence v(t) >> 0, ¢t > 0, and w(t) >> 0, ¢t > 0. Hence, by

Proposition 7.5, z(t) >> 0, t > 0.

7.4. Adaptive Control for Linear Nonnegative Dynamical Sys-
tems with Nonnegative Control

As discussed in the Introduction, control (source) inputs of drug delivery systems
for physiological processes are usually constrained to be nonnegative as are the system
states. Hence, in this section we develop adaptive control laws for nonnegative systems
with nonnegative control inputs. However, as noted in Section 7.2, since condition
(7.12) is required to be satisfied for z, € R, and u, € R}, it follows from Brockett’s
necessary condition for asymptotic stabilizability [53] that there does not exist a
continuous stabilizing nonnegative feedback if 0 € spec(A4) and z. € R’}. Hence, in
this section we assume that A is asymptotically stable and hence, without loss of
generality, by Proposition 7.3 we further assume that A is an asymptotically stable
compartmental matrix. Thus, we proceed with the aforementioned assumptions to
design adaptive controllers for uncertain compartmental systems that guarantee that
limy oo x;(t) = xgq; > 0 for i = 1,---,m < n, where xq4; is a desired set point for the

1th compartmental state while guaranteeing a nonnegative control input.

Theorem 7.6. Consider the linear uncertain dynamical system G given by (7.13),
where A is an asymptotically stable compartmental matrix, and B is nonnegative
and given by (7.14). For a given 24 € R assume there exist vectors x, € R} and
U € @T such that (7.15) holds. Furthermore, let ¢; and ¢;, ¢ = 1,-- -, m, be positive

constants. Then the adaptive feedback control law

w;(t) = max{0,a;(t)}, i=1,---,m, (7.39)
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where
;i (t) = ki(t)(x;(t) — xg;) + i(t), i=1,---,m, (7.40)

ki(t) e R, t >0, and ¢;(t) e R, t >0,i=1,---,m, with update laws

kilt) = { —q;(zi(t) — wq;)%, otherwise, ki(0) <0, i=1,--e,m, (741)

0, if ¢;(t) =0 and x;(t) > xq;, or if 4;(t) <0,
—q;(z;(t) — zq;), otherwise,

i(t) =

$:;(0)>0, i=1,---,m, (7.42)

guarantees that the solution (z(t), K(t), ¢(t)) = (2., Kg, ue), where K, = diaglkg,, - -,
kg, ] <0, of the closed-loop system given by (7.13), (7.39), (7.41), (7.42) is Lyapunov
stable and x;(t) — zq;, ¢ = 1,---,m, as t — oo for all zy € EZ. Furthermore,

u(t) >>0,t>0,and x(t) >> 0, ¢t >0, for all xq € E:LL.

Proof. First, define K,(t) 2 diag[ku,(t), -, kum(t)] and ¢,(t) 2 [pu, (1), -,

Gum(t)]T, where

(o0, ifa) <0,
B { kit otherwise, =1,m, (7.43)
Puilt) = ¢ otherwise, =L.m (7.44)
Now, note that with u(t), t > 0, given by (7.39) it follows from (7.13) that

(t) = Ax(t) + BK,(t)(Z(t) — xq) + Boyu(t), x(0) =z9, t>0, (7.45)
or, equivalently, using (7.15),
(t) = A(x(t) —xe) + BK,(t)(2(t) —2q) + B¢y (t) —ue), x(0) =z, t>0. (7.46)

Furthermore, note that since A is essentially nonnegative and asymptotically sta-
ble, it follows from Theorem 7.2 that there exists a positive diagonal matrix P £

diag[ps, - -+, pn) and a positive-definite matrix R € R"*" such that

0=A"P+ PA+R. (7.47)
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To show Lyapunov stability of the closed-loop system (7.41), (7.42), and (7.46) con-

sider the Lyapunov function candidate

V(z,K,¢) = (x—x) " P(x — x) + tr(K — Kg)TQ_l(K — K,) +

or, equivalently,

Vi, K, ¢) = sz i xei)2+zp§)i(ki Z

where @) = diag [ R ] and Q = diag [

plbl ’ PmOm

pibr’ "’p o }

ue) = 0 and, since P, ), and () are positive definite, Vz, K, )

(¢ - ue)TQ_1(¢ - Ue),
(7.48)

pz z 2
ueZ )

Note that V(z., K,
> 0 for all (z, K, ¢) #

(%e, Ky, te). Furthermore, V' (z, K, ¢) is radially unbounded. Now, letting x(t), t > 0,

denote the solution to (7.46) and using (7.41) and (7.42), it follows that the Lyapunov

derivative along the closed-loop system trajectories is given by

V(x(t), K(t), ¢(t)) = 2(x(t) — o) T PlA(x(t) — ze) + BKy(t)(

B(t) — xa)

B(u(t) — ue)] + 2tr(K (1) — Ky)"Q 7 K (1)

+2(4(t) — ue) Q7 (1)

= —(Jj(t) — fL’e)TR + 2 szb kuz

+2 Zpibi(ﬂ%(t) - xdi)(ﬁbui(t) - uei)

m m

il?dz‘)Q

+2 Z pib; (ki(t) — kg, )Ees(t) + 2 Z @(@(t) ;) (t)

qi

i=1 qi
+2 Zpibi {(mz(t) — 24;) (Pu; (t) — Ue;) +

~(60 - ue»cbi(t)} |
(7.49)

Now, for each i € {1,---,m} and for the two cases given in (7.41) and (7.42), the last

two terms on the right-hand side of (7.49) give:
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i) If 4;(t) < 0, then ky;(t) = 0, ¢y;(t) = 0, k;(t) = 0, and ¢;(t) = 0. Furthermore,
since ¢;(t) > 0 and k;(t) < 0 for all ¢ > 0, it follows from (7.40) that @;(t) < 0
only if x;(t) > xq; and hence

b ()a3(0) = )P+ —-(hs(®) = ki ) = 0,

(@:(t) = 2ag) (Pui(t) — uei) + é(cbi(t) — o) 0s(t) = —(i(t) = wa;)ue; < 0.

i) Otherwise, ky;(t) = k;(t) and ¢,;(t) = ¢;(t) and hence

i (0)(:(t) — 70)* + —(kilt) — kg k(1) = kg (@i(t) — 2ai)* <0,

qi

@%ﬂ—m%@AO—wﬁ+é@ﬁ%ﬂwWﬁ)
_ { —(xi(t) — xas)ue; <0, if ¢;(t) = 0 and x;(t) > zq;,

0, otherwise.

Hence, it follows that in either case

V(a(t), K(t),¢(t)) < —(2(t) — ze) " Rl (t) — x.)

<0, t>0, (7.50)

which proves that the solution (x(t), K(t), #(t)) = (e, Kg, ue) to (7.41), (7.42), and
(7.46) is Lyapunov stable. Furthermore, since R > 0 it follows from Theorem 2 of [42]

that z(t) — x. as t — oo for all 2y € ﬁi.

Finally, u(t) >> 0, ¢ > 0, is a restatement of (7.39). Now, since B >> 0 and
u(t) >> 0, t > 0, it follows from Proposition 7.4 that z(t) >> 0 for all ¢ > 0 and

ZL‘()ER?_. O

Remark 7.2. As in the case of Theorem 7.3, the conditions in Theorem 7.6
imply that x(t) — z. as t — oo and hence it follows from (7.41) and (7.42) that
(z(t), K(t), ¢(t)) = M2 {(2,K,¢) € R" x R™"™ x R™ : x = 2., K =0, ¢ = 0} as
t — o0.
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It is important to note that the adaptive control law (7.39), (7.41), and (7.42) does
not require the explicit knowledge of the constant vector u.; even though Theorem 7.6
requires the existence of z, € R}™™ and u, € R such that condition (7.15) holds.
Furthermore, the control input wu;(t), ¢ > 0, is always nonnegative regardless of the
values of x;(t), k;(t), and ¢;(t), t > 0,4 = 1,---,m, which ensures that the closed-loop
plant states remain nonnegative by Proposition 7.4. Finally, it should be noted that
since A is asymptotically stable, the adaptive gains k;(t), t > 0, ¢ = 1,---,m, only
change the performance of the closed-loop system and do not destroy stability even

when we set k;(t) = 0, t > 0, with k;(0) <0,i=1,---,m.

7.5. Adaptive Control for GGeneral Anesthesia

The potential clinical applications of adaptive control for pharmacology in general,
and anesthesia and critical care medicine in particular, are clearly apparent. Specifi-
cally, monitoring and controlling the levels of consciousness in surgery is of particular
importance. Propofol is an intravenous anesthetic that has been used for both induc-
tion and maintenance of general anesthesia [54]. A simple yet effective patient model
for the disposition of propofol is based on the three-compartment mammillary model
shown in Figure 7.1 with the first compartment acting as the central compartment and
the remaining two compartments exchanging with the central compartment [68,161].
The three-compartment mammillary system provides a pharmacokinetic model for a
patient describing the distribution of propofol into the central compartment (identi-
fied with the intravascular blood volume as well as highly perfused organs) and the
other various tissue groups of the body. A mass balance for the whole compartmental

system yields

ZL’l(t> = —(an —+ 21 —+ agl)l‘l(t) + algl‘g(t) + a13x3(t) + u(t), Il(O) = T10, t Z 0,
(7.51)

216



\ u = Continuous infusion

122 a3171
Central

Compartment
A21L1 a1373

\anl’l

Figure 7.1: Three-compartment mammillary model for disposition of propofol

Compartment 2 Compartment 3

[Eg(t) = a21$1(t) — &12$2(t), 1'2(0) = T20, (752)

l’g(t) = agl.ilﬁl(t) — &13.273(t), .’173(0) = T30, (753)

where x;(t), xo(t), x3(t), ¢ > 0, are the masses in grams of propofol in the central
compartment and compartments 2 and 3, respectively, u(t), ¢ > 0, is the infusion
rate in grams/min of the anesthetic (propofol) into the central compartment, a;; > 0,
i # 3, 4,7 = 1,2,3, are the rate constants in min~! for drug transfer between com-
partments, and a;; > 0 in min~! is the rate constant for elimination from the central
compartment. Even though these transfer and loss coefficients are positive, they can
be uncertain due to patient gender, weight, pre-existing disease, age, and concomi-
tant medication. Hence, adaptive control for propofol regulation during surgery can

significantly improve the outcomes for drug administration over manual control.

It has been reported in [239] that a 2.5-6 pg/m¢ blood concentration level of
propofol is required during the maintenance stage in general anesthesia depending on
patient fitness and extent of surgical stimulation. Hence, continuous infusion control
is required for maintaining this desired level of anesthesia. Here we assume that the
transfer and loss coefficients aq1, a2, a1, a3, and as; are unknown and our objective is
to regulate the propofol concentration level of the central compartment to the desired
level of 4 pg/m/ in the face of system uncertainty. Furthermore, since propofol mass

in the blood plasma cannot be measured directly, we measure the concentration of
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Table 7.1: Pharmacokinetic parameters [68]
Set | aj; (min™') ay (min™!) ap (min™!) a3z (min~!) a3 (min™t)
A 0.152 0.207 0.092 0.040 0.0048
B 0.119 0.114 0.055 0.041 0.0033

propofol in the central compartment; that is, z1/V., where V, is the volume in liters
of the central compartment. As noted in [161], V can be approximately calculated by
Ve = (0.159 £/kg) (M kg), where M is the weight (mass) in kilograms of the patient.
In our control design we assume M = 70 kg so that the desired level of propofol mass

in the central component is given by zq; = (4 pug/mf)(0.159 ¢/kg)(70kg) = 44.52 mg.

Next, note that (7.51)—(7.53) can be written in state space form (7.13) with x =

[xla X, 'T3]T7
—(ayy + agy +asy)  are a13 1
A= 921 —Qa19 0 y B = 0 . (754)
asy 0 —Q13 0

Now, it can be shown that for z4;/V. = 4 pg/mé, all the conditions of Theorem 7.6
are satisfied. Hence, it follows from Theorem 7.6 that the adaptive dynamic feedback
controller (7.39) with update laws (7.41), (7.42) guarantees that u(¢) > 0 for all t > 0
and x1(t) — xzq; as t — oo for any (uncertain) positive values of the transfer and loss
coefficients. To illustrate the robustness properties of the proposed adaptive control
law, we use the average set of pharmacokinetic parameters given in [68] for 29 patients
requiring general anesthesia for noncardiac surgery. For our design we switch from
Set A to Set B given in Table 7.1 at ¢t = 25 min. With ¢; = 1000 g=2 min~2, §, =
0.5 min~2, and initial conditions z(0) = [0,0,0]T g, k,(0) = 0 min~', and ¢,(0) = 0.01
g/min~!, Figure 7.2 shows the masses of propofol in all three compartments versus
time. Figure 7.3 shows the propofol concentration in the central compartment and
the control signal (propofol infusion rate) versus time. Finally, Figure 7.4 shows the

adaptive gain history versus time.

In the above simulations, the adaptive controller was designed using a pharma-
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Figure 7.2: Compartmental masses versus time

cokinetic model (a model describing drug concentrations as a function of time and
dose) for the disposition of propofol. Even though propofol concentration levels in
the blood plasma are a good indication of the depth of anesthesia, they cannot be
measured in real time during surgery. Furthermore, we are more interested in drug
effect (depth of hypnosis) rather than drug concentration. Hence, we consider a more
realistic model involving pharmacokinetics (drug concentration as a function of time)
and pharmacodynamics (drug effect as a function of concentration) for control of
anesthesia. Specifically, we use an electroencephalogram (EEG) signal as a measure
of drug effect of anesthetic compounds on the brain [215]. Since electroencephalog-
raphy provides real-time monitoring of the central nervous system activity, it can be
used to quantify levels of consciousness and hence is amenable for feedback (closed-
loop) control in general anesthesia. Recently, a new EEG indicator, the bispectral

index (BIS), has been proposed as a measure of anesthetic effect [174]. This index
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Figure 7.3: Drug concentration in the central compartment and control signal (in-
fusion rate) versus time

quantifies the nonlinear relationships between the component frequencies in the elec-
troencephalogram, as well as analyzing their phase and amplitude. The BIS signal
is a nonlinear monotonically decreasing function of the level of consciousness and is
given by

07
BIS(ce) = BISy [ 1 — ——=f .
S(een) = BlSo ( Tt Ec> ’ (7:55)

where BIS, denotes the baseline (awake state) value and, by convention, is typically
assigned a value of 100, c.q is the propofol concentration in grams/liter in the effect
site compartment (brain), ECj is the concentration at half maximal effect and repre-
sents the patient’s sensitivity to the drug, and v determines the degree of nonlinear-
ity in (7.55). Here, the effect site compartment is introduced as a correlate between
the central compartment concentration and the central nervous system concentra-

tion [205]. The effect site compartment concentration is related to the concentration
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in the central compartment by the first-order delay model

Coii(t) = ae(1(t)/Ve — e (t)), cem(0) = 21(0), ¢ >0, (7.56)

1

where e in min~' is a positive time constant. Assuming x;(0) = 0, it follows that

t
Ceft (1) :/ et =) g gy (s) / Ve ds. (7.57)
0

In reality, the effect site compartment equilibrates with the central compartment in
a matter of a few minutes. The parameters a.g, ECs5o, and v are determined by data
fitting and vary from patient to patient. BIS index values of 0 and 100 correspond,
respectively, to an isoelectric EEG signal and an EEG signal of a fully conscious

patient; while the range between 40 and 60 indicates a moderate hypnotic state [65].

In the following numerical simulation we set ECsy = 3.4 pg/mf, v = 3, and
BISy = 100, so that the BIS signal is shown in Figure 7.5. The target (desired) BIS

value, BIS¢arget, is set at 50. In this case, the linearized BIS function about the target
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BIS value is given by

y—1

BIS(co) ~ BIS(ECsg) — BISy - ECZ, - el - (coit — ECs0)

(szf + EC,)?

cef=ECs0

= 125 — 22.06Ccg.

(7.58)

Furthermore, for simplicity of exposition, we assume that the effect site compartment

equilibrates instantaneously with the central compartment; that is, we assume that

Aot — 00, so that (7.57) reduces to ce(t) = x1(t)/Ve, t > 0. Now, using the adaptive

feedback controller
u(t) = max{0, a(t)},
where
u(t) = —k(t)(BIS(t) — BlStarget) + ¢(1),

k(t) e R, t >0, and ¢(t) € R, t > 0, with update laws

(o it a(t) < 0,
k(t) = { 41s(BIS(t) — BlSuge)?, otherwise, (0 =0

if gb(t) =0 and BIS(t) > BIStarget,
gb(t) _ or if ﬂ(t) <0,

Gpis(BIS(t) — BIStarget),  otherwise,
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(7.62)

where ggis and ¢gis are arbitrary positive constants, it follows from Theorem 7.6
that the control input (anesthetic infusion rate) u(t) is nonnegative for all ¢ > 0 and
BIS(t) — BlSiarget s t — oo for any (uncertain) positive values of the transfer and
loss coefficients in the range of c.g where the linearized BIS equation (7.58) is valid.
It is important to note that during actual surgery the BIS signal is obtained directly
from the EEG and not (7.55). Furthermore, since our adaptive controller only requires
the error signal BIS(t) — BIS;arget Over the linearized range of (7.55), we do not require
knowledge of the slope of the linearized equation (7.58), nor do we require knowledge
of the parameters v and ECs5q. Once again, for our design we assume M = 70 kg and
we switch from Set A to Set B given in Table 7.1 at ¢ = 25 min. Furthermore, we
assume that at ¢t = 25 min the pharmacodynamic parameters EC5y and ~ are switched
from 3.4 pg/ml and 3 to 4.0 ug/ml and 4, respectively. Here we consider noncardiac
surgery since cardiac surgery often utilizes hypothermia which itself changes the BIS

2 and initial conditions

signal. With ggis = 1 x 107% g/min?, ggis = 1 x 107® g/min
z(0) = [0,0,0]T g, k(0) = 0 g/min, and ¢(0) = 0.01 g/min, Figure 7.6 shows the
masses of propofol in all three compartments versus time. Figure 7.7 shows the
BIS index versus time. Figure 7.8 shows the propofol concentration in the central

compartment and the control signal (propofol infusion rate) versus time. Finally,

Figure 7.9 shows the adaptive gain history versus time.

7.6. Conclusion

Nonnegative and compartmental systems are widely used to capture system dy-
namics involving the interchange of mass and energy between homogeneous subsys-
tems or compartments. Thus, it is not surprising that nonnegative and compartmental

models are remarkably effective in describing the dynamical behavior of biological and
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fusion rate) versus time

physiological systems. In this chapter, we developed an adaptive control framework
for adaptive set-point regulation of linear uncertain nonnegative and compartmental
systems. Using Lyapunov methods the proposed framework was shown to guaran-
tee partial asymptotic set-point stability of the closed-loop system while additionally
guaranteeing the nonnegativity of the closed-loop system states associated with the
plant dynamics. Finally, using a three-compartment mammillary patient model for
the disposition of propofol, the proposed adaptive control framework was used to mon-
itor and control a desired constant level of consciousness for noncardiac surgery. Even
though measurement noise was not addressed in our framework, it should be noted
that EEG signals may have as much as 10% variation due to noise. In particular,
the BIS signal may be corrupted by electromyographic noise; that is, signals emanat-
ing from muscle rather than the central nervous system. Clinical implementation of

the proposed algorithm would thus have to include muscle paralysis to minimize the
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effects of electromyographic noise.
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Chapter 8

Direct Adaptive Control of
Nonnegative and Compartmental
Dynamical Systems with

Time Delay

8.1. Introduction

As discussed in Chapter 7, nonnegative and compartmental models play a key role
in the understanding of many processes in biological and medical sciences [6, 19,24,
62,70,75,123,124,164, 166, 172,182, 187,203]. Compartmental systems are modeled
by interconnected subsystems (or compartments) which exchange variable nonnega-
tive quantities of material with conservation laws describing transfer, accumulation,
and outflows between compartments and the environment. In many compartmen-
tal pharmacokinetic system models, transfers between compartments are assumed to
be instantaneous; that is, the model does not account for material in transit. Even
though this is a valid assumption for certain biological and physiological systems, it
is not true in general; especially in pharmacokinetic and pharmacodynamic models.
For example, if a bolus of drug is injected into the circulation and we seek its concen-

tration level in the extracellular and intercellular space of some organ, there exists a
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time lag before it is detected in that organ [74,123,165]. In this case, assuming instan-
taneous mass transfer between compartments will yield erroneous models. Hence, to
accurately describe the distribution of pharmacological agents in the human body, it
is necessary to include in any mathematical compartmental pharmacokinetic model
some information of the past system states. In this case the state of the system at
any given time involves a piece of trajectories in the space of continuous functions
defined on an interval in the nonnegative orthant. This of course leads to (infinite-

dimensional) delay dynamical systems [55,101,143,181].

In Chapter 7 (see also [85,86]), we present a direct adaptive control framework for
set-point regulation of linear nonnegative and compartmental systems with applica-
tions to clinical pharmacology. In this chapter, we extend the results of Chapter 7 to
the case of nonnegative and compartmental dynamical systems with unknown time
delay. Specifically, we develop a Lyapunov-Krasovskii-based direct adaptive control
framework for guaranteeing set-point regulation for linear uncertain nonnegative and
compartmental dynamical systems with unknown time delay. The specific focus of
the chapter is on pharmacokinetic models and their applications to drug delivery sys-
tems. In particular, we develop direct adaptive controllers with nonnegative control
inputs as well as adaptive controllers with the absence of such a restriction. Finally,
we demonstrate the framework on a drug delivery model for general anesthesia that

involves system time delays.

8.2. Mathematical Preliminaries

In this section we introduce some key results concerning linear nonnegative dy-
namical systems with time delay [81,83] that are necessary for developing the main

results of this chapter. Specifically, consider a controlled linear time-delay dynamical
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system G of the form
(t) = Az(t) + Aqx(t — 7) + Bu(t), x=(0)=n(0), —-1<60<0, t>0, (8.1)

where z(t) € R", u(t) € R™, ¢t > 0, A € R™", Ay € RV B € R™™ 1 > 0,
n(-) € C = C([-7,0],R") is a continuous vector-valued function specifying the initial
state of the system, and C(|—, 0], R™) denotes a Banach space of continuous functions
mapping the interval [—7, 0] into R™ with the topology of uniform convergence. Note
that the state of (8.1) at time ¢ is the piece of trajectories x between t — 7 and ¢, or,
equivalently, the element x; in the space of continuous functions defined on the interval
[—7,0] and taking values in R™; that is, z; € C([—7, 0], R"), where z;(0) £ x(t + 0),
0 € [—7,0]. Furthermore, since for a given time ¢ the piece of the trajectories z; is
defined on [—7, 0], the uniform norm ||z¢[| = supye_, ¢ [|2(t+0)][, where || - || denotes
the Euclidean vector norm, is used for the definitions of Lyapunov and asymptotic
stability of (8.1) with u(t) = 0. For further details see [101,143]. Finally, note that
since 7)(+) is continuous it follows from Theorem 2.1 of [101, p. 14] that there exists a
unique solution x(n) defined on [—7, 00) that coincides with 1 on [—7, 0] and satisfies

(8.1) for t > 0.

The following theorem gives necessary and sufficient conditions for asymptotic
stability of a linear time-delay nonnegative dynamical system G given by (8.1) in the

case where u(t) = 0. For this result, the following definition is needed.

Definition 8.1. The linear delay dynamical system given by (8.1) is nonnegative
if for every n(-) € Cy, and u(t) >> 0, t > 0, where C; = {¢(-) € C : (0) >> 0, 0 €

[—7,0]}, the solution z(t), ¢ > 0, to (8.1) is nonnegative.

Theorem 8.1 [81,83]. Consider the linear nonnegative dynamical system G given

by (8.1) where A € R™*" is essentially nonnegative, Aq € R™ ™ is nonnegative, and
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u(t) = 0. Then, G is asymptotically stable for all 7 € [0, 00) if and only if there exist

p,r € R™ such that p >> 0 and r >> 0 satisfy

0=(A+A) " p+r. (8.2)

Next, we consider a subclass of nonnegative systems; namely, compartmental

systems.

Definition 8.2 [81,83]. The linear time-delay dynamical system (8.1) is called a

compartmental dynamical system if A and Aq4 are given by

_ _Zzzl Qs Z:ja o 07 Z:j,
A = { 0, its DT ey, i) (83)
where a; > 0, i € {1,---,n}, denotes the loss coefficient of the ith compartment

and a;; > 0, ¢ # j, i,j € {1,---,n}, denotes the transfer coefficient from the

jJthcompartment to the ith compartment.

Note that if (8.1) is a compartmental system, then A + A4 is a compartmental
matrix. In pharmacokinetic applications, an important subclass of compartmental
systems are mammillary systems [123]. Mammillary systems are comprised of a cen-
tral compartment from which there is outflow and which exchanges material reversibly
with one or more peripheral compartments. An inflow-closed (i.e., u(t) = 0) time-

delay mammillary system is given by (8.1) with A and Aq given by

A = dlag [— Z ajl, —Q192,° ", —aln] s (84)
j=1
0, i=j
Ad(i,j) = 0, 1 7é 1 and j 7é 1, (85)

a;j, otherwise,

where the transfer coefficients a;j;, 7,7 = 1,---,n, are positive and the loss coefficient
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a1 is nonnegative. In this case,

- 2?11 a1 Az - Qin
a —ayp - 0
At Ag= 2 e e (8.6)
Qan1 0 Tt A1

The following proposition is needed for the main results of the chapter.

Proposition 8.1 [81,83]. The linear delay dynamical system G given by (8.1)
is monnegative if and only if A € R™ " is essentially nonnegative, Aq € R™" is

nonnegative, and B € R™™ is nonnegative.

It follows from Proposition 8.1 that the control input signal Bu(t), t > 0, needs to
be nonnegative to guarantee the nonnegativity of the state of (8.1). This is due to the
fact that when the initial state of (8.1) belongs to the boundary of the nonnegative
orthant, a negative input can destroy the nonnegativity of the state of (8.1). Alterna-
tively, however, if the initial state is in the interior of the nonnegative orthant, then
it follows from continuity of solutions with respect to the system initial conditions
that, over a small interval of time, nonnegativity of the state of (8.1) is guaranteed
irrespective of the sign of each element of the control input Bu(t) over this time in-
terval. However, unlike open-loop control wherein lack of coordination between the
input and the state necessitates nonnegativity of the control input, a feedback control
signal predicated on the system state variables allows for the anticipation of loss of
nonnegativity of the state. Hence, state feedback control signals can take negative
values while assuring nonnegativity of the system states. For further discussion of

the above fact see [53,86].

Next, we present a time-varying extension to Proposition 8.1 needed for the main

theorems of this chapter. Specifically, we consider the linear time-varying delay dy-
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namical system
(t) = A(t)x(t) + Aa(t)x(t — 7) + Bu(t), x(0)=n(0), 6¢€[-7,0], t>0, (8.7)

where A : [0,00) — R™™ and Aq : [0,00) — R™ " are continuous. For the following

result the definition of nonnegativity holds with (8.1) replaced by (8.7).

Proposition 8.2. Consider the time-varying delay dynamical system (8.7) where
A [0,00) — R™"™ and A4 : [0,00) — R™" are continuous. If for every ¢ € [0, 00),
A @ ]0,00) — R™™ is essentially nonnegative, Aq : [0,00) — R™ ™ is nonnegative,
B € R™™ is nonnegative, and u(t) is nonnegative, then the solution z(t), ¢t > 0, to

(8.7) is nonnegative.

Proof. The result is a direct consequence of the nonlinear analogue to Proposi-
tion 8.1 by equivalently representing the time-varying delay dynamical system (8.7) as
an autonomous nonlinear time-delay system by appending another state to represent

time. Specifically, defining y(t) £ ¢ it follows that (8.7) may be rewritten as

o(t) = A(y(t))z(t) + Aa(y(t))z(t — 7) + Bu(t), =(0)=n(0), 0€[-7,0, t=>0,
(8.8)

yt) =1, y(0) =0, (8.9)

or, equivalently,

B = FE) + GG —7) + Bu(t), #(0) = [ n(0) } Chel-rn0, t>0,

: (8.10)
where, & = {Z] F(7) = {A(i/)x},(;(gz): {AdO(y) 8},andB: {lg}. Now,

the result is a direct consequence of the nonlinear analogue to Proposition 3.1 of [83].

O
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Since stabilization of nonnegative systems naturally deals with equilibrium points
in the interior of the nonnegative orthant H_%Z, the following proposition provides
necessary conditions for the existence of an interior equilibrium point z. € R of
(8.1) in terms of the stability properties of the system matrices A and Aq. For this

M

result, recall that a matrix M € R™ " is semistable if and only if lim,_,., eM? exists.

Proposition 8.3. Consider the nonnegative time-delay dynamical system (8.1)

and assume there exist z, € R’ and u. € ﬁ:ﬂ such that
0= (A+ Aq)zc + Bue. (8.11)

Then, A + A4 is semistable.

Proof. The proof is a direct consequence of i) of Theorem 3.2 in [75] with A

replaced by A+ Ag, p = x., and 7 = Bu,. O

It follows from Proposition 8.3 that the existence of an equilibrium point x, € R}
for (8.1) implies that the matrix A + Aq is semistable. Hence, if (8.11) holds for
ze € R and u. € @T, then A + Aq is asymptotically stable or 0 € spec(A + Ay),
where spec(A + Aq) denotes the spectrum of A+ Ag, is a simple eigenvalue of A+ Aq
and all other eigenvalues of A + A4 have negative real parts since —(A + Aq) is an

M-matrix [20].

Finally, the following lemma and proposition are needed for the main results of

this chapter.

Lemma 8.1. Let A, Ay € R™" be such that A = AT < 0 and 44 = A]. If

A+ Aq <0, then there exists ) € R™", ) > 0, such that
2A 4+ Q + A4Q 1 Aq < 0. (8.12)

233



Proof. The proof is straightforward with Q = —A. Specifically, note that A +
Aq < 0 if and only if Ay < @ or, equivalently, Q_%AdQ_% < I,, where Q_% €
R™" is such that Q=2 > 0 and (Q 2)% = Q~'. Hence, A+ Aq < 0 if and only if
(Q 2A4Q2)2 < I,, which is equivalent to A44Q~'A4 < Q and which further implies
that

244+ Q4+ AgQ A = —Q + AaQ ' Aq < 0,

proving (8.12). O

Proposition 8.4. Consider a linear time-delay mammillary system given by (8.1)
where A and Aq are given by (8.4) and (8.5), respectively. Then there exist a positive-

definite matrix @) € R™*™ and a positive diagonal matrix P € R"*" such that
0>ATP+ PA+Q+ PAQ ' AJP. (8.13)
Proof. Let A2 DAD' and Aq = DA¢D!, where D = diag[l, ds,- - -, d,] and
d; =, /Z%i, j = 2,---,n. Now, note that Ais diagonal and Ay is symmetric. Since
A+ Ay is similar to A+ Ad and A + fld is symmetric, it follows that the eigenvalues

of A+ Aq are real. Next, it can be shown that A+ A4 is Hurwitz, which implies that

A+ Ay <. Now, it follows from Lemma 8.1 that there exists Q > 0 such that
0> 24+ Q+ AQ ' Aq,
or, equivalently,
0>D'A"D + DAD™' + Q4+ DAD'\Q ' DA D. (8.14)
Next, (8.14) is equivalent to
0> A"D? 4+ D*A+ DQD + D*A4D~'Q'D~'AT D2 (8.15)

Now, the result follows from (8.15) with P = D? and Q = DQD. O
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8.3. Adaptive Control for Linear Nonnegative Uncertain Dy-
namical Systems with Time Delay

In this section we consider the problem of characterizing adaptive feedback control
laws for nonnegative and compartmental uncertain dynamical systems with time delay
to achieve set-point regulation in the nonnegative orthant. Specifically, consider the

following controlled linear uncertain time-delay dynamical system G given by
(t) = Ax(t) + Aqx(t — 7) + Bu(t), xz(0)=n(0), —-17<6<0, t>0, (8.16)

where z(t) € R™, t > 0, is the state vector, u(t) € R™, ¢ > 0, is the control input,
A € R™™ is an unknown essentially nonnegative matrix, Aq € R and B € R™*™
are unknown nonnegative matrices, n(-) € {¢¥(-) € Cy([—7,0],R") : ¢(0) >> 0,
0 € [—7,0]}, and 7 > 0 is an unknown delay amount. The control input u(-) in (8.16)
is restricted to the class of admissible controls consisting of measurable functions such

that u(t) € R™, ¢ > 0.

It follows from Proposition 8.1 that the state trajectories of nonnegative and com-
partmental dynamical systems remain in the nonnegative orthant of the state space
for nonnegative initial conditions. However, as noted in Chapter 7, even though
active control of drug delivery systems for physiological applications additionally re-
quires control (source) inputs to be nonnegative, in many applications of nonnegative
systems such as biological systems, population dynamics, and ecological systems,
the positivity constraint on the control input is not natural. Hence, in this sec-
tion we do not place any restriction on the sign of the control signal and design an
adaptive controller that guarantees that the system states remain in the nonnega-
tive orthant and converge to a desired equilibrium state. Specifically, for a given
desired set point x, € EZ, our aim is to design a control input u(t), t > 0, such that

limy o ||2(t) — || = 0. However, since in many applications of nonnegative systems
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and in particular, compartmental systems, it is often necessary to regulate a subset

of the nonnegative state variables which usually include a central compartment, here

we require that limy; . 2;(t) = xg; > 0fori = 1,---,m < n, where xq; is a desired set

point for the ith state z;(¢). Furthermore, we assume that control inputs are injected

directly into m separate compartments such that the input matrix is given by
B:[ Bu ] (8.17)

On—rm)xm
where B, £ diag[b;,---,by] and b; € Ry, i = 1,---,m. For compartmental systems

this assumption is not restrictive since control inputs correspond to control inflows

to each individual compartment. Here, we assume that for i € {1,--- ;m}, b; is
unknown. For the statement of our main result define z, £ [ZEdT, qu]T, where zq £
[Idlu U 7‘7"dm]T and Ty = [xuh o 7xu(n—m)]T'

Theorem 8.2. Consider the linear uncertain time-delay dynamical system G
given by (8.16) where A is essentially nonnegative, A4 is nonnegative, and B is non-
negative and given by (8.17). Assume there exist nonnegative vectors z,, € @Tm and
Ue € @T such that

0= (A+ Aq)zc + Bue. (8.18)

Furthermore, assume there exist a diagonal matrix K, = diag[kg,,-- -, kg, |, positive
diagonal matrix P = diag[py,---,pp], and positive-definite matrices Q, R € R
such that

0=ATP+ PA+Q+ PAQ "ATP + R, (8.19)

where A, £ A + Bf(g and f(g = (K¢ Omx(n—m)]. Finally, let ¢; and ¢;, i = 1,---,m,

be positive constants. Then the adaptive feedback control law

u(t) = K()(2(t) — za) + (1), (8.20)
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where K (t) = diag[ky(t), -+, kn(t)], 2(t) = [21(t), -, 2, (t)]T, and ¢(t) € R™, t > 0,

or, equivalently,
ui(t) = ki(t)(wi(t) — va;) + ¢i(t), i=1,---,m, (8.21)

where k;(t) € R, t > 0, and ¢;(t) e R, ¢ >0, i =1,---,m, with update laws

ki(t) = —qi(wi(t) — wai)? ki(0) <0, i=1,---,m, (8.22)
o 0, if ¢5(t) =0 and 2;(t) > x4,
Pi(t) = { —G;(w;(t) — xq;), otherwise,

$:(0) >0, i=1,---,m, (8.23)

guarantees that the solution (x(t), K(t), ¢(t)) = (e, K, ue) of the closed-loop system
given by (8.16), (8.20), (8.22), (8.23) is Lyapunov stable and x;(t) — zq;, 0 = 1,---,m

as t — oo for all n(-) € C,. Furthermore, z:(t) >> 0 for all t > 0 and 7(-) € C,.

Proof. Note that with u(t), ¢t > 0, given by (8.20) it follows from (8.16) that

i(t) = An(t)+Aqz(t—7)+ BK (t)(3(t) —2a)+ Bo(t), 2(0) = n(0), —7 <0 <0, t > 0,
(8.24)

or, equivalently, using (8.18) and Ay = A + Bf(g,

#(t) = As(x(t) = we) + Aa((t = 7) — ) + B(K(t) — Kg)(2(t) — za) + B(9(t) — ue),

z(0)=n(0), —T<6<0, t>0.(8.25)

To show Lyapunov stability of the closed-loop system (8.22), (8.23), and (8.25) con-
sider the Lyapunov-Krasovskii functional candidate V' : C; x R™*™ x R™ — R given
by

0 ~

V(b K, 6) = ((0) — 2 P((0) — ) + / ((0) — 2)"O(W(8) — 2.)d6

—T

+r(K — Kp)"Q MK — K) + (6 —ue)"Q ' (¢ —ue),  (8:26)
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or, equivalently,

Vi, K,6) = sz bilt) — e / (V(0) — 2)TQ(0) — 2)0

+le;ll(kl sz i ;) 2’

where () = diag |:P1b1 ---,pmmm} and Q diag [Plbl

te) = 0, where 1).(0) = x., 0 € [—7,0]. Furthermore, note that there exist class K

i ] Note that V (e, K

? Pmbm

functions a;(+), as(+), as(-) such that

Vi, K, 0) = an([[9(0) = ze]]) + aa(|[ K — Kgllp) + as(ll¢ — uel)),

where || - || denotes the Euclidean vector norm and || - ||g denotes the Frobenius
matrix norm. Now, letting x(t), ¢ > 0, denote the solution to (8.25) and using (8.22)
and (8.23), it follows that the Lyapunov-Krasovskii directional derivative along the

closed-loop system trajectories is given by

V(a, K(t),6(t) = —(2(t) — ze) "R(x(t) — )

_[A:{P@j(t) - xe) - Q(%(t - T) - Qze)]T

+2 ) pibilki(t) = kg) (1) — xa)?
+2)  pibi(i(t) — we) (9i(t) = tey)
+2 qu (ki) = kg Jh(£) +2 %@(¢Z(t) = Uei)9i(t)

IN

~(alt) = )" Rla) = )
+22pz (00) = ) | (50) — ) + L) 12 0. (s2)

Now for the two cases given in (8.23), the last term on the right-hand side of (8.27)

gives:
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i) If ¢;(t) = 0 and z4(t) > zq;, then ¢;(t) = 0 and hence

Pibi (63 (t) — we;) [(xz(t) — 1q;) + %Cbz(t)] = —pibitte;(7s(t) — z4;) < 0.

i) Otherwise, ¢;(t) = —gi(z:(t) — zq;) and hence
i) = ) (a4(6) = ) + (8] = .

Hence, it follows that in either case

Vi, K (1), 6(1))

IN
|
8
—~
=
|
S
N
—
=
8
—~
N
|
8
@
~—

<0, t=0,

(8.28)

which proves that the solution (z(t), K (), ¢(t)) = (xe, Kg, ue) to (8.22), (8.23), and

(8.25) is Lyapunov stable. Furthermore, since the positive orbit v*(n(0), Ko, ¢g) is

bounded and ¥ (n(0), Ko, ¢) belongs to a compact subset of C; x R™*™ x R™ [100],

and since B > 0 it follows from the Krasovskii-LaSalle invariant set theorem for

infinite dimensional systems [101, p. 143] that z(t) — x. as t — oo for all n(-) € C,.

Finally, to show that z(t) >> 0, t > 0, for all n(-) € C,, note that the closed-loop

system (8.16), (8.20), (8.22), and (8.23) is given by

#(t) = Ax(t) + Aqe(t — 1) + BK(t)(2(t) — zq) + Bo(t)

= (A4 B[K(t), Omxn-m)))z(t) + Agz(t — 7) — BK(t)xq + B(t)

= A(t)z(t) + Agz(t — 7) + v(t) + w(?),

where
arr + bika(t) a2 e A1m 1 m+1
a1 a9o + bzkz (t)
At 2 ' bk
Am1 Ut Amm + m m(t) Amym+1
am+1 1 e Am+1m Am+1 m+1
| Qan1 e Anm Qpm41
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[ biki(t)zar ] [ bign(t) ]
O R IO O (8.31)
0 o

Now, since, by (8.22) and (8.23), k;(t) < 0, ¢t > 0,7 = 1,---,m, and ¢;(t) > 0,
t>0,i=1,---,m, it follows that v(¢) >> 0, t > 0, and w(t) >> 0, t > 0.
Hence, since fl(t), t > 0, is essentially nonnegative pointwise-in-time, it follows from

Proposition 8.2 that x(t) >> 0 for all ¢ > 0 and n(-) € C,. O

Remark 8.1. Note that the conditions in Theorem 8.2 imply that z(t) — z. as

I

t — oo and hence it follows from (8.22) and (8.23) that (x(t), K(¢),¢(t)) — M
{(z,K,¢) e R" x R x R™ : g =z, K =0, ¢ =0} as t — 0.

It is important to note that the adaptive control law (8.20), (8.22), and (8.23)
does not require the explicit knowledge of the system matrices A, A4, and B, the gain
matrix K, and the nonnegative constant vector ue; even though Theorem 8.2 requires
the existence of K, and nonnegative vectors z, and u,. such that the conditions (8.18)
and (8.19) hold. Furthermore, in the case where A + A4 is semistable and minimum
phase with respect to the output y = z, or A + A4 is asymptotically stable, then
there always exists a diagonal matrix K, € R™*™ such that As+ A4 is asymptotically
stable. In addition, note that for i = 1,--- m, the control input signal u;(t), t > 0,
can be negative depending on the values of z;(t), k;(t), and ¢;(¢), t > 0. However,
as is required in nonnegative and compartmental dynamical systems the closed-loop
plant states remain nonnegative. Finally, in the case where (8.16) is a mammillary
system, Ay is diagonal and hence it follows from Proposition 8.4 there exists a positive

diagonal matrix P such that (8.19) holds.

In the case where our objective is zero set-point regulation, that is, 1¥.(0) = x, =
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0, 8 € [—7,0], the adaptive controller given in Theorem 8.2 can be considerably
simplified. Specifically, since in this case z(t) >> z, = 0, t > 0, and condition (8.18)
is trivially satisfied with u, = 0, we can set ¢(t) = 0 so that update law (8.23) is
superfluous. Furthermore, since (8.18) is trivially satisfied, A can possess eigenvalues
in the open right-half plane. Alternatively, exploiting a linear Lyapunov-Krasovskii
functional construction for the plant dynamics, an even simpler adaptive controller

can be derived. This result is given in the following theorem.

Theorem 8.3. Consider the linear uncertain time-delay system G given by (8.16)
where B is nonnegative and given by (8.17). Assume there exists a diagonal matrix
K, = diaglkg,, -, kg, | such that As + Aq is asymptotically stable, where A, =
A+ Bf(g and f(g = [Kg, Omx(n-m)|. Furthermore, let ¢;, i« = 1,---,m, be positive

constants. Then the adaptive feedback control law
u(t) = K(t)z(t), (8.32)
where K (t) = diag[ki(t), -+, kn(t)] and 2(t) = [21(t), - -+, 2,,(t)]T, or, equivalently,
wi(t) = ki(t)x;(t), i=1,---,m, (8.33)
where k;(t) € R, i =1,---,m, with update law
K(t) = —diaglqz1(t), - - -, gmam(t)], K(0) << 0, (8.34)

guarantees that the solution (z(t), K(t)) = (0, K,) of the closed loop system given by
(8.16), (8.32), (8.34) is Lyapunov stable and z(t) — 0 as t — oo for all n(-) € C,..

Proof. Note that with u(t), ¢t > 0, given by (8.32) it follows from (8.16) that

#(t) = Az(t) + Aga(t—7)+ BK(8)#(t), () =n(0), —1<0<0, t>0. (8.35)
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Now, since for every t € [0,00), A(t) & A+B[K(t), 0pxn_m] is essentially nonnegative
and Ay is nonnegative it follows from Proposition 8.2 that z(t) >> 0, ¢t > 0, for all

Tg € Ei Next, using A, = A+ Bf(g, note that (8.35) can be equivalently written as

(t) = Asx(t) + Aqz(t—7)+ B(K(t) — Kg)z(t), x(0) =n(0), —-17<60<0, t>0.

(8.36)
Furthermore, since A is essentially nonnegative, Aq is nonnegative, and As + Aq is
asymptotically stable it follows from Theorem 8.1 that there exist vectors p >> 0

and r >> 0 satisfying

0= (A + A p+r. (8.37)

To show Lyapunov stability of the closed-loop system (8.34) and (8.36) consider the

Lyapunov-Krasovskii functional candidate V' : C, x R™*™ — R given by

V(0. K) =9 0) + [ A0 + Ju(K - K)TQK - K. (539

—T

where Q) = diag[%, e z%]‘ Furthermore, note that V (1., K;) = 0, where 1(0) =
0, 6 € [-7,0], and, since x(t) >> 0, t > 0, there exist class K functions a;(-), as()
such that

Vi, K) = ax ([ (0)]]) + aa([| K — Kgllr),  1(0) € Cs.
Now, letting z(t), t > 0, denote the solution to (8.36) and using (8.34), it follows that

the Lyapunov-Krasovskii directional derivative along the closed-loop system trajec-
tories is given by
Ve, K(t) = pTAa(t) + pTAqz(t — 7) + p " B(K (t) — K,)2(t) + p" Aqz(t)
P Agu(t - 7) + tr(K (1) — Ky)TQ UK (2)

= —rTa(t)

<0, t>0,
which proves that the solution (z(t), K(t)) = (0, K,) to (8.34) and (8.36) is Lyapunov
stable. Furthermore, since r >> 0 it follows from Krasovskii-LaSalle invariant set
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theorem for infinite dimensional systems [101, p. 143] that x(t) — 0 as t — oo for all

n(-) € Cy. [

8.4. Adaptive Control for Linear Nonnegative Dynamical Sys-
tems with Nonnegative Control and Time Delay

In drug delivery systems for physiological processes, control (source) inputs are
usually constrained to be nonnegative as are the system states. Hence, in this section
we develop adaptive control laws for nonnegative retarded systems with nonnegative
control inputs. However, since condition (8.11) is required to be satisfied for z, € Ri
and u, € KT, it follows from Brockett’s necessary condition for asymptotic stabiliz-
ability [53] that there does not exist a continuous stabilizing nonnegative feedback if
0 € spec(A+Aq4) and z, € R". Hence, in this section we assume that A+ Aq is asymp-
totically stable compartmental matrix. Thus, we proceed with the aforementioned
assumptions to design adaptive controllers for uncertain time-delay compartmental
systems that guarantee that lim; o, z;(t) = x4; > 0fori =1,---,m < n, where zy; is
a desired set point for the ith compartmental state while guaranteeing a nonnegative

control input.

Theorem 8.4. Consider the linear uncertain time-delay system G given by (8.16),
where A is essentially nonnegative, A4 is nonnegative, and B is nonnegative and given
by (8.17). For a given x4 € R™, assume there exist vectors z, € R™™ and u. € @T
such that (8.18) holds. Furthermore, assume that there exist a positive diagonal

matrix P = diag[pi, - - -, pa], and positive-definite matrices Q, R € R™" such that
0=ATP+PA+Q+PAQ'ATP+R. (8.39)

Finally, let ¢; and ¢;, i = 1,-- -, m, be positive constants. Then, the adaptive feedback
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control law

w;(t) = max{0,a;(t)}, i

I
—_

y T, 1, (840)

where
i(t) = ki(t)(x;(t) — zq;) + ¢i(t), 1=1,---,m, (8.41)

ki(t) e R, t >0, and ¢;(t) e R, t >0,i=1,---,m, with update laws
: = . < = e .
kit) { —qi(7;(t) — 3q;)%, otherwise, ki(0) <0, i=1,---,m, (842)

if ¢;(t) =0 and ;(t) > xq;, or if 4;(t) <0,

. 07
®i(t) { —Gi(x;(t) — zq;), otherwise,

$:(0) >0, i=1,---,m, (843)

guarantees that the solution (z(t), K(t), #(t)) = (e, 0, ue) of the closed-loop system
given by (8.16), (8.40), (8.42), (8.43) is Lyapunov stable and x;(t) — zq;,i = 1,---,m,
as t — oo for all n(-) € C,. Furthermore, u(t) >> 0 and z(t) >> 0 for all t > 0 and

n() € Cs.

Proof. First, define K,(t) £ diag[ku(t), -, kum(t)] and ¢,(t) = [pu, (1), -,

Gum(t)]T, where

0, if u,(t) < 0, .
bui(t) = { k;(t) othefrgvise p=1,m, (844)
Dui(t) = { ¢i(t),  otherwise, i=1--,m. (8.45)

Now, note that with u(t), ¢ > 0, given by (8.40) it follows from (8.16) that
(t) = Ax(t) + Aqz(t — 7) + BK,(t)(2(t) — xq) + Bou(t),
x(0)=n), —-T1<60<0, t>0, (8.46)
or, equivalently, using (8.18),

#(t) = A(x(t) — xe) + Aa(x(t = 7) — xe) + BE(1)(2(t) — za) + B(¢u(t) — ue),

z(0)=n(0), —-1<6<0, t>0. (8.47)



To show Lyapunov stability of the closed-loop system (8.42), (8.43), and (8.47) con-
sider the Lyapunov-Krasovskii functional candidate V' : C, x R™*™ x R™ — R given

by

Vb, K, 6) = ((0) — 20 P((0) — ) + / (6(8) — )" QW(0) — .)d6

—T

HrETQ K + (¢ — ue)TQ (6 — ue), (8.48)
or, equivalently,

V(4. K, 6) = sz (:(0) - 72, / (0(60) — 2T Q((60) — )0

pibi /{22 sz i ;) 2

~Lo—] and Q = diag[-L-

where @) = diag[-Z- e pqm |. Note that V (1, 0, ue) =

p1b1’

0, where 1.(0) = z., 0 € [ 7,0]. Furthermore, there exist class K functions oy (),

as(+), as(+) such that

Vi, K, 0) = an([[9(0) = ze[]) + aa([[ Klp) + as(ll¢ — uel])-

Now, letting x(t), t > 0, denote the solution to (8.47) and using (8.42) and (8.43),
it follows that the Lyapunov-Krasovskii directional derivative along the closed-loop

system trajectories is given by

V(0 K (0, 6(0)) = —(a(t) — 2) " R(a(t) — 2.)
TATP(a(t) — 20) — Qe — 7) — w)]"
O ATP(a(t) — ) — Qalt —7) — 2.
23 nbku () - H0)




< —(z(t) — o) "R(2(t) — z0)

423 pib () (1) = (0, + 00

4;

423 i [(@5(0) = 0 (D0a(8) = ) + - (64(0) = w)(0)].
- (8.49)

Now, for the two cases given in (8.42) and (8.43), the last two terms on the right-hand
side of (8.49) give:

i) If 4;(t) < 0, then ky;(t) = 0, ¢u;(t) = 0, k;(t) = 0, and ¢;(t) = 0. Furthermore,
since ¢;(t) > 0 and k;(t) < 0 for allt > 0 and ¢ = 1,---,m, it follows from
(8.41) that 4;(t) < 0 only if ;(t) > xq; and hence

ki (£) (i () — was) + iki(t)ki(t) —0.

di

(@i(t) = 2ai) (Pui(t) — ver) + i(@(f) — Uei)$i(t) = —(wi(t) — wa;)ue; <0,
i1) Otherwise, ky;(t) = k;(t) and ¢,,(t) = ¢;(t) and hence

kui(i(t) — xa;)* + lkz(t)kz(t) =0,

(2

(2:(t) — 705) (Pus(t) — i) + %wi(t) — ue) ()

—(5(t) — wa;)ue; <0, if ¢5(t) = 0 and z4(t) > w4,
0, otherwise.

Hence, it follows that in either case

Vi, K(t), (1))

IN
I
8
=
I
8
N
[
=
8
—~
=
I
8
N

<0, t=0, (8.50)

which proves that the solution (x(t), K(t),¢(t)) = (xe,0,ue) to (8.42), (8.43), and
(8.47) is Lyapunov stable. Furthermore, since the positive orbit v*(n(0), Ko, ¢g) is

bounded and ¥ (n(0), Ko, ¢) belongs to a compact subset of C; x R™*™ x R™ [100],
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and since B > 0 it follows from the Krasovskii-LaSalle invariant set theorem for

infinite dimensional systems [101, p. 143] that z(t) — x. as t — oo for all n(-) € C,.

Finally, u(t) >> 0, t > 0, is a restatement of (8.40). Now, since B >> 0 and
u(t) >> 0, t > 0, it follows from Proposition 8.1 that x(t) >> 0, t > 0, for all

Ioeﬁi. OJ

As in the case of Theorem 8.2, it is important to note that the adaptive control law
(8.40), (8.42), and (8.43) does not require the explicit knowledge of the nonnegative
constant vector u.; even though Theorem 8.4 requires the existence of nonnegative
vectors x, and u, such that the condition (8.18) holds. Furthermore, Theorem 8.4
requires that A and A4 are such that there exists a positive diagonal matrix P such
that (8.39) holds. However, in the case where (8.16) is a mammillary system the
existence of a positive diagonal matrix P satisfying (8.39) is a direct consequence of

Proposition 8.4.
8.5. Adaptive Control for General Anesthesia

In this section, we illustrate the adaptive control framework developed in this
chapter on a model for the disposition of propofol [54,85,161] which is based on
the three-compartment mammillary model shown in Figure 8.1 with the first com-
partment acting as the central compartment and the remaining two compartments
exchanging with the central compartment. The three-compartment mammillary sys-
tem with all transfer times between compartments given by 7 > 0 provides a pharma-
cokinetic model for a patient describing the distribution of propofol into the central
compartment (identified with the intravascular blood volume as well as highly per-

fused organs) and other various tissue groups of the body. A mass balance for the
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‘ u = Continuous infusion
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‘011961

Figure 8.1: Three-compartment mammillary model for disposition of propofol

whole compartmental system yields

jfl(t) = —(CLH + a921 + agl)l’l(t) + Cblgl’z(t — T) + CL13{E3(t — T) + U(t),
z1(0) =m(0), —71<60<0,t>0, (8.51)
ZL’Q(t) = —algl'g(t) + agll'l(t — 7'), {['2(0) = 772(0), —T S 0 S 0, (852)

t3(t) = —aizxs(t) + as1x1(t — 1), x3(0) =n3(6), —7 <6 <0, (8.53)

where x1(t), x2(t), z3(t), ¢ > 0, are the masses in grams of propofol in the central
compartment and compartments 2 and 3, respectively, u(t), ¢ > 0, is the infusion
rate in grams/min of the anesthetic (propofol) into the central compartment, a;; >
0,i # j, 1,7 = 1,2,3, are the rate constants in min~! for drug transfer between
compartments, and a;; > 0 is the rate constant in min~' for elimination from the
central compartment. Even though these transfer and loss coefficients and the delay
amount are positive, they can be uncertain due to patient gender, weight, pre-existing
disease, age, and concomitant medication. Hence, adaptive control for propofol set-
point regulation can significantly improve the outcome for drug administration over

manual control.

It has been reported in [239] that a 2.5-6 pg/m¢ blood concentration level of
propofol is required during the maintenance stage in general anesthesia depending on
patient fitness and extent of surgical stimulation. Hence, continuous infusion control

is required for maintaining this desired level of anesthesia. Here we assume that
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the transfer and loss coefficients aq1, a12, as1, a3, ag;, and the delay amount 7 are
unknown and our objective is to regulate the propofol concentration level of the central
compartment to the desired level of 3.4 pg/mel in the face of system uncertainty.
Furthermore, since propofol mass in the blood plasma cannot be measured directly,
we measure the concentration of propofol in the central compartment; that is, z;/V,
where V is the volume in liters of the central compartment. As noted in [161], V.
can be approximately calculated by V. = (0.159 ¢/kg)(M kg), where M is the weight

(mass) in kilograms of the patient.

Next, note that (8.51)—(8.53) can be written in the state space form (8.16) with

r = [.Tl, X2, x3]T7

—(an + a9 + CL31) 0 0 0 12 Q13 1

A= 0 —a12 0 s Ad = 21 0 0 s B = 0 .
0 0 —a13 asy 0 0 0

(8.54)

In the following simulation, we use the bispectral index (BIS) as a measure of anes-
thetic effect and the BIS signal is given by (7.55), where the effect site compartment
concentration is given by the solution of the first-order delay model (7.56) (see Chap-
ter 7 for details). As similarly as in Chapter 7, we set EC5y = 3.4 pug/mt, v = 3,
and BISy = 100, so that the BIS signal is shown in Figure 7.5. The target (desired)
BIS value, BISiarget, is set at 50. In this case, the linearized BIS function about the
target BIS value is given by (7.58). Furthermore, for simplicity of exposition, we
assume that the effect site compartment equilibrates instantaneously with the central
compartment; that is, we assume that a.g — 0o and hence co(t) = x1(t)/Ve, t > 0.

Now, using the adaptive feedback controller
u(t) = max{0,a(t)}, (8.55)

where
u(t) = —k(t)(BIS(t) — BlStarget) + ¢(1), (8.56)

249



k(t) e R, t >0, and ¢(t) € R, t > 0, with update laws

' 0, if a(t) <0,
- <
k(t) { _QBIS(BIS(t) - BIStarget)2, Otherwise, k(O) - O’ (857)

if ¢(t) = 0 and BIS(t) > BISiarger,
o) = or if u(t) <0, »(0) >0,

Gpis(BIS(t) — BIStarget), otherwise,
(8.58)

where ggis and ¢gis are arbitrary positive constants, it follows from Theorem 8.4
that the control input (anesthetic infusion rate) u(t) > 0 for all ¢ > 0 and BIS()
— BlSiarget @s t — oo for any (uncertain) positive values of the transfer and loss
coefficients in the range of ceg where the linearized BIS equation (7.58) is valid. It
is important to note that during actual surgery or intensive care unit sedation the
BIS signal is obtained directly from the EEG and not (7.55). Furthermore, since our
adaptive controller only requires the error signal BIS(¢) — BISiaget Over the linearized
range of (7.55), we do not require knowledge of the slope of the linearized equation
(7.58), nor do we require knowledge of the parameters v and EC5y. To illustrate the
robustness properties of the proposed adaptive control law, we use the average set of
pharmacokinetic parameters given in [68] for 29 patients requiring general anesthesia
for noncardiac surgery. For our design we assume M = 70 kg and we switch from
Set A to Set B given in Table 7.1 in Chapter 7 at t = 25 min. Furthermore, we assume
that at ¢ = 25 min the pharmacodynamic parameters ECs5y and v are switched from
3.4 pg/ml and 3 to 4.0 pg/ml and 4, respectively. Here we consider noncardiac
surgery since cardiac surgery often utilizes hypothermia which itself changes the BIS
signal. With ggis = 1 x 107% g/min?, ggig = 1 x 1072 g/min?, and initial conditions
z(0) = [0, 0, 0" g, k(0) = 0 min™!, and ¢(0) = 0.01 g/min~!, Figure 8.2 shows
the masses of propofol in all three compartments versus time. Figure 8.3 shows the
BIS Index versus time. Figure 8.4 shows the propofol concentration in the central

compartment and the control signal (propofol infusion rate) versus time. Finally,
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Figure 8.2: Compartmental masses versus time

Figure 8.5 shows the adaptive gain history versus time.

8.6. Conclusion

In this chapter, we developed a direct adaptive control framework for linear uncer-
tain nonnegative and compartmental dynamical systems with unknown time delay. In
particular, a Lyapunov-Krasovskii-based direct adaptive control framework for guar-
anteeing set-point regulation for nonnegative and compartmental time-delay systems
with specific applications to mammillary pharmacokinetic models was developed. Fi-
nally, we demonstrated the framework on a drug delivery pharmacokinetic model with
time delay. Extensions of the proposed adaptive control framework to nonlinear non-
negative systems as well as to systems with exogenous disturbances will be addressed

in future research.
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Chapter 9

Adaptive Control for Nonlinear
Nonnegative and Compartmental
Dynamical Systems with
Applications to Clinical
Pharmacology

9.1. Introduction

Administration of drugs to produce general anesthesia has traditionally been
guided by clinical evaluation. However, the clinical measures of depth of anesthe-
sia are imperfect, primarily since the most reliable, purposeful movement in response
to noxious stimulus, is masked by the concomitant administration of paralytic agents,
given to improve operating conditions for the surgeon. There has been a long-standing
interest in the use of the electroencephalogram (EEG) as an objective, quantitative
measure of consciousness. Recent work has demonstrated that a derivative of the EEG
signal, the Bispectral Index, correlates with changes in consciousness [67,174,215].
The Bispectral Index is a scalar measure ranging from 0 to 100, with the upper value
of 100 corresponding to the awake state and the lower limit of 0 corresponding to

an isoelectrical EEG signal. The ease of Bispectral Index (BIS) monitoring and its
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ready availability for use in the operating room, opens the possibility of closed-loop
control of anesthetic drug administration, using the BIS as the performance and mea-
surement variable. Current standard practice, open-loop control (manual control) by
clinical personnel, can be tedious, imprecise, time-consuming, and sometimes of poor
quality, depending on the skills and judgment of the clinician. Underdosing can result
in patients psychologically traumatized by pain and awareness during surgery, while
overdosing, at the very least, may result in delayed recovery from anesthesia and,
in the worst case, may result in respiratory and cardiovascular collapse. Closed-loop
control may improve the quality of drug administration, lessening the dependence of

patient outcome on the skills of the clinician.

Previous efforts to develop closed-loop control of general anesthesia have used
either a proportional-integral-derivative control algorithm or linear adaptive control
algorithms based on pharmacokinetic/pharmacodynamic models [2,207,227]. Adap-
tive algorithms are vital since the relationships between drug dose and blood con-
centration (pharmacokinetics) and between blood concentrations and physiological
effect (pharmacodynamics) vary widely among individual subjects. Previous model-
based algorithms have assumed either a fixed pharmacokinetic or pharmacodynamic
model. In this paper, we present a less restrictive direct adaptive control framework
that accounts for interpatient pharmacokinetic and pharmacodynamic variability. In
particular, we develop a direct adaptive control framework for adaptive set-point

regulation of nonlinear uncertain nonnegative and compartmental systems.

Nonnegative and compartmental models provide a broad framework for biological
and physiological systems, including clinical pharmacology, and are well suited for
the problem of closed-loop control of drug administration. Specifically, nonnegative
and compartmental dynamical systems [6,19,24,62,70,75,123,124,164,166, 172,182,

187,203] are composed of homogeneous interconnected subsystems (or compartments)
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which exchange variable nonnegative quantities of material with conservation laws de-
scribing transfer, accumulation, and elimination between the compartments and the
environment. It thus follows from physical considerations that the state trajectory
of such systems remains in the nonnegative orthant of the state space for nonneg-
ative initial conditions. Using nonnegative and compartmental model structures, a
Lyapunov-based direct adaptive control framework is developed that guarantees par-
tial asymptotic set-point stability of the closed-loop system; that is, asymptotic set-
point stability with respect to part of the closed-loop system states associated with
the physiological state variables. In particular, adaptive controllers are constructed
without requiring knowledge of the system dynamics while providing a nonnegative
control (source) input for robust stabilization with respect to the nonnegative or-
thant. Furthermore, since in certain applications of nonnegative and compartmental
systems (e.g., biological systems, population dynamics, and ecological systems involv-
ing positive and negative inflows) the nonnegativity constraint on the control input
is not natural, we also develop adaptive controllers that do not place any restriction
on the sign of the control signal while guaranteeing that the physical system states
remain in the nonnegative orthant of the state space. Finally, we emphasize that
even though our application objective in this paper is closed-loop adaptive control of
drug administration for general anesthesia, the proposed nonlinear adaptive control
architecture can be readily applied to deliver sedation to critically ill patients in the
intensive care unit, as well as to control glucose, heart rate, and blood pressure during

surgery.

9.2. Mathematical Preliminaries

In this section we introduce some key results concerning nonlinear nonnegative

dynamical systems [19, 20,24, 75] that are necessary for developing the main results
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of this chapter. Specifically, consider the nonlinear dynamical system
(t) = f(z(t)), z(0) =m0y, tE€L,, (9.1)

where z(t) € D, D is an open subset of R” with 0 € D, f : D — R™ is locally Lipschitz
continuous on D, and Z,,, = [0,7,,), 0 < 7, < 00, is the maximal interval of existence
for the solution z(-) of (9.1). Recall that the point z, € D is an equilibrium point of
(9.1) if f(x.) = 0. Furthermore, a subset D. C D is an invariant set with respect
to (9.1) if D, contains the orbits of all its points. The following definition introduces

the notion of essentially nonnegative vector fields [22,75,221].

Definition 9.1. Let f = [f1, -+, fu]T : D — R", where D is an open subset of R"
that contains Ri. Then f is essentially nonnegative if fi(z) >0, for alli =1,...,n,

and = € m such that x; = 0, where x; denotes the ith element of x.

Note that if f(z) = Az, where A € R"*" then f is essentially nonnegative if and

only if A is essentially nonnegative [22, 75].

Proposition 9.1 [22,75]. Suppose @i C D. Then Ei is an invariant set with

respect to (9.1) if and only if f: D — R™ is essentially nonnegative.

In this chapter we consider controlled nonlinear dynamical systems of the form
#(t) = f(z(t)) + Gz(t))u(t), =(0) =0, =0, (9-2)

where z(t) € R" t > 0, u(t) € R™, ¢t > 0, f : R" — R" is locally Lipschitz continuous

and satisfies f(0) =0, and G : R® — R"*™.

The following definition and proposition are needed for the main results of the

chapter.
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Definition 9.2. The nonlinear dynamical system given by (9.2) is nonnegative
if for every z(0) € R} and u(t) >> 0, t > 0, the solution z(t), ¢ > 0, to (9.2) is

nonnegative.

Proposition 9.2 [75]. The nonlinear dynamical system given by (9.2) is nonneg-

ative if f: R™ — R" is essentially nonnegative and G(z) >> 0, x € EZ.

It follows from Proposition 9.2 that a nonnegative input signal G/(z(t))u(t), t > 0,

is sufficient to guarantee the nonnegativity of the state of (9.2).

Finally, we present a time-varying extension to Proposition 9.2 needed for the

main theorems of this chapter. Specifically, we consider the time-varying system
(t) = f(t,z(t)) + G(z(t))u(t), =x(to) =x0, t>to, (9.3)

where f : [tg,00) x R™ — R™. For the following result the definition of nonnegativity

holds with (9.2) replaced by (9.3).

Proposition 9.3. Consider the time-varying dynamical system (9.3) where f(¢,-) :
R™ — R™ is Lipschitz continuous on R™ for all ¢ € [tg,00) and f(-,z) : [tg,00) — R”
is continuous on [tg,00) for all z € R™. If for every t € [ty,0), f(t,-) : R" — R" is
essentially nonnegative and G : R” — R™ ™ is nonnegative, then the solution z(t),

t > 1o, to (9.3) is nonnegative.

Proof. The result is a direct consequence of Proposition 9.2 by equivalently
representing the time-varying system (9.3) as an autonomous nonlinear system by
appending another state to represent time. Specifically, defining y(t — t¢) = (t) and
Yni1(t — to) = t, it follows that the solution z(t), t > to, to (9.3) can be equiva-

lently characterized by the solution y(7), 7 > 0, where 7 = ¢ — t,, to the nonlinear
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autonomous system

9(r) = fynia(7),y(1)) + Gy(7))a(r),  y(0) =yo, 720, (9.4)

Uni1(7) = 1, Yny1(0) = to, (9.5)

where 9(-) and 7,1 (-) denote differentiation with respect to 7 and (1) £ u(7 + o).
Now, since ¢;(7) > 0,7 > 0, fori = 1,- -+, n, whenever y;(7) = 0 and G(y(7))u(r) >>

0, 7 > 0, the result is a direct consequence of Proposition 9.2. 0

9.3. Adaptive Control for Nonlinear Nonnegative Uncertain
Dynamical Systems

In this section we consider the problem of characterizing adaptive feedback control
laws for nonlinear nonnegative and compartmental uncertain dynamical systems to
achieve set-point regulation in the nonnegative orthant. Specifically, consider the

following controlled nonlinear uncertain system G given by
i(t) = f(z(t) + Gz(t))u(t), =(0)=xo, t=0, (9.6)

where z(t) € R™, t > 0, is the state vector, u(t) € R™, ¢t > 0, is the control input,
f:R™ — R"™ is an unknown essentially nonnegative function and satisfies f(0) = 0,
and G : R" — R™™ is an unknown input matrix function. The control input u(-) in

(9.6) is restricted to the class of admissible controls consisting of measurable functions

such that u(t) € R™, ¢t > 0.

As discussed in the Introduction, it follows from physical considerations that the
state trajectories of nonnegative and compartmental dynamical systems remain in the
nonnegative orthant of the state space for nonnegative initial conditions. Hence, in
this chapter we design adaptive controllers that guarantee that the controlled system
states remain in the nonnegative orthant and converge to a desired equilibrium state.

Specifically, for a given desired set point x, € @i, our aim is to design a control input

259



u(t), t > 0, such that lim; . ||z(t) — xe|]| = 0. We assume that we have m control

inputs and the input matrix function is given by

Glz) = { BuGi(z) } , (9.7)
O(n—m)xm
where B, = diag[by,- -, by is an unknown positive diagonal matrix and G, : R" —

R™ ™ is a known nonnegative matrix function such that det G,(z) # 0, x € R™.
Furthermore, for the nonlinear system G we assume that the required properties for
the existence and uniqueness of solutions are satisfied; that is, f(-), G(-), and u(-)
satisfy sufficient regularity conditions such that (9.6) has a unique solution forward

in time.

Theorem 9.1. Consider the nonlinear uncertain system G given by (9.6) where
f:R™ — R™ is essentially nonnegative and G : R" — R™*™ is given by (9.7). For a

given z, € EZ, assume there exists a vector u, € R™ such that
0= f(xe) + B, (9.8)

where B £ [Bu,OmX(n,m)]T. Furthermore, assume there exist a rectangular block-
diagonal matrix K, = block—diag[kgl, e ,k'ng], where kg, € R%, i = 1,---,m, con-
tinuously differentiable functions Vi; : R — R, i = 1,---,m, and V, : R"™ — R,
and continuous functions ¢ : R” — RP and F; : R* — R%, ¢ = 1,---,m, with

Fi(x — ) << 0 whenever z; = 0 and F;(0) = 0, ¢ = 1,---,m, such that Vi(-) is

positive definite, radially unbounded, V4(0) = 0, £(0) = 0, and, for all e € R",

V(e Fi(e) >>0, i=1,---,m, (9.9)
0= V/(e)[fo(e) + BEF(e)] + £*(e)((e), (9.10)

where
‘/;(6) = ‘/;1(61) +- ‘/;m(em) + ‘7S<em+1v T ven)v (9'11>
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fole) & fle +xo) — f(z.), and F(e) = [F(e),---, FX(e)]T. Finally, let ¢; and g,

i =1,---,m, be positive constants. Then the adaptive feedback control law
u(t) = Gy (@(t) K () F (2(t) — ze) + Gy (2(1) (1), (9.12)

where K(t) £ block-diag[k] (t),---,kE(t)], ki(t) € R%, i = 1,---,m, t > 0, and

o(t) € R™ t > 0, with update laws

EX(t) = =LV (2i(t) — we)) EF (2(t) — 20), ki(0) << 0, i=1,---,m, (9.13)
{ 0, if ¢;(t) = 0 and Vi) (x;(t) — xe;) > 0,

— LY/ (2;(t) — xe;), otherwise,
$:(0) >0, i=1,---,m, (9.14)
guarantees that the solution (x(t), K(t), ¢(t)) = (xe, Ky, ue) of the closed-loop system
given by (9.6), (9.12)-(9.14) is Lyapunov stable. If, in addition, £T(e){(e) > 0, e € R",
e # 0, then z(t) — x, as t — oo for all zy € R;. Furthermore, x(t) >> 0 for all t > 0

N
and g € R_.

Proof. Let e(t) = x(t) — 2, and note that with u(t), t > 0, given by (9.12) it

follows from (9.6) that

#(t) = f(x(t) + Ga(t) G (@) K () F(x(t) — xe) + G(x(t)) G (2(1))o(t),
z(0) =x9, t>0, (9.15)

or, equivalently, using (9.7) and (9.8),

A

&(t) = fole(t)) + f(we) + BEGF(e(t)) + B(K(t) — Kq) F(x(t) — o) + Bo(t)

= fule(t)) + BUK(t) = Ko)F(x(t) = xe) + B(g(t) — ue), e(0) = wo — e, ¢ >0,
(9.16)

where
fole) 2 fo(e) + BK,F(e). (9.17)
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To show Lyapunov stability of the closed-loop system (9.13), (9.14), and (9.16) con-

sider the Lyapunov function candidate

Ve, K,¢) = Vi(e) + tr(K — Kq) "Q (K — Kg) + (¢ — 1) ' Q' (¢ —ue),  (9.18)

or, equivalently,
bi T b’L 2
V(e K.¢)=Vi(e)+ Y E(ki — k)" (ki — k) + ) q—(¢z — Ue;),

’b

where () = diag[i—i,-n,q—m] and Q = dlag[ q—:] Note that V(0, Kg, ue) = 0
and, since Vi(-), @, and Q) are positive definite, Ve, K,¢) > 0 for all (e, K, ¢) #
(0, Ky, ue). Furthermore, V (e, K, ¢) is radially unbounded. Now, letting e(t), ¢t > 0,
denote the solution to (9.16) and using (9.13) and (9.14), it follows that the Lyapunov

derivative along the closed-loop system trajectories is given by

ww»mmam:v%wﬁmw»+&mw—mﬁmw—%nﬁww—%ﬂ

+Z%ﬂwz &+Z% — )it
=4%mmm+zm@mmw>kﬁm<»

= —(T(e(®)e(e(t)) + Y bildi(t) — ue;) [Vm(ez( )+ =¢it)]
=1
t>0. (9.19)
Now, for each i € {1,---,m} and for the two cases given in (9.14), the last term on

the right-hand side of (9.19) gives:

i) If ¢;(t) = 0 and Vi (z;(t) — x¢;) > 0, then $:(t) = 0 and hence, since, using
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(9.8), bite; > 0,7 =1,---,m, it follows that

bi(6(t) — ) [vsxe@-(t)) - iq‘w)] — b Vit — 7)) <O, i =1,eem.

7

i) Otherwise, ¢;(t) = —L V! (2;(t) — xe;) and hence

2 'S
/ 2. _
bz(¢l(t) - uei) ‘/Sz(el(t)) + qTQSZ(t) = O, 7 = 17 cee M.
Hence, it follows that in either case

—("(e(t))((e(t))

<0, t>0, (9.20)

V(e(t), K(t), ¢(t))

IN

which proves that the solution (e(t), K(t),#(t)) = (0, Kg, ue) to (9.13), (9.14), and
(9.16) is Lyapunov stable. Furthermore, it follows from Theorem 2 of [42] that
{(e(t)) — 0 as t — oo. If, in addition, £T(e)l(e) > 0, e € R™, e # 0, then z(t) —

as t — oo for all x GRZ.

Finally, to show that z(t) >> 0, t > 0, for all 2y € E:LL note that the closed-loop
system (9.6), (9.12)—(9.14) is given by

i(t) = f(a(t) + BE(8)F(x(t) — x) + Bo(1)

A

f(t,z(t)) + BK(t)EF(2(t) — z) + Bo(t)

= f(t,z(t)) +v(t) + w(t), z(0)=z, t>0, (9.21)
where F(z — zo) £ [Fl(z — x.), -, FX(z — 2)]7, Fi(z — x) £ Fi(x — 2o)|a,—0,
1=1,---,m,

ft,x) 2 flz)+ BK@)[F(z —z.) — Flz — 2.)], (9.22)
[ b kKT () Fy (2(t) — ze) | T by () ]
o) 2 | tmkn@®Fn(et) =z | oy a bm¢6n(t> S (9.23)
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Now, since, by (9.9), (9.13), and (9.14), kl(t) << 0, t > 0,4 = 1,---,m, and
¢i(t) >0,t>0,i=1,---,m, and since Fj(x(t) — ) << 0,t>0,i=1,---,m, it
follows that for every ¢ € [0,00), f(t,z(t)) is essentially nonnegative, v(t) >> 0, and
w(t) >> 0. Hence, it follows from Proposition 9.3 that z(t) >> 0 for all ¢ > 0 and

=y}

.foERJr. OJ

Remark 9.1. Note that in the case where (T(e)l(e) > 0, e € R™, e # 0, the
conditions in Theorem 9.1 imply that x(t) — . as t — oo and hence it follows from
(9.13) and (9.14) that (z(t), K(t),(t)) = M 2 {(2,K,¢) € R" x R™* x R™ : g =

Te, K =0, p =0} ast — oo, where s 2 sy + - + 5.

It is important to note that the adaptive control law (9.12)—(9.14) does not require
the explicit knowledge of the gain matrix K, and the nonnegative vector wu.. All
that is required is the existence of a vector u, and a partially component decoupled
Lyapunov function Vi(e) along with the construction of F(e) such that (9.10) and
the equilibrium condition (9.8) hold. In the case where f(z) in (9.6) is homogeneous,

cooperative; that is, the Jacobian matrix %(f) is essentially nonnegative for all x €

E'I‘L

+, and the Jacobian matrix %(;) is irreducible for all z € R, [20], it follows from

Corollary 1 of [52] that there exists an equilibrium point . € R’} if and only if the zero
solution z(t) = 0 of the undisturbed (u(t) = 0) system (9.6) is globally asymptotically
stable for all xq € EZ. In this case, z. € R’} is a globally asymptotically stable
equilibrium point of (9.6) with a constant control input Bu, satisfying (9.8). Finally,
it is important to note that for i = 1,--- m, the control input signal u;(t), t > 0, in
Theorem 9.1 can be negative depending on the values of x(t), k;(t), and ¢;(t), t > 0.
However, as is required in nonnegative and compartmental dynamical systems the

closed-loop plant states remain nonnegative.

Unlike linear asymptotically stable nonnegative systems, the existence of a com-
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ponent decoupled Lyapunov function (see Theorem 7.2) is not necessarily guaranteed
for nonlinear asymptotically stable nonnegative systems. Diagonal-type Lyapunov
functions that are not necessarily quadratic take the form given by (9.11) with

~

‘/s(em—&—l) e 7671) = V;m—l—l(em—l—l) + -+ V;n(en) (924)

and hence are component decoupled. Component decoupled Lyapunov functions play
a key role in robust stability with structured uncertainty, neural networks, passive
circuits, ecological systems, variable structure systems, power systems, and large-scale
systems. For details see [135]. Even though the existence of diagonal-type Lyapunov
functions for asymptotically stable nonlinear nonnegative systems is not assured,
there do exist classes of nonnegative dynamical systems that do admit component
decoupled Lyapunov functions. In particular, if the system dynamics given by (9.17)

are in the Persidskii form
fs(e) = Af(e), (9.25)
where A is essentially nonnegative and asymptotically stable and f(-) belongs to the

set S given by

S {f R" — R": f(O) =0, fl(ez)el > 0,e; 7é 0,

and foei fi(o')do' — 00 as |eZ’ —o00,1=1,--- ’m}7 (9.26)

then the component decoupled Lyapunov function

e

Vile) = %Z ;s /0 " f(o)do = % /O () Pdo. (9.27)

,path
where P = diag[py, - - -, p,] satisfies (7.6) and the path integral in (9.27) is taken over
any path joining the origin to e € R™, guarantees that the zero solution e(t) = 0 to
(9.17) with fs(e) given by (9.25) is globally asymptotically stable [135]. Alternatively,

if the system dynamics are given by (9.17) with

fs(e) = Ae — Df(e), (9.28)
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where A is essentially nonnegative and asymptotically stable, f(-) belongs to the set
S, and D is a nonnegative diagonal matrix, then the quadratic Lyapunov function
Vi(e) = eTPe, where P is the diagonal positive definite solution to (7.6), guaran-
tees that the zero solution e(t) = 0 to (9.17) with fs(e) given by (9.28) is globally

asymptotically stable [135].

In the case where F' : R™ — R® is only a function of é = [e}, -+, e,]T, the
adaptive feedback controller given in Theorem 9.1 can be viewed as an adaptive
output feedback controller with outputs y = Cx, where C' = [I,,,, Omx(n—m)]- In this
case, it follows from (9.12) that the explicit knowledge of x, = [T,41, -+, 2,|" and
Tou = [Temat, s Ten| ' as well as u, € R™ is not required. In addition, if f(-) in (9.6)

is such that f,(-) is continuously differentiable, f.(0) =0, and f.(e) is given by

_ A11+A11(é) Al

fe(e) A, A, | © (9.29)

where Ay : R™ — R™*™ is a continuous and essentially nonnegative, A;; € R™*™ is

(n—m) (n—m)

essentially nonnegative, A5 € R™* is nonnegative, As; € R *™ i nonnega-
tive, and Agy € R(™)X("=m) i5 essentially nonnegative, and if (9.6) is stabilizable and
feedback linearizable, then there always exists a rectangular block-diagonal matrix
K, € R™* such that (9.10) holds. Furthermore, in this case V;(-) need not be known.
To see this, let A;;(é)é be parameterized as A11(€)é = [0TFy(é), - - -, 0T F,,(¢)]T, where

F() 2 [FT(), -, FP())" is a known function such that F; : R™ — R% satisfies

ﬁ’l(i" — Zo) << 0 whenever z; = 0 and FZ(O) =0,i=1,---,m, Te = [Ter, ", Tem]
and 0, € R% i = 1,---,m, are unknown constant parameters such that 6; >> 0,
i =1,---,m. Now, by viewing ¢ = Ce as an output, the zero dynamics of é(t) =

fe(e(t)) + G(e(t) + zo)u(t), e(0) = eg, t > 0, with fe(e) given by (9.29) are given by

where z £ [epq1, -+, em]T. Since CB = (CB)T > 0, it follows from Theorem 2
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of [60] (see also [126]) that if Ay is asymptotically stable, then there exist matrices
P eR™™ L eR"™P and P e R™*™ with P positive definite, and a positive constant

€ such that

0= (A+ BPC)'P + P(A+ BOC)+eP+ L"L, (9.31)

0= BTP-C, (9.32)

where A is given by

i | A Ap
A= [ Agr Ay ] ) (9.33)

Note that it follows from (9.32) that P has the form P = block-diag[P;, P|, where
P, 2 diag[py,---,pm] € R™™ and P, € R"™*("=m)  Now, defining ® £ diag[p,

-+, o] such that ® < 1(® + &) and ® < 0, it follows that

(A+ BOC)'P + P(A+ B®C) = (A+ BOC)TP + P(A + BOC)
+CT(® — ®)TBTP + PB(® — d)C
= —eP - LTL+C"[20 — (3T + ®)|C

< —¢eP, (9.34)

and thus A + B®C' is asymptotically stable. Now, with kg = [0 /bi, i) << 0,

i=1,---,m, and F;(e) = [FT(é),e;]", it follows that

file) = fo(e) + BK,F(é)
r - - —0T (&) /by + ¢re
| A+ An(e) A ot B, 1 Ea( )/1 p1€1
A21 A22

—ﬁﬁm(é)/bm + Omem

- . . - . P11
_ AH + AH(G) Alg e — An(e) 0 e+ Bu .
i A Agy | . 0 0 O(n—m)xm '
PmEm
— (A + B®C)e. (9.35)

In this case, with V;(e) = eT Pe, the adaptive feedback controller (9.12) with update
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laws (9.13), (9.14), or, equivalently,

() = —ai(@it) — 2e) T (2() = &), ki(0) <0, i=1,---,m, (9-36)
e 0, if ¢;(t) =0 and z;(t) > e,
Pilt) = { —G;(zi(t) — xe;), otherwise, ?(0) 20,

i=1,--,m, (9.37)

with ¢; and ¢; in (9.13) and (9.14) replaced by ;17? and %, respectively, guarantees
global asymptotic stability of the nonlinear uncertain dynamical system (9.6) with

f(z) = fele) + f(x.), where f.(e) satisfies (9.29).

It is important to note that the adaptive feedback controller (9.12) with update
laws (9.36), (9.37) does not require knowledge of the system dynamics (9.29). All
that is required is that A,y in (9.29) be asymptotically stable. Finally, in the case
where Aji(e) = 0 and Gy(x) = I,,,, we can simply take F(e) = é. In this case, the

adaptive feedback controller (9.12) with update laws (9.13), (9.14) collapses to

Uz(t) = kz(t)<mz(t) - xei) + ¢i(t)a t=1,---,m, (938)
kz(t) = _Qz(xz(t) - in)Z’ k}Z(O) S 07 1= 17 s, I, (939)

0, if ¢;(t) =0 and x;(t) > e,
—Gi(z;(t) — xe;), otherwise,

i(t) = {

This is precisely the result given in Chapter 7 (see also [85,86]).

In the case where our objective is zero set-point regulation, that is, x, = 0, the
adaptive controller given in Theorem 9.1 can be simplified. Specifically, since in this
case x(t) > z, = 0, t > 0, and condition (9.8) is trivially satisfied with u, = 0, we
can set ¢(t) = 0 so that the update law (9.14) is superfluous. This result is given in

the following theorem.

Theorem 9.2. Consider the nonlinear uncertain system G given by (9.6) where

f + R* — R” is essentially nonnegative and G : R® — R™ ™ is nonnegative and
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is given by (9.7). Assume there exist a rectangular block-diagonal matrix K, =

block-diag[ky, , - - -, kg,,], Where ky; € R, @ = 1,---,m, continuously differentiable
functions Vi; : R - R, ¢ =1,---,m, and V,: Rvm R, and continuous functions

F; : R — R% with F;(0) = 0,7 =1,...,m, and £ : R® — R such that V,(-) and
((-) are positive definite in the nonnegative orthant and V;(-) is radially unbounded

in the nonnegative orthant, V;(0) = 0, £(0) = 0, and, for all x € Ri,

0= V(2)fs(x) + l(2), (9.41)

where
Va(x) & Vo (@) + -+ + Vi (@) + Va(@mgr, -+, ), (9.42)
fo(@) & f(z) + BKF (), (9.43)

and F(z) £ [Ff(z), -, FX(2)]". Finally, let ¢;, i = 1,---,m, be positive constants.

Then the adaptive feedback control law
ult) = Gy (2 (1) K () F (2 (1)), (9.44)
where K (t) £ block-diag[kT(t), -, kL (¢)], with k;(t) € R%, i = 1,---,m, satisfying

k:;r(t) = _ﬁ‘/s;(xZ(t))FzT(I(t))v k;r(o) = le()v it=1---,m, (945)

2

guarantees that the solution (z(t), K(t)) = (0, K,) of the closed-loop system given by
(9.6), (9.44), and (9.45) is Lyapunov stable and z(¢) — 0 as t — oo for all zy € EZ.

Furthermore, x(t) >> 0 for all £ > 0 and xy € @Z.
Proof. The proof is identical to the proof of Theorem 9.1. U

Remark 9.2. Theorem 9.2 provides considerable simplification in the case where

(9.6) is feedback linearizable. Specifically, in this case fs(z) = Agz is asymptotically
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stable and essentially nonnegative and hence it follows from Theorem 3.2 of [75] that
there exist p >> 0 and r >> 0 such that Vi(z) = pTz and {(z) = rTx satisfy (9.41).

In this case, the update law (9.45) can be equivalently written as

with ¢; in (9.45) replaced by Z—Z, where p; is the ith component of p. Furthermore,
condition (9.9) is not required in Theorem 9.2 and thus k;(t), i = 1,---,m, is not
necessarily a nonincreasing function. Thus, the initial values k;(0), i = 1,---,m, can

be chosen arbitrarily.

Remark 9.3. In the case where f(x) is compartmental, that is, the ith compo-

nent of fs(x) is given by

n

Foilw) = =) + Y lay(2) — ag(2)), (9.47)

J=Lii#]
for all ¢ € {1,---,n}, where a;(x) > 0 denotes the instantaneous rate of flow of
material loss of the ith compartment and a;;(x) > 0 denotes the instantaneous rate
of material flow from ¢th compartment to jth compartment, it follows that by taking
Vi(z) = i%z, where 2 = [1,---,1]T, the update law (9.45) can be equivalently written

as (9.46).

Finally, we generalize Theorem 9.1 to the case where the input matrix is not nec-
essarily nonnegative. Specifically, here we assume that b; in Theorem 9.1 is unknown

but sgn b; is known for all : =1,---,m.

Theorem 9.3. Consider the nonlinear uncertain system G given by (9.6) where
f : R™ — R" is essentially nonnegative and G : R" — R™ " is given by (9.7). For a
given x, € EZ, assume there exists a vector u, € R™ such that (9.8) is satisfied with

f(ze) << 0. Furthermore, assume there exist a rectangular block-diagonal matrix
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K, £ block—diag[kgl, e ,k’gm], where ky; € R*, i = 1,---,m, continuously differen-
tiable functions V;; : R — R, ¢ = 1,---,m, and V. : Rvm R, and continuous
functions ¢ : R” — RP and F; : R — R* with Fj(x — 2,) << 0 whenever z; = 0
and F;(0) = 0,4 =1,...,m, such that V(-) is positive definite, radially unbounded,
V5(0) =0, £(0) = 0, and, for all e € R™, (9.9) and (9.10) hold. Finally, let ¢; and g,
i =1,---,m, be positive constants. Then the adaptive feedback control law (9.12),

where K(t) £ block-diag[kT(t),---,kX(t)], ki(t) € R% i = 1,---,m, t > 0, with

update laws

kE(8) = —(sgnbi) §Vai(a(t) — we) i (2(t) — o), i=1,--,m, (9.48)
() 0, if ¢;(t) =0 and V(z;(t) — xe;) > 0,
7,'[; - -
—(sgnb;) LVii(ws(t) — xe;), otherwise,

i=1,--,m, (9.49)

where k;(0) and ¢;(0) are such that (sgnb;)k;(0) << 0 and (sgnb;)¢;(0) > 0, respec-
tively, guarantees that the solution (z(t), K(t), ¢(t)) = (e, Kg, ue) of the closed-loop
system given by (9.6), (9.12), (9.48), and (9.49) is Lyapunov stable. If, in addition,
((e)l(e) > 0, e € R, e # 0, then x(t) — z, as t — oo for all zy € R';. Furthermore,

z(t) >> 0 for all t >0 and zy € R,.

Proof. The proof is similar to that of Theorem 9.1 with ) and Q replaced by

Q = diag Lg—h, cee {g—::d and Q = diag [fg—h, e \g—:\]’ respectively. O

Note that the adaptive controller given in Theorem 9.3 does not destroy nonnega-
tivity with respect to the plant states. In particular, the closed-loop system dynamics
are given by (9.21). Now, it can be seen from (9.9), (9.48), and (9.49) that if b; is
negative, then k;(t) >> 0, ¢t > 0, and ¢;(t) < 0, ¢t > 0,7 = 1,---,m, and hence
v(t) >>0,t >0, and w(t) >> 0, t > 0. Hence, by Proposition 9.3, x(t) >> 0, t > 0,
for all xy € Ei.

271



9.4. Adaptive Control for Nonlinear Nonnegative Dynamical
Systems with Nonnegative Control

As discussed in the Introduction, control (source) inputs of drug delivery systems
for physiological processes are usually constrained to be nonnegative as are the system
states. Hence, in this section we develop adaptive control laws for nonnegative systems
with nonnegative control inputs. Specifically, for a given desired set point z, € Ki,
our aim is to design a control input u(t), t > 0, such that lim, . ||z(t) — z|| = 0.
We assume that control inputs are injected directly into m separate compartments

and the input matrix function is given by

G(z) = { BuGa() ] , (9.50)

O(n—m)Xm
where B, = diag[b,---,by| is an unknown nonnegative diagonal matrix and G, =
diag[gn, (), -, gn, ()], where gy, : @1 — Ry, i =1,---,m, is a known nonneg-

ative diagonal matrix function. For compartmental systems this assumption is not
restrictive since control inputs correspond to control inflows to each individual com-

partment.

Theorem 9.4. Consider the nonlinear uncertain system G given by (9.6) where
f : R* — R” is essentially nonnegative and G : R* — R™ ™ is nonnegative and
is given by (9.50). For a given z, € Ki, assume there exists a nonnegative vector
Ug € ﬁT such that (9.8) is satisfied, where B2 [Bus Omx(n—m)] ", and the equilibrium
point z, of (9.6) is asymptotically stable for all z, € Ri with u(t) = ue. Furthermore,
assume there exist continuously differentiable functions Vy; : R - R, ¢ =1,--- m,
and V, : R"™™ — R, and continuous functions F; : R® — R% with F;(0) = 0,
i=1,---,m,and ¢ : R" — R? such that V(+) is positive definite, radially unbounded,

Vi(0) =0, £(0) =0,i=1,---,m, and, for all e € R™,

0= V/(e)fe(e) + £ (e)t(e), (9.51)
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and (9.9) holds, where V;(e) is given by (9.11), f.(e) = f(e+xe) — f(z.), and F(e) £
[Fl(e), -+, FX(e)]*. Finally, let ¢; and ¢;, i = 1,---,m, be positive constants. Then

the adaptive feedback control law
w;(t) = max{0,4;(t)}, i1=1,---,m, (9.52)

where

i(t) = gn; (@(t)k; (O Fy(x(t) — 2e) + gy (@()i(t), i=1,---,m,  (9.53)

ki(t)eR% t>0,i=1,---,m, and ¢;(t) e R, t >0, 7=1,---,m, with update laws
=\ 2 8Valt) — 5 FE () — w0),  otherwise,
ki(0) <<0, i=1,---,m, (9.54)
if ¢;(t) = 0 and Vi (x;(t) — xe;) > 0,
or if u,;(t) <0,

_%Vs;(i’%(t) — Zo;), otherwise,

. 0,
¢i(t) =

$:;(0)=0, i=1,---,m, (9.55)

guarantees that the solution (z(t), K(t),(t)) = (e, K4, ue), where K(t) £ block-
diagl[k{ (t), -+, k5 (t)] and K, £ block-diag[k},- -, k},,] << 0, of the closed-loop
system given by (9.6), (9.52), (9.54), and (9.55) is Lyapunov stable. If, in addition,
((e)l(e) > 0, e € R", e # 0, then x(t) — x as t — oo for all 2y € R}.. Furthermore,

u(t) >> 0 and x(t) >> 0 for all t > 0 and z, € R}.

Proof. First, let e(t) = 2(t) —x. and define K,,(t) = block-diag[k}, (), - -,k (1)]

and ¢U<t) = [(btu(t)v e >¢um<t)]T7 where

] 0, if 4;(t) <0, -

kui(t) = { ki(t), otherwise, =1em, (9.56)
(o, ifa <o, .

Duilt) = { ¢i(t), otherwise, =Le,m (9.57)

Now, note that with u(t), ¢ > 0, given by (9.52) it follows from (9.6) that

A

#(t) = f(a(t)) + BKL()F(x(t) — xo) + Bou(t), z(0)=z0, t>0,  (9.58)
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or, equivalently, using (9.8),

é(t) = fuo(e(t)+BE,(O)F(x(t)—x)+B(dy(t) —ue), e(0) =zg—ze, t>0. (9.59)

To show Lyapunov stability of the closed-loop system (9.54), (9.55), and (9.59) con-

sider the Lyapunov function candidate

~

Ve, K, ¢) = Vi(e) + tr(K — Kp)'Q (K — Ky) + (¢ —ue) Q7 (& —ue),  (9.60)

or, equivalently,

m

Ve, K, ) = +Z » B )+ 50 26— ),

im1 4
where ) = [%, e Z—Z] and Q = diag[%,---,g—m]. Note that V(0, K4, u.) = 0 and,
since V4(+), @, and () are positive definite, Ve, K,¢) > 0forall (e, K, ¢) # (0, Kg, ).
Furthermore, V (e, K, ¢) is radially unbounded. Now, letting e(¢), ¢ > 0, denote the
solution to (9.59) and using (9.54) and (9.55), it follows that the Lyapunov derivative

along the closed-loop system trajectories is given by

Vie(t), K(t),o(t) = V/(e(t)) [fe(e(t)) + BE, (1) F(2(t) — 2o) + B(du(t) — u,)
+2tr(K(t) — Kg)TQ*K (t) +2(6(t) — ue)"Q (1)

= —("(e sz (&5 (1)) bik (£) Fy(e(t))
+vas €;(£)) (Pus(t) — e +Z—kT _kgi)
“q;w) ;) i(1)
= £ (elt)Hle()
+Zb Vii(e File(t) + —kI ()60 )]

+Zb[% (e (uilt) uei>+%<¢i<t>—uei>¢i<t>] (9.61)

Now, for each i € {1,---,m} and for the two cases given in (9.54) and (9.55), the last

two terms on the right-hand side of (9.61) give:
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i) If 4;(t) <0, then ky;(t) = 0, ¢y;(t) = 0, k;(t) = 0, and ¢;(t) = 0. Furthermore,
since ¢;(t) > 0 and k;(t) < 0 for all £ > 0, it follows from (9.53) that @;(t) <0
only if Fj(x(t) — xe) >> 0 which implies V:(e;(¢)) > 0 by (9.9) and hence

V(e (DR Fe(t) + k() k(1) - kg;) = 0,

Qz

Vsi(ei()(dui(t) — ue;) + @(@'( ) = ues)9it) = —Vai(ei(t))ue; < 0.
i) Otherwise, ky;(t) = k;(t) and ¢y, (t) = ¢;(t) and hence

VA EDRLO (b)) + ST (k1) — k) = Vil(es(t ))kigi (1) Fi(e(t)) <0,

q@

Vai(ei()(dui(t) — ues) + a(@(t) — Ue;) 4 (t)
_ { —Vii(ei(t))ue; <0, if ¢5(t) = 0 and Vij(zi(t) — 2e;) 2 0,
=10

otherwise.

Hence, it follows that in either case

Vie(t), K(t), () < —T(e(t))e(e(t))
<0, t>0, (9.62)

which proves that the solution (e(t), K(t),#(t)) = (0, Kq,ue) to (9.54), (9.55), and
(9.59) is Lyapunov stable. Furthermore, it follows from Theorem 2 of [42] that
l(e(t)) — 0 as t — oo. If, in addition, £T(e)l(e) > 0, e € R", e # 0, then z(t) — x,

as t — oo for all zg GEZ.

Finally, u(t) >> 0, t > 0, is a restatement of (9.52). Now, since G(z(t)) >> 0,
t >0, and u(t) >> 0, t > 0, it follows from Proposition 9.2 that z(¢t) >> 0 for all

t20andxoeﬁi. O

Remark 9.4. Note that in the case where (T(e)l(e) > 0, e € R™, e # 0, the
conditions in Theorem 9.4 imply that x(t) — . as t — oo and hence it follows from
(9.54) and (9.55) that (z(t), K(t), p(t)) = M = {(z,K,¢) € R" x R™* x R™ : g =
Te, K =0, qb:O} as t — oo.
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In Theorem 9.4 we assumed that the equilibrium point z. of (9.6) is globally
asymptotically stable with u(t) = wu.. In general, however, unlike linear nonnegative
systems with asymptotically stable plant dynamics, a given set point x, € E:LL for the
nonlinear nonnegative dynamical system (9.6) may not be asymptotically stabilizable
with a constant control u(t) = u, € ET. However, as discussed in Section 9.3, if

f(z) is homogeneous, cooperative; that is, the Jacobian matrix 8]5—(;) is essentially

nonnegative for all x € R, [221], the Jacobian matrix %(f) is irreducible for all
x € R, [221], and the zero solution 2(t) = 0 of the undisturbed (u(t) = 0) system
(9.6) is globally asymptotically stable, then the set point z. € R satisfying (9.8) is
a unique equilibrium point with u(t) = u. € R and is also asymptotically stable for
all 25 € R} [52]. This implies that the solution x(t) = . to (9.6) with u(t) = u, is

asymptotically stable for all zy € E:i.

It is important to note that the adaptive control law (9.52), (9.54), and (9.55) does
not require the explicit knowledge of the nonnegative vector u,; all that is required
is the existence of the nonnegative constant vector u, and a partially component
decoupled Lyapunov function V;(e) along with the construction of F'(e) such that (9.9)
and (9.51) are satisfied and the equilibrium condition (9.8) holds. Furthermore, note
that in the case where F(e) is only a function of é = [ey, - - -, €,,] " it follows from (9.53)
that the adaptive control law (9.52), (9.54), and (9.55) does not require the explicit
knowledge of the nonnegative constant vectors Tey = [Temi1,*» Ten) ' and u, € KT;
even though Theorem 9.4 requires the existence of z., € Ei_m and u, € ET such that
condition (9.8) holds. Finally, the control input u(t), ¢ > 0, is always nonnegative
regardless of the values of x;(t), k;(t), and ¢;(t), t > 0,7 = 1,---,m, which ensures

that the closed-loop plant states remain nonnegative by Proposition 9.2.

276



9.5. Illustrative Numerical Example

In this section we present a numerical example to demonstrate the utility of the
proposed direct adaptive control framework. Specifically, consider the controlled two-

compartment nonnegative dynamical system given by

1(t) = —ag(x1(t))x1(t) + a1z () z2(t) + bu(t), x1(0) =x19, t>0, (9.63)

Ig(t) = agl(fﬁl(t))l'l(t) - alg(l'l(t))l'g(t), ZEQ(O) = T20, (964)
where ag(71) = ¢1Q(x1), a12(21) = ¢y +c3Q(21), Q1) = P and ¢y, -+, cs5, and
b are unknown positive constants. Note that with z = [z, 25]", (9.63) and (9.64)

can be written in the form of (9.6) with f(x) = [—ao1(x1)x1 + a12(x1)xe, Aoy (x1)x1 —
a12(21)x5]T and G(z) = B = [b,0]T. Here, our objective is to regulate x; around
the desired value x.; > 0. Note that zey = c1Q(Te;)Te1/(c2 + c3Q(xe;)) and ue = 0
satisfy the equilibrium condition (9.8) with z, = [#e1,Tes]t. Furthermore, define
e(t) = x(t) — x. so that f.(e) is given by

—lag1(€1 + Tey) + @12(€1 + Tey ) (€2 + Tea) — [ —(A21(Te1) + A12(Te1)Tea
£(0) = [az( ) ( ) ) — [=(a21(zer) (@e1)Tes]

ag (€1 + Tey)(e1 + Tey) — ar2(e1 + Tey) (€2 + Tea) — [a21(Te1)Te1 — @12(Tey)Ten)]

(9.65)
Furthermore, let K, = kq/b, Fi(e) = e1, and Vi(e) = €7 + €3 so that Vii(e)Fi(e) =

2e? > 0. Next, note that

V/(e)lfele) + BKF(e)]
= e1[fer(e) + kger] + eafes(e)
= —[asi(e1 + Ter) + ke(e1 + zer)]e] + ara(er + zeq)eres
—Zer[ag1(e1 + Te1) — a21(Zer)|er — Tealara(er + Ter) — a12(Ter)]er
+agi (€1 + Tep)ere2 — aja(er + xel)eg + Ter[azi(e1 + Ter) — ag1(Ter)]e:
—Zealara(er + Teq) — ara(Ter)]ea + kgel, (9.66)
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where f.;(-) denotes the ith component of f.(-), i = 1,2, and —k, € R,. Now,
since Q(-) is Lipschitz continuous there exist positive constants o and  such that

[Q(e1 + Te1) — Q(we1)]e1] < ae? and [[Q(e1 + o) — Q(zer)]e2| < Blei]|ez], and hence

it follows that there exist 1,72 > 0 such that

Vi(©)[fe(e) + BE Fi(e)] < mei + 2xalerlea] — caes + kgl
2

2
—C2 (E‘ell - \€2|> + <’Yl — 13 + kg)e%

Hence, there exists k; < 0 such that
V/(e)[fo(e) + BK,Fi(e)] <0, ecR? e#0. (9.67)

Now, it follows from Theorem 2.1 that x(t) — z, as t — oo for any positive constant
c1,-,c5 and b. For xo; = 2 and with ¢y =2, co =0.1,c3 =3, ¢4, =c5 =1, b =3,
q1 = 0.01, ¢ = 0.1, and initial conditions z(0) = [5,8]T, k;(0) = 0, and ¢;(0) = 1,
Figure 9.1 shows the state trajectories versus time. Finally, Figure 9.2 shows the

control signal and the adaptive gain history versus time.
9.6. Nonlinear Adaptive Control for General Anesthesia

To illustrate the application of our adaptive control framework we consider a
hypothetical model for the intravenous anesthetic propofol. The pharmacokinetics of
propofol are described by a three compartment model [169]. The model is shown in
Figure 9.3. The mass of the drug in the intravascular blood volume as well as the
highly perfused organs (organs with high ratios of perfusion to weight) such as the
heart, brain, kidney, and liver is denoted by x;. The remainder of the drug in the
body is assumed to reside in two peripheral compartments, comprised of muscle and

fat, and the masses in these compartments are denoted by x5 and x3.
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Figure 9.3: Pharmacokinetic model for drug distribution during anesthesia

A mass balance of the three-state compartmental model yields

21(t) = —[ac(c(t)) + aa(c(t)) + azi(c(t))]z1(t) + arz(c(t))za(t) + arz(c(t))zs(t)

+u(t), x1(0) =z19, t>0, (9.68)
T2(t) = an(c(t))w1(t) — arz(c(t))a2(t),  22(0) = @2, (9.69)
23(t) = asi(c(t))z1(t) — ars(c(t))ws(t),  x3(0) = 30, (9.70)

where ¢(t) = z1(t)/V., V. is the volume of the central compartment, as(c) is the rate
of transfer of drug from the central compartment to Compartment II, aq2(c) is the
rate of transfer of drug from Compartment II to the central compartment, as;(c) is
the rate of transfer of drug from the central compartment to Compartment II1, a13(c)
is the rate of transfer of drug from Compartment III to the central compartment,
ae(c) is the rate of drug metabolism and elimination (metabolism typically occurs in
the liver), and wu(t), t > 0, is the infusion rate of the anesthetic drug propofol into the
central compartment. In order to formulate a physiologically realistic nonlinear model
we assume that the rate transfers are proportional to the cardiac output. Even though
this assumption has not been validated in clinical studies, we make the assumption
to develop a nonlinear model to illustrate implementation of our adaptive controller.
However, it does have some plausibility since transfer from the central compartment to
the peripheral compartments (or vice versa) requires physical transport via the blood

stream from the heart, brain, etc., to muscle and fat (or vice versa). Furthermore,
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since for many drugs the rate of metabolism (i.e., a.(c)) is proportional to the rate of
transport of drug to the liver we assume that a.(c) is also proportional to the cardiac
output. Thus, we assume a9 (c) = Ay Q(c), aa(c) = A1Q(c), asi(c) = A5 Q(c),
ai3(c) = A13Q(c), and aq(c) = A.Q(c), where Ao, Agy, As, Asq, and A, are positive
constants. To develop a nonlinear model we assume a sigmoid relationship between

drug concentration in the central compartment and effect so that

[0
QoCsy
50 T o’

Q(c) = (9.71)

where the effect is related to ¢ (since ¢ is the presumed concentration in the highly
perfused myocardium), Qo > 0 is a constant, Csy > 0 is the drug concentration asso-
ciated with a 50% decrease in the cardiac output, and « > 1 determines the steepness
of this curve (that is, how rapidly the cardiac output decreases with increasing drug
concentration, ¢). Even though the transfer and loss coefficients A1a, Aoy, A1z, As,
and A, are positive and o« > 1, C59 > 0, and @)y > 0, these parameters can be
uncertain due to patient gender, weight, pre-existing disease, age, and concomitant
medication. Hence, the need for adaptive control to regulate intravenous anesthetics

during surgery is crucial.

For set-point regulation define e(t) £ x(t) — x,, where 2, € R? is the set point
satisfying the equilibrium condition for (9.68)—(9.70) with z1(t) = ey, 2(t) = Teo,

23(t) = Tez, and u(t) = ue, so that fo(e) = [fe1(€), feale), fez(e)]T is given by

fei(e) = —lac(c) + axn(c) + agi(c)](e1 + ze1) + ara(c)(e2 + Teg) + ar3(c)(e3 + Te3)
—[ae(ce) + an(ce) + azi(ce)|Ter + a12(ce)Teg + ar3(ce)Tes, (9.72)

fer(€) = azn(c)(er + Ter) — ara(c) (e + Tez) — [a01(Ce)Ter — ar2(Ce)Tes), (9.73)

fes(e) = asi(c)(er + xe1) — ars(c)(es + Tes) — [az1(ce)Ter — a13(Ce)Tes), (9.74)

where ¢, £ 7¢;/V.. Furthermore, let F(e) = e; and Vi(e) = €2 + pae2 + pse?, where
p2,p3 > 0, so that Vii(e)F(e) = 2¢? > 0. Next, linearizing f.(e) about 0 and
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computing the eigenvalues of the resulting (compartmental) Jacobian matrix, it can

be shown that x, is asymptotically stable.

Even though propofol concentrations in the blood are known to be correlated with
lack of purposeful responsiveness (and presumably consciousness) [137], they cannot
be measured in real-time during surgery. Furthermore, we are more interested in
drug effect (depth of hypnosis) rather than drug concentration. Hence, we consider
a more realistic model involving pharmacokinetics (drug concentration as a function
of time) and pharmacodynamics (drug effect as a function of concentration) for con-
trol of anesthesia. Specifically, we use an electroencephalogram (EEG) signal as a
measure of drug effect of anesthetic compounds on the brain [67, 174, 215]. Since
electroencephalography provides real-time monitoring of the central nervous system
activity, it can be used to quantify levels of consciousness and hence is amenable for
feedback (closed-loop) control in general anesthesia. As discussed in Chapter 7, a
new EEG indicator, the Bispectral Index (BIS), has been proposed as a measure of
anesthetic effect [174]. This index quantifies the nonlinear relationships between the
component frequencies in the electroencephalogram, as well as analyzing their phase
and amplitude. The BIS signal is a nonlinear monotonically decreasing function of

the level of consciousness and is given by

C’Y
BIS(ce) = BISy [ 1 — ——=<ff 9.75
(C H) ’ ( szf + ECgo) 7 ( )

where BIS, denotes the baseline (awake state) value and, by convention, is typically
assigned a value of 100, cet is the propofol concentration in micrograms/mililiter in
the effect site compartment (brain), ECsg is the concentration at half maximal effect
and represents the patient’s sensitivity to the drug, and ~ determines the degree of
nonlinearity in (9.75). Here, the effect site compartment is introduced as a corre-
late between the central compartment concentration and the central nervous system

concentration [205]. The effect site compartment concentration is related to the con-
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Figure 9.4: BIS index versus effect site concentration

centration in the central compartment by the first-order delay model
Coi(t) = et (c(t) — cerr(t)), ce(0) = ¢(0), t >0, (9.76)
where deg in min~! is a positive time constant. Assuming ¢(0) = 0, it follows that

¢
ceff(t):/ et (=9 g ac(s) ds. (9.77)
0

In reality, the effect site compartment equilibrates with the central compartment in
a matter of a few minutes. The parameters a.g, ECsy, and v are determined by data
fitting and vary from patient to patient. BIS index values of 0 and 100 correspond,
respectively, to an isoelectric EEG signal and an EEG signal of a fully conscious

patient; while the range between 40 and 60 indicates a moderate hypnotic state [215].

In the following numerical simulation we set EC5q = 5.6 ug/mf, v = 2.39, and
BISy = 100, so that the BIS signal is shown in Figure 9.4. The target (desired) BIS

value, BIS;arget, is set at 50. In this case, the linearized BIS function about the target
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BIS value is given by

1
"YCWH
BIS(Ceﬁ‘) ~ BIS(EC50) — BISO . ECV e . (Ceﬂ‘ — EC50)
" (cor + EC)? | prs
= 109.75 — 10.67ceg. (9.78)

Furthermore, for simplicity of exposition, we assume that the effect site compartment
equilibrates instantaneously with the central compartment; that is, we assume that
At — 00, so that (9.77) reduces to ce(t) = c(t), t > 0. Now, using the adaptive
feedback controller
u(t) = max{0,a(t)}, (9.79)

where

u(t) = —k(t)(BIS(t) — BlStarget) + &(1), (9.80)
k(t) e R, t >0, and ¢(t) € R, t > 0, with update laws

0, if 4(t) <0,

k(t) = { —qp1s(BIS(t) — BISiarget)?, otherwise, k(0) <0, (9-81)

if ¢(t) = 0 and BIS(¢) > BISiarget;
o(t) = or if u(t) <0,
dpis(BIS(t) — BIStarget),  otherwise,

»(0) >0, (9.82)
where ggrs and ¢gis are arbitrary positive constants, it follows from Theorem 9.4
that the control input (anesthetic infusion rate) wu(t) is nonnegative for all £ > 0 and
BIS(t) — BlStarget as ¢ — oo for any (uncertain) positive values of the pharmacoki-
netic transfer and loss coefficients (Aja, Ag1, A13, A31, Ae) as well as any (uncertain)
nonnegative coefficients a;, Csg, and @)y in the range of c.g¢ where the linearized BIS
equation (9.78) is valid. It is important to note that during actual surgery the BIS
signal is obtained directly from the EEG and not (9.75). Furthermore, since our
adaptive controller only requires the error signal BIS(¢) — BISaget Over the linearized
range of (9.75), we do not require knowledge of the slope of the linearized equa-

tion (9.78), nor do we require knowledge of the pharmacodynamic parameters v and

284



ECjp. For our simulation we assume V., = (0.228 ¢/kg)(M kg), where M = 70 kg
is the weight (mass) of the patient, A3;Qy = 0.112 min™!, A;5Qy = 0.055 min~?,
A31Qo = 0.0419 min~!, A13Qy = 0.0033 min~!, A.Qy = 0.119 min™!, o = 3, and
Cso = 4 pg/ml [169]. Note that the parameter values for v and Cyy probably exag-
gerate the effect of propofol on cardiac output. They have been selected to accentuate
nonlinearity but they are not biologically unrealistic. Furthermore, to illustrate the
robustness of the proposed adaptive controller we switch the pharmacodynamic pa-
rameters ECso and 7, respectively, from 5.6 ug/m/¢ and 2.39 to 7.2 pug/ml and 3.39 at

= 15 min and back to 5.6 ug/m¢ and 2.39 at t = 30 min. Here we consider noncar-
diac surgery since cardiac surgery often utilizes hypothermia which itself changes the
BIS signal. With ¢grs = 1 X 107% g/min?, ggis = 1 x 1073 g/min?, and initial condi-
tions z(0) = [0, 0, 0] g, k(0) = 0 g/min, and ¢(0) = 0.01 g/min, Figure 9.5 shows the
masses of propofol in the three compartments versus time. Figure 9.6 shows the BIS
index and the control signal (propofol infusion rate) versus time. Finally, Figure 9.7

shows the adaptive gain history versus time.

9.7. Conclusion

Nonnegative and compartmental dynamical systems are widely used to capture
system dynamics involving the interchange of mass and energy between homogeneous
subsystems or compartments. Thus, it is not surprising that nonnegative and com-
partmental models are remarkably effective in describing the dynamical behavior of
biological and physiological systems. While compartmental systems have wide ap-
plicability in biology and medicine, their use in the specific field of pharmacology is
indispensable for developing models for active control of drug administration. In this
chapter, we developed an adaptive control framework for adaptive set-point regula-

tion of nonlinear nonnegative and compartmental systems. Using Lyapunov methods
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Figure 9.7: Adaptive gain history versus time

the proposed framework was shown to guarantee partial asymptotic set-point stabil-
ity of the closed-loop system while additionally guaranteeing the nonnegativity of the
closed-loop system states associated with the plant dynamics. Finally, using a hypo-
thetical nonlinear three-compartment patient model for the disposition of anesthetic
drug propofol, the proposed adaptive control framework was illustrated by the con-
trol of a desired constant level of consciousness for noncardiac surgery. Even though
measurement noise was not addressed in our framework, it should be noted that EEG
signals may have as much as 10% variation due to noise. While some of the noise is
due to signals emanating from muscle rather than the central nervous system (and
hence minimized by muscle paralysis) much of it is stochastic in nature. Extensions
of the proposed adaptive control framework that directly address robustness to noise

disturbances will be addressed in future research.
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Chapter 10

Neural Network Adaptive Control
for Nonlinear Nonnegative
Dynamical Systems

10.1. Introduction

Neural networks consist of a weighted interconnection of fundamental elements
called neurons, which are functions consisting of a summing junction and a nonlinear
operation involving an activation function. One of the primary reasons for the large
interest in neural networks is their capability to approximate a large class of continu-
ous nonlinear maps from the collective action of very simple, autonomous processing
units interconnected in simple ways. In addition, neural networks have attracted
attention due to their inherently parallel and highly redundant processing architec-
ture that makes it possible to develop parallel weight update laws. This parallelism
makes it possible to effectively update a neural network on line. These properties
make neural networks a viable paradigm for adaptive system identification and con-
trol of complex highly uncertain dynamical systems, and as a consequence the use of
neural networks for identification and control has become an active area of research

(see [44,119,159,160,178,226] and the numerous references therein).
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Modern complex engineering systems as well as biological and physiological sys-
tems are highly interconnected and mutually interdependent, both physically and
through a multitude of information and communication networks. By properly for-
mulating these systems in terms of subsystem interaction and energy/mass transfer,
the dynamical models of many of these systems can be derived from mass, energy,
and information balance considerations that involve dynamic states whose values are
nonnegative. Hence, it follows from physical considerations that the state trajectory
of such systems remains in the nonnegative orthant of the state space for nonnegative
initial conditions. Such systems are commonly referred to as nonnegative dynami-
cal systems in the literature [58,75,131,135]. A subclass of nonnegative dynamical
systems are compartmental systems [6,24,62,70,75,123,124,164,166,172,203]. Com-
partmental systems involve dynamical models that are characterized by conservation
laws (e.g., mass and energy) capturing the exchange of material between coupled
macroscopic subsystems known as compartments. Each compartment is assumed to
be kinetically homogeneous; that is, any material entering the compartment is instan-
taneously mixed with the material of the compartment. The range of applications
of nonnegative systems and compartmental systems includes pharmacological sys-
tems [17,229], chemical reaction systems [21,47,59,150,235], queuing systems [236],
large-scale systems [216, 217], stochastic systems (whose state variables represent
probabilities) [236], ecological systems [27,112,144, 166, 184], economic systems [20],
demographic systems [123], telecommunication systems [64], transportation systems,
power systems, heat transfer systems, and structural vibration systems [140-142], to
cite but a few examples. Due to the severe complexities, nonlinearities, and uncertain-
ties inherent in these systems, neural networks provide an ideal framework for on-line

adaptive control because of their parallel processing flexibility and adaptability.

In this chapter we develop a full-state feedback neural adaptive control frame-
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work for set-point regulation of nonlinear uncertain nonnegative and compartmental
systems. Nonzero set-point regulation for nonnegative dynamical systems is a key
design requirement since stabilization of nonnegative systems naturally deals with
equilibrium points in the interior of the nonnegative orthant. The proposed frame-
work is Lyapunov-based and guarantees ultimate boundedness of the error signals
corresponding to the physical system states as well as the neural network weighting
gains. The neuro adaptive controllers are constructed without requiring knowledge
of the system dynamics while guaranteeing that the physical system states remain in
the nonnegative orthant of the state space. The proposed neuro control architecture
is modular in the sense that if a linear design model is available, the neuro adaptive
controller can be augmented to the nominal design to account for system nonlineari-
ties and system uncertainty. Furthermore, since in certain applications of nonnegative
and compartmental systems (e.g., pharmacological systems for active drug adminis-
tration) control (source) inputs as well as the system states need to be nonnegative,
we also develop neuro adaptive controllers that guarantee the control signal as well as
the physical system states remain nonnegative for nonnegative initial conditions. We
note that neuro adaptive controllers for nonnegative dynamical systems have not been
addressed in the literature. Our approach however, is related to the neuro adaptive
control methods developed in [116-118]. Finally, the proposed neuro adaptive control
framework is used to regulate the temperature of a continuously stirred tank reactor

involving exothermic irreversible reactions.

The contents of this chapter are as follows. In Section 10.2 we provide mathemati-
cal preliminaries on nonnegative dynamical systems that are necessary for developing
the main results of this paper. Furthermore, we develop new Lyapunov-like theorems
for partial boundedness and partial ultimate boundedness for nonlinear dynamical

systems necessary for obtaining less conservative ultimate bounds for neuro adap-
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tive controllers as compared to ultimate bounds derived using classical boundedness
and ultimate boundedness notions in Section 10.2. In Section 10.3 we present our
main neuro adaptive control framework for adaptive set-point regulation of nonlinear
uncertain nonnegative and compartmental systems. In Section 10.4 we extend the
results of Section 10.3 to the case where control inputs are constrained to be nonneg-
ative. To demonstrate the efficacy of the proposed neuro adaptive control framework,
in Section 10.5 we apply our framework to control a continuously stirred tank reactor
involving exothermic irreversible reactions. Finally, in Section 10.6 we draw some

conclusions.
10.2. Mathematical Preliminaries

In this section we introduce notation, several definitions, and some key results
concerning linear and nonlinear nonnegative dynamical systems [19, 20,24, 75| that
are necessary for developing the main results of this chapter. Specifically, consider

the controlled linear dynamical system
#(t) = Ax(t) + Bu(t), x(0)=umzy, t>0, (10.1)

where

B {0( B } (10.2)

n—m)xm
A € R™ ™ is essentially nonnegative and B e R™mig nonnegative such that rank B=
m. The following theorem shows that linear stabilizable nonnegative systems possess
asymptotically stable zero dynamics with & 2 [z, - - -, ,,] viewed as the output. For
the statement of this result let spec(A) denote the spectrum of A, let C, = {s € C:

Re[s] > 0}, and let A € R™" in (10.1) be partitioned as

A A
A= , 10.3
{Azl AQJ (10.3)
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where Aj; € R™*™ is essentially nonnegative, A5 € R™x(n=m) ig nonnegative, Ay €

R(M™=m)*m ig nonnegative, and Ay € R™™)*(=m) ig egsentially nonnegative.

Theorem 10.1. Consider the linear dynamical system G given by (10.1) where
A € R™" is essentially nonnegative and partitioned as in (10.3), and B € R™™ is
nonnegative and is partitioned as in (10.2) with rank B = m. Then there exists a gain
matrix K € R™*" such that A + BK is essentially nonnegative and asymptotically

stable if and only if Ay is asymptotically stable.

Proof. First, let K = [K,, K], where K; € R™™ and K, € R™*("™) and note

that

(A + BE)T AL

(A + BKQ)T A

Assume that A + BK is essentially nonnegative and asymptotically stable and sup-

(A+ BK)" =

pose, ad absurdum, Asy is not asymptotically stable. Then, it follows from Theo-
rem 7.1 that there does not exist a positive vector p, € R}™™ such that AJ,py << 0.
Next, since Ais + BKg is nonnegative it follows that (A5 + BKQ)Tpl >> 0 for any
positive vector p; € R'. Thus, there does not exist a positive vector p = [T, pI)*
such that (A+BK)Tp << 0 and hence it follows from Theorem 7.1 that A+BK is not
asymptotically stable leading to a contradiction. Hence, Ass is asymptotically stable.
Conversely, suppose Ay is asymptotically stable. Then taking K; = £A3*1(/1S — An)
and K, = —B 'A;,, where A; is essentially nonnegative and asymptotically stable,
it follows that spec(A + BK) N C, = [spec(As) U spec(As)] N C. = @ and hence

A+ BK is essentially nonnegative and asymptotically stable. 0
Next, consider the nonlinear dynamical system
(t) = f(z(t)), z(0) =z, tE€L,, (10.4)

where z(t) € D, D is an open subset of R" with 0 € D, f : D — R" is locally

Lipschitz continuous on D, and Z,, = [0,7,,), 0 < 7, < 00, is the maximal interval
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of existence for the solution z(-) of (10.4). The following definition introduces the

notion of essentially nonnegative vector fields [22,75].

Definition 10.1. Let f = [fi,---, fu]7 : D — R", where D is an open sub-
set of R™ that contains Ri. Then f is essentially nonnegative with respect to & =
(21, 2]t m < n,if fi(x) >0,foralli=1,...,m, and x € EZ such that x; = 0,

where x; denotes the ith element of x. f is essentially nonnegative if f(x) is essentially

nonnegative with respect to x.

Next, we present Lyapunov-like theorems for partial boundedness and partial ulti-
mate boundedness of nonlinear dynamical systems. These notions allow us to develop
less conservative ultimate bounds for neuro adaptive controllers as compared to ulti-
mate bounds derived using classical boundedness and ultimate boundedness notions.

Specifically, consider the nonlinear autonomous interconnected dynamical system

o1(t) = fi(@(t), 22(t)), 21(0) =210, t € Loy 00, (10.5)

a(t) = folz1(t), 22(t)),  22(0) = w0, (10.6)

where x; € D, D C R™ is an open set such that 0 € D, x5 € R™, f; : D xR™ — R™
is such that, for every xo € R, f1(0,22) = 0 and fi(, z3) is locally Lipschitz in z,
fo : D x R"™ — R™ is such that, for every x; € D, fo(x1,-) is locally Lipschitz in

X9, and Z, 2

210030 = 105 Targwag)y 0 < Targaae < 00, is the maximal interval of existence

for the solution (z1(t),z2(t)), t € Z, to (10.5), (10.6). Note that under the

10,7207

above assumptions the solution (z1(t),z2(¢)) to (10.5), (10.6) exists and is unique

over 7.

z10,020- For the following definition we assume that Z,

= [0, 00).

10,220

Definition 10.2. i) The nonlinear dynamical system (10.5), (10.6) is bounded

with respect to xy1 uniformly in xq if there exists v > 0 such that, for every § €
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210l = 6

Y2

Figure 10.1: Visualization of partial boundedness and partial ultimate boundedness

with respect to z; with o1 = [y1, 32|, 29 = 2, and & = [2], 25T

(0,7), there exists ¢ = £(§) > 0 such that ||z19|| < 0 implies ||z1(¢)| < &, t > 0.
The nonlinear dynamical system (10.5), (10.6) is globally bounded with respect to x;
uniformly in xq0 if, for every ¢ € (0, 00), there exists € = £(§) > 0 such that ||z10|| <

implies ||z1(t)|| <&, t > 0 (see Figure 10.1).

i1) The nonlinear dynamical system (10.5), (10.6) is ultimately bounded with respect
to x1 uniformly in xog with ultimate bound e if there exists v > 0 such that, for every
d € (0,7), there exists T = T'(6,€) > 0 such that ||z10|| < 0 implies ||z1(2)] < e,
t > T. The nonlinear dynamical system (10.5), (10.6) is globally ultimately bounded
with respect to xy uniformly in xoo with ultimate bound ¢ if, for every § € (0,00),

there exists T = T'(0,£) > 0 such that ||zo|| < ¢ implies ||z1(t)]| <&, t > T.

Note that if a nonlinear dynamical system is (globally) bounded with respect to
x1 uniformly in x99, then there exists ¢ > 0 such that it is (globally) ultimately
bounded with respect to x; uniformly in x5y with an ultimate bound . Conversely,

if a nonlinear dynamical system is (globally) ultimately bounded with respect to
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x1 uniformly in x99 with an ultimate bound e, then it is (globally) bounded with
respect to x; uniformly in x99. The following results present Lyapunov-like theorems
for partial boundedness and partial ultimate boundedness. For these results define
V(w1 20) 2 V' (xy, x0) f(x1, 22), where f(z1,22) £ [fT(x1,22), fF (x1,22)] and V :
D x R™ — R is a given continuously differentiable function. Furthermore, let Bs(x),

x € R", § > 0, denote the open ball centered at = with radius 6 and let B;(x) denote

the closure of Bs(z).

Theorem 10.2. Consider the nonlinear dynamical system (10.5), (10.6). Assume
there exist a continuously differentiable function V' : D x R™ — R and class K

functions «(+), B(+) such that

al|z1]) < V(zy,xe) < B(||z1]]), 1 €D, x5 € R"™, (10.7)

Vi, 20) <0, 21 €D, |xi|| >p, x2€R™, (10.8)

where 1 > 0 is such that B,-1(,;)(0) C D with > (). Then the nonlinear dynamical
system (10.5), (10.6) is bounded with respect to x; uniformly in x9y. Furthermore,

for every § € (0,7), 719 € Bs(0) implies that ||z, (¢)|| < &, where

o [ @O0, T (),
@2 { "N S o

and v £ sup{r > 0: B,-1(5()(0) C D}. If, in addition, D = R™ and af(-) is a class
K« function, then the nonlinear dynamical system (10.5), (10.6) is globally bounded
with respect to x; uniformly in x99 and for every 19 € R™, ||z1(t)|| < e, t > 0, where

e is given by (10.9) with § = ||z10]|.

Proof. First, let § € (0, ] and assume ||z1o]] < 0. If ||z1(t)]| < p, t > 0, then it
follows from (10.7) that ||z,(#)|| < u < a7 (B(n)) < a™(n), t > 0. Alternatively, if

there exists 7' > 0 such that ||x1(T")|| > u, then it follows from the continuity of z(-)
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that there exists 7 < T such that ||z1(7)|| = p and ||z1(¢)|| > u, t € [7,T]. Hence, it

follows from (10.7) and (10.8) that

afllzr (M) < V(@u(T), 22(T)) < V(21(7), 22(7)) < B(n) <1,

which implies that || (T)|| < a~1(n). Next, let § € (u,v) and assume x9 € Bs(0)
and [|x19]| > p. Now, for every ¢ > 0 such that ||z, ()| > p, t € [0,1], it follows from
(10.7) and (10.8) that

a(l[z1(@)]) < V(z1(t), 22(t)) < V(x10,720) < B(0), t >0,

which implies that ||z, ()| < a~'(B8(6)), t € [0,#]. Next, if there exists T > 0 such
that [|z1(T")|| < u, then it follows as in the proof of the first case given above that
|z1(t)]] < a™*(n), t > T. Hence, if z19 € Bs(0)\B,(0), then ||z1(¢)|| < o 1(5(9)),
t > 0. Finally, if D = R™ and «(-) is a class K function it follows that 5(-) is a
class K4 function and hence 7 = oco. Hence, the nonlinear dynamical system (10.5),

(10.6) is globally bounded with respect to x; uniformly in 2. O

Theorem 10.3. Consider the nonlinear dynamical system (10.5), (10.6). Assume
there exist a continuously differentiable function V' : D x R™ — R and class K
functions «a(-), G(-) such that (10.7) holds. Furthermore, assume that there exists a
continuous, positive-definite function W : D — R such that W(zy) > 0, ||z1] > u,
and

V(zy,z0) < =Wi(xy), z €D, |xi| >p, x2€R™, (10.10)

where 1 > 0 is such that B,-1(,)(0) C D with n > 3(y). Then the nonlinear dynamical
system (10.5), (10.6) is ultimately bounded with respect to z; uniformly in zgy with
ultimate bound ¢ = a~!(n). Furthermore, limsup, . |[|z1(t)|] < o~ (B(x)). If, in
addition, D = R™ and «(-) is a class K function, then the nonlinear dynamical
system (10.5), (10.6) is globally ultimately bounded with respect to x; uniformly in

T99 With ultimate bound e.
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Proof. First, let § € (0,p] and assume [|z19|| < d. As in the proof of Theo-
rem 10.2, it follows that ||z1(¢)|| < a~'(n) =&, t > 0. Next, let § € (u,7), where v =
sup{r > 0: Ba-1(3¢))(0) C D} and assume w19 € B;5(0) and ||z19]| > p. In this case,
it follows from Theorem 10.2 that ||z1(¢)|| < a™*(5(0)), t > 0. Suppose, ad absurdum,
21 (t)[] > 87 (n), t > 0, or, equivalently, z1(t) € O £ B,-1(55)(0)\Bg-1;(0), ¢t > 0.
Since O is compact and W (-) is continuous and W (zy) > 0, |lz1]] > 871(n) > pu, it
follows from Weierstrass’ theorem [201, p. 154] that k& £ min, .5 W (z1) > 0 exists.

Hence, it follows from (10.10) that
V(x1(t), za(t)) < V(210,220) — kt, ¢ >0, (10.11)
which implies that
afllzr()]) < Bz wl]) — kt < B(6) — kt, = 0. (10.12)

Now, letting t > ((d)/k it follows that «(||z1(¢)||) < 0 which is a contradiction.
Hence, there exists T = T'(§,n) > 0 such that ||z1(T)| < 87'(n). Thus, it follows from
Theorem 10.2 that ||z, ()] < a1 (B(87(n))) = a~(n), t > T, which proves that the
nonlinear dynamical system (10.5), (10.6) is ultimately bounded with respect to x;
uniformly in xqq with ultimate bound e = a~!(n). Furthermore, limsup,_, . ||z1(t)]] <
a1 (B(n)). Finally, if D = R™ and a(-) is a class K4 function it follows that 3(-)
is a class I, function and hence v = oco. Hence, the nonlinear dynamical system
(10.5), (10.6) is globally ultimately bounded with respect to z; uniformly in x4 with

ultimate bound e. O

The following result on ultimate boundedness of interconnected systems is needed

for the main theorems in this chapter.

Proposition 10.1. Consider the nonlinear interconnected dynamical system

(10.5), (10.6). If (10.6) is input-to-state stable with z; viewed as the input and
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(10.5), (10.6) is ultimately bounded with respect to z; uniformly in g9, then the
solution (z1(t), z2(t)), t > 0, of the interconnected dynamical system (10.5), (10.6) is

ultimately bounded.

Proof. Since (10.5), (10.6) is ultimately bounded with respect to x; (uniformly
in z9), there exist positive constants € and 7' = T'(0, ) such that ||z,(¢)|| <e,t > T.
Furthermore, since (10.6) is input-to-state stable with z; viewed as the input, it
follows that xo(7T') is finite and hence there exist a class KL function 7(-,-) and a

class KC function ~(-) such that

o2 < nlllea( DIt =)+ s ()
= laa(T) .t = T) +(e)

< nllz2(T),0) + (), t=T, (10.13)

which proves that the solution (z1(t),z2(t)), t > 0, to (10.5), (10.6) is ultimately

bounded. O

10.3. Neural Adaptive Control for Nonlinear Nonnegative
Uncertain Systems

In this section we consider the problem of characterizing neural adaptive feedback
control laws for nonlinear nonnegative and compartmental uncertain dynamical sys-
tems to achieve set-point regulation in the nonnegative orthant. Specifically, consider

the controlled nonlinear uncertain dynamical system G given by
(t) = fo(z(t),2(t)) + G(x(t), z(t))u(t), x(0)=z, t>0, (10.14)
2(t) = f.(x(t), 2(t), =2(0) =z, (10.15)

where z(t) € R™, ¢t > 0, and z(t) € R", ¢t > 0, are the state vectors, u(t) € R™, ¢ > 0,
is the control input, f, : R™ x R™ — R"™ is essentially nonnegative with respect
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to x but otherwise unknown and satisfies f,.(0,z) =0, z € R™, f, : R™ x R" —
R"= is essentially nonnegative with respect to z but otherwise unknown and satisfies
f:(2,0) =0, 2 € R™, and G : R™ x R"™ — R™*™ is a known nonnegative input
matrix function. Here, we assume that we have m control inputs so that the input

matrix function is given by

Gz, 2) = [ BuGa(, 2) ] , (10.16)
O(nx—m)xm
where B, = diag[by, - - -, by, is a positive diagonal matrix and G,, : R™ xR"> — R™*™

is a nonnegative matrix function such that det G,,(z, z) # 0, (2, 2) € R" x R". The
control input u(-) in (10.14) is restricted to the class of admissible controls consisting
of measurable functions such that u(t) € R™, ¢ > 0. In this section we do not
place any restriction on the sign of the control signal and design a neuro adaptive
controller that guarantees that the system states remain in the nonnegative orthant
of the state space for nonnegative initial conditions and are ultimately bounded in

the neighborhood of a desired equilibrium point.

In this chapter, we assume that f,(-,-) and f.(,-) are unknown functions with
fz(+,+) given by

fulz,2) = Az + Af(z, 2), (10.17)

where A € R™*™ is a known essentially nonnegative matrix and Af : R™ x R™ —

R™ is an unknown essentially nonnegative function with respect to x and belongs to

the uncertainty set F given by
F={Af:R™ xR"™ - R™ : Af(x,2) = Bé(z,2), (v,2) € R™ x R"}, (10.18)

where B & [Bu, Ox(n—my] " and ¢ : R™ x R™ — R™ is an uncertain continuous
function such that d(x, z) is essentially nonnegative with respect to x and ¢'(z, 2),

(x,2) € Dey X D, is bounded. Furthermore, we assume that for a given z, € R}”
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there exist z, € Riz and u, € ET such that

0= Az, + Af (e, 2o) + G(xe, 2o)Ue, (10.19)
0= f.(Te, 2o)- (10.20)
In addition, we assume that (10.15) is input-to-state stable at z(t) = z, with x(t) — .

viewed as the input; that is, there exist a class KL function n(-,-) and a class K

function () such that

I+(0) = sl < o = 200+ sup flor) ) 20, (1021)
where || || denotes the Euclidean vector norm. Unless otherwise stated, henceforth
we use || - || to denote the Euclidean vector norm. Note that (z,z) € R} x R},

is an equilibrium point of (10.14), (10.15) if and only if there exists u, € ET such
that (10.19), (10.20) hold. Furthermore, we assume that, for a given ¢ > 0, the ith
component of the vector function 0(z, 2) — (e, 2e) — Gn(Te, 2o )ue can be approximated
over a compact set D., X D., C @T X EKZ by a linear in the parameters neural
network up to a desired accuracy so that for i = 1,--- m, there exists ¢;(-,-) such

that |e;(z, 2)| < ef, (x,2) € D¢y X De,, and

0i(x, 2) — 0i(Te, 2ze) — [Gu(Te, 2ze)Ue)i = WiTai(:c, 2)+¢ei(x,2), (2,2) € Dey X D,

(10.22)
where W; € R% i =1,--- m, are optimal unknown (constant) weights that minimize
the approximation error over D., X D.,, 0; : R™ x R™ — R% ¢ =1,---,m, are a

set of basis functions such that each component of o;(-, -) takes values between 0 and

1 and o'(z,2), (z,2) € D¢y X De,, is bounded, ¢; : Doy X Do, — R, i = 1,-+-,m,

are the modeling errors, and |W;|| < w}, where w}, i = 1,---,m, are bounds for the
optimal weights W;, i = 1,---,m. Since f,(+,-) is continuous, we can choose o;(-,-),
1 = 1,---,m, from a linear space X of continuous functions that forms an algebra

and separates points in D., X D.,. In this case, it follows from the Stone-Weierstrass
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theorem [201, p. 212] that X is a dense subset of the set of continuous functions on
D., X D.,. Now, as is the case in the standard neuro adaptive control literature
[159], we can construct the signal u.q; = Wi o;(x, z) involving the estimates of the
optimal weights as our adaptive control signal. However, even though I/T/Z-Tai(x, z),
1 = 1,---,m, provide adaptive cancellation of the system uncertainty, it does not
necessarily guarantee that the state trajectory of the closed-loop system remains in the
nonnegative orthant of the state space for nonnegative initial conditions. To ensure
nonnegativity of the closed-loop plant states, the adaptive control signal is assumed
to be of the form I/T/Z»Téi(x, z), i =1,---,m, where ; : R™ x R" — R®% is such that
each component of ;(, -) takes values between 0 and 1, &.(z, 2), (z,2) € D¢y X De.,, is
bounded, and 6;(z, z) = 0 whenever x; = 0 for all ¢ = 1, -+, m. This set of functions
do not generate an algebra in X and hence if used as an approximator for d;(-, "),
1 =1,---,m, will generate additional conservatism in the ultimate bound guarantees
provided by the neural network controller. In particular, since each component of

oi(+,-) and &y(+, ) takes values between 0 and 1, it follows that
|oi(z,2) — 6i(x, 2)|| < /Siy (2,2) €Deyy X Deyy i=1,---,m. (10.23)

This upper bound will be used in the analysis of Theorem 10.4 below.

For the remainder of the chapter we assume that there exists a gain matrix K €
R™*"= guch that A+ BK is essentially nonnegative and asymptotically stable, where
A and B have the forms of (10.3) and (10.2), respectively. Now, partitioning the state
in (10.14) as x = [2],23]T, where 71 € R™ and x5 € R"™ ™™ and using (10.16), it

follows that (10.14), (10.15) can be written as
1(t) = Ay (t) + Arpao(t) + Af(x1(t), 22(t), 2(t)) + BuGu(21(t), zo(t), 2(t))u(t),
21(0) =219, t>0, (10.24)
ZL’Q(Zf) == A21{E1<t) + AQQIEQ(t), 1’2(0) = T20, (1025)
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At) = fo(@r(t), 22(1), 2(2),  2(0) = 2. (10.26)

Thus, since A + BK is essentially nonnegative and asymptotically stable, it follows
from Theorem 10.1 that the solution x5(t) = 29, € R}*™™ of (10.25) with z4(t) =
71, € R, where x1, and @y, satisfy 0 = Ay w1, + A, is globally exponentially
stable and hence (10.25) is input-to-state stable at xo(t) = w9, with z1(t) — 21,
viewed as the input. Thus, in this chapter we assume that the dynamics (10.25) can
be included in (10.15) so that n, = m. In this case, the input matrix (10.16) is given
by

G(z,z) = ByGu(z, 2) (10.27)

so that B = B,,. Now, for a given desired set point (e, z.) € R}* x EZZ and for given
€1, €2 > 0, our aim is to design a control input u(t), ¢t > 0, such that ||x(t) — z.|| < €
and ||z(t) — ze|| < € for all t > T, where T € [0,00), and z(t) >> 0 and z(t) >> 0
for all t > 0 and (z¢,20) € ET X EZZ. However, since in many applications of
nonnegative systems and in particular, compartmental systems, it is often necessary
to regulate a subset of the nonnegative state variables which usually include a central

compartment, here we only require that ||z(t) — x| < €1, t > T.

Theorem 10.4. Consider the nonlinear uncertain dynamical system G given by
(10.14) and (10.15) where f,(-,-) and G(-,-) are given by (10.17) and (10.27), re-
spectively, f.(-,-) is essentially nonnegative with respect to x, f,(-,-) is essentially
nonnegative with respect to z, and Af(-,-) is essentially nonnegative with respect to
x and belongs to F. For a given z, € R’ assume there exist nonnegative vectors
ze € R} and u, € R’" such that (10.19) and (10.20) hold. Furthermore, assume that
(10.15) is input-to-state stable at z(t) = z, with x(t) —z, viewed as the input. Finally,
let K € R™*" be such that —K is nonnegative and Ay £ A + B,K is essentially

nonnegative and asymptotically stable, and let ¢; and ~;, i = 1,---,n,, be positive
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constants. Then the neural adaptive feedback control law

u(t) = G (x(t), 2(1)) [K (@(t) = o) = W (15 (2(1), 2(1)) |, (10.28)
where
WT(t) 2 block-diag[W," (t), -, W, ()], (10.29)
Wi(t) € R, ¢ > 0,4 = 1,---,n,, and 6(z,2) 2 [67(x,2), -, 61 (z,2)]" with
oi(z,z) = 0 whenever x; =0, i = 1,---,n,, with update law

A A

Wi(t) = 4 [(xi(t) = 2ei)03(2(1), (1)) — 7l P (e(t) — iUe)HWi(f)}, Wi(0) = Wi,
i=1,-,n,, (10.30)

where P £ diag[pi,---,pn,] > 0 satisfies

0=AIP+ PA,+ R (10.31)

for a positive definite R € R"**"+  guarantees that there exists a compact positively
invariant set D, C RT X Riz x R**™= guch that (x., ze, W) € D, where W &€ R¥*"=,
and the solution (z(t), z(t), W(t)), t > 0, of the closed-loop system given by (10.14),
(10.15), (10.28), and (10.30) is ultimately bounded for all (x(0),z(0), W(0)) € D,

with ultimate bound ||PY2(x(t) — x.)|| < &, t > T, where

2 Ng * 2
1% w; 14
e> [+ ) +3 o ) 10.32
()\min(RP_l)> P (2\/@ 2%‘%‘) (1032

g = Qi/pibia and

1/

2
Ny Nz 1
A 2/ % *\ 2 *2
v=2 b5 (67 + V/siw; + —pibiviw;”. 10.33
[;l pibi (&7 + V/siw;) ;1 5PibiY (10.33)

Nz

Furthermore, x(¢) >> 0 and z(t) >> 0, t > 0, for all (zg, 2)) € R," x R}’

Proof. First, note that with u(t), ¢ > 0, given by (10.28) it follows from (10.14),
(10.17), and (10.27) that

i(t) = Az(t) + Af(z(t), 2(t)) + BuK (x(t) — xe) — BJVT ()6 (x(t), 2(t)),
z(0) =x9, t>0. (10.34)
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Now, defining e,(t) £ x(t) — z, and e.(t) £ 2(t) — 2, using (10.18)—(10.20), and
noting that A; = A+ B, K, it follows from (10.15) and (10.34) that

ealt) = Awes(t) + Aze + Af((t), 2(8) — BOVT(0)6((t), 2(1))

= Ase,(t) + Bu[d(z(t), 2(1)) — 6(Te, 2) — Gu(Te, 20)ue — W () (2(t), 2(2))]

FB VT [o(x(t), 2(t) — 6(x(t), 2(t))], €n(0) = 20—z, >0, (10.35)

6.(t) = Folealt) ea(t)), ex(0) = 20— 2. (10.36)

where fz(ex,ez) 2 f.ey + Te s + %) — fo(Te, 2e) and o(z,2) is a basis function
satisfying (10.22). Furthermore, since Ay is essentially nonnegative and asymptoti-
cally stable, it follows from Theorem 7.2 that there exists a positive diagonal matrix
P = diag[py,---,ps,] and a positive-definite matrix R € R™*™ guch that (10.31)

holds.

Next, to show ultimate boundedness of the closed-loop system (10.30), (10.35),

and (10.36) consider the Lyapunov-like function

Ve, e, W) =elPe, + tr WQ W7, (10.37)
where Q £ diag [cjl, e ,(jnm} = diag[zﬁ, cee Mq;—‘gw W) AW () —W, and WT £

block-diag[W7', - -+, WX ]. Note that (10.37) satisfies (10.7) with z; = [}, W -+,
WL 2y = e, a(|lz1]) = B(||z1]) = ||lz1]|%, where [|z1]|* £ el Pe, + tr WQ'WT.
Furthermore, a(||z||) is a class K function. Now, letting e,(t), t > 0, denote the

solution to (10.35) and using (10.22), (10.23), and (10.30), it follows that the time

derivative of V (e, e., W) along the closed-loop system trajectories is given by

Vew(t),e.(t), W(t)) = 2el(t)P|Asen(t) + Bu[d(z(t), 2(t)) — 6(Te, 2e) — G (Te, 2o )Ue
W (t)o(x(t), 2()] + BV ()o(x(t), (1) — &(x(1), Z(t))]]
Lot W ()Q W (1)
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— ~cI(ORe()
£ 3 2pbiealt) [~ W oi(a(0),2(0) + &:(a(). 20)

+ Z 2pibicai (YW ()]oi(x (1), (1)) — Gil (1), (1))

+ Z 2pibi W (t) [em(t)&i(a:(t), 2(t))

i=1

—ll P (a(t) — ) Wit >]

= (t)Re,(t) + Z 2pibie;(x (t))ew:(t)

+ Z 2pibiesi (W [oi(x(t), 2(8)) — 6:(x(t), 2(t))]

i=1

=" 2pbi | PH2e, (D)W (8 W), (10.38)

i=1

Next, completing squares yields
e 1/2
V(ea(t),e-(t), W (1)) < —eg (t)Reu(t) + 2| P e, (¢)| (Zpib?(é‘f + \/S_iwf)2>
i=1

=D 20l PP en () W () Wi(t)

i=1
- Z 2pibz‘%HP1/2€x(t) ||WZT(t>Wz
i=1

< Ain(RP7Y) || P 2e,. (1))
N 1/2
+2 (me(e: + @wﬁ?) | P2 (t)]

1/2+%
—Zzpl bidiil P 2en (1) 2 W) |

=1

2 i —1/2:5
£ 3 2t | P e ()60 |

=1

= || P2e,(1)] {—Amin(Rpfl)HPmex(t)H
N 1/2
+2 (Zp@bf(ej + \/S_iw;‘)2>
=1
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=3 2aulld; WP + 3 20 a0
=1 i=1
= [P, (1)) [—)\min(RP_l)HPl/z@x(t)H
N 1/2
+2 (Z pib3(eF + \/S_¢w;f)2>

-2l PO - 5]+ Y b

< [PV 2ea ()] [—Amin(RP’ 1P e (t)]

—Zm[w POl - 5] v, (10.39)

where v is given by (10.33). Now, for

v N

”Pl/QexH > m = Qy, (1040)
or
lg 2wl > ;fr —2qu.7. Sy, A=l (1041)

it follows that V (e, (t), e-(t), W (t)) < 0 for all t > 0; that is, V (e4(t), e (t), W (t)) < 0

for all (e,(t), e, (t), W(t)) € D\D; and t > 0, where

D, £ {(ex,ez, W) € R™ x R™ x R**™ - ¢ ¢ Dm}, (10.42)
P, 2 {(%ez,W) € R™ x R x R¥™
IP"2e]| < au, |16, P Will < 0y i =1, | (10.43)
Next, define
ba A {(ez’emW) € R x R™ x RX" - V(exyez’ﬁ/) < a}, (1044)

where « is the maximum value such that D, C 756, and define

,1577 £ {(ex,ez,VNV) € R™ x R™ x Rsxnx : V(earaezv W) S n}a (1045)
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A i s,

M ee’)g

Figure 10.2: Visualization of sets used in the proof of Theorem 10.4

where

v 2 & wy v ]?

To show ultimate boundedness of the closed-loop system (10.30), (10.35), and (10.36),

assume? that D, C D, (see Figure 10.2). Now, since V(eg, e., W) < 0 for all
(z, €., W) € D\D;, and D, C D,, it follows that D, is positively invariant. Hence,
if (e4(0),e.(0),W(0)) € D, then it follows from Theorem 10.2 that the solution
(ex(t), e-(t), W (t)), t > 0, to (10.30), (10.35), and (10.36) is bounded with respect
to (e,, W) uniformly in e (0) and hence ultimately bounded with respect to (e,, W)
uniformly in e, (0). To show that |[PY2(z(t) — 2.)| < &, t > T, note that D, is also
positively invariant and hence if there exists t* > 0 such that (e, (t*), e, (t*), W(t*)) €
D,, then (e,(t*),e.(t*), W(t*)) € D,, t > t*. Alternatively, suppose the solution
(ex(t), e=(t), W(t)), t > 0, to (10.30), (10.35), and (10.36) remains in D,\D,. In this
case, the Lyapunov-like function (10.37) is nonincreasing. Furthermore, it follows

from (10.38) that

Viea(t), e-(t), W(t)) = —2eX(t)Ré,(t) + 26X (1) P | Bo[d(2(t), 2(t)) — 0(e, 2e)

2This assumption is standard in the neural network literature and ensures that in the error space
D, there exists at least one Lyapunov level set f)n C D,. In the case where the neural network
approximation holds in R™= x R™=, this assumption is automatically satisfied. See Remark 10.1 for
further details.
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W0, 2] + D bV [eni 320, 2(0)
ol PP OIT0)] + 3 200 () as(0)61((0), 2(0)
Fen (D5 (0), 2(0) 3 SIPPen(t)] ) Wit

P e (OIWH()], =0, (1047)

where

N 06

(1), 2(0)) = S lt), 2()(0) + o (a(0), (1)) 00), (10.48)
Ha(t), 2(1) = 9 (a(t), 20))(1) + Do (a(), 2(0)(0). (10.49)

Note that ¢’(z, z) and o'(z, z) are assumed to be bounded and, since the state trajec-
tory (eq(t), e-(t), W(t)) is bounded, it follows from (10.30), (10.35), (10.36) that é,(t),
é.(t), W(t) are also bounded and hence V (e, (t), e.(t), W(t)) is bounded. Thus, it fol-
lows from Barbalat’s lemma [139, p. 192] that V (e, (t),e.(t), W(t)) — 0 as t — oo.
Now, it follows from (10.39) that, since the quantity in the brackets in the right-hand
side of (10.39) is strictly positive in D, \D,, ||[P*?e.(t)|| — 0 as t — oco. Hence,
in either case, there exists 7 > 0 such that ||[PY?(x(t) — z.)| < &, t > T, with

e = a~'(n) = /i which yields (10.32).

Next, since (10.36) is input-to-state stable with e, viewed as the input, it follows
from Proposition 10.1 that the solution e, (), ¢ > 0, to (10.36) is ultimately bounded.
Furthermore, it follows from Theorem 1 of [223] that there exist a continuously dif-
ferentiable, radially unbounded, positive-definite function V, : R™ — R and class

functions 1 (+), 72(+) such that

Vi(eo) foleases) < —mllell),  llell = el P 2es). (10.50)
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Since the upper bound for || P'/2¢,||? is given by 7, it follows that the set given by

D, & {z ER™:V,(2—z) < max V.(z — ze)}, (10.51)
ls—zell=72(v7)

is also positively invariant as long as® D, C D,,. Now, since D, and D, are positively

invariant, it follows that
D, = {(x,z, W) € R™ xR™ xR : (£—xo, 2—20, W—W) € Dy, z € DZ}, (10.52)

is also positively invariant. In addition, since (10.14), (10.15), and (10.30) is ulti-
mately bounded with respect to (z, W) and (10.15) is input-to-state stable at z(t) = z
with z(t) — z, viewed as the input it follows from Proposition 10.1 that the solution
(2(t), 2(t), W(t)), t > 0, of the closed-loop system (10.14), (10.15), (10.28), and
(10.30) is ultimately bounded for all (z(0), z(0), W(0)) € D,.

Finally, to show that #(#) >> 0 and 2(t) >> O for all ¢ > 0 and (z, 20) € R}" xR}

note that the closed-loop system (10.14), (10.28), and (10.30), is given by

#(t) = falx(t), 2(8)) + BuK (2(t) — xe) — BJV ()5 (2(1), (1))
= (A+ BuK)z(t) + Af(a(t), (1) — BIVT(0)5(x(t), 2(t)) — BuK

= f(t,z(t),2(t)) +v, z(0)=mz, t>0, (10.53)
where
f(t,z,2) 2 (A+ B.K)z + Af(z,2) — BWE()6(x, 2), v2 —B.Kz.. (10.54)

Since f (t,x,z), t >0, is essentially nonnegative with respect to x pointwise-in-time,
f.(+,-) is essentially nonnegative with respect to z, and v >> 0, it follows from
Proposition 9.3 that xz(t) >> 0, ¢ > 0, and 2(t) >> 0 for all ¢ > 0 and (¢, z9) €

—Ng

R, x R}, O

3See Remark 10.1.
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Neuro adaptive controller Plant

Internal dynamics
(z-dynamics)

Controlled dynamics
(z-dynamics)

Figure 10.3: Block diagram of the closed-loop system

Remark 10.1. In the case where the neural network approximation holds in
R™ x R™, the assumptions 1577 C D, and D, C D,, invoked in the proof of Theo-
rem 10.4 are automatically satisfied. Furthermore, in this case the control law (10.28)
ensures global ultimate boundedness of the error signals. However, the existence of
a global neural network approximator for an uncertain nonlinear map cannot in gen-
eral be established. Hence, as is common in the neural network literature, for a given
arbitrarily large compact set D., x D., C R™ x R™, we assume that there exists
an approximator for the unknown nonlinear map up to a desired accuracy. This
assumption ensures that in the error space D, there exists at least one Lyapunov
level set such that 75,7 C D,. In the case where §(-,-) is continuous on R™ x R" it
follows from the Stone-Weierstrass theorem that (-, -) can be approximated over an
arbitrarily large compact set D., X D.,. In this case, our neuro adaptive controller
guarantees semiglobal ultimate boundedness; that is, D, can be arbitrarily increased.

An identical assumption is made in the proof of Theorem 10.6 below.

A block diagram showing the neuro adaptive control architecture given in Theo-
rem 10.4 is shown in Figure 10.3. It is important to note that the adaptive control
law (10.28), (10.30) does not require the explicit knowledge of the optimal weighting

matrix W and constants §(z., z.) and wu.. All that is required is the existence of the
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nonnegative vectors z, and u, such that the equilibrium conditions (10.19) and (10.20)
hold. Furthermore, in the case where B, is an unknown positive diagonal matrix, we
can take the gain matrix K to be diagonal so that K = diag[—k1,---, —k,,|, where
kiyi=1,--- n,, are positive. In this case, taking A in (10.17) to be the zero matrix,
Ay is given by As = diag|—biky, - -, —by,, ky,,| which is clearly essentially nonnegative
and asymptotically stable. Furthermore, any P = diag[py, - - -, pn,] satisfies (10.31).
Finally, it is important to note that the control input signal u(t), ¢ > 0, in Theo-
rem 10.4 can be negative depending on the values of x(t), z(t), and W(t), t > 0.
However, as is required for nonnegative and compartmental dynamical systems the

closed-loop plant states remain nonnegative.

Next, we generalize Theorem 10.4 to the case where the input matrix is not nec-

essarily nonnegative. For this result row;(K) denotes the ith row of K € R™=*",

Theorem 10.5. Consider the nonlinear uncertain dynamical system G given by
(10.14) and (10.15) where f,(-,-) and G(-,-) are given by (10.17) and (10.27), respec-
tively, f.(-,-) is essentially nonnegative with respect to z, f,(-,-) is essentially nonneg-
ative with respect to z, and Af(:,-) is essentially nonnegative with respect to z and
belongs to F. For a given x, € R!* assume there exist a nonnegative vector z. € @ZZ
and a vector u, € R™ such that (10.19) and (10.20) hold with f,(z., z.) << 0. Fur-
thermore, assume that (10.15) is input-to-state stable at z(t) = z, with z(t) — .
viewed as the input. Finally, let K € R"*" be such that (sgnb;)row;(K) << 0,
i=1,---,ng and A, & A+ B, K is essentially nonnegative and asymptotically stable,
and let ¢; and 7;, 2 = 1,- -+, n,, be positive constants. Then the neural adaptive feed-

A

back control law (10.28), where W7 (t) £ block-diag[W T (t),---, WL ()], W;(t) € R*,

Ny

t>0,i=1,--,n, and 6(z,2) £ [6](z,2), -+, 6, (x,2)]" with 6;(z,2) = 0 when-
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ever x; =0,7=1,---,n,, with update law

A

Wi(t) = (sgnbi)gi [(%(t) — 2e)Gi(2 (1), (1)) — %l P2 (2 (t) — xe) [Wilt) |,

Wi(0) =Wy, i=1,---,n,, (10.55)

where P £ diag[p:,---,p,,] > 0 satisfies (10.31), guarantees that there exists a
compact positively invariant set D, C @T X EZZ x R#*"= guch that (x., ze, W) € D,
where W € R®"= and the solution (z(t),z(t), W(t)), t > 0, of the closed-loop
system given by (10.14), (10.15), (10.28), and (10.55) is ultimately bounded for all
(2(0), 2(0), W(0)) € D, with ultimate bound ||PY/2(z(t) — z.)|| < &, t > T, where
e is given by (10.32). Furthermore, z(t) >> 0 and z(¢) >> 0 for all ¢ > 0 and

(ZL’(),Z()) S RZ_I X mz.

Proof. The proof is identical to the proof of Theorem 10.4 with ) replaced by

e |
Q = diag p1]b1]’ D

" Prglbng| ]

Finally, in the case where B, is an unknown diagonal matrix but the sign of each
diagonal element is known, we can take the gain matrix K to be diagonal so that
K = diagky, - -, kn,|, where k; is such that (sgnb;)k; < 0,i=1,---,n,. In this case,
taking A in (10.17) to be the zero matrix, Ay is given by As = diag[biky,-- -, by, kn, ]

which is essentially nonnegative and asymptotically stable.

10.4. Neural Adaptive Control for Nonlinear Nonnegative
Uncertain Systems with Nonnegative Control

As discussed in the Introduction, control (source) inputs of drug delivery systems
for physiological and pharmacological processes are usually constrained to be non-
negative as are the system states. Hence, in this section we develop neuro adaptive
control laws for nonnegative systems with nonnegative control inputs. Specifically,
for a given desired set point (x.,2.) € R}* x R’ and for given €, e, > 0, our aim
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is to design a nonnegative control input u(t), ¢ > 0, such that ||z(t) — z.|| < € and
|12(t) — ze|]| < €2 for all t > T', where T € [0,00), and x(t) >> 0 and z(t) >> 0, ¢ > 0,
for all (zg,29) € EZZ X Ri However, since in many applications of nonnegative
systems and in particular, compartmental systems, it is often necessary to regulate
a subset of the nonnegative state variables which usually include a central compart-
ment, here we only require that ||z(t) — .|| < €1, t > T. Furthermore, we assume that
we have m independent control inputs such that the input matrix function is given
by G(z,z) = diag[gi(z, 2), -, gm(x, z)], where g; : R™ x R™ — R, i=1,--- ,m.
For compartmental systems this assumption is not restrictive since control inputs

correspond to control inflows to each individual compartment.

Theorem 10.6. Consider the nonlinear uncertain dynamical system G given by
(10.14) and (10.15) where f.(-,-) and G(-,-) are given by (10.17) and (10.27), respec-
tively, A is essentially nonnegative and asymptotically stable, f.(-,-) is essentially
nonnegative with respect to =, f.(-,-) is essentially nonnegative with respect to z,
and Af(-,-) is essentially nonnegative with respect to = and belongs to F. For a
given z, € R}” assume there exist positive vectors z, € R'}* and u, € R’* such that
(10.19) and (10.20) hold and the equilibrium point (zq4, z.) € R’}* x R’* of (10.14),
(10.15) is globally asymptotically stable with u(¢) = u.. Furthermore, assume that
(10.15) is input-to-state stable at z(t) = z, with x(t) —z. viewed as the input. Finally,
let ¢; and ~;, i = 1,---,n,, be positive constants and k;, 1 = 1,---,n, be nonpositive

constants. Then the neural adaptive feedback control law
w;i(t) = max{0,0;(t)}, i1=1,---,n,, (10.56)

where

A

i(t) = —gu; (2(t), 2(O))W (t)os((t), 2(1)) (10.57)
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and I/T/Z(t) eR% t>0,i=1,---,n,, with update law

A A

Wilt) = s | (2:(t) = 2er)oi(w(®), 2(8)) = %l P2 (1) = 2 ) [Wit)] . Wi(0) = Wi,

i=1,---,n., (10.58)
where P £ diag[pi,---,pn,] > 0 satisfies
0=A"P+PA+R (10.59)

for a positive definite R € R™*"= guarantees that there exists a compact positively
invariant set D, C @T X EZZ x R#*"= guch that (z., ze, W) € D,, where W € R¥*"=
and the solution (z(t), z(t), W (t)), t > 0, of the closed-loop system given by (10.14),
(10.15), (10.56), and (10.58) is ultimately bounded for all (x(0), z(0), W(0)) € D,

with ultimate bound ||PY?(x(t) — x.)|| < &, t > T, where

*

bsZ w; v’
o Gorn) SR 2] oo

g = Qi/pibi7 and

*

z z o~ b.s. w2
vE (N e +D [an/pis,-w;‘ + q”’( i i) } 10.61
i=1 i=1 2 Qi%'z Vi ( )

Furthermore, u(t) >> 0, x(t) >> 0, and z(t) >> 0 for all ¢ > 0 and (2, 2p) €

Ny

+

R} xR},
Proof. First, define W, (t) £ block-diag[W.5 (¢),---, W, (¢)] and K,, £ diag[k,,

-y kun, ], where

. 0, if 4i(t) <0,
Wailt) = { Wi(t), otherwise t=1L e (10.62)
Fui = { k;, otherwise, t=Le g (10.63)
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Next, note that with u(t), ¢t > 0, given by (10.56) it follows from (10.14), (10.17), and
(10.27) that

(1) = Aw(t) + Af(w(t), 2(t) + Bu[Ku(a(t) — z) = W (D)o (x(t), 2(1)],

z(0) =x9, t>0. (10.64)

Now, defining e,(t) = x(t) — x, and e.(t) £ z(t) — 2, and using (10.19) and (10.20),
it follows from (10.15) and (10.64) that

éa(t) = Aey(t) + Az + Af(2(t), 2(1) + Bu[Kuea(t) = W, (t)o (x(t), 2(t))]
= Aey(t) + Bu[6(2(t), 2()) — 6(e, 2e) — Gin(e, 2e)tte + Kueu(t)
—WT(t)a((t), 2(t)] + Bu(W(t) = W (1) "o (x(1), 2(t)),
ea(0) = mo — 2, £>0, (10.65)

and

éx(t) = falex(t), ex(t)), €x(0) = 20 — 2, (10.66)

where fz(ex, e.) = folep + Te, €5 + 20) — fo(Te, 2). Furthermore, since A is essentially
nonnegative and asymptotically stable, it follows from Theorem 7.2 that there exist
a positive diagonal matrix P = diag[p1,- -, pn,] and a positive-definite matrix R €

R™*"= such that (10.59) holds.

Next, to show ultimate boundedness of the closed-loop system (10.58), (10.65),

and (10.66) consider the Lyapunov-like function

Ve, e, W) =elPe, + tr WQ W7, (10.67)
where Q £ diag [qq,---,qnz] = diag [p‘f})l,--~,pnq"ljn ] and WT(t) £ WT(t) — W7

with W' given by WT = block-diag[W", - -, W, |. Note that (10.67) satisfies (10.7)
with @1 = [eg, W' - W%, 22 = eo, aaa)) = B(|21]]) = o |*, where ||z, £
eI Pe, + tr WQ'WT. Furthermore, a(||z1])) is a class Ko function. Now, letting

315



e;(t), t > 0, denote the solution to (10.65) and using (10.22) and (10.58), it follows
that the time derivative of V' (e,,e., W) along the closed-loop system trajectories is

given by

Viea(t), e.(t), W(t)) = 2eT(1)P | Ay (t) + Buld((t), 2(1)) — 8(e, 20)
—Gn(xe, Ze)ue + Kuem(t) - WT(t)O'(l‘(t), Z(t>)}
FBu(W () — Wa(t)Ta(a(t), 2(8) | + 20 WT($)Q~ W (1)
= —e, (t)Re,(t) + 2¢; (t) PBuKye,(t)
3 I ) [~ W orlatt), 2(0) + i), 2(0))]
3 2 (O (Wilt) = W) (e (0), ()
32 a0 [ensDenla(t), =(0)

—ll PY2(a(t) xe>||v%<t>]

Rex + Z 2pzb emz ) (t»

| /\

37 20 (ea)OilE) — W) o8, =(0)

| P2, ()| W (H)Wi(h)). (10.68)

Now, for each i € {1,---,n,} and for the two cases given in (10.62), the last term on

the right-hand side of (10.68) gives:

i) If 4;(t) < 0, then Wy;(¢) = 0 and hence

A

2ibi (€0t (OOVA(E) = Woa(0)) o (w(0), 2(8)) = W P e DIV (0OWi(0))
= 200 (eaiDOTilt) + W) T ((t), 2(5) = %l P 2e 0| Wie) |

[ P2, (W (1) W)

e/ pidesil P2 ea ()13 Wi0) | + 2bi/rsie | P2 (1)
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~ 1/2+5
—2piibii || P2, () ||d; W) |1

F2pibid Pt | PY e ()| |6; W),

i) Otherwise, W,;(t) = W;(t) and hence

2pibs (i (OOV:(0) = WD) To(o(0), 2(8)) = 2l P 2o ) [WT (W)

VAN

IN

—2pibiyil | P2 e, (8) | WE (£)Wi(t)
—2pibiil| P ea(8) W (1) (Wi(t) + W)
—2pibi|| P2e, () [WE () Wi(2)

+2pibid) P w | P 2e, (1) |1 W) |

27/ qibisil| P 2e (0)|[1 42 Wit) | + 2bi/Disiw; | P 2e, (t))]
—2q7:|| P 2ea(t)1lg; Wi (t) |2

24,0, Py || PV e, ()]|d W)

Hence, it follows from (10.68) that in either case

V(6x<t)a

ex(t), W(1)) < —e; (t) Reu(t +22pr exi(t)ei(2(t), 2(t))

=1
£ 3 (2v/abadl P e 0] a7 W0
=1
+2b;y/Pisiw] || P 2e, ()| — 2,7 P e (8)] |6, 2 W

~—1/2 * ~—1/2¢%
+2qid; ]| P e 1) g W)

N 1/2
—eg () Rea(t) + 2| P eu(1)] (Z pib?€f2>

1=1

~—1/2¢%
+22\/qzbsz||Pl/Qez g W)

IN

+ 3 2Bt | P e 1)
=1

~—1/2
—2qupl/2ex<>uu PWi))?

=1
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+2 Z e A VSN O [ AT (10.69)

Next, completing squares yields
Na 1/2
V(ea(t), ex(8), W) < ~Amin(RP™Y)[[P2e,(t)]2 + 2/| P2, (t)]] (prb?ﬁZ)
=1
+Z2¢qzb sl PY2e, ()1l W)
+ Z 2b;\/pisiw; ||P1/26z(t) |
—2quupl/2ex< ;2 () |2
+2Zqzqz Py} | P2e, (0] [l67 2 W) |
N 1/2
= || PY2e, (1) [—)\mm(RP—l)||P1/26I(t)|| +2 (Zpibzzg?)

=1
+ 2 /i qumu”” 1015

b,sl wy _
+qum + ool W

- 1/2
= ||P2e, (1) [—Ammmp—l)||P1/2ex<t>ll 2 (Zpibz%f)
i=1
+i2b\/— *+Qi'7i< bis; n wy )2]
iV PiSiW; =
— 2 @ Va

_quz%[uq‘m z<)ll—§( b.s’+%>ﬂ

Qz%’

= HPl/zex(t)H [_ min(RP_l)HPl/Qex(t)H +v

—gm[uqﬂz 0= 3( 22+ 20, o

Qi%‘

where v is given by (10.61). Now, for

| PY2e,| > 2 a,, (10.71)

Amin(RP~1)



or

N N A |
lg; 2w > —( i + w—) b Pag, i=1,...n,  (10.72)
2N g G 2qii :

it follows that V (e,(t), e.(t), W (t)) < 0 for all t > 0; that is, V(e4(t), e.(t), W(t)) < 0
for all (e4(t),e.(t), W (t)) € D\D; and t > 0, where D, and D, are given by (10.42)

and (10.43), respectively.

Next, define

1577 £ {(ez,ez,W) € R" x R™ x R#X"= V(emeza W) S 77}) (1073)

where

n>Bp)=p=al+y of
=1

2 2
v 1 //b;s; wr v
(Y S i . (10.74
(Amm<RP—1)) T2 [2<qw? v T en D

To show ultimate boundedness of the closed-loop system (10.58), (10.65), and (10.66),

assume that D, C D, (see Remark 10.1), where D, is given by (10.44) and «
is the maximum value such that 25@ - 259. Now, since V(ez,ez,W) < 0 for all
(€z, €, W) c @e\ﬁr and D, C D,, it follows that D, is positively invariant. Hence,
if (e4(0),e.(0),W(0)) € D, then it follows from Theorem 10.3 that the solution

A

(ex(t),e.(t),W(t)), t >0, to (10.58), (10.65), and (10.66) is ultimately bounded with
respect to (eg, W) uniformly in e (0) with ultimate bound given by ¢ = a~1(5) = NG
which yields (10.60). In addition, since (10.66) is input-to-state stable with e, viewed
as the input, it follows from Proposition 10.1 that the solution e,(t), ¢ > 0, to (10.66)
is also ultimately bounded. Furthermore, it follows from Theorem 1 of [223] that

there exist a continuously differentiable, radially unbounded, positive-definite func-

tion V, : R™ — R and class K functions ~;(-),72(-) such that

Vi(eo) foleases) < —mllell),  llell = na(llP2es). (10.75)
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Since the upper bound for || P'/2¢,||? is given by 7, it follows that the set given by

D, & {z ER™ : V(2 —2) < max Vi(z— ze)}, (10.76)
lz—zell=v2(v/m)

is also positively invariant as long as D, C D., (see Remark 10.1). Now, since D,

and D, are positively invariant, it follows that
D, & {(:(;,z, W) € R™ xR™ xR : (30, 220, W—W) € Dy, z € DZ}, (10.77)

is also positively invariant. In addition, it follows using identical arguments as
in the proof of Theorem 10.4 that the solution (z(t),z(t), W(t)), t > 0, of the
closed-loop system (10.14), (10.15), (10.56), and (10.58) is ultimately bounded for

A

all (z(0),2(0),W(0)) € D,.

Finally, u(t) >> 0, t > 0, is a restatement of (10.56). Now, since G(z(t)) >> 0,
t >0, and u(t) >> 0, t > 0, it follows from Proposition 9.2 that z(t) >> 0 and

Nz

2(t) >> 0 for all t > 0 and (9, 2) € R}," x R} O

In Theorem 10.6 we assumed that the equilibrium point (., z.) of (10.14), (10.15)
is globally asymptotically stable with u(¢) = wu.. In general, however, unlike linear
nonnegative systems with asymptotically stable plant dynamics, a given set point
(e, 2.) € R}" x R} for the nonlinear nonnegative dynamical system (10.14), (10.15)
may not be asymptotically stabilizable with a constant control u(t) = wu, € RT.
However, if f(z) £ [fX(x, 2), fF(z,2)]", where & = [27, 2T]", is homogeneous, coop-

8’;(5) is essentially nonnegative for all & € ETMZ

erative; that is, the Jacobian matrix
[221], the Jacobian matrix 8)(;_(;) is irreducible for all & € Kiﬁnz [221], and the zero
solution Z(t) = 0 of the undisturbed (u(t) = 0) system (10.14), (10.15) is globally
asymptotically stable, then the set point (., z.) € @T XEZZ satisfying (10.19), (10.20)
is a unique equilibrium point with u(t) = u. € R’* and is also asymptotically stable
for all (g, 20) € R} x R, [52]. This implies that the solution (z(t), 2(t)) = (e, 2e)
to (10.14), (10.15) with u(t) = u, is asymptotically stable for all (zq, z9) € @T X EZZ.
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It is important to note that unlike Theorem 10.4, Theorem 10.6 does not require
that the set of basis functions o;(-,-), i« = 1,---,n,, be essentially nonnegative nor
satisfy o;(x,z) = 0 whenever z; =0, i = 1,---,n,. This is due to the fact that the
control input is constrained to be nonnegative and hence the neuro adaptive controller

given by Theorem 10.6 cannot destroy nonnegativity of the closed-loop plant states.

10.5. Neural Adaptive Control for Continuous Stirred Tank
Reactors

In this section we apply the proposed neuro adaptive control framework to tem-
perature regulation of chemical reactors. In particular, we consider a perfectly mixed,
continuously stirred tank reactor shown in Figure 10.4 involving a single, first-order
exothermic (i.e., energy releasing) irreversible reaction A — B. The model involves
fluid streams that are continuously fed and removed from the reactor. Since we as-
sume perfect mixing in the reactor, the exit stream has the same concentration and
temperature as the reactor fluid. Furthermore, the jacket surrounding the reactor is
assumed to be perfectly mixed and at a lower temperature than the reactor. In this
case, energy (in the form of heat) transfers through the reactor walls into the jacket,
removing the heat generated by the reaction. A mass and energy balance of the reac-

tor, assuming constant volume, heat capacity, and density, yields (see [4,18,185,233])

Ca(t) = g(cAf CCA(t)) = F(T(1), Ca(t)),  Ca(0) = Cro, £>0,  (10.78)
. F _AH A
70 = G0 = T0) = (S ) 0,00 ~ ) = T

T(0) =Ty, (10.79)

where C' (+) is the concentration of reactant A in the reactor effluent in mols/liter, Ca¢
is the concentration of reactant A in the feed stream in mols/liter, 7'(-) is the reactor

temperature in degrees Kelvin, Tj(-) is the jacket temperature in degrees Kelvin, T} is
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Figure 10.4: Exothermic continuously stirred tank reactor

the feed temperature in degrees Kelvin, F' is the constant feed flow rate in liters/min,
V is the reactor volume in liters, —AH is the heat of reaction in Joules /mol, p is the
density in grams/liter, ¢, is the specific heat in Joules/(gram-Kelvin), UA is the heat
transfer term in Joules/(min-Kelvin), and r(7,Cy) is the rate of reaction satisfying

Arrhenius’ law given by

r(T,Cy) = koCae™ %, (10.80)

where kg is the rate constant in min~!, AF is the activation energy in Joules/mol,

and R is the ideal gas constant in Joules/(mol-Kelvin).

Due to the exponential nonlinearity in r(7',Cy), the nonlinear kinetic equations
(10.78), (10.79) can exhibit multiple equilibria, limit cycles, and chaos for fixed jacket
temperatures. Here, our control objective is to regulate the reactor temperature 7(+)
to a prescribed set point T, by controlling the jacket temperature 7j(-). Note that
with =T, z = Cya, and v = T;, (10.78) and (10.79) can be written in state-space

form (10.14) and (10.15) with

fao(z,2) = —(a1 + az)z + agr(z, 2) + a;d, (10.81)
fo(z,2) = —a1z — r(x, 2) + as, (10.82)
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G(z,z) = b, (10.83)

where a; = %, ay = %CAf, az = b = %, ay = %, and d = T;. Note that
fz(x,z) and f,(z, z) are essentially nonnegative with respect to x and z, respectively,
and hence it follows from Proposition 9.2 that the state trajectory of (10.78) and
(10.79) remain in the nonnegative orthant of the state space for nonnegative initial
conditions and a nonnegative input. We assume that there exists an equilibrium point
(Te, 2o) € Ry x Ry so that (10.19) and (10.20) are satisfied (see [185]). Furthermore,

we assume that the system kinetics are uncertain with respect to the temperature as

well as ay, as, as, aq, b, and d are uncertain parameters.

To see that (10.79) is input-to-state stable with 7'(-) viewed as the input, define
ex(t) £ 2(t)—xe and e (t) £ 2(t) —ze so that f.(ey, e.) 2 fo(ea+Te, €2+ 20) — fa(Te, 2e)
is given by

__ AE __ AE _AE
fa(er,e.) = —are, — koe” Fleateole, — koze (e Rleatwe) — g Rle) ) (10.84)

. A 1.3 . __aB __ _aBN .
Now, defining V.(e.) = jeZ and noting that (e RleaFze2) — e Rwe2> is bounded, it

follows that

__AE _AE
V/(ez)fZ(ezu ez) S _alez — kOZe (6 R(eztze) — @ Rr[;e> e,

< —llel[arlle:l| = koz |le” Tt — R
k _
<0, el > "2 ||t — o R (10.85)

which shows that é.(t) = f.(e4(t), e.(t)), t > 0, is input-to-state stable with e, viewed
as the input. Hence, it follows from Theorem 10.6 that the adaptive feedback con-
troller (10.28) with update law (10.30) guarantees that there exist positive constants €
and T such that |T'(t)—T,| < e, t > T, for any (uncertain) positive system parameters

ai,---,a4,b,d, and any (uncertain) continuous rate of reaction r(-,-).

For our simulation, we choose the system parameters given in Table 10.1. With
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Table 10.1: System parameter values [167]

Variable Value
UA 5 x 10* J/min K
Ca 0.5 mol/¢
Cat 1 mol/¢
p 0.239 J/gK
F 100 ¢/min
ko 7.2 x 10'° min~!
T 350 K
Tt 350 K
1% 100 ¢
AFE/R 8750 K
(—AH) 5x10* J/mol
0 1000 g/¢
T. =375 K, ky = —14, 61(z,2) = m(2) 1+e—a1(o:—Te) T 1+6—6i(z—Te) ) 1+e—a1(z—0.5) T

1

Tre=sac—os7| » Wheren; : R — R is a continuous monotone function such that n;(0) =

0and m(z) =1, 2 > ¢ >0,a =05, ¢g =20, 94 = 0.01, and initial conditions
CA(0) = 0.5 mol/¢, T(0) = 350 K, and W(0) = 0 K, Figure 10.5 shows the state
trajectories (i.e., reactor temperature and concentration of reactant A) versus time
and the control signal (i.e., jacket temperature) versus time. Note that &;(-,-) takes
values between 0 and 1 and 61(0,z) = 0. Finally, Figure 10.6 shows the neural

network weight history versus time.

10.6. Conclusion

Nonnegative and compartmental systems are widely used to capture system dy-
namics involving the interchange of mass and energy between homogenous subsys-
tems or compartments. Thus, it is not surprising that nonnegative and compartmen-
tal models are remarkably effective in describing the dynamical behavior of complex
highly uncertain dynamical systems such as biological systems, physiological systems,

pharmacological systems, chemical reaction systems, queuing systems, ecological sys-
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Figure 10.5: State trajectories (reactor temperature and concentration of reactant
A) and control signal (jacket temperature) versus time

tems, economic systems, telecommunication systems, transportation systems, power
systems, and network systems. In this chapter, we developed a neural adaptive con-
trol framework for adaptive set-point regulation of nonlinear uncertain nonnegative
and compartmental systems. Using Lyapunov-like methods the proposed framework
was shown to guarantee ultimate boundedness of the error signals corresponding to
the physical system states and the neural network weighting gains while additionally
guaranteeing the nonnegativity of the closed-loop system states associated with the

plant dynamics. We then generalized our neuro adaptive controller to address the
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Figure 10.6: Neural network weighting functions versus time

problem of nonnegative systems with nonnegative control inputs. This generalization
is crucial for physiological, pharmacological, and chemical processes as control inputs

are usually constrained to be nonnegative.
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Chapter 11

Passivity-Based Neural Network
Adaptive Output Feedback Control
for Nonlinear Nonnegative
Dynamical Systems

11.1. Introduction

Advanced control methodologies have been (and are being) extensively developed
for complex highly uncertain engineering systems. Adaptive control algorithms have
been devised that ensure system stability and performance in the face of unavoidable
discrepancies between system models and the real physical system. To this end, neu-
ral networks have provided an ideal framework for on-line identification and control
of many complex uncertain engineering systems because of their great flexibility in
approximating a large class of continuous nonlinear maps and their adaptability due
to their inherently parallel architecture. However, modern active control technology
has received far less consideration in medical systems. The main reason for this state
of affairs is the steep barriers to communication between mathematics/control engi-
neering and medicine. However, this is slowly changing and there is no doubt that

control-system technology has a great deal to offer medicine. This is particularly
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true when dealing with critically ill patients in the intensive care unit or operating
room. These patients often require administration of drugs to regulate control of key
physiological variables, such as level of consciousness, heart rate, blood pressure, ven-
tilatory drive, etc., within desired targets. The rate of administration of these drugs
is critical, requiring constant monitoring and frequent adjustments. Open-loop con-
trol (manual control) by clinical personnel can be tedious, imprecise, time-consuming,
and often of poor quality. Hence, the need for active control (closed-loop control) of

drug administration is crucial.

There has been a great deal of interest in the development of algorithms for
closed-loop control of intravenous anesthesia. Algorithms for closed-loop control of
inhalation anesthesia, using anesthetic concentration as the performance variable,
have been developed. However, since it is not possible with current sensor technol-
ogy to rapidly measure the plasma concentration of intravenously-administered drugs
(in contrast to inhalation agents), these algorithms are not useful for intravenous
agents. Furthermore, drug concentration, even if it could be measured rapidly, is
not the best measurement variable. We are far more interested in drug effect than
concentration. More relevant are recently described algorithms for the control of in-
travenous anesthesia using a processed electroencephalograph (EEG) as the control
variable. Building on pioneering work by Bickford [26], Absalom et al. [2] devel-
oped a proportional-integral-derivative controller using the bispectral index (BIS),
a processed EEG signal, as the performance variable to control the infusion of the
hypnotic, propofol. While the median performance of the system was good, in 3
of 10 patients oscillations of the BIS signal around the set point were observed and
anesthesia was deemed clinically inadequate in 1 of the 10 patients. This would not
be acceptable for clinical practice. Alternative algorithms have been devised by both

Schwilden et al. [207,208] and Struys et al. [227]. Both groups have developed and
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clinically tested closed-loop, model-based adaptive controllers for the delivery of in-
travenous anesthesia using a processed EEG signal as the measurement variable. The
algorithms are based on a pharmacokinetic model predicting the drug concentration
as a function of infusion rate and time and a pharmacodynamic model relating the
processed EEG signal to concentration. The pharmacokinetic and pharmacodynamic
models are characterized by specific parameters. The two algorithms are similar in
assuming that certain model parameters are equal to the mean values from previous
pharmacokinetic/pharmacodynamic studies while varying a few select parameters of
the models to minimize the difference between the desired and observed processed
EEG signal. The primary difference between the two algorithms is in the parameters
which are fixed to the mean values from previous studies and the parameters that are
chosen for variation. Schwilden et al. [207,208] assume that the pharmacodynamic
parameters may be fixed to mean values taken from the literature and vary phar-
macokinetic parameters to minimize bias from the target signal. In contrast, Struys
et al. [227] assume that the pharmacokinetic parameters are always correct and that
any variability in individual patient response is due to pharmacodynamic variability.
Thus they vary pharmacodynamic parameters to minimize the difference between the
observed and target processed EEG signal. Both algorithms have been implemented
in the operating room with clinically acceptable performance in small numbers of
patients. However, as pointed out by Glass and Rampil [69] in an analysis of the
algorithm of Struys et al. [227], the systems may not have been fully stressed. For ex-
ample, in their study, Struys et al. [227] administered a relatively high fixed dose of the
opioid remifentanil, in conjunction with closed-loop control of the hypnotic, propofol.
This blunted the patient response to surgical stimuli and meant that the propofol was
needed only to produce unconsciousness in patients who were profoundly analgesic.

The result was that only small adjustments in propofol concentrations were necessary.
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Whether either system would have been robust in less controlled situations is an open
question. And it should be noted that both algorithms are model dependent and only
partially adaptive, in the sense that only select pharmacokinetic/pharmacodynamic

parameters are varied to minimize the signal bias from the target.

Given the uncertainties in both pharmacokinetic and pharmacodynamic models,
and the magnitude of interpatient variability, in this chapter we present a neural
network adaptive control framework that accounts for combined interpatient phar-
macokinetic and pharmacodynamic variability. In particular, we develop a neural
adaptive output feedback control framework for adaptive set-point regulation of non-
linear uncertain nonnegative and compartmental systems. Nonnegative and compart-
mental models provide a broad framework for biological and physiological systems,
including clinical pharmacology, and are well suited for the problem of closed-loop
control of drug administration. Specifically, nonnegative and compartmental dynam-
ical systems [6, 19,24, 62,70, 75,123,124, 164, 166, 172, 182, 187,203] are composed of
homogeneous interconnected subsystems (or compartments) which exchange variable
nonnegative quantities of material with conservation laws describing transfer, accu-
mulation, and elimination between the compartments and the environment. It thus
follows from physical considerations that the state trajectory of such systems remains
in the nonnegative orthant of the state space for nonnegative initial conditions. Using
nonnegative and compartmental model structures, a Lyapunov-based neural adaptive
control framework is developed that guarantees ultimate boundedness of the error sig-
nals corresponding to the physical system states as well as the neural network weight-
ing gains. The neuro adaptive controllers are constructed without requiring knowledge
of the system dynamics while guaranteeing that the physical system states remain in
the nonnegative orthant of the state space. Furthermore, since in pharmacological

applications involving active drug administration control (source) inputs as well as
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the system states need to be nonnegative, the proposed neuro adaptive controller
also guarantees that the control signal remains nonnegative. We emphasize that even
though neuro adaptive full-state feedback controllers for nonnegative systems have
been recently addressed in [104], our present formulation addresses adaptive output
feedback controllers for nonlinear systems with unmodeled dynamics of unknown di-
mension using the exponential passivity, feedback equivalence, and stabilizability of
exponentially minimum phase notions developed in [39,60]. The framework devel-
oped in [104] is limited to full-state feedback controllers and does not address the
problem of unmodeled dynamics of unknown dimension. Output feedback controllers
are crucial in clinical pharmacology since key physiological (state) variables cannot be
measured in practice. Furthermore, the results in [104] are based on the new notions
of partial boundedness and partial ultimate boundedness as opposed to the approach
of this paper which imposes passivity and positive real requirements on the system
dynamics. Thus, the approach of the present paper is related to the neuro adaptive

control methods developed in [116,117].

11.2. Mathematical Preliminaries

In this section we introduce some key results concerning passive and exponentially
passive dynamical systems [39,60] that are necessary for developing the main results

of this chapter. Specifically, consider the nonlinear dynamical system G given by
i(t) = fx(t) + Gz(@)u(t), x(to) = x0o, = to, (11.1)
y(t) = h(x(t)), (11.2)

where x(t) € R, t > 0, u(t) € R™, t > 0, y(t) €e R™, t > 0, f : R* — R", and
G : R" — R™™. We assume that f(-), G(), and h(-) are continuous mappings and

f(+) has at least one equilibrium so that, without loss of generality, f(0) = 0 and
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h(0) = 0. Furthermore, for the nonlinear dynamical system G we assume that the
required properties for the existence and uniqueness of solutions are satisfied; that is,
f(), G(+), and u(-) satisfy sufficient regularity conditions such that the system (11.1)
has a unique solution forward in time. The following definition introduces the notion

of exponential passivity.

Definition 11.1 [39]. A nonlinear dynamical system G of the form (11.1), (11.2)
is exponentially passive if there exists a constant p > 0 such that the dissipation
mequality

OS/ e’ ur(s)y(s)ds, (11.3)

to

is satisfied for all ¢ > to with z(¢9) = 0. A nonlinear dynamical system of the form

(11.1), (11.2) is passive if the dissipation inequality (11.3) is satisfied with p = 0.

For the statement of the following result recall the definitions of zero-state observ-

ability and complete reachability given in [241].

Theorem 11.1 [39]. Let G be zero-state observable and completely reachable.

G is exponentially passive if and only if there exist functions Vi : R — R and

¢ :R"™ — RP and a scalar p > 0 such that V(-) is continuously differentiable, positive
definite, V5(0) = 0, £(-) is continuous, ¢(0) = 0, and, for all z € R,

0= V(2)f(z) + pVi(a) + (*(x){(x), (11.4)

0= 1V/(2)G(z) — h"(z). (11.5)

As shown in [39], an equivalent statement for exponential passivity of G using
(11.4), (11.5) is given by

Vi(z) = —pVi(z) + uTy — (F(x)l(z), zcR™ (11.6)
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Hence, if G is exponentially passive (resp., passive), then the undisturbed (u(t) = 0)
nonlinear dynamical system (11.1) is asymptotically stable (resp., Lyapunov stable).
If, in addition, there exist scalars o, 3 > 0 and p > 1 such that afjz||? < Vi(z) <
Bllz||?, x € R™, then the undisturbed (u(t) = 0) nonlinear dynamical system (11.1)
is exponentially stable. This leads to the following stronger notion of exponential

passivity [60].

Definition 11.2. A nonlinear dynamical system G of the form (11.1), (11.2) is
strongly exponentially passive if G is exponentially passive and there exist a continu-

ously differentiable function V; : R® — R and positive scalars «, 3 > 0 such that

alz]* < Vi(w) < Bllz)l*, = eR™ (11.7)

Since in this paper we consider nonlinear dynamical systems in normal form, for
the remainder of this section we restate some of the key results of [60] in a concise
and unified format that supports the developments in Section 11.3. Specifically, we

consider the normal form characterization of (11.1), (11.2) given by

#(t) = folx(t), z(8)) + G(z(t), 2())u(t),  w(to) = w0, t =1y,  (11.8)
2(t) = [o(x(t), 2(1)),  2(to) = 20, (11.9)

y(t) = z(t), (11.10)

where z(t) € R™, t > 0, 2(t) e R*™™, ¢t > 0, u(t) € R™, t >0, y(t) € R™, t > 0,
fo : R™ x R"™™ — R™ and satisfies f,(0,z) =0, z €e R f, : R" x R*™™ — R*™
and satisfies f,(z,0) =0, x € R, and G : R™ x R*™™ — R"™*™ with det G(z, z) # 0,
(x,2) € R™ x R*™. The following definition introduces the notion of exponentially

minimum phase.
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Definition 11.3. A nonlinear dynamical system G of the form (11.8)-(11.10)
is exponentially minimum phase if there exist a continuously differentiable function

V, : R*™™ — R and positive constants «, 3,7, and ¢ such that

allz|? < Vi(z) < Bll=%, (11.11)
VI(2)1:(0,2) < =7lz]1%, (11.12)
IVZ(2)]I < 6ll=]] (11.13)

It follows from converse Lyapunov theory that if the zero solution z(t) = 0 to
2(t) = £.(0,2(t)), 2(0) = 2o, t > 0, is exponentially stable and f,(0,-) is continuously
differentiable, then there exists a continuously differentiable function V, : R*™™ — R
such that (11.11)—(11.13) hold. Finally, the following definition and theorem are
needed for the main results of this chapter. For the statement of this definition let

& [F 2T (@) 2 (f] (2, 2), [ (@, 2)]T, and G(2) £ [GT(2), Onx(nm)] -

Definition 11.4 [60]. A nonlinear dynamical system G of the form (11.8)-(11.10)
is semuglobally output feedback exponentially passive if, for any compact set D, C R",

there exists a continuous feedback u : R™ x R™ — R™ of the form

u = ap,(y) + P, (y)v, (11.14)

where det 8p.(y) # 0, y € R™, such that the closed-loop system given by (11.8)—

(11.10) and (11.14), or, equivalently,

2(t) = fp.(#(1) + Go. (#(t)o(t), #(0) €D, 20, (11.15)

y(t) = x(t), (11.16)

where fp (Z) = f(2) + G(2)ap, (y) and Gp,(Z) = G(Z)Fp,(y), is strongly exponen-

tially passive from v to y for all € D..
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Theorem 11.2 [60]. Consider the nonlinear dynamical system G given by (11.8)—
(11.10). Assume that the input matrix function G(z, z), (z,2) € R™ x R*™™ can be
factored as

G(z,2) = Gu(2)Gy(x), (11.17)

where G, : R"™™ — R™™ and G, : R™ — R™*™ are continuously differentiable
matrix functions such that Gy(z) = GI(z) > 0, z € R*™, and det G,,(z) # 0,
x € R™. Then G is semiglobally output feedback exponentially passive if and only if

G is exponentially minimum phase.

Remark 11.1. Asnoted in [60], if f.(-, ) is globally Lipschitz continuous in R™ x
R™™  G,(+) is uniformly positive definite; that is, there exists 1 > 0 such that
Gu(2) = GL(2) > ul,,, = € R"™™ and the zero solution z(t) = 0 to 2(t) = f.(0, z(t)),

2(0) = zp, t > 0, is globally exponentially stable, then the above result holds globally.

Remark 11.2. It is important to note that if the conditions in Theorem 11.2 are
satisfied, then there exists an output feedback control law of the form (11.14) which
renders the closed-loop system exponentially passive from v to y. Specifically, as
shown in [60], the output feedback controller achieving exponential passivity is given
by

u=—G' (WG (0)f:(0,9) + xy] + G (v, (11.18)
where y € R is a positive constant. Finally, it is important to note that in the case

where G (2) = I,,,, Bp,(+) in (11.14) takes the form

Bp.(y) = G (y) = G (y). (11.19)

This fact will be used for our main result presented in the following section.
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11.3. Neural Output Feedback Adaptive Control for Nonlin-
ear Nonnegative Uncertain Systems

In this section we consider the problem of characterizing neural adaptive output
feedback control laws for nonlinear nonnegative and compartmental uncertain dynam-
ical systems to achieve set-point regulation in the nonnegative orthant. Specifically,

consider the controlled nonlinear uncertain dynamical system G given by

2(t) = fa(2(t), () + G(x(t))u(t), (0) =z0, =0, (11.20)
A0 = fo(t),2(0),  2(0) = 2, (11.21)
y(t) = z(t), (11.22)

where x(t) € R™, ¢t > 0, and z(t) € R"™™, ¢t > 0, are the state vectors, u(t) € R™,
t > 0, is the control input, y(t) € R™, ¢t > 0, is the system output, f, : R™ x
R™™™ — R™ is essentially nonnegative with respect to x but otherwise unknown and
satisfies f,(0,2) =0, z € R*™™, f, : R™ x R"™™ — R" ™ is essentially nonnegative
with respect to z but otherwise unknown and satisfies f,(z,0) = 0, x € R™, and
G : R™ — R™™ is an unknown nonnegative input matrix function. Furthermore,
the system dimension n need not be known. The control input wu(-) in (11.20) is
restricted to the class of admissible controls consisting of measurable functions such

that u(t) € R™, ¢t > 0.

As discussed in the Introduction, control (source) inputs of drug delivery systems
for physiological and pharmacological processes are usually constrained to be non-
negative as are the system states. Hence, in this chapter we develop neuro adaptive
output feedback control laws for nonnegative systems with nonnegative control in-
puts. Specifically, for a given desired set point (yq,2.) € R x R}™™ and for given
€1,€ > 0, our aim is to design a nonnegative control input wu(t), ¢ > 0, such that
|ly(t) — yal| < €1 and ||2(t) — ze|| < €2 for all ¢ > T', where T' € [0, 00), and x(t) >> 0
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and z(t) >> 0 for all t > 0 and (x9,2) € R, x R} . However, since in many
applications of nonnegative systems and in particular, compartmental systems, it is
often necessary to regulate a subset of the nonnegative state variables which usually
include a central compartment, here we only require that ||y(t) — ya|| < €1, t > T.
Furthermore, we assume that we have m independent control inputs so that the in-
put matrix function is given by G(z) = diag[gi(x), -, gm(x)], where g; : R" — R,
1 = 1,---,m. For compartmental systems this assumption is not restrictive since

control inputs correspond to control inflows to each individual compartment.

In this chapter, we assume that for a given set point yq € R there exist z. € R™™

and u. € R such that

0= fw<yd7 Ze) + G(yd>uev (11'23>

0= f.(ya, 2e), (11.24)

and the solution z(t) = z, to (11.21) with z(¢) = yq is globally exponentially stable
so that G given by (11.20)—(11.22) is exponentially minimum phase at (yq, z.) with
constant control input u.. Note that (yq, 2z.) € R™ x R"™™ is an equilibrium point of
(11.20), (11.21) if and only if there exists u. € R such that (11.23), (11.24) hold.
Next, defining e, (t) 2 2(t) — ya, e-(t) £ 2(t) — 2, and G(e,) £ G(ex +ya), and using
(11.23), (11.24), it follows that

€o(t) = folea(t) +ya, ex(t) + 2e) — (folya, 2ze) + Glya)ue) + G(z(t))u(t)
= fules(t), ex(t) — Gya)ue + Gles(t))u(t), e(0) =x0—ya, ¢>0, (11.25)

and

éx(t) = falex(t), ex(t)), €:(0) = 20 — 2, (11.26)

where fx<6x762) = fx(ex+yd7€z+ze) — f2(ya, ze) and ]?z(exv‘QZ) £ fz(ex+yda€z+ze)_

f2(Ya, ze). Since, by assumption, the solution z(t) = z, to (11.21) with x(t) = yq is
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globally exponentially stable, it follows from Definition 11.3 and converse Lyapunov
theory that G is exponentially minimum phase and hence it further follows from
Theorem 11.2 and Remark 11.2 that for any compact set f)c =S ﬁcx X f?cz, where
Dey C R™ and D, € R™™, and for all & 2 [eT,el]T € D,, there exist continuous
functions ap_: R™ — R™ and B, : R™ — R™™ with 35 (e,) = G~'(e,), e, € R™,
such that, with u = ap (7)+08p_(¥)v, (11.25), (11.26) is strongly exponentially passive

from v to § £ 2 — yq = e,. Next, adding and subtracting @(ex)aﬁc(ez) to and from

(11.25), it follows that (11.25) can be rewritten as

~ N ~

€a(t) = [falea(t), e=(1)) + Glex(t))ap, (ex(t))] + Glen(t))[ult) — ap (2(t) = ya)

—G ()G (ya)ue), €x(0) =30 —yg, t>0. (11.27)

Now, we assume that for a given €] > 0 the ith component of the vector function
ap, (2 — ya) + G (2)G(ya)ue can be approximated over a compact set D, = {z €
R™:x—yq € f?cx} by a linear in parameters neural network up to a desired accuracy

so that for i = 1,---,m, there exists ¢;(-) such that |¢;(z)| < &f, © € D,,, and
CY@CZ.(QT - yd) + gz_1<x)gl<yd)uez = VViTO—i(x) + 67;(17), T e DCCE? (1128)

where W; € R% i =1,--- m, are optimal unknown (constant) weights that minimize
the approximation error over D.,, o; : R™ — R% ¢ = 1,--- m, are a set of basis

functions such that each component of ;(-) takes values between 0 and 1, ¢; : D., —

R, i = 1,---,m, are the modeling errors, and |W;|| < w}, where w}, i = 1,---,m,
are bounds for the optimal weights Wj, @ = 1,---,m. Since ap (-) and G(-) are
continuous functions, we can choose o;(-), i = 1,---,m, from a linear space X of

continuous functions that forms an algebra and separates points in D.,. In this case,
it follows from the Stone-Weierstrass theorem [201, p. 212] that X" is a dense subset
of the set of continuous functions on D.,. Hence, as is the case in the standard

neuro adaptive control literature [159], we can construct the signal w,q; = W oy(z)
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involving the estimates of the optimal weights as our adaptive control signal. For
the following theorem let s £ sy + --- 4 s, denote the total dimension of the basis

functions.

Theorem 11.3. Consider the nonlinear uncertain system G given by (11.20)—
(11.22) where f,(-,-) is essentially nonnegative with respect to z, f,(-,-) is essentially
nonnegative with respect to z, and G : R™ — R is nonnegative and given by
G(xz) = diaglgi(x), -+, gm(x)]. For a given yq € R assume there exist positive
vectors z, € R and u, € R such that (11.23) and (11.24) hold and the equilibrium
point (yq, z.) of (11.20), (11.21) is globally asymptotically stable with u(t) = u.. In
addition, assume that G is exponentially minimum phase at (yq, z.). Finally, let ¢;
and v;, 7 = 1,---,m, be positive constants. Then the neural adaptive output feedback

control law

u;(t) = max{0,4,;(t)}, i=1,---,m, (11.29)
where
ﬂl<t) = Wz‘T(t)O-i<y(t)>7 i=1,-m, (1130)

and I/T/,(t) eR®% t>0,i=1,---,m, with update law

A

(:(8) = ya)ors(y(0) + Wlyt) = v WilD)] , Wa(0) = Wi,

i=1,--,m, (11.31)

z 4
Wie) = %

guarantees that there exists a compact positively invariant set D, C ET X Ei_m X
R**™ such that (yq, ze, W) € Dy, where W € R**™ and the solution (z(t), z(t), W (t)),
t > 0, of the closed-loop system given by (11.20), (11.21), (11.29), and (11.31) is ulti-
mately bounded for all (:(0), z(0), W (0)) € D, with ultimate bound ||y(t)—yal|®> < €1,
t > T, where

2 m
€1 >é 5(L) +Qmin Z(\/__F’YZ ) + v ) (1132)

POZ i—1 ’Ymin
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m - )2
v &S (Vg e 3 W) (11.33)

W (t) £ block-diag[W; (t), - - -, Wi (t)], (11.34)

1 £ maxeep,, Amax(G(2)) = mMax;—(1,... ;) MaXzep,, {0i(2)} > 0, Gmin = Milie(r,.. m)
T —— min;eg1,...my{Vi}, and a, B are positive constants. Furthermore, u(t) >>
0, z(t) >> 0, and z(t) >> 0 for all t > 0 and (zg, 20) € R} x R,

Proof. First, since, by assumption, (11.20), (11.21) is exponentially minimum
phase at (yq, ze), it follows from Theorem 11.2 and Remark 11.2 that for any compact
set D, and for all € £ [T, eT]T € D,, there exist continuous functions ap : R™ — R™
and fp @ R™ — R™™ with 35 (e,) = G (ey), e, € R™, such that, with u =
ap, (§) + Bp, (9)v, (11.25), (11.26) is strongly exponentially passive from v to § = e,.
Hence, it follows from Theorem 11.1 that there exist a continuously differentiable

function Vi : R® — R, a continuous function ¢ : R” — RP, and positive constants

p, «, 3 such that Vi(+) is positive definite, V5(0) = 0, £(0) = 0, and, for all € € R™,
0= V/(@)[f(&) + G(e)ap,(e.)] + pVa(e) + £T(8)((@), (11.35)

0= 1V/(0)G(&)Bs, (e2) — (11.36)

and (11.7) hold, where f(&) 2 [fT(e,,e.), [X (e, €.)]T and G(€) £ [G(e,), 0]".

Next, define
W, (t) £ block-diag[Wo1(t), - - -, Wam (8], (11.37)
W £ block-diag[Wy, - - -, W], (11.38)
where

and note that with u(t), ¢ > 0, given by (11.29) it follows that (11.26) and (11.27)
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become

éx(t) = [falea(t), ex(8)) + Glea(t))ap, (e ()] + [Glex(t)) Bp, (ex(t))]B5] (ex(t))
W (0o (y(1)) — ap, (x(t) = ya) — G~ («(t))G (ya)ue]
+[G(ex(t))Bp, (ea(t)]B5) (ex () (Wa(t) = W (1)) o (y(1)),
:(0) =20 —ya, t>0, (11.40)

and

ez(t) = fz(ex(t>a ez(t))v 62(0) = 20 — e, (1141)

or, equivalently,

e(t) = [f(e() + Ge(t)ap, (e(t)]
+[G(e(1))Bp, (e ()85 (ex(1))
WED)a(y(1)) — ap, (2(t) = ya) — G () Gya)uc]
+[G(E(1))Bp, (e (1))]85 (ex(£)) (Walt) = W (t)Ta(y(1)),
e.(0) =20 —ya, t>0. (11.42)

To show ultimate boundedness of the closed-loop system (11.31) and (11.42), consider

the Lyapunov-like function
V(E,W) =Vie) +tr WQ'WT, (11.43)

where WT () 2 WT(t)—WT, WT £ block-diag[W, - -, W], and Q £ diag[qy, - - - , Gm].
Note that V(0,0) = 0 and, since Vi(-) and Q are positive definite, V (&, W) > 0 for all
(6, W) # (0,0). Next, letting &(t), t > 0, denote the solutions to (11.42) and using
(11.28), (11.31), (11.35), and (11.36), it follows that the time derivative of V (&, W)

along the closed-loop system trajectories is given by



HGe(t)) 5, (ex ()]G ((0) (Walt) = W(E) T (y(t))|
2 WT(H)Q W (t)

— —pVi(E(t)) — (@) UE®))
£ 2 B0 () W 0oy (1) - eule(t)]

+ 3 (1) () (Waslt) = Wit Tai(y(0)

- Z Wi (t) [%(t)cn(y(t)) + Yilyi(t) — ydi\Wi@)}

< —pVi(e(t)) — 2 i () gi(x(t))ei(2(t))
¥ zmj [31(0): () (Wat) = W)y (1)) — 5O (or(y (1)
—f;\gjl(t)\WZT(t)Wi(t)} >0 (11.44)
Now, for each i € {1,-+-,m} and for the two cases given in (11.39), the last term on

the right-hand side of (11.44) gives:
i) If 4;(t) < 0, then W,;(t) = 0 and hence

3i(8)gi (2 (1) Wai(t) — W) Toi(y(t) — ()W () oi(y(t) — 7ld: ()| W () Wi(2)
= —5i()gi (@)W ai(y(t)) — GHOWT (£)ai(y(t)) — vilg: () W (£)(Wi(t) + W)
< Vw5 (] 4 /Sl G ONWi )] — vl g (O NWi )] + ~aw] |5: (6| Wi (#) |

< (GO [Vsw; + (Vi +vw) ) W) =%l Wi )] |-
i) Otherwise, W,;(t) = W;(t) and hence

3i(0)gi(x (1) (Waus(t) — W) Yos(y (1)) — Gi(OWE (#)oi (y(2)) — vl () [WE () Wi(t)
= —GMW (®)oi(y(t) — %l G )W () (Wi(t) + Wi)
< VslmOIW | = wlg N 1? + vw; |5 Wi ()]
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< Vaw; i) + Vs GONWa) ]| = 7l G @)1 + viw; (3O Wi @) |
< GO |Vsiw] + (Vi + 2w W@ = vl Wi(@)] |-

Hence, it follows from (11.44) that in either case
V(e(t), W(n) < —pVale(t) - igxt)gi(x(t))sxx(t))
+i 5:(8) (Vi + (Vi + ) IR0 = 2wl Wa(0)]?)
< —paué<t>u2+iueﬂgi<t>
+i 31 (Veiw; + (Vs +5) I = %W 0)]1?)

< —palle®)| + D e (/5w + <
(V5 4] [T | = W]
< lle®ll|—palle@|l + DV +

+ Y (V)W H—Z%HW 12, t=0. (11.45)

=1

Next, completing squares yields
V(e), w(t) < lle@)ll [—P&Hé(f)H + Z(\/S_z‘w: +&)p

—Z%(IIW ||—‘/_l) +Z (/5 + yiw; ]

2v; 4ry;

: VR
H()H[paH ) Z%(HW I - Y ] =)

(11.46)
where v is given by (11.33). Now, for
Vo a
> 2, 11.47
el > 2 2a (1147
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or

W le > Z(\FJF% >+,/%éaw, (11.48)

=1

it follows that V(&(t),W(t)) < 0 for all t > 0; that is, V(&(t), W(t)) < 0 for all
(ex(t), e~ (t), W(t)) € D\D; and ¢ > 0, where

D, 2 {(em,ez, W)eR™ x R"™ x R¥*™ : € DCI}, (11.49)

Dy 2 {(ene0 W) € R™ X R x B : o] < 0, W <y . (11.50)

Next, define

D, 2 {(ez,ez, W) € R™ x R"™ x R™™ : (&, ) < a}, (11.51)

where « is the maximum value such that 75@ N f)e = 250” and define

D, 2 {(ex,ez, W) € R™ x R"™ x R™™ : V(&, ) < 77}, (11.52)
where
n > HHHlaX Vi(é)+ max trWQ'WT = pa? + Grnin V- (11.53)
ell=ae W lp=cy;,

To show ultimate boundedness of the closed-loop system (11.31) and (11.42) assume?
that 15,7 c D, (see Figure 11.1). Now, since V(é, W) < 0 for all (e,, e, W) € ﬁe\f)r
and D, C D,, it follows that D, is positively invariant. Hence, if (e,(0),e.(0),
W (0)) € D,, then the solution (e,(t),e.(t), W (t)), t > 0, to (11.31) and (11.42) is

ultimately bounded. Furthermore, since D, is positively invariant, it follows that

Da £ {(x’Z’W) ER™ X R"™ X R*™ : (& — yq, 2 — 20, W — W) € ﬁa}a (11.54)

4This assumption is standard in the neural network literature and ensures that in the error space
D, there exists at least one Lyapunov level set f)n C D,. In the case where the neural network
approximation holds in R™ x R™™™ this assumption is automatically satisfied. See Remark 11.3
for further details.
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A

A H I I N

Figure 11.1: Visualization of sets used in the proof of Theorem 11.3

is also positively invariant. Now, to show that ||y(t) —yq4||* < €1, t > T = T(x0, 20, Wo,
€1), suppose there exists t* > 0 such that &(t*) = 0 and W(t*) = 0. In this case,
&(t) = 0 and W(t) = 0 for all ¢ > ¢* and hence ||y(t) — ya||? < € is trivially satisfied
for all t > t*. Alternatively, suppose there does not exist t* > 0 such that e(t*) = 0

and W (t*) = 0. In this case, consider the Lyapunov-like function

~ { V(é, W) = Tinf, (€I7 €z, W) S Da\Dnin“

11.55
0, (€s,e,, W) €D, ., ( )

where 7y, = BaZ+qmna, and D, 2 {(en, e, W) ERTXR™™xR>™ . V(¢, W) <
Nint }- Note that V(W) is continuous on R™ x R*™™ x R**™ and D, is positively

invariant. Furthermore, note that
V(E), W(t) <V(e(r),W(r)), 0<7<t. (11.56)

Now, it follows from the generalized Krasovskii-LaSalle invariant set theorem (The-
orem 2.3 of [155]) that (e,(t),e.(t), W(t)) — M £ U,2gM,, as t — oo, where M,
denotes the largest invariant set contained in R, = {(e,, e, W) € R™ xR ™ x RS*™
V(é,W) = ~}. Hence, since M, =0,v>0, and Ry = ﬁmnf C 1577, there exists
T = T(xo, 20, Wo, €1) > 0 such that (e,(t),e.(t), W (t)) € 1%77 for all ¢ > T and hence

Hamﬁ<mmmaPeana:ny:g t>T. (11.57)
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Internal dynamics
(2-dynamics)

A
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Controlled dynamics
(z-dynamics)

Neuro adaptive controller Plant

Figure 11.2: Block diagram of the closed-loop system
Since ||e,|| < ||€]], (11.57) implies ||y(¢) — yal* < €1, t > T.

Finally, u(t) >> 0, t > 0, is a restatement of (11.29). Now, since G(z(t)) >> 0,
t >0, and u(t) >> 0, t > 0, it follows from Proposition 9.2 that z(tf) >> 0 and

2(t) >> 0 for all t > 0 and (20, 2) € R}, xR} . O

Remark 11.3. It follows from Theorem 11.2 that if G given by (11.20)—(11.22)
is exponentially minimum phase, then G is semiglobally output feedback exponen-
tially passive. Hence, for any arbitrarily large compact set D, there exists an output
feedback control law of the form (11.14) that renders the closed-loop system (11.20)—
(11.22) exponentially passive. For this compact set D., as is common in the neural
network literature, we assume that there exists an approximator for the unknown
nonlinear map ap,(z — yq) — G71(2)G(yq)ue up to a desired accuracy. Furthermore,

we assume that in the error space D, there exists at least one Lyapunov level set such

that D, C D,.

A block diagram showing the neuro adaptive control architecture given in Theo-
rem 11.3 is shown in Figure 11.2. In Theorem 11.3 we assumed that the equilibrium
point (ya, z.) of (11.20), (11.21) is globally asymptotically stable with u(t) = wue.

In general, however, unlike linear nonnegative systems with asymptotically stable
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plant dynamics, a given set point (y4,2.) € R x R™™ for the nonlinear nonnega-
tive dynamical system (11.20), (11.21) may not be asymptotically stabilizable with

a constant control u(t) = ue € @i. However, if f(z) = [fX(x, 2), fF(x,2)]" is homo-

geneous, cooperative; that is, the Jacobian matrix a](;_(;c) is essentially nonnegative for

all # 2 [27,27]T € RY, the Jacobian matrix 22 is irreducible for all & € R’} [20],

and the zero solution (x(t),z(t)) = 0 of the undisturbed (u(t) = 0) system (11.20),
(11.21) is globally asymptotically stable, then the set point (yq,2.) € R} x R}™™
satisfying (11.23), (11.24) is a unique equilibrium point with u(t) = u, and is also
asymptotically stable for all (i, 29) € @T X Ezfm [53]. This implies that the solution
(x(t), 2(t)) = (yd, ze) to (11.20), (11.21) with u(t) = u, is asymptotically stable for

all (yo,20) €R, xR} .
11.4. Neural Adaptive Control for General Anesthesia

Almost all anesthetics are myocardial depressants which lower cardiac output (i.e.,
the amount of blood pumped by the heart per unit time). As a consequence, decreased
cardiac output slows down redistribution kinetics; that is, the transfer of blood from
the central compartments (heart, brain, kidney, and liver) to the peripheral compart-
ments (muscle and fat). In addition, decreased cardiac output could increase drug
concentrations in the central compartments causing even more myocardial depres-
sion and further decrease in cardiac output. To study the effects of pharmacological
agents and anesthetics we propose the nonlinear two-compartment model shown in
Figure 11.3, where x; denotes the mass of drug in the central compartment, which
is the site for drug administration and is generally thought to be comprised of the
intravascular blood volume as well as highly perfused organs such as the heart, brain,
kidney, and liver. These organs receive a large fraction of the cardiac output. Alter-

natively, x5 is the mass of drug in the peripheral compartment, comprised of muscle
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1 = Continuous infusion

~ as (¢)xy -
[Compartment I Compartment IIJ
/ a12 (C).I'Q -
ae(c)xy

Figure 11.3: Pharmacokinetic model for drug distribution during anesthesia

and fat which receive a smaller proportion of the cardiac output.

A mass balance of the two-state compartment model yields

1(t) = —a21(c(t))z1(t) — ac(c(t))z1(t) + arz(c(t))z2(t) +ult),  1(0) = 210,
>0, (11.58)

To(t) = agi(c(t))z1(t) — arz(c(t))xa(t), x2(0) = xg, (11.59)

where ¢ £ 2,/V, is the drug concentration in the central compartment, V, is the vol-
ume of the central compartment, as(c) is the rate of transfer of drug from Compart-
ment [ to Compartment 11, a15(c) is the rate of transfer of drug from Compartment I1
to Compartment I, ae(c) is the rate of drug metabolism and elimination (metabolism
typically occurs in the liver), and u(t), t > 0, is the infusion rate of an anesthetic drug.
As in Section 9.6, we assume a1 (c) = A1Q(c), az(c) = A2Q(c), and aq(c) = A.Q(c),
where Ay, As, and A, are positive constants. Many anesthetics depress the heart,
decreasing the cardiac output. Furthermore, the transfer coefficients are functions of
the concentration ¢ in the central compartment. Thus, to develop a physiologically
plausible model we assume a sigmoid relationship between drug concentration in the
central compartment and effect so that Q(c) = QoCg,/(Cg, + ¢*), where the effect
is related to ¢ (since that is the presumed concentration in the highly perfused my-
ocardium), @y > 0 is a constant, Csy > 0 is the drug concentration associated with

a 50% decrease in the cardiac output, and o > 1 determines the steepness of this
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curve (that is, how rapidly the cardiac output decreases with increasing drug concen-
tration). Furthermore, this model assumes instantaneous mixing and as ¢ increases,
the rate constants decrease through their dependence on the cardiac output. Even
though the transfer and loss coefficients A;, A, and A, are nonnegative, and o > 1,
Cso > 0, and (Qy > 0, these parameters can be uncertain due to patient gender,
weight, pre-existing disease, age, and concomitant medication. Hence, the need for

adaptive control to regulate intravenous anesthetics during surgery is crucial.

Midazolam is an intravenous anesthetic that has been used for both induction and
maintenance of general anesthesia. A simple yet effective patient model for the dispo-
sition of midazolam is based on the two-compartment model shown in Figure 11.3 with
the first compartment acting as the central compartment. Here, we use the Bispectral
Index (BIS) as a measure of anesthetic effect. As discussed in Chapter 7, the BIS
signal is a nonlinear monotonically decreasing function of the level of consciousness
and is given by

07
BIS(ceg) = BISy (1 — ——=f 11.
s b (1= 7). e

where BIS, denotes the baseline (awake state) value and, by convention, is typically
assigned a value of 100, ceq is the midazolam concentration in nanograms/liter in
the effect site compartment (brain), ECs is the concentration at half maximal effect
and represents the patient’s sensitivity to the drug, and + determines the degree of
nonlinearity in (11.60). Here, the effect site compartment is introduced as a correlate
between the central compartment concentration and the central nervous system con-
centration. The effect site compartment concentration is related to the concentration

in the central compartment by the first-order delay model

Coti(t) = aem(c(t) — e (), cer(0) = 21(0), >0, (11.61)
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Figure 11.4: BIS index versus effect site concentration

1

where e in min~' is a positive time constant. Assuming x;(0) = 0, it follows that

t
ceﬂc(t):/ et =) g ge(s) ds. (11.62)
0

In reality, the effect site compartment equilibrates with the central compartment in
a matter of a few minutes. The parameters a.g, ECs9, and 7 are determined by data
fitting and vary from patient to patient. BIS index values of 0 and 100 correspond,
respectively, to an isoelectric EEG signal and an EEG signal of a fully conscious

patient; while the range between 40 and 60 indicates a moderate hypnotic state.

In the following numerical simulation we set EC5y = 150 ng/m/, v = 3, and BIS, =
100, so that the BIS signal is shown in Figure 11.4. The target (desired) BIS value,
BIStarget, is set at 50. Furthermore, for simplicity of exposition, we assume that the
effect site compartment equilibrates instantaneously with the central compartment;
that is, we assume that a.g — 00, so that (11.61) gives ceg(t) = c(t), t > 0. Now,

defining = = BIS, — BIS(c) = h(c) and z £ x5, where h(c) = 5o (11.58), (11.59)
50
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can be written in form of (11.20)—(11.22) with

fe(x,2) = B'(c)|—axn(c)h ™ (z) — ac(c)h ™ () + aiz(c)z/Ve|, (11.63)
fo(z,2) = V[agi(c)h H(z) — a1a(c)z], (11.64)
G(z) = h'(c)/V,. (11.65)

Note that f,(x,z) is essentially nonnegative with respect to x, f.(x,z) is essentially
nonnegative with respect to z, and G(z) is nonnegative. In addition, note that
fz(x, z) is essentially nonnegative with respect to z, f.(x, z) is essentially nonnegative
with respect to z, and G(z) is nonnegative. In addition, note that since h(-) is a
monotonically decreasing function, the mapping (z1,z2) — (z, z) is diffeomorphic.

Furthermore, note that since

fz(0;€z> = _a12<yd1/v;:)627 (1166)

where

fz<€xaez) = fZ(em+ydaez+Ze) _fz<ydaze> (11'67)

and a12(yq,/Ve) > 0, it follows that the system zero dynamics are exponentially
stable and hence the system given by (11.58), (11.59) is exponentially minimum phase
at (Y, ze). Thus, since the input matrix function satisfies (11.17), it follows from
Theorem 11.2 that (11.58), (11.59) is semiglobally output feedback exponentially

passive. Now, using the adaptive output feedback controller
u(t) = max{0,a(t)}, (11.68)
where
a(t) = WT(t)o(BIS(t)), (11.69)

W(t) e R%, ¢t >0, and 0 : R — R® is a given basis function, with update law

A

W(t) = qus [(—BIS(t) 4 BIStarget )0 (BIS(1)) — 1|BIS(t) — BIS et/ W (1)),
W(0) = Wy, (11.70)
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where ¢prs is an arbitrary positive constant, it follows from Theorem 11.3 that the
control input (anesthetic infusion rate) w(t) is nonnegative for all ¢ > 0 and there
exist positive constants ¢ and 7" such that |BIS(¢) — BlSiaget| < €, t > T, for any
(uncertain) positive values of the transfer and loss coefficients (Aq, As, Ae) as well
as any (uncertain) nonnegative coefficients o, Cso, and Qq. It is important to note
that during actual surgery the BIS signal is obtained directly from the EEG and not
(11.60). For our simulation we assume V, = 31 £, A;1Qo = 0.01895 min~', AyQy =
0.01003 min™!, A.Qy = 0.01651 min~!, @ = 3, and C5, = 200 ng/m¢. Note that
these parameter values for v and Cyy probably exaggerate the effect of midazolam on
cardiac output. They have been selected to accentuate nonlinearity but they are not
biologically unrealistic. To illustrate the robustness of the proposed neuro adaptive
controller we switch the pharmacodynamic parameters ECyy and ~, respectively, from
150 ng/m¢ and 3 to 170 ng/m¢ and 2 at ¢ = 15 min and back to 150 ng/m¢ and 3
at ¢ = 30 min. Furthermore, here we consider noncardiac surgery since cardiac

surgery often utilizes hypothermia which itself changes the BIS signal. With ggis =

T
4 _ —10 _ _ 1 1
1 x 10 , Y = 1 x 10 , 8§ = 6, U(BIS) T | 11e *(BIS—BTStarget) ’ Ty 1+676a(B157BIStarget)i| )

A

a = 1, and initial conditions z1(0) = 0 mg, x5(0) = 0 mg, W(0) = 0px1 mg/min,
Figure 11.5 shows the concentrations of midazolam in the two compartments versus
time. Figure 11.6 shows the BIS index and the control signal (midazolam infusion
rate) versus time. Finally, Figure 11.7 shows the neural network weight history versus

time.

Even though we did not calculate the analytical bounds given by (11.32) due to the
fact that one has to solve an optimization problem with respect to (11.28) to obtain
ef and w}, i = 1,---,6, the closed-loop BIS signal response shown in Figure 11.6 is
clearly acceptable. Furthermore, the basis functions for o(BIS) are chosen to cover the

domain of interest of our pharmacokinetic/pharmacodynamic problem since we know
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Figure 11.5: Compartmental concentrations versus time

that the BIS index varies from 0 to 100. Hence, the basis functions are distributed
over that domain. The number of basis functions however is based on trial and error.
This goes back to the Stone-Weierstrass theorem which only provides an existence
result without any constructive guidelines. Finally, we note that simulations using
a larger number of neurons resulted in imperceptible differences in the closed-loop

system performance.

11.5. Conclusion

Nonnegative and compartmental systems are widely used to capture system dy-
namics involving the interchange of mass and energy between homogenous subsystems
or compartments. Thus, it is not surprising that nonnegative and compartmental
models are remarkably effective in describing the dynamical behavior of biological

systems, physiological systems, and pharmacological systems. In this chapter, we de-
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veloped a neural adaptive output feedback control framework for adaptive set-point
regulation of nonlinear uncertain nonnegative and compartmental systems. Using
Lyapunov methods the proposed framework was shown to guarantee ultimate bound-
edness of the error signals corresponding to the physical system states and the neu-
ral network weighting gains while additionally guaranteeing the nonnegativity of the
closed-loop system states associated with the plant dynamics. Finally, using a nonlin-
ear two-compartment patient model for the disposition of anesthetic drug midazolam,
the proposed adaptive control framework was used to monitor and control a desired

constant level of consciousness for noncardiac surgery.
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Chapter 12

Neural Network Adaptive Dynamic
Output Feedback Control for
Nonlinear Nonnegative Systems
using Tapped Delay

Memory Units

12.1. Introduction

Neural networks offer an ideal framework for on-line system identification and
control of many complex uncertain nonlinear dynamical systems. One of the key
aspects of neural networks is that a very rich class of continuous nonlinear maps can
be approximated from the collective action of very simple, autonomous processing
units interconnected in simple ways. This massively parallel and highly redundant
processing architecture has resulted in concrete accomplishments in pattern recogni-
tion, system identification, and adaptive control (see [44,119, 159,160, 178,226] and

the numerous references therein).

Given the complexity, uncertainties, and nonlinearities inherent in pharmacoki-
netic and pharmacodynamic models needed to capture the wide effects of pharma-

cological agents and anesthetics in the human body, neural networks can provide
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an ideal framework for addressing adaptive control for clinical pharmacology [13].
Nonnegative and compartmental models provide a broad framework for biological
and physiological systems, including clinical pharmacology, and are well suited for
the problem of closed-loop control of drug administration. Specifically, nonnegative
and compartmental dynamical systems [6,70, 75,123,124, 203] are composed of ho-
mogeneous interconnected subsystems (or compartments) which exchange variable
nonnegative quantities of material with conservation laws describing transfer, accu-
mulation, and elimination between the compartments and the environment. It thus
follows from physical considerations that the state trajectory of such systems remains

in the nonnegative orthant of the state space for nonnegative initial conditions.

In this chapter, we extend the results of [117,118] to nonnegative and compart-
mental dynamical systems with applications to the specific problem of automated
anesthesia. Specifically, we develop an output feedback neural network adaptive con-
troller that operates over a tapped delay line of available input and output measure-
ments. The neuro adaptive laws for the neural network weights are constructed using
a linear observer for the nominal normal form system error dynamics. The approach
is applicable to general class of nonlinear nonnegative dynamical systems without
imposing a strict positive real requirement on the transfer function of the linear error
normal form dynamics. Furthermore, since in pharmacological applications involving
active drug administration control inputs as well as the system states need to be non-
negative, the proposed neuro adaptive output feedback controller also guarantees that
the control signal remains nonnegative. We emphasize that the proposed framework
addresses adaptive output feedback controllers for nonlinear compartmental systems
with unmodeled dynamics of unknown dimension while guaranteing ultimate bound-
edness of the error signals corresponding to the physical system states as well as the

neural network weighting gains. Output feedback controllers are crucial in clinical
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pharmacology since key physiological (state) variables cannot be measured in practice.

12.2. Neural Adaptive Output Feedback Control for Nonlin-
ear Nonnegative Uncertain Systems

In this section we consider the problem of characterizing neural adaptive dynamic
output feedback control laws for nonlinear nonnegative and compartmental uncertain
dynamical systems to achieve set-point regulation in the nonnegative orthant. Specif-

ically, consider the controlled square nonlinear uncertain dynamical system G given

by

#(t) = f(x(t) + Gla®)ult), z(0) =z, t>0, (12.1)

y(t) = h(z(t)), (12.2)

where z(t) € R", t > 0, is the state vector, u(t) € R™, t > 0, is the control input,
y(t) € R™ t > 0, is the system output, f : R® — R" is essentially nonnegative
but otherwise unknown and satisfies f(0) = 0, G : R" — R™™ is an unknown
nonnegative input matrix function, and h : R" — R™ is a nonnegative function and
satisfies h(0) = 0. We assume that f(-), G(-), and h(-) are smooth (i.e., C* mappings)
and the control input w(-) in (12.1) is restricted to the class of admissible controls

consisting of measurable functions such that u(t) € R™, ¢ > 0.

As discussed in the Introduction, control (source) inputs of drug delivery systems
for physiological and pharmacological processes are usually constrained to be non-
negative as are the system states. Hence, in this chapter we develop neuro adaptive
dynamic output feedback control laws for essentially nonnegative systems with non-
negative control inputs. Specifically, for a given desired set point yq € @T and for a
given € > 0, our aim is to design a nonnegative control input u(t), ¢ > 0, predicated

on the system measurement y(t), ¢t > 0, such that ||y(t) —yq|| < e for all t > T', where
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T € [0,00), and 2(t) >> 0, ¢ > 0, and u(t) >> 0, ¢ > 0, for all 29 € R},.

In this chapter, we assume that for the nonlinear dynamical system (12.1), (12.2),
the conditions for the existence of a globally defined diffeomorphism transforming
(12.1), (12.2) into normal form [32, 122] are satisfied so that there exist a global
diffecomorphism 7 : R® — R" and C* functions f : R" x R"" — R” and f, :

R" x R"™" — R"" such that, in the coordinates

z

[ ; } 2 7(), (12.3)
where f £ [ylvyh"'7y£7ﬂl_2)7"'7ymaym7"'ayﬁgm_m;ygrl_l)f"7y§£m_1)] € RT7 z €
R"™" and 7 £ r{ + --- + 7, is the (vector) relative degree of G, G given by (12.1),

(12.2) is equivalent to

(1) = fel€(t), 2(1) + Ge(&(t), z()ult), €£(0) =&, t=0, (12.4)
i(t) = f.(&(t),2(1), 2(0) = 2, (12.5)

y(t) = C&(1), (12.6)

with appropriate initial conditions £, € R" and 2y € R®™", where

6,5 = A6+ Flen), Geleo) = | e |, (12.7)
A= %] e =] ], (128

F £ [€7,21T, Ay € RO is a known matrix of zeros and ones capturing the
multivariable controllable canonical form representation [43], A € R™*" is such that

" — R™ is an unknown function and satisfies

A is asymptotically stable, f, : R
fu(0) = 0, C € R™" is a known matrix of zeros and ones capturing the system
output, and Gy : R” — R™*™ is an unknown matrix function such that det G¢(Z) # 0,

Z € R™. Furthermore, we assume that for a given y4 € RT there exist z, € R"™" and
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Ue € RT such that z. = 7 (%) >> 0 and

0= ff(gea Ze) + Gg(&ea Ze)ue7 (129)
0= fa(€es 2e), (12.10)
where 7, 2 [¢F,2F]T and &, is given with y; = yq;, 4 = 1,---,m, and ¢; = -+ =
?/z(”_l) =0,7=1,---,m. In addition, we assume that (12.5) is input-to-state stable

at z(t) = z, with £(t) — &, viewed as the input; that is, there exist a class L function

n(-,-) and a class KC function () such that

I+(0) = 2l < o = 2l 042 (sup ) =) 020, (2
where || - || denotes the Euclidean vector norm. Unless otherwise stated, henceforth
we use || - || to denote the Euclidean vector norm. Note that (&, z.) € R" x R is

an equilibrium point of (12.4), (12.5) if and only if there exists u, € R, such that
(12.9), (12.10) hold. Furthermore, we assume that, for given £* > 0, the functions
fu(T(2) — fu(T (2e)) — Gs(T (2e))ue and G(7 (x)) — Bs, where By € R™ ™ can
be approximated over a compact set D, C Ki by a linear in the parameters neural
network up to a desired accuracy so that there exist ¢; : R — R™ and €5 : R —

R™*™ guch that ||e;(z)]| < &* and ||es(2)||r < &*, x € D, and

FulT(2)) = fulT(20)) — Go(T(2))te = WEoy(2) + 1(x), x €D, (12.12)

Gs(T () — Bs = Wi I, ® 02(x)] + £2(x), =« € D, (12.13)

where W, € R**™ and Wy € R™2*™ are optimal unknown (constant) weights that
minimize the approximation errors over D., o; : R" — R® and o, : R" — R*
are sets of basis functions such that each component of o;(-) and o9(-) takes values
between 0 and 1, and €1(-) and eq(+) are the modeling errors. Since f,(-) and Gs()
are continuous, we can choose o1(-) and oy(-) from a linear space X of continuous

functions that forms an algebra and separates points in D.. In this case, it follows
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from the Stone-Weierstrass theorem [201, p. 212] that X" is a dense subset of the set
of continuous functions on D.. Now, as is the case in the standard neuro adaptive
control literature [159], we can construct the signal u.q = F (Wi, W, 0y(z), 0o(z))
involving the estimates of the optimal weights and basis functions as our adaptive
control signal. However, in order to develop an output feedback neural network, we
use the recent approach given in [152] for reconstructing the system states via the
system delayed inputs and outputs. Specifically, we use a memory unit as a particular
form of a tapped delay line that takes a scalar time series input and provides an mn-
dimensional vector output consisting of the present values of the system outputs and
system inputs and their (mn —2m) delayed values. As shown in [152], such a memory
unit can be used to characterize an equivalent input-output representation for (12.1),
(12.2) in the sense of guaranteeing the existence of a function g(-) and a number d
such that the future outputs of (12.1), (12.2) can be determined based on a number of
past observations of the inputs and outputs of (12.1), (12.2). The following theorem

is given in [152].

Theorem 12.1 [152]. Consider the nonlinear dynamical system G given by (12.1),
(12.2). Assume that the state vector z(t), t > 0, of (12.1), (12.2) evolves on
B.(0) £ {x € R" : ||z|| < r} and G is observable. Furthermore, assume that the
system output y(t), t > 0, and its derivatives up to the order (n — 1) are bounded for
all ¢ > 0. Then, given an arbitrary €* > 0, there exists a set of bounded weights W
and a positive scalar d > 0 such that any continuous function g(z,u) : R* x R™ — RP
can be approximated over the compact set B,.(0) by a linear in the parameters neural

network of the form

g(x(t),u(t)) = Who(¢(t) +e(x(t),C(1), lle(x(t),Ct) <&, t>0, (12.14)
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where x(t), t > 0 is the solution to (12.1),

C(t) = [p(), pu(t —d), - ot = (11 = 1)d), - -,
ym(t)vym<t - d), e 7ym<t - (Tm - 1>d);u1(t)7u1(t - d)7 Ty
ur(t — (n—ry —1)d), - U (t), U (t — d), -+, U (t — (0 — 1, — 1)d)]*,

t>0, (12.15)

IC(t)]| < ¢*, t >0, and ¢* > 0 is a uniform bound of {(-) over B,(0).

In light of the above theorem, it follows that if the dynamical system G is ob-
servable and its state trajectory xz(t), t > 0, evolves on D., then there exist ¢ :
R™ x R™ — R™ and g9 : R x R™ — R™ ™ guch that ||e1(z(t),{(t))| < &* and

lea(2(t). CO)lle < £, ¢ > 0, and
FulT @) = FulT(2)) = Go(T (2)Jue = WEor(C(8) + &1 (2(1), C(1), ¢ >0,

(12.16)

G(T (@(t)) = B, = WilLn ® 02(C()] + ea(2(t), C(1), >0, (12.17)

For the statement of the main results of this chapter, define the projection operator

Proj(W,Y) given by

Y it (W) <0,
Proj(W,Y) £ LY if (W) =0 and /(W)Y <0, (12.18)
T V)Y i -
Y OO w(W)  otherwise,

where W € R¥>™ Y € R™™, (W) & M, Wmax € R is the norm bound

Sw

imposed on W, and €5, > 0. Note that, given the matrices W eR>*™ and Y € R¥*™,

it follows that

tr[(W — W) (Proj(W,Y) = Y)]
= Z[COL-(W — W)]T (Proj(col; (W), col;(Y)) — coly(Y))
<0 (12.19)
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where col;(X) denotes the ith column of the matrix X.

Theorem 12.2. Consider the nonlinear uncertain dynamical system G given by
(12.1) and (12.2) where f : R" — R" is essentially nonnegative and G : R™ — R™*™
is nonnegative. For a given yq € KT assume there exist nonnegative vectors z, € @i

and u, € EZ’: such that

0= f(ze) + G(ze)Ue, (12.20)

Ya = h(ze). (12.21)

Furthermore, assume that the equilibrium point z, of (12.1) is globally asymptotically
stable with u(t) = u.. In addition, assume that there exists a global diffeomorphism
7 : R"™ — R" such that G can be transformed into the normal form given by (12.4)
and (12.5), and (12.5) is input-to-state stable at z, with £(t) — &, viewed as the input.
Finally, let Q1,Q2 € R™*™ be positive definite. Then the neural adaptive output

feedback control law

= { 100 =0 e
where
i(t) = — (B, + W Ew @ oa(C)]) WEDo(C), (12.2)

B, € R™™ is nonsingular, ((t), t > 0, is given by (12.15), Wi(t) € R®*™ ¢ >0, and

Wy(t) € R™2*m > (), with update laws

Wi(t) = QuProj(Wi(t), 01(C(1)EX(t)PBy),  Wi(0) = Wi, (12.24)

Wa(t) = QoProj(Wal(t), I, @ ao(C(t)]u(t)EX (1) PBy),  Wa(0) = Wag,  (12.25)
where P € R™" is a positive-definite solution of the Lyapunov equation

0=(A—LC)"P+P(A-LC)+ R, R>0, (12.26)
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and &.(t) € R", t > 0, is the solution to the estimator dynamics

Ee(t) = ALe(t) + L(y(t) — ye(t) —wa), &(0) =&, t2>0, (12.27)

Ye(t) = C&(t), (12.28)

where A € R™" is asymptotically stable, L € R"™"™ is such that A — LC' is asymptot-
ically stable, and B, = [0 (r—m) » I,,]", guarantees that there exists a compact posi-
tively invariant set D, C R" x R" x R¥*™ x R™2X™ guch that (z., 0, W1, Ws) € D,,
where Wy € R¥*™ and W, € R™2*™ and the solution (x(t),&(t), Wi(t), Wa(t)),
t > 0, of the closed-loop system given by (12.1), (12.22), (12.24), and (12.25) is
ultimately bounded for all ((0),£.(0), W1(0), W5(0)) € D, with ultimate bound

ly(t) — yall* < &, t > T, where

2 2
1% 1%
g > — 4« + —— t
( Amin(RP~1) 1) ( Amin (RP~1) 2)
1
(@7 ) e + Amax@;l)w%mx] ’ (12.29)
2 2
A a7 Qg
= + 2 12.30
)\min(RP_l) )\min(RP_l) ( )
o1 2 [\/51W1max + (bs + M/52Womax)u*]|| P~ (P — P)By||
+(v/5101max + (€5 + e5u")) || PY2 By, (12.31)

g 2 [3/5101max + 2(bs + M/Sathamax)u” + (€ + 5u™)]||PY2By||, (12.32)

u* = sup,s [u(®)]], bs £ Amax(Bs), Wimax, @ = 1,2, are norm bounds imposed on Wi,

and P € R™" is a positive-definite solution of the Lyapunov equation
0=A"P+PA+R, R>0. (12.33)

Furthermore, u(t) >> 0 and x(t) >> 0 for all t > 0 and x € @i.

Proof. First, define

W (t) = { 0, otherwise.
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Next, defining e¢(t) 2 £(t) — &, e.(t) 2 2(t) — 2, and £(t) 2 £.(t) — ee(t), and using
(12.9), (12.10), (12.16), (12.17), and (12.22) it follows from (12.4), (12.5), and (12.27)
that

Gelt) = Ace(t) + A + F(E(1), (1)) + Gel(t), ()ut)
— Aeelt) + Bolfu(T (1)) — ST (1) = Gu(T ()] + BoGulT(a(0)ult)
+Bo (Bs+ WS ()L © 2(C(1))])
(=ut) = (B WOl @ o)) W 0(c(0)
= Ace(t) — BaV (001(C(1) — BV ()1 © 02(C()]u(t)

+Bo(Wi(t) = Wi () To1(C(1)) + Boer (2(1), C(¢)) + Boea((t), ((1))u(t),

ee(0) =& — &, t>0, (12.35)

éz(t) = fz(eﬁ(t)v €Z(t)), 6z(0) = 20 — Ze; (12'36)

= AE() + B (0r (C(0) + By (Ba+ WE (0L @ 0(C(0))]) u(t)
~Bo(WA(t) — Wi ()"0 (C(1)) — Boi (a(2),C(1) — Boea(a(t), C(1))u(t),
3

(O) - §00 - 50 + §e7 (1237)

where A £ A— LC, fz(eg, e,) = f2(ec+ e, €, + z), and Wl(t) £ W,(t) —-W;,i=1,2.

To show ultimate boundedness of the closed-loop system (12.24), (12.25), (12.35)—
(12.37), consider the Lyapunov-like function

V(eg, €, g, WI, Wg) = egPeg + ngg + tr WlQIIWIT + tr WQQQ_IWE, (1238)

where P > 0 and P > 0 satisfy (12.26) and (12.33), respectively. Note that (12.38)
satisfies (10.7) with x1 = [eg,gT, (vee W)™, (vee Wo) )T, 25 = e, a(||z1]|) = B(|21]]) =

1|2, where ||z1[|? £ ef Pee + ETPE + tr Wi QT W + tr W2Qy ' WiF. Furthermore,
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a(||z1]]) is a class K function. Now, letting e¢(t), t > 0, and &.(t), t > 0, denote the

solution to (12.35) and (12.27), respectively, and using (12.12), (12.19), (12.24), and

(12.25), it follows that the time derivative of V' (e, e, W, Wg) along the closed-loop

system trajectories is given by

Vi(eg(t), ex(t),£(t), Wi (1), Wa(t))

IN

= 2¢{(t)P| Acg(t) — By () (C(1)) — B <Bs CWE)[L, @ 0a(C (t))]) u(t)
. _

+Bo(Wi (1) — Wi (1)) o1(C (1)) + Boea (2 (t), ¢ |
+2£T ()P AE(1) + BoW + By (Bo+ W (1)1 © 02(C(1))]) ult)
~By(Wi(t) — Wia(£))"o1(C(1)) — Boer(a(2), (1)) — Boeala(t), ())u(t)]
+2tr W (0Q1 WA (1) + 260 W (£)Q5  Wat) |
—ef (t)Ree(t) — £ (1) RE(E) — 2¢f () PBoW (1)o1 (¢(t))

—2¢T(+)PBy (BS FWEDL, @ OQ(C(t))]) u(t)

26T (#) PBy(Wi (1) — Wha (1) To1 (1))

126X (£ PBo(e1(w(2), C(1)) + 2a(a(t), C(B)u(t)) + 28T (O PBV T (£)ors (C(2))
26 (1) PB, (BS WO ® @(C(t))]) u(t)

—28" () PBy(Wi(t) — Wi (1)) "1 (¢ (1))

—26T(£)PBo(e1((t), C(1)) + eal(t), (())u(t))

+2tr W' (6)Proj(Wi (1), o (C())€ PBo)

200 W (1)Proj(Wa(t), [ @ 02(C(1)))62 P Bo)

“Ain(RP | PY2eg(t) 2 = Ain(RP )| PV2E (1))

2 (1)(P = P)BW (o (¢(1))

—2e(t)(P = P)By (B. + W (8)[In ® 0:(C(1))]) u(t)

A€ () PBWT (1)1(C(1) — A (WP By (By + W ()L @ 02(C(1)]) u(t)
2L (6)PBo(=1(2(6),C(1)) + 2a(a(t), (1) u(t))
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—27(8)PBoler (a(t), (1)) + eala(t), C()u(t)
+2(ef ()P — &7 (£)P)Bo(Wi(t) — Wia(£) o1 (C(1))
260 W (1) [Proj (Wi (1), o0 (C(4)€7 PBy) — o0 (C(6))€7 P By

260 W (8) [Proj(Wa(t), [ ® 02(C(0)) )65 PBo) — [ ® 02(C(1)) €7 PBy)

IN

~Amin(RP [P ee(t)[* = Amin (RPH) | PY2E(1)]?

—2¢f (t)(P = P)BoW{ (t)o1(¢(t))

—2eT(1)(P — P)B, (Bs W)L ® Ug(((t))]) u(t)

—AET () PBWT ()0 (C(1) — €7 (1)P By ( B+ WE (D)L @ 0(C(0))]) u(t)
+2e (1) PBo(e1(x(t), C(1)) + e2(x(t), C(1))u(t))

=28 (t) PBo(e1 (w(t), (1)) + ea(x(t), C(£))u(t))

+2(ef ()P — 7 (£) P) Bo(Wi (1) — W (1)) "on (¢(1)), > 0. (12.39)
For the two cases given in (12.34), the last term on the right-hand side of (12.39)

gives:
i) If a(t) >> 0, then Wy, (t) = Wi (t) and hence
2(cf (t)P — E¥ () P)Bo(WA (1) — Wi (1)) "o (¢(£)) = 0.
i) Otherwise, Wi, (¢) = 0 and hence
2(cf (1) P — EX (1) P)Bo(WA (1) — Whu(1) "o (C(8))
= 2(ef ()P — £ () P)BoW T (H)o1 (¢(1))

< 2/51[| P2 Bo | Wimax | P ?ee(t) | + 24/51 | P2 Bo|[Wimax | PY2E(2) ]
(12.40)

Hence, it follows from (12.39) that in either case

Vi(eg(t), ex(8),£(t), Wi (1), Wa(t))
< —Auin(RPH [P 2ec(t)]? = Amin(RP || P2 (1))
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+2/5 Wil [P (P — P) Boll| P 2e(t)]]

+2(bs + my/5sWomax)u” | P~/2(P — P)Bo|[|P* e (1))

A5 Wimax | PV Bo | PV2E(1) |

+4(bs + my/52Wamar Ju™ || P12 Bo ||| PV2E (8|

+2(e1 + exu”) [PY2 Boll| P 2ec(t) | + 27 + equ) || P2 Bol[| P26 (1)
24/ Wil | P2 Bo ||| P2 e(t) | + 2/51Wimax | P2 Boll|| P2 (1)

= Auin(RP ([P 2ec(t)| = a1)* = Auin(RP ) (| P2E()] = 02)” + v,

(12.41)
where v, ay, and ay are given by (12.30) and (12.32), respectively. Now, for
IPY2ee)| > | ———— + (12.42)
- )\min(RP_1> 7
or
P> | — Y L, 12.43
1P > s o (1243

it follows that V(e(t), e.(t), £(t), Wi(t), Wa(t)) < 0 for all t > 0; that is, V(ee(t), e.(t),
(1), Wi(t), Wa(t)) < 0 for all (eg(t), e.(t),E(t), Wi(t), Wa(t)) € D\D, and t > 0,

where (see Figure 12.1)

Do 2 (e, 0., & Wi, W) €R™ X R™™™ x R x R9X™ x R™2X™ 3 € Dt (12.44
3

D, & {(eg,ez,é, Wi, Wa) € R™ x R™™™ x R x RS1X™ x R™Ms2XM
1P 2e]| < an,, | PM2E]| < ag}. (12.45)
Next, define

Do 2 {(eg, 2,6, W1, W2) € R™ X R™ 7 X RY x RV 5 R0

V(ee, ez, €, Wi, W) < a}, (12.46)
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Figure 12.1: Visualization of sets used in the proof of Theorem 12.2

where « is the maximum value such that f)a - f?e, and define

D, & {(eg,ez,g, Wi, Wy) € R™ x R™™™ x R x RS1X™ x R™Ms2XM

V(efaezag7 WhWQ) S 7]}) (1247)
where
N> B(i) = 1=, + 0% + Mnax(Q7 )W max + A (@2 )W ma (12.48)

To show ultimate boundedness of the closed-loop system (12.24), (12.25), (12.35)—
(12.37), assume® that D, C D, (see Remark 12.1 and Figure 12.1). Now, since
V(ef,ez,g, Wi, Ws) < 0 for all (eg,ez,g, Wi, Ws) € D\D, and D, C D,, it follows
that D, is positively invariant. Hence, if (e¢(0), e-(0), £(0), W;(0), Wa(0)) € Dy, then
it follows from Theorem 10.3 that the solution (eg(t),e.(t),£(t), W(t)), t > 0, to
(12.24), (12.25), (12.35)(12.37) is ultimately bounded with respect to (eg, &, Wy, W5)
uniformly in e.(0) with ultimate bound given by ¢ = o '() = /i which yields
(12.29). In addition, since (12.36) is input-to-state stable with e viewed as the

input, it follows from Proposition 10.1 that the solution e, (t), ¢ > 0, to (12.36) is

5This assumption is standard in the neural network literature and ensures that in the error space
D, there exists at least one Lyapunov level set 75,, C D,. In the case where the neural network
approximation holds in R™ with delayed values, this assumption is automatically satisfied. See
Remark 12.1 for further details.
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also ultimately bounded. Furthermore, it follows from Theorem 1 of [223] that there
exist a continuously differentiable, radially unbounded, positive-definite function V :

R™ — R and class K functions 7 (+), 72(+) such that

Vi(e:) fale e2) < —mlle:l)),  lleall = na(l P 2eel)). (12.49)

Since the upper bound for || P1/2¢.||? is given by 7, it follows that the set given by
N {z ER": V(2 —2) < max  Vi(z — ze)}, (12.50)
l—zell=v2 ()

is also positively invariant. Now, since D, and D, are positively invariant, it follows

that

D, & {(;c,é, Wy, Wy) € R™ x RT x RELX™ x RmMs2Xm

V(€_ydaz_627év Wl _WDWZ_WQ) < Oé}, (1251)

is also positively invariant. In addition, since (12.24), (12.25), (12.35)—(12.37) is
ultimately bounded with respect to (eg, W, W) and (12.36) is input-to-state sta-
ble with e¢ viewed as the input it follows from Proposition 10.1 that the solution
(ec(t), ex(t),£(t), Wi(t), Wa(t)), t > 0, of the closed-loop system (12.24), (12.25),

(12.35)(12.37) is ultimately bounded for all (e¢(0), e,(0), £(0), W1 (0), W5(0)) € D,.

Finally, u(t) >> 0, t > 0, is a restatement of (12.22). Now, since G(z(t)) >> 0,
t >0, and u(t) >> 0, t > 0, it follows from Proposition 9.2 that x(¢t) >> 0 for all

t20andxoeﬁi. O

Remark 12.1. It is important to note that the existence of a global neural net-
work approximator for an uncertain nonlinear map using the system outputs and
inputs and its delayed values (as in (12.16), (12.17)) cannot in general be established.

In the proof of Theorem 12.2, as is common in the neural network literature, we
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assume that for a given arbitrarily large compact set D, C R", there exists an ap-
proximator for the unknown nonlinear map up to a desired accuracy. This assumption
ensures that in the error space D, there exists at least one Lyapunov level set such
that D, C D,. In the case where f,(-) and Gy(-) are continuous on R™, it follows
from the Stone-Weierstrass theorem that f,(-) and G(-) can be approximated over
an arbitrarily large compact set D, in the sense of (12.12) and (12.13) and hence
(12.16) and (12.17) hold with sufficiently small d. In addition, we assume that W5(0)
is sufficiently close to the optimal weight Wy so that By + Wa(t)[In @ 02(¢(t))] is

nonsingular for all ¢ > 0.

Remark 12.2. Implementation of (12.23) requires a fixed-point iteration at each
integration step; that is, the controller contains an algebraic constraint on u. For
each choice of 01(-) and o5(+) this equation must be examined for solvability in terms
of u. It is more practical to avoid this iteration by using one-step delayed values of
u in calculating 4. Implementations using both approaches result in imperceptible

differences in our numerical studies.

Remark 12.3. In the case of systems of unknown dimension but with known
relative degree, Theorem 12.2 applies with a slight modification to the input vector
of the neural network; that is, n in (12.15) should be replaced by a sufficiently large

value that is greater than the largest possible system dimension.

In Theorem 12.2 we assumed that the equilibrium point x. of (12.1) is globally
asymptotically stable with u(t) = .. In general, however, unlike linear nonnegative
systems with asymptotically stable plant dynamics, a given set point x. € R’} for the
nonlinear nonnegative dynamical system (12.1) may not be asymptotically stabilizable
with a constant control u(t) = u, € ET. However, if f(x) is homogeneous, coopera-
0f (x)

o

tive; that is, the Jacobian matrix is essentially nonnegative for all z € Ri, the
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Jacobian matrix 82—5?) is irreducible for all x € Ri [20], and the zero solution z(t) = 0
of the undisturbed (u(t) = 0) system (12.1) is globally asymptotically stable, then
the set point z. € R satisfying (12.9), (12.10) is a unique equilibrium point with
u(t) = u, and is also asymptotically stable for all 5 € R, [53]. This implies that the

solution z(t) = x, to (12.1) with u(t) = wu, is asymptotically stable for all =, € R’,.

12.3. Nonlinear Adaptive Output Feedback Control for Gen-
eral Anesthesia

To illustrate the application of our adaptive control framework we consider a hy-
pothetical model for the intravenous anesthetic propofol. The pharmacokinetics of
propofol are described by the three compartment model given in Section 9.6. The
model is shown in Figure 9.3 in Chapter 9 and is given by the three-state compart-

mental system

21(t) = —[ac(c(t)) + aa(c(t)) + azi(c(t))]z1(t) + arz(c(t))za(t) + arz(c(t))zs(t)

+U<t), 513'1(0) = X190, t> O, (1252)
To(t) = a1 (c(t))x1(t) — arz(c(t))za(t), 2(0) = xay, (12.53)
133<t) = &31(0(t>>$1(t> — alg(C(t))xg(t), $3(O) = T30, (1254)

where ¢(t) = x1(t)/Ve, V. is the volume of the central compartment, as;(c) is the rate
of transfer of drug from the central compartment to Compartment 11, a15(c) is the rate
of transfer of drug from Compartment II to the central compartment, as;(c) is the rate
of transfer of drug from the central compartment to Compartment III, ai3(c) is the
rate of transfer of drug from Compartment I1I to the central compartment, a.(c) is the
rate of drug metabolism and elimination (metabolism typically occurs in the liver),
and u(t), t > 0, is the infusion rate of the anesthetic drug propofol into the central
compartment. As in Section 9.6, we assume agi(c) = A Q(c), aa(c) = A12Q(c),
azi(c) = A31Q(c), ai3(c) = A13Q(c), and ae(c) = A.Q(c), where Ao, Ayy, Ajz, As,
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and A, are positive constants. To develop a nonlinear model we assume a sigmoid
relationship between drug concentration in the central compartment and effect so

that
QoCsy

)
50 ¢

Qc) = (12.55)

where the effect is related to ¢ (since ¢ is the presumed concentration in the highly
perfused myocardium), Qg > 0 is a constant, and Csy > 0 is the drug concentra-
tion associated with a 50% decrease in the cardiac output, and o > 1 determines
the steepness of this curve (that is, how rapidly the cardiac output decreases with
increasing drug concentration, ¢). Even though the transfer and loss coefficients Ao,
Ag1, Aiz, Asp, and A, are nonnegative, and a > 1, C59 > 0, and Qg > 0, these
parameters can be uncertain due to patient gender, weight, pre-existing disease, age,
and concomitant medication. Hence, the need for neuro adaptive control to regulate

intravenous anesthetics during surgery is crucial.

Even though propofol concentrations in the blood are known to be correlated with
lack of purposeful responsiveness (and presumably consciousness) [137], they cannot
be measured in real-time during surgery. Furthermore, we are more interested in
drug effect (depth of hypnosis) rather than drug concentration. Hence, we consider
a more realistic model involving pharmacokinetics (drug concentration as a function
of time) and pharmacodynamics (drug effect as a function of concentration) for con-
trol of anesthesia. Specifically, we use an electroencephalogram (EEG) signal as a
measure of drug effect of anesthetic compounds on the brain [67, 174, 215]. Since
electroencephalography provides real-time monitoring of the central nervous system
activity, it can be used to quantify levels of consciousness and hence is amenable for
feedback (closed-loop) control in general anesthesia. As discussed in Chapter 7, a
new EEG indicator, the Bispectral Index (BIS), has been proposed as a measure of

anesthetic effect [174]. This index quantifies the nonlinear relationships between the
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component frequencies in the electroencephalogram, as well as analyzing their phase
and amplitude. The BIS signal is a nonlinear monotonically decreasing function of

the level of consciousness and is given by

07
BIS(ce) = BISy [ 1 — ——<f 12.
s =i (1= 7). i

where BIS, denotes the baseline (awake state) value and, by convention, is typically
assigned a value of 100, c.g is the propofol concentration in micrograms/mililiter
in the effect site compartment (brain), ECsy is the concentration at half maximal
effect and represents the patient’s sensitivity to the drug, and v determines the de-
gree of nonlinearity in (12.56). Here, the effect site compartment is introduced as
a correlate between the central compartment concentration and the central nervous
system concentration [205]. The effect site compartment concentration is related to

the concentration in the central compartment by the first-order delay model

Cot () = ae(c(t) — ce(t)), ce(0) =¢(0), t>0, (12.57)

l'is an unknown positive time constant. In reality, the effect site

where a.g in min~
compartment equilibrates with the central compartment in a matter of a few minutes.
The parameters aqg, ECsg, and 7y are determined by data fitting and vary from patient
to patient. BIS index values of 0 and 100 correspond, respectively, to an isoelectric
EEG signal and an EEG signal of a fully conscious patient; while the range between
40 and 60 indicates a moderate hypnotic state [215]. Figure 12.2 shows the combined

pharmacokinetic/pharmacodynamic model for propofol distribution.

For set-point regulation define e(t) £ x(t) — x,, where z, € R* is the set point

satisfying the equilibrium condition for (12.52)-(12.54) and (12.57) with x1(t) = @1,

To(t) = Tog, X3(t) = Loz, Cof = ECs0, and u(t) = ue, so that fo(e) = [fer(€), fea(€),
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Figure 12.2: Combined pharmacokinetic/pharmacodynamic model

Jes(€), fea(e)]" is given by

fei(€) = —[ac(c) + ani(c) + azi(c)](e1 + Te1) + ara(c)(ea + Tea) + ar3(c)(e3 + e3)

—lae(ce) + a1 (ce) + azi(ce)]Ter + a12(Ce)Teg + a13(Ce)Tes,
fea(€) = an(c)(er + xe1) — ar2(c)(e2 + Tea) — [@21(Ce)Te1 — a12(Ce)Tes),
fes(e) = azi(c)(er + ze1) — arz(c)(es3 + Tez) — [az1(ce)Ter — a13(Ce)Tes),

fes(€) = esi(c — (4 + ECsp)) — aei(€e — ECs0),

(12.58)
(12.59)
(12.60)

(12.61)

where ¢, 2 10, /V.. Next, linearizing f.(e) about 0 and computing the eigenvalues of

the resulting (compartmental) Jacobian matrix, it can be shown that z, is asymptot-

ically stable.

In the following numerical simulation we set EC5q = 5.6 ug/mf, v = 2.39, and

BISy = 100, so that the BIS signal is shown in Figure 12.3. The target (desired) BIS

value, BlS;arget, is set at 50. Now, using the adaptive output feedback controller

uy(t) = max{0, 4y (¢)},
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Figure 12.3: BIS index versus effect site concentration

where
in(t) = — Wi (Hor((1)) , (12.63)
bs + Wy (t)o2(C(1))
C(t) = [BIS(t), BIS(t — d), ui(t), u, (t — d)]", (12.64)
by > 0, with update laws
Wi(t) = Qurs, Proj(Wi (1), o1 (C(H)EX (1) PBy),  Wi(0) = W, (12.65)

WQ(t):QBISQProj(Wg(t),ag(C(t))u(t)ch(t)PBo), Wy(0) = Wao, (12.66)

where Qprs, and Qprs, are arbitrary positive scalars and &.(t) € R? ¢ > 0, is the

solution to the estimator dynamics

Ee(t) = AL(t) + L(=BIS(t) = ye(t) + BlStarger),  £e(0) = &er 20, (12.67)

Yelt) = Ee(t), (12.68)

where A € R?*2 and L € R?*!, it follows from Theorem 12.2 that there exist positive
constants € and 7" such that |BIS(t) — BlSiarget| < €, t > T, for any (uncertain) posi-

tive values of the pharmacokinetic transfer and loss coefficients (Aqa, As1, A1s, A1, Ae)
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as well as any (uncertain) nonnegative coefficients «, Csg, and @)p. It is important
to note that during actual surgery the BIS signal is obtained directly from the EEG
and not (12.56). Furthermore, since our adaptive controller only requires the er-
ror signal BIS(ce(t)) — BIStarget, We do not require knowledge of the pharmacody-
namic parameters 7 and ECjp. For our simulation we assume V. = (0.228 ¢/kg)(M
kg), where M = 70 kg is the weight (mass) of the patient, A3;Q¢ = 0.112 min~?,
A1xQo = 0.055 min™!, A3;Q0 = 0.0419 min~!, A;3Q = 0.0033 min~!, A.Qy =
0.119 min™', a = 3, and Csy = 4 pg/ml [169]. Note that the parameter values
for a and Cyy probably exaggerate the effect of propofol on cardiac output. They
have been selected to accentuate nonlinearity but they are not biologically unrealis-
tic. Furthermore, to illustrate the robustness of the proposed adaptive controller we
switch the pharmacodynamic parameters EC5y and ~, respectively, from 5.6 ug/m/
and 2.39 to 7.2 pg/ml and 3.39 at ¢ = 15 min and back to 5.6 pug/m¢ and 2.39
at t = 30 min. Here, we consider noncardiac surgery since cardiac surgery often

-1 -1
L=10,1]7, b, =1, Qprs, = Qprs, = 8.0 x 107° g/min?, d = 0.005, and initial con-

utilizes hypothermia which itself changes the BIS signal. With A = [ N ]’

ditions z(0) = [0, 0, 0] g, cer(0) = 0 g/ml, £.(0) = [0, 0], W1(0) = 0g4x1 g/min,
and VVQ(O) = 0g4x1, Figure 12.4 shows the masses of propofol in the three compart-
ments versus time. Figure 12.5 shows the concentrations in the central and effect site
compartments versus time. Figure 12.6 shows the compensator states versus time.
Finally, Figure 12.7 shows the BIS index and the control signal (propofol infusion

rate) versus time.
12.4. Conclusion

Nonnegative and compartmental systems are widely used to capture system dy-

namics involving the interchange of mass and energy between homogenous subsystems
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or compartments. Thus, it is not surprising that nonnegative and compartmental
models are remarkably effective in describing the dynamical behavior of biological
systems, physiological systems, and pharmacological systems. In this chapter, we de-
veloped a neural adaptive dynamic output feedback control framework for adaptive
set-point regulation of nonlinear uncertain nonnegative and compartmental systems.
Using Lyapunov methods the proposed framework was shown to guarantee ultimate
boundedness of the error signals corresponding to the physical system states and
the neural network weighting gains while additionally guaranteeing the nonnegativity
of the closed-loop system states associated with the plant dynamics. Finally, us-
ing a nonlinear four-compartment pharmacokinetic/pharmacodynamic patient model
for the disposition of anesthetic drug propofol, the proposed neuro adaptive control
framework was used to monitor and control a desired constant level of consciousness

for noncardiac surgery.
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Chapter 13

A Lyapunov-Based Adaptive
Control Framework for
Discrete-Time Nonlinear
Systems with Exogenous
Disturbances

13.1. Introduction

The purpose of feedback control is to achieve desirable system performance in the
face of system uncertainty and system disturbances. Although system identification
can reduce uncertainty to some extent, residual modeling discrepancies always remain.
Controllers must therefore be robust to achieve desired disturbance rejection and/or
tracking performance requirements in the presence of such modeling uncertainty. To
this end, adaptive control along with robust control theory have been developed
to address the problem of system performance in the face of system uncertainty in

control-system design without excessive reliance on system models.

Adaptive controllers directly or indirectly adjust feedback gains to maintain closed-
loop stability and improve performance in the face of system errors. Specifically, indi-

rect adaptive controllers utilize parameter update laws to estimate unknown system
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parameters and adjust feedback gains to account for system variation, while direct
adaptive controllers directly adapt the controller gains in response to system varia-
tions. Even though adaptive control algorithms have been developed in the literature
for both continuous-time and discrete-time systems, the majority of the discrete-
time results are based on recursive least squares and least mean squares algorithms
[56,61,71,72,177] with primary focus on state convergence. Alternatively, Lyapunov-
based adaptive controllers have been developed for continuous-time systems guar-
anteeing asymptotic stability of the system states (see for example [136, 147, 176]).
Notable Lyapunov-based adaptive control algorithms for discrete-time systems are
given in [128,196,230,242]. However, the literature on discrete-time adaptive distur-

bance rejection control using Lyapunov methods is virtually nonexistent.

For discrete-time dynamical systems, Lyapunov-based frameworks for adaptive
control are quite intricate since the Lyapunov difference does not remove terms in-
volving the model reference stabilizing gain from the resulting Lyapunov difference
expression. This leads to asymptotic nonpositivity of the Lyapunov difference and
thus Lyapunov stability cannot be guaranteed [230]. This difficulty was first pointed
out by [132] and is the main reason why Lyapunov-based discrete-time adaptive con-
trol is not a straightforward extension of continuous-time adaptive control theory.
As a result, most of the discrete-time adaptive model reference and tracking con-
trol results are based on the classical key technical lemma which does not guarantee

Lyapunov stability.

In this paper, using a logarithmic Lyapunov function we develop a Lyapunov-based
direct adaptive control framework for adaptive stabilization, disturbance rejection,
and command following of multivariable discrete-time nonlinear uncertain systems
with exogenous bounded amplitude disturbances and ¢ disturbances. These results

are analogous to, but by no means a direct extension of, the recent continuous-time
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adaptive disturbance rejection results in [84] for continuous-time nonlinear uncertain
systems. In contrast to the results presented in [84], logarithmic Lyapunov functions
are shown to be essential for discrete-time Lyapunov-based adaptive control. Specif-
ically, a logarithmic Lyapunov-based direct adaptive control framework is developed
that guarantees partial asymptotic stability of the closed-loop system; that is, asymp-
totic stability with respect to part of the closed-loop system states associated with
the plant. Furthermore, in the case where the nonlinear system is represented in
normal form, the nonlinear discrete-time adaptive controller is constructed without
requiring knowledge of the system dynamics or system disturbances. In the case
where the system disturbances are ¢y disturbances, the proposed framework guaran-
tees that the closed-loop nonlinear input-output map from uncertain exogenous /5
disturbances to system performance variables is nonexpansive and the solution of the
closed-loop system is partially asymptotically stable. The proposed adaptive con-
troller thus addresses the problem of disturbance rejection for nonlinear uncertain
discrete-time systems with bounded energy (square-summable) ¢ signal norms on

the disturbances and performance variables.

The contents of the chapter are as follows. In Section 13.2 we present our main
direct adaptive control framework for adaptive stabilization, disturbance rejection,
and command following of multivariable nonlinear uncertain discrete-time systems
with matched exogenous bounded disturbances. In Section 13.3 we extend the re-
sults of Section 13.2 to nonlinear uncertain discrete-time systems with exogenous /5
disturbances without a matching condition requirement. Three illustrative numerical
examples are presented in Section 13.4 to demonstrate the efficacy of the proposed
direct adaptive stabilization and tracking framework. Finally, in Section 13.5 we draw

some conclusions.
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13.2. Discrete-Time Adaptive Control for Nonlinear Systems
with Exogenous Disturbances

In this section we consider the problem of characterizing adaptive feedback con-
trol laws for nonlinear uncertain discrete-time systems with exogenous disturbances.

Specifically, consider the controlled nonlinear uncertain discrete-time system G given

by
z(k+1) = f(x(k)) + Gz(k)ulk) + J(z(k)w(k), =x(0)==z0, keN, (13.1)

where x(k) € R", k € N, is the state vector, u(k) € R™, k € N, is the control input,
w(k) € R4, k € N, is a known bounded disturbance vector such that ||w(k)|s < 4,
ke N, f:R"— R" and satisfies f(0) =0, G : R" — R™™ is such that rank G(z) =
m, € R?, and J : R — R™ is a disturbance weighting matrix function with
unknown entries. Note that even though w(k), k € N/, is assumed to be known, the
disturbance signal J(z(k))w(k), k € N, is an unknown bounded disturbance. The
control input u(-) in (13.1) is restricted to the class of admissible controls consisting

of measurable functions such that u(k) € R™, k€ N.

Theorem 13.1. Consider the nonlinear system G given by (13.1). Assume there
exist a matrix K, € R™** functions Vs : R" — R, G:R"— R™ ™ F . R" — R*
P, i R* — R>™ ¢ R* — R! a nonnegative-definite matrix function P, : R* —
R™ ™ “and positive constants 7, €, p, and v such that V;(-) and ¢(-) are continuous,

V4(0) = 0, £(0) = 0, det G(z) # 0, z € R, GT(2) Pay(2)G(2) < v, z € R", and, for

all z € R" and v € R™,

Vo(f(2) + G(2)u) = Vi(f(2)) + Pru(@)u + v Pou(2)u, (13.2)
0> Vi(fi(x)) = Vi(x) + €7 (2)l(x) + e Pr,(2)G(2) G () P (), (13.3)
FY(z)F(z) <y2%z, xeR", (13.4)
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Vi(x) > pat, (13.5)

where

fo(x) £ f(z) + G(2)G(2) K F(x). (13.6)
Furthermore, assume there exists a matrix ¥ € R™* such that G(z)G(x)¥ = J ().
Finally, let Z(k) 2 [FT(z(k)),wT(k)]", ¢ > 0, and Q € R™™ be positive definite

such that A\pax(Q) < 2. Then the adaptive feedback control law

u(k) = Gz(k) K (k)i (k), (13.7)

where K (k) € R™6+d) L ¢ | with update law

K(k+1) = K(k) = sarimam QG (@ (k)G (@(k)[e(k+1) = fu(z(k)]Z" (k). (13.8)

guarantees that the solution (z(k), K(k)) = (0,[Kg, —WV]) of the closed-loop system

g

given by (13.1), (13.7), and (13.8) is Lyapunov stable and ¢(x(k)) — 0 as k — oco. If,
in addition, (T (z)¢(x) > 0, z € R", x # 0, then x(k) — 0 as k — oo for all o € R™.

Proof. First, define K(k) £ K(k) — K, and a(k) 2 K(k)Z(k), where K, 2
[Kg, —V]. Note that with u(k), k € N, given by (13.7) it follows from (13.1) that

w(k+1) = f(a(k)) + Gla(k))Ga(k) K (k)Z(k) + I (x(k))w(k), «(0) =0, keN,
(13.9)
or, equivalently, using (13.6) and the fact that G(z)G(z)¥ = J(z),

w(k+1) = fu(x(k) + Gla(k)G(x(k)) K (k)F(k)
= f(z(k) + Ga(k)G(x(k))ak), =(0) =z, keN. (13.10)

Furthermore, note that adding and subtracting f(g to and from (13.8) and using
(13.10) it follows that

K(k+1) = K(k) = 5rigem @G (@(k) G (@ (k))[G (2 (k) G (x(k) K (k)F(k)]E" (k)
= K(k) = ariam @K (0)Z(k)Z" (k). (13.11)
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To show Lyapunov stability of the closed-loop system (13.10) and (13.11), consider

the Lyapunov function candidate

Vi(z, K) =In(1+ Vi(z)) + atr(K — K,)"Q" Y (K — K,), (13.12)
where
L+v { 5
a>—% — _ .max 52+c,—}. 13.13
>\min(2l - Q) % ( )

Note that V/(0, f(g) = 0 and, since V() and @ are positive definite and a > 0,
V(z,K) > 0 for all (z,K) # (0, K,). Furthermore, V(z, K) is radially unbounded.
Now, letting z(k), k € N, denote the solution to (13.10) and using (13.2), (13.3),
and (13.11), it follows that the Lyapunov difference along the closed-loop system

trajectories is given by

AV (z(k), K(k)) = V(z(k+1), K(k+1)) — V(x(k), K(k))

= In (14 Vi(s(a(k)) + G(a(k) Glx(k))a(k))
vatr (K(k) - ka(k)f(k)iT(k)f -1
(K ) — ot @R (MR () ) = In(1+ Vi(a (k)
—atr KT (k) Q'K (k)

— (14 Vi@ (k) + Pra(a(k))Ga(k))a(k)
()G (0 (k) Paw (k)G (R) (k) — Va(a(h))]
1+ Va(a (k) )

+atr KY(K)Q ™K (k) i KT (k) K (k)2 (k)E" (k)

~ T
+amrigame 2 (R)ET (R KT () QK (k)7 (k)Z" (k)

—atr KT (B)Q 'K (k)
< = (@ (k) (k)) = ePr(a (k)G (k) G (2 (k) Pl (k)

+Pru(a(k)Ga(k))alk) +vat (k)a(k) | [1+ Vi(z (k)]
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+ ot (R KT (R)QK (k)E(k), (13.14)

where in (13.14) we used Ina —Inb =In ¢ and In(1+¢) < ¢ for a,b > 0 and ¢ > —1,

I.Z’

respectively, and =t

< 1. Now, adding and subtracting - T H(/.k()“((k))) to and from

(13.14) and collecting terms yields

AV (z(k), K(k))

< —mea @) (k)

1 T eG(z(k)GT(x(k)) —iG(z(k PL (z(k
ettt ) | A 160 |0
o (LA (R)a(k) + v (R)a(k)
ot (R R (R) (2L — QR (E(K)
OER)E) | F R R ), wlk) K (R)ik)
TR (B mam) iy 0 PN 13
where
R(z,w) 2 a(1 + Vi(z)) (2L, — Q) — (4% + y) (c+1%)1,,. (13.16)

Noting that 27,, — @ > 0, since by assumption A\p.x(Q) < 2, and a satisfies (13.13),

it follows that

R(z,w) > a(l + pz"z) (21, — Q) — 4_15 + V) (6% + c+ FY(2)F(x))1,,

£

> a(l + px"2) (21, — Q) — (% + 1/) (6 +c+72"z) L,

>0, (z,w)eR" xR (13.17)

Hence, the Lyapunov difference given by (13.15) yields

CR)(x(R) T (R)KT(k ) R (k ),w(k))ff(k)i(k)
AV (z(k), K (k) < LTG0 =T )

<0, keN, (13.18)
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which proves that the solution (z(k), K (k)) = (0, K) to (13.10) and (13.11) is Lya-
punov stable. Furthermore, it follows from (the discrete-time version of) Theorem 2
of [42] that ¢(z(k)) — 0 as k — oo. Finally, if {Y(x)¢(x) > 0, x € R™, 2 # 0, then

z(k) — 0 as k — oo for all o € R". O

Remark 13.1. Note that in the case where (T (x)l(x) > 0, z € R™, x # 0, the
conditions in Theorem 13.1 imply that z(k) — 0 as k — oo and hence it follows from
(13.8) that (z(k), K(k)) — M & {(z,K) € R* x R™*(+d) . p = 0 and K(k + 1) =
K(k)} as k — 0.

Remark 13.2. Theorem 13.1 is also valid for time-varying uncertain dynamical

systems Gy of the form

z(k+1) = f(k,z(k)) + G(k,x(k)u(k) + J(k,z(k))w(k), x(0)=z9, keEN,
(13.19)
where f: N x R"™ — R"™ and satisfies f(k,0) =0, k € N, G: N x R" — R"™™_and
J : N x R* — R™?, In particular, replacing F : R® — R* by FF : A/ x R" — R*®
and G : R" — R™™ by G : N x R* — R™™_ and requiring FT(k,2)F(k,z) <
yzTz, ¥ > 0, k € N, in place of (13.4) and G(k,:v)@(k,x)\ll = J(k,z) in place

of G(z)G(x)¥ = J(x), it follows by using identical arguments as in the proof of

Theorem 13.1 that the adaptive feedback control law
u(k) = Gk, z(k)) K (k)z(k), (13.20)
where #(k) = [FT(k,2(k)), wT(k)]", with update law

K(k+1) = K(k) = szrimam QG (k, (k)G (k, 2(k) [x(k + 1) — fu(x(k))]Z" (k),
(13.21)
where fi(z) = f(k,z) + G(k, 2)G(k,z) K F(k, x), guarantees that the solution (z(k),
K(k)) = (0, [K,, —¥]) of the closed-loop system (13.19)-(13.21) is Lyapunov stable

and z(k) — 0 as k — oo for all zy € R™.
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Remark 13.3. It follows from Remark 13.2 that Theorem 13.1 can also be used
to construct adaptive tracking controllers for nonlinear uncertain dynamical systems.
Specifically, let rq(k) € R™, k € N, denote a command input and define the error

state e(k) 2 x(k) — rq(k). In this case, the error dynamics are given by

e(k+1) = filk,e(k)) + Gi(k, e(k))u(k) + Ji(k, e(k))wi(F),

e(0) =ey, keN, (13.22)

where fy(k,e(k)) = f(e(k) + rq(k)) — n(k), with f(rq(k)) = n(k), Gk(k,e(k)) =
G(e(k)+ra(k)), and Ji(k, e(k))wk(k) = n(k) —ra(k+1)+ J(e(k)+rqa(k))w(k). Now,
the adaptive tracking control law (13.20) and (13.21), with x(k) replaced by e(k),

guarantees that e(k) — 0 as k — oo for all eg € R™.

It is important to note that the adaptive control law (13.7) and (13.8) does not
require explicit knowledge of the gain matrix K, the disturbance matching matrix
U, the disturbance weighting matrix function J(z), and the positive constants v, 7, ¢,
and p; even though Theorem 13.1 requires the existence of K, and ¥ along with the
construction of F(z), G(z), and Vi(x) such that G(z)G(z)¥ = J(z) and (13.2)(13.5)
hold. Furthermore, if (13.1) is in normal form with asymptotically stable internal
dynamics [122] and if the linear growth condition f*(z)f(x) <Az z, x € R*, 4 > 0,
holds, then we can always construct functions Vi : R” — R, F' : R" — R® and
G : R" — R™™ guch that (13.2)—(13.5) hold without requiring knowledge of the
system dynamics. For simplicity of exposition in the ensuing discussion we assume

that J(z) = D, where D € R™? is a disturbance weighting matrix with unknown

entries.
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To elucidate the above discussion assume that the nonlinear uncertain system G

is generated by the difference model

m

gk +7) = fui(z(k) + ) Gopy (2(k))us (k) + > Daywi(k), k€N,

Jj=1

i=1,--,m, (13.23)

where 7; € N denotes the time delay (or relative degree) with respect to the output z;,
z2(k) = [z1(k), -, z1(k+7m = 1), zm(k), -+, 2m(E+ T — 1)], 2(0) = 20, ﬁ(i,l) € R,
i=1,---m,l=1,---,d,and wy(k) e R, k e N, 1 =1,---,d. Here, we assume that
the square matrix function G(z) composed of the entries Gs(m-)(z), ,7=1,---,m,1is
such that det G5(z) # 0, z € R”, where 7 = 71+ - - +7,,,. Furthermore, since (13.23) is
in a form where it does not possess internal dynamics, it follows that 7 = n. The case

where (13.23) possesses input-to-state stable internal dynamics can be analogously

handled as shown in Section 2.2.

Next, define z; (k) £ [2(k), -, zi(k+7,=2)]", i = 1,---,m, 2y (k) £ [21(k+7
1), 2k + 7 — D]T, and x(k) £ [2T(k), -, 25 (k)]" so that (13.23) can be
described by (13.1) with

flz) = Az + fu(z), G(z)= l OWGS@;’” } . J(@)=D= l Otn-myxa } . (13.24)

where

A=l | =] ],
Ay € R(=m)xn g 5 known matrix of zeros and ones capturing the multivariable
controllable canonical form representation [43], f, : R™ — R™ is an unknown function
and satisfies f(z)fu(z) < vozTz, € R™, where v, > 0, G5 : R* — R™ ™ and
D € R™*?, Here, we assume that fu(x) is unknown and is parameterized as f,(x) =
O fu(z), where f, : R®™ — R? and satisfies fI(x)fu(2) < yaztz, 2 € R™, where v, > 0,

and © € R™*? is a matrix of uncertain constant parameters.
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Next, to apply Theorem 13.1 to the uncertain system (13.1) with f(z), G(x), and

D given by (13.24), let K, € R™**, where s = g + r, be given by
K,=[0,—-0, ¢,], (13.25)
where ©, € R"*? and &, € R™*" are known matrices, and let

F(x) = { j}ig ] : (13.26)

where f, : R" — R satisfying fT(2)fu(2) < 42Tz, z € R", 4, > 0, is an arbitrary

function. In this case, it follows that, with G(z) = G;'(z),

fi(z) = flz) + G(2)G(x) K F(z)

= o o+ | e | 600 [ 0usile) - (o) + Bufufo) |

{ nan(n T )<I>1 ful) } ' (13.27)
G(x
)

Note that, with ) = G;Y(z), ¥ in Theorem 13.1 can be taken as ¥ = D so that

G(z)G(x)¥ = J(z) = D is satisfied, and (13.4) is satisfied with 7 > v, + 4.

Now, since ©, € R™*? and &, € R™" are arbitrary constant matrices and
f, : R" — R" is an arbitrary function we can always construct K,, Vi(z), and
F(z) without knowledge of f(z) such that (13.2)-(13.5) hold. In particular, choosing
Onfa(x) + Pufu(z) = Az, where A € R™" it follows that (13.27) has the form
fs(x) = Agx, where Ay = [Ag, AT} ' is in multivariable controllable canonical form.
Hence, in the case where G(x) = B, choosing A such that A, is asymptotically stable
it follows that for sufficiently small ¢ > 0 there exists a positive-definite matrix P

satisfying the following Riccati inequality
0> ATPA,— P+ R+4eAPBBTPA,, (13.28)

where R is a positive-definite matrix. In this case, with Vi(z) = 2" Pz, (13.2)-
(13.5) are satisfied with G(z) = I, Piu(z) = 22TATPB, P, (z) = BTPB, and
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< Amin(P), and hence the adaptive feedback controller (13.7) with update law
(13.8) guarantees global asymptotic stability of the nonlinear uncertain discrete-
time dynamical system (13.1) where f(z), G(z), and J(z) are given by (13.24) with
Gs(x) = Bs € R™ ™. As mentioned above, it is important to note that it is not
necessary to utilize a feedback linearizing function F'(z) to produce a linear fy(z).
However, when the system is in normal form, a feedback linearizing function F'(x)

assures the existence of Vi(x) that satisfies the conditions (13.2)—(13.5).

It is important to note that by choosing ©, = ®,, = 0 considerable simplification

occurs in the update law. Specifically, in this case it follows that

G(@(0) = [ Oome G200 ]| 2|00

mxn

and hence the update law (13.8) can be simplified as

K(k+1) = K(k) — —==QG  (x(k)) Gt (x(k))x(k + 1)ZT (k). (13.29)

c+a T (k)z (k)

Finally, it is also important to note that Theorem 13.1 is not restricted to dynamical
systems satisfying the linear growth constraint fT(x)f(z) < 42Tz, 2 € R", 4 > 0.
Theorem 13.1 can be used to construct adaptive discrete-time controllers so long as
the function F'(z) satisfies (13.4) and and we can construct a function fs(x) such that

(13.3) holds.

Next, we consider the case where f(x) and G(z) are both uncertain. Specifically,
we assume that G(z) is such that G5(z) is unknown and is parameterized as Gg(x) =
B.Gy(z), where G,, : R" — R™*™ is known and satisfies det G,(x) # 0, x € R", and
B, € R™™ with det B, # 0 and 0yax(By) < «, a > 0, is an unknown symmetric
sign-definite matrix but a bound « for the maximum singular value of B, and the
sign definiteness of B, are known; that is, B, > 0 or B, < 0. For the statement of
the next result define By = [Omx(n_m), Im}T for B, > 0, and By = [Omx(n_m), —Im]T
for B, < 0.
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Corollary 13.1. Consider the nonlinear system G given by (13.1) with f(x),
G(z), and J(z) given by (13.24), and G5(z) = ByGxu(z), where By, with oyax(By) < a,
a > 0, is an unknown symmetric sign-definite matrix and the sign definiteness of
B, is known. Assume there exist a matrix K, € R™** functions V5 : R" — R,
F:R" - R* P, :R* — R ¢:R" — R' a nonnegative-definite matrix function
Py, : R* — R™™ and positive constants 7, €, p, and v such that V(-) and £(-) are
continuous, V5(0) = 0, £(0) = 0, &G, " (2) Pou(2)G, (2) < vI,, x € R", & > &,
and, for all z € R™ and u € R™, (13.2)—(13.5) hold. Then the adaptive feedback
control law

u(k) = 471G @ (k) K (k)T (k), (13.30)

where K (k) € R™(+) ke N and #(k) £ [FY(x(k)), w"(k)]", with update law

K(k+1) = K(k) — grism Bo o (k + 1) — fu(z(k)]z" (k) (13.31)

guarantees that the solution (x(k), K (k)) = (0, Ky, —¥]), where ¥ € R™*4  of the
closed-loop system given by (13.1), (13.30), and (13.31) is Lyapunov stable and
l(z(k)) — 0 as k — oo. If, in addition, ¢T(z)f(z) > 0, x € R*, x # 0, then

z(k) — 0 as k — oo for all o € R".

Proof. The result is a direct consequence of Theorem 13.1. First, let G(x) =
a~'Gy(x) and W = 4B D so that G(2)G(2) = [Omx(n_m), &' Bu]T and G(2)G(2)¥
= D, and let K, = 4B;'[0,,— O, ®,]. Next, since @ in (13.8) is an arbitrary positive-
definite matrix with A, (Q) < 2, it can be replaced by a™!|B,| = dfl(Bg)%, where
(-)2 denotes the (unique) positive-definite square root. Now, since B, is symmet-
ric and sign definite it follows from the Schur decomposition that B, = UDg UT,
where U is orthogonal and Dp, is real diagonal. Hence, a~!|B,|G~(x)Gi(z) =
0 (n—m): Im) = Bg , where Z,, = I, for B, > 0 and Z,,, = —I,,, for B; < 0. Now,
(13.8) implies (13.31). O
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13.3. Adaptive Control for Nonlinear Systems with /s Dis-
turbances

In this section we consider the problem of characterizing adaptive feedback con-
trol laws for nonlinear discrete-time uncertain dynamical systems with exogenous /5
disturbances. Specifically, we consider the controlled nonlinear uncertain system G

given by

x(k+1) = f(x(k)) + Glz(k))u(k) + J(x(k)w(k), x(0)=u1z¢, w(-)€ly, keN,
(13.32)
with performance variables

z(k) = h(z(k)), (13.33)

where z(k) € R", k € N, is the state vector, u(k) € R™, k € N/, is the control input,
w(k) € RY k € N, is an unknown bounded energy ¢, disturbance, z(k) € RP, k € N,
is a performance variable, f : R" — R™ and satisfies f(0) = 0, G : R" — R™*™,
J:R" — R™4 and h : R™ — RP is continuous and satisfies h(0) = 0. The following
theorem generalizes Theorem 13.1 to discrete-time nonlinear uncertain dynamical

systems with exogenous /¢y disturbances.

Theorem 13.2. Consider the nonlinear system G given by (13.32) and (13.33).
Assume there exist a matrix K, € R™** functions V5 : R" — R, G:R"— Rmxm
F:R" »R°, P, : R* — RY™, P R* — R4 P, R — R™< nonnegative-
definite matrix functions Py, : R* — R™™ and P, : R* — R%4 and positive con-
stants 7, 9, a, £, j1, and v such that Vi(+) is continuous and satisfies (13.5), V;(0) = 0,
det G(x) # 0,z € R", F(z) satisfies (13.4), (G~ ()G () J (2)) (G~ Y z)G' ()] (2)) <
6l x© € R, GT(x)Pgu(m)é(a:) < vl,, v € R" and, for all x € R", u € R™, and
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w € RY,

Va(f(2) + G(z)u + J(2)w) = Vi(f(2)) + Pra(@)u+ 0" Pou(2)u + Pro(z)w

+u Py (z)w + w' Py (z)w, (13.34)
0> Vi(fs(x)) = Vi(z) + T(x) + ePp () G(2) G (2) PE (x),  (13.35)
1
e 1 - ~
g (2~ Q) 2 T Ep s Pul@PL ), € R (1330)

where fs(x) is given by (13.6),

[(x) 2 1P, (2)[(V? = 33 — Pou(@)] ' P (z) + AT (x)h(z),  (13.37)

Pou(2) £ 13 G (@) Pu(2) — s G (2) G (2) T ()
+ o QG (2) G (2) T (), (13.38)

v >0, (V2= A)n — Poy(z) > 0, Q € R™™ is positive definite with A\, (Q) < 2,

and 7 is such that

~9 e
7 aa)‘max(@) N
— > R" 13.
TH V@) cx FimF@ =~ % vERY (13.39)
where A € R. Then the adaptive feedback control law
u(k) = Gla(k)) K (k) F(x(k)), (13.40)

where K (k) € R™*s k € N, with update law

K(k+1) = K(F) ~ crpryr @0 ()G k) ok + 1) — fi(a(R))F™(h),

(13.41)
guarantees that the solution (z(k), K(k)) = (0, K,) of the undisturbed (w(k) = 0)
closed-loop system given by (13.32), (13.40), and (13.41) is Lyapunov stable and
h(z(k)) — 0 as k — oo. If, in addition, hT(z)h(z) > 0, z € R", x # 0, then z(k) — 0
as k — oo for all xy € R™. Furthermore, the solution z(k), k € N/, to the closed-loop

system given by (13.32), (13.40), and (13.41) satisfies the nonexpansivity constraint
K—1

YRR VQICz_:le(kz)w(kz) +V(@(0),K(0), K20, 7>0, w()eb
1+ Ve(z(R) — = | - | |

(13.42)
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where

V(r, K) £ In(1 + Vi(z)) + atr(K — Ko)"Q (K — K,). (13.43)

Proof. First, define K (k) 2 K(k) — K, #(k) = F(x(k)), and (k) & K (k)i (k).
Note that with u(k), k € N, given by (13.40) it follows from (13.32) that

w(k+1) = f(x(k)) + Gla(k)Ga(k) K (k)F (k) + J(x(k))w(k),

z(0) =xo, w(-) €Ly, keN, (13.44)
or, equivalently, using the definition for f;(x) given in (13.6),

o(k+1) = fi(a(k) + G(a(k)G(a(k) K (k)Z (k) + J (2 (k))w(k)

z(0) = xo, w() €ly, keN. (13.45)

Furthermore, note that by adding and subtracting K, to and from (13.41) and using
(13.45) it follows that

Rk +1) = K(k) = srrlm QG @) G @(W)[G ()G (k) K (k)
I (@) (k)a" (k)
= K(F) — srm QK (307 (R)

et QO (k)G (2 (k) T (k) Y (R)E" (k). (13.46)

To show Lyapunov stability of the undisturbed closed-loop system (13.45) and (13.46)
consider the Lyapunov function candidate given by (13.43). Note that V (0, K,) =0
and, since V4(-) and @ are positive definite and a > 0, V(z, K) > 0 for all (z, K) #
(0, Kg). Furthermore, V (z, K) is radially unbounded. Now, since (13.34) collapses to
(13.2) in the case where w(k) = 0, Lyapunov stability of the undisturbed closed-loop
system (13.45) and (13.46) as well as (k) — 0 as k — oo for all zy € R follows as

in the proof of Theorem 13.1.
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To show that the nonexpansivity constraint (13.42) holds, note that, for all w €
Rd
. T - _
0 < [3P(@) = (7" = ) — Pew(@)w] " [(v* = 3 I — Pow()] ™"
(3P (@) = (7" = ) I — Pou())w]
=T(2)+ (v = 7w w — 272 — Py (2)w — w" Py (2)w. (13.47)
Now, let w(-) € {5 and let z(k), k € N, denote the solution of the closed-loop system
(13.45). Then, using (13.34), (13.35), (13.39), (13.46), and (13.47), the Lyapunov
difference along the closed-loop system trajectories is given by
AV (x(k), K (k)

= (14 Ve Al (k) + Gla(k)ulk) + T (a(k)w(k))

= In(1+ [Va(ale (k) + Pra(a(k))Ga(k) (k)
+a" (k)G (2(k)) Pou(x (k) G (2 (k) a(k) + Pr((k))w(k)
+" (k)G (2(k)) Puw (2 (k) w (k) + w" (k) P (2 (k) Jw (k) — Vs(x(k))]
T+ Vi (R)]Y) + ate KT (0)Q ™ K (k) + ooyt (k)™ (k)
TN (@ (k)G (k) GTTQGT (w (k) G (w(R))J (x(k) yw (k)ET (k)
+ a2 (R)ET (R KT () QK (k)2 (k)Z" (k)

— e Em KT(k)K (k)i (k)zT (k)
— o s K" (k)G (k)G (2 (k) J ((k))w (k)" (k)
+(c+;ﬂfwtrf(k)f(k)f( T(k)QG ™ (w(k)) G (x(k)) J (x(k))w(k)Z" (k)
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—atr KT (k) Q'K (k)

IN

[~T(2(k)) — e Poul(k) Gl (k)G (k) PL(2(k)) + Pro(e(k) G (k) )a(k)
0" (R)(k) + Pro(2(k))w(k) + w" (k) Pou (@ (k) (k)L + Vil (k)]
" () 1y G @ (R)) P (@(k) — i G @ (k)G (k) T (2 (k)

I G (k)G (k) T (2(R) | w(k)

ot (0T (2 (k)G (k)G QG (w(k)) G (x(k)) J (w (k) (k)
— i d (VK (k) (2L, — Q)K (k)i (k)

YT (kw(k) — 27 (k)z(k) — ePu (e (k) G2 (k)G (k) PL, (2 (k)

IN

+Pr(e (k) Ga(k)ak) +va® (k)ak) |[1+ Vi(e (k)] ™
+i T (k) P (2(k))w(k) — AT (k)w(k)
— i (KT (R) (2L, — QK (k)E(k), ke N, (13.48)

where in (13.48) we used Ina —Inb = In§ and In(1 + ¢) < ¢ for a,b > 0 and

Tz
c+zTz

av (k) [ﬁmgﬁ LB, (x(k))- wa(x(k))]a(k), k € N, to and from (13.48), and

¢ > —1, respectively, and

< 1. Now, using (13.36), adding and subtracting

collecting terms yields

KoN

) w(;b’(/f)) —5Puw(x(/f))} [u(/;)

2
() [ vty o+ 2 P (0 (0) PR (0(0)] (0) + gy (R)a(h)

—mriam (k) KT (k)21 — QK (k)z(k),

<Pt - Ty
0 | ot (2 — Q) = 1T = 5 Pane ()P a(8) h)



< 72wT(k)w(k) ZT(k)Z<k)

< ~ TV keN. (13.49)

Now, summing (13.49) over k =0,---, K — 1 yields

K-1 (k)
V), KU0) < Y |22 (0 - 150 ]+ Vi), )
) >0, w()€ly, (13.50)
which, by noting that V(z(C), K(K)) > 0, K > 0, yields (13.42). O

It is important to note that unlike Theorem 13.1 requiring a matching condition
on the disturbance, Theorem 13.2 does not require any such matching condition.
Furthermore, as shown in Section 13.2, if (13.32) is in normal form with asymptotically
stable internal dynamics and fT(z)f(z) < AxTx, z € R™, where 4 > 0, then we can
always construct a function F': R" — R® such that F'(-) satisfies (13.4) and (13.34)—
(13.36) hold without requiring knowledge of the system dynamics. In addition, in the
case where J(x) = D and h(z) = Ex, the adaptive controller (13.40) can be verified to
guarantee the modified nonexpansivity constraint (13.42) using standard linear H
methods. Specifically, choosing f(z) = Agz, where Ay is asymptotically stable and
in multivariable controllable canonical form, it follows from standard discrete-time
H,, theory [73] that if (A, E) is observable, |G(s)[ee < /7% — 72, Where G(s) =
E(sI, — Ag)7'D, if and only if there exists a positive-definite matrix P satisfying the

discrete-time bounded real Riccati inequality
0> ATPA, — P+ A'PD[(v* - 3%)1,, — D'PD|"'D"PA, + E'E. (13.51)

In this case, if G(z) = B is a constant matrix, then there exists a sufficiently small

€ > 0 such that

0> ATPA,— P+ ATPD|[(y* —3*)1,, — D"PD] ' DTPA, + ETE + 4cATPBBT P A,.
(13.52)
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Now, with V;(x) = 2T Pz, there exists A\ > 0 such that (13.34)(13.36) and (13.39) are
satisfied with G(z) = I, Q = I, Piu(z) = 2eTATPB, P,,(x) = BTPB, Py, (x) =
20"ATPD, Pyy(z) = 2BTPD, Py,(x) = DTPD, and a > (4 +v)-max{c, 1}. Hence,

the adaptive feedback controller (13.40) with update law (13.41), or, equivalently,

K(k+1) = K(k) — spraanramy B ek + 1) — Aa(k)]FH(k),  (13.53)

guarantees global asymptotic stability of the nonlinear undisturbed (w(k) = 0) dy-
namical system (13.32), where f(x) and G(z) are given by (13.24) with G4(z) = Bs.
Furthermore, the solution z(k), k € N, of the closed-loop nonlinear dynamical system

(13.32), (13.33) is guaranteed to satisfy the nonexpansivity constraint (13.42).

Finally, if f(z) and G(z) given by (13.24) are uncertain and G4(z) = B,Gy(z),
where a bound for the maximum singular value a of B, and the sign definiteness of
B, are known, then using an identical approach as in Section 13.2, it can be shown

that the adaptive feedback control law
u(k) = 6~ G (a(k)) K (k) F(x(k)), (13.54)
where & > 5, with update law

K(k+1) = K(k) — gzrism Bo o (k + 1) — fu(z(k))z" (), (13.55)

where By is defined as in Section 13.2, guarantees asymptotic stability and nonex-

pansivity of (13.32).

13.4. Illustrative Numerical Examples

In this section we present three numerical examples to demonstrate the utility
of the proposed discrete-time adaptive control framework for adaptive stabilization,

disturbance rejection, and command following.
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Example 13.1. Consider the linear uncertain system given by

2(k+2) + arz(k + 1) + agz(k) = bu(k) + dsin 7k, 2(0) =z, 2(1) =2z, keWN,

(13.56)
where z(k) € R, k € N, u(k) € R, k € N, and ag, a, b, d € R are unknown constants.
Note that with z1(k) = z(k) and z2(k) = z(k + 1), (13.56) can be written in state
space form (13.1) with @ = [z, 2]T, f(x) = [22, —aoz1 — a122]T, G(x) = [0,]7T,
J(x) = [0,d], and w(k) = sin 7k. Here, we assume that f(z) is unknown and can be
parameterized as f(x) = [xq, 0121 + O15]", where 0; and 6, are unknown constants.
Furthermore, we assume that sgnb is known and |b] < a = 2. Next, let G,(z) = 1,
F(z)=x,a=1,and K; = } [0, — 01,0y, — 0], where 0,,, 6y, are arbitrary scalars,
so that

£ = 10+ ) |5 1o =00 =00 ) P

o 1
I N

Note that since (13.56) is linear all the conditions of Corollary 13.1 are trivially
satisfied. Now, with the proper choice of 6,, and 6,,, it follows from Corollary 13.1
that the adaptive feedback controller (13.30) guarantees that x(k) — 0 as k — oc.
With & =1, 6, = —1, 6, =0.25, b =04, d = 10, ¢ = 1, 0, = —0.02, 0,, = 0.3, and
initial conditions x(0) = [—1,3]T and K(0) = [0,0,0], Figure 13.1 shows the phase
portrait of the controlled and uncontrolled system. Note that the adaptive controller
is switched on at £ = 30. Figure 13.2 shows the state trajectories versus time and
the control signal versus time. Finally, Figure 13.3 shows the adaptive gain history

versus time.
Example 13.2. Consider the two-degree of freedom uncertain linear system given
by

Myz(k+2)+ Ciz(k+1)+ Koz(k) = u(k), 2(0) =20, 2(1)=2;, keN, (13.57)
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Figure 13.1: Phase portrait of controlled and uncontrolled system

where z(k) € R? u(k) € R% k € N, and M, C;, K, € R**? are unknown matrices.
Here we assume that My = M > 0 and Apax(M;!) < a = 2 but otherwise M is
unknown. Let 74(k) be a desired command signal and define the error state é(k) =

z(k) — ra(k) so that the error dynamics are given by

Mge(k+2)+ Cee(k + 1) + Ké(k) = u(k) — Mgrq(k + 2) — Cyrq(k + 1) — Korq(k),

&0)=¢, é(1)=é, keN. (13.58)

Note that with e;(k) = é(k) and eq(k) = é(k + 1), (13.58) can be written in state
space form (13.22) with e = [e],el]|T, fi(k,e) = [es, —(M; Kse; + M7 'Cseq) T,
Gk, €) = [0gxa, MY, Ji(k,€) = [Ogx2, DF]T, where Dy = [—1o, =M 1Cy, — M K],
and wy (k) = [rT(k+2), 7 (k+1),7T(k)]T. Next, let Gy(x) = I, F(e) = e, & = 1, and

Ky = MOy, + M7 'Ky, 0, + M 'Cy], where ©,, € R**? 0,, € R**? are arbitrary
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Figure 13.2: State trajectories and control signal versus time

=05 ]
N
0 A
| | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
Time (k)
0.2 T
0 A
=3
o2k .
_0.4} A
| | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
Time (k)
T
0 -
< -05F 1
el
N4
1+
| | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
Time (k)

Figure 13.3: Adaptive gain history versus time
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Figure 13.4: Positions and control signals versus time

matrices, so that

0 I
fs(€> - |: @111 @n2 :| €.
Note that since (13.57) is linear all the conditions of Corollary 13.1 are trivially
satisfied. Now, with the proper choice of ©,, and ©,,, it follows from Corollary

13.1 and Remark 13.3 that the adaptive feedback controller (13.30) guarantees that
e(k) — 0 as t — oco. With

31 2 2 21
MS_|:1 2:|7 CS_|:1 1:|7 KS_|:1 2:|7
rq(k) = [sin0.5k,0.5]", & = 1, ¢ = 1, ©,, = O,, = 09, and initial conditions
z(0) = [3,—4,-2,1]" and K(0) = 03410, Figure 13.4 shows the actual positions

and the reference signals versus time and the control signals versus time. Note that

the adaptive controller is switched on at k = 40.
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Example 13.3. Consider the nonlinear uncertain system given by

z(k:+2)+a1%§()k)+a2 In(1+|z(k+1)|) = bu(k), 2(0) =z, 2(1)=2z, keWN,

(13.59)
where z(k) € R, k € N, u(k) € R, k € N, and ay,a2,b € R are unknown constants.
Note that with z1(k) = z(k) and z2(k) = z(k+1), (13.59) can be written in state space
form (13.1) with z = [xq, z2]T, f(z) = |24, —a1% —agIn(1 + |z2|)]T, G(x) = [0,0]7,
and w(k) = 0. Here, we assume that f(z) is unknown and can be parameterized
as f(x) = [I’2,01% + 0o In(1 + |z2|)]*, where ; and 6y are unknown constants.
Furthermore, we assume that sgnb is known and |b] < a = 2. Next, let G,(z) = 1,
F(z) = [%,111(1 + |2a]), 2T, & = 1, and K, = £ [0, =05, by, Guy] , Where ¢y,
¢n, are arbitrary scalars, so that

£ = )+ ) |5 [0 =be0m60y | )

_{0 1}93
o Ony Ony |

2 2
In addition, note that F*(z)F(z) = (132) 22 + In*(1 + |z9|) + 272 < 2277 and
1

thus (13.4) is satisfied with ¥ = 2. Now, with the proper choice of ¢,, and ¢,,, it
follows from Corollary 13.1 that the adaptive feedback controller (13.30) guarantees
that (k) — 0as k — oco. Witha=1,0; =20, =-3, b=14,¢c=1,60, =0.1,
0,, = 0.1, and initial conditions x(0) = [1.5,7.3]" and K(0) = [0, 0,0, 0], Figure 13.5
shows the state trajectory versus time and the control signal versus time. Finally,

Figure 13.6 shows the adaptive gain history versus time.

13.5. Conclusion

A discrete-time direct adaptive nonlinear control framework for adaptive stabi-
lization, disturbance rejection, and command following of multivariable nonlinear

uncertain dynamical systems with exogenous bounded disturbances and bounded en-
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Figure 13.5: State trajectory and control signal versus time
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Figure 13.6: Adaptive gain history versus time
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ergy {5 disturbances was developed. This framework is distinct from the standard
discrete-time adaptive control methods for model reference and tracking problems de-
veloped in the literature predicated on the classical key technical lemma and quadratic
Lyapunov functions, which does not guarantee Lyapunov stability. Specifically, using
logarithmic Lyapunov functions the proposed framework was shown to guarantee par-
tial asymptotic stability of the closed-loop system; that is, asymptotic stability with
respect to part of the closed-loop system states associated with the plant. Hence, un-
like continuous-time adaptive control theory based on quadratic Lyapunov functions,
logarithmic Lyapunov functions are shown to be essential for discrete-time Lyapunov-
based adaptive control. Furthermore, in the case where the nonlinear system is rep-
resented in normal form, the nonlinear adaptive controllers were constructed without
knowledge of the system dynamics. Future research will involve using logarithmic
Lyapunov functions to extend discrete-time adaptive control results based on recur-
sive least squares and least mean squares algorithms to additionally guarantee partial

asymptotic stability. Finally, output feedback extensions will also be considered.
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Chapter 14

Direct Discrete-Time Adaptive
Control with Guaranteed
Parameter Error

Convergence

14.1. Introduction

Adaptive control algorithms have been extensively developed in the literature for
both continuous-time and discrete-time systems [56,61,71,72,136,147,176,177]. A
salient difference between continuous-time and discrete-time adaptive controllers is
that the majority of the discrete-time results are based on recursive least-squares
and least mean squares algorithms [56, 61, 71,72, 177] with primary focus on state
convergence. Notable exceptions are given in [92,128,196,231,242]. In this chapter
we develop a direct adaptive nonlinear tracking control framework based on semidef-
inite or partial Lyapunov functions for discrete-time nonlinear uncertain dynamical
systems. The proposed framework guarantees attraction of the closed-loop tracking
error dynamics in the face of parametric system uncertainty. In addition, parameter
error convergence is also guaranteed when a generic geometric constraint on the up-

date error gain matrix function holds. This condition is shown to be consistent with
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the notion of persistent excitation in the adaptive control and system identification

literature.
14.2. Adaptive Tracking for Nonlinear Uncertain Systems

In this section we consider the problem of characterizing adaptive feedback track-
ing control laws for nonlinear uncertain discrete-time systems. Specifically, consider

the controlled nonlinear uncertain discrete-time system G given by
z(k+1) = f(x(k)) + G(z(k))u(k), z(0)=mz¢, keWN, (14.1)

where x(k) € R", k € N, is the state vector, u(k) € R™, k € N, is the control input,
f:R" - R" G:R" — R"™™ and N denotes the set of nonnegative integers. Here,
we assume that a desired trajectory (command) zq(k), k € N, is given and the aim
is to determine the control input u(k), k € N, so that k11_>rro1o |x(k) — za(k)|| = 0. To

achieve this, we construct a reference system G, given by
(k4 1) = Az (k) + Br(k), 2.(0) =z, keWN, (14.2)

where z.(k) € R", k € N, is the reference state vector, (k) € R™, k € N, is the
reference input, A, € R™" is Schur, and B, € R™*™. Now, we design u(k), k € N,
and a bounded reference function r(k), k € N, such that ]}Lrgo |x(k) —x:(k)|| = 0 and
klirrolo |z (k) — za(k)|| = 0, respectively, so that kll—>r£lo |z(k) — za(k)|| = 0. The following
result provides a control architecture that achieves tracking error convergence in the
case where the dynamics in (14.1) are known. The case where G is unknown is

addressed in Theorem 14.2. For the statement of this result define the tracking error

e(k) = x(k) — x.(k).

Theorem 14.1. Consider the nonlinear dynamical system G given by (14.1) and

the reference system G, given by (14.2) with A, Schur. Assume there exist gain
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matrices Kl € R™™ and KQ € R™**, and functions G :R* — R™™ and F: R" —

R? such that

0= G(2)G(x)K, — B, x€R" (14.3)

A

0= f(z)+G(x)G(x)KyF () — A, x € R, (14.4)
hold. Then the feedback control law
u(k) = G(z(k))(Kir(k) + Ko F (2(k))), (14.5)
guarantees that the zero solution e(k) = 0 of the error dynamics given by
e(k+1) = f(z(k)+G(@(k))u(k) = (Aw:(k) + Bir(k)),  e(0) = 20—y, = eq, (14.6)

is globally asymptotically stable.

Proof. Using the feedback control law given by (14.5), (14.6) becomes

e(k+1) = Ace(k) + (G(z(k)G(z(k)) Ko F (x(k) + f(z(k) — Awa(k))

+(G(x(k)G(x(k)) Ky — B)r(k), e0)=e, keN.  (14.7)
Now, using (14.3) and (14.4), it follows from (14.7) that
e(k+1) = Ae(k), e(0)=ey, keN, (14.8)

which, since A, is Schur by assumption, proves that the zero solution e(k) = 0 to

(14.6) is globally asymptotically stable. O

Theorem 14.1 provides sufficient conditions for characterizing tracking controllers
for a given nominal nonlinear dynamical system G. In the next result we show how
to construct adaptive gains K;(k) € R™™ k € N, and Ky(k) € R™ k € N, for
achieving tracking control in the face of system uncertainty. For this result we do

not require explicit knowledge of the gain matrices K, and K,; all that is required
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is the existence of K and K, such that the compatibility relations (14.3) and (14.4)
hold. For the statement of the next result ( ) denotes the Moore-Penrose generalized

mnverse.

Theorem 14.2. Consider the nonlinear dynamical system G given by (14.1) and
the reference system G, given by (14.2). Assume there exist gain matrices K, € Rmxm
and K, € R™ and functions G : R” — R™™ and F : R" — R® such that G(-)
is invertible and (14.3) and (14.4) hold. In addition, let #(k) = [rT(k), FT(x(k))]T,
¢ >0, and QQ € R™™ be positive definite such that A\p.(Q) < 2. Then the adaptive

feedback control law
u(k) = Gz(k) K (k)i (k), (14.9)
where K (k) € R™*(m+s) L ¢ N, with update law
K(k+1) = K(k) = zrigam @G (@(k)GHw(k))[e(k + 1) — Ae(k)]Z (),
K(0)=K,, keN, (14.10)
guarantees that the solution (z(k),x.(k), K(k)), k € N, of the closed-loop system

given by (14.1), (14.2), (14.9), and (14.10) satisfies x(k) — z,(k) as k — oo.

Proof. First, note that with u(k), k € N, given by (14.9) it follows from (14.1)—(14.4)

that the error dynamics e(k), k € N, are given by
e(k+1)= Ae(k)+w(k), e0)=ey, keN, (14.11)

where w(k) £ G(x(k)G(x(k)K (k)E(k), k € N, with K(k) 2 K(k) — K and K &
[K1, K5). Furthermore, note that adding and subtracting K to and from (14.10) and

using (14.11) it follows that

K(k+1) = K(k) = 5rigem Q@G (@(k) G (k))[G (2 (k) G (x(k) K (k)F(k)]E" (k)
= K(k) - mariomm @K (W2 (k)"(k), K(0) = Ko, keN.  (1412)
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To show that z(k) — z,(k) as k — oo or, equivalently, e(k) — 0 as k — oo, consider

the partial Lyapunov function
V(K)=tr (K — K)"Q"Y(K — K). (14.13)

Note that since @Q is positive definite V(K) > 0, K € R™*(m+s) | £ K. Now,
letting e(k), k € N, denote the solution to (14.11) and using (14.12), it follows that
the partial Lyapunov difference AV (K (k)) along the closed-loop system trajectories

is given by

AV (k,z(k), K(k)) = V(K(k+1)) — V(K(k))

b k(k)-ﬁ@ﬁ(/{)z(/ﬂ);ﬂ(/@)f -1

T (k)a(

~

+ e T E(R)ET (R KT (k) QK (k)2 (k)2" (k)
—tr KT (k)Q 'K (k)

< 2 R (R R (B3 ()
1
T E k)

G ()K" (k)(2] — Q)K (k)i(k)

= T it (k)z(k)

<0, keN, (14.14)

T (k) KT (k)QK (k)i(k)

|
ST

where in (14.14) we used C_f% < land 27 —@Q > 0, since by assumption A\yax(Q) < 2.
Hence, V(K(k)), k € N, is a nonincreasing and bounded function of k. Thus,
it follows from the monotone convergence theorem (see Theorem 8.6 of [10]) that
]}erolo V(K (k)) exists which implies that AV (k, z(k), K(k)) — 0 as k — oo. Now, it
follows from (14.14) that G(-) and G(-) are bounded and K (k)#(k) — 0 as k — oc.
Next, to show that e(k) — 0 as k — oo, note that (14.11) is input-to-state stable [127]
with w(k) viewed as the input. Now, it follows from Lemma 3.8 of [127] that (14.11)
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admits a KC-asymptotic gain [127]; that is, there exists a class K function v(-) such

that
lim [le()] < lim (o (k)]). (14.15)
Hence, since w(k) — 0 as k — oo, it follows that e(k) — 0 as k — oc. O

Remark 14.1. Note that it was shown in the proof of Theorem 14.2 that K (k)& (k)
— 0 as k — oo. If (k) € N(K(k)), k € N, where N(-) denotes the null space op-
erator, it follows that K(k) — 0 as k — oo and hence parameter convergence is
guaranteed. The condition Z(k) & N(K(k)), k € N, is a form of a persistent exci-
tation requirement and, within the proposed adaptive control framework, can always
be satisfied. Specifically, since Z(k), k € N, contains r(k), which is an arbitrary func-
tion, it is always possible to choose r(k), k € N, to guarantee that (k) & N (K (k)),
keN.

It is important to note that the adaptive control law (14.9) and (14.10) does not
require explicit knowledge of the gain matrices K and K. Furthermore, no specific
structure on the nonlinear dynamics f(x) are required to apply Theorem 14.2; all that
is required is the existence of F(z) and G(z) such that the compatibility relations
(14.3) and (14.4) hold for a given reference system G,. The compatibility conditions
(14.3) and (14.4) provide a generalization to the stronger conditions already existing
in the literature required for tracking control using feedback linearization techniques.
However, if (14.1) is in normal form with asymptotically stable internal dynamics
[122], then we can always construct functions G : R — R™™ and F : R* — R,
and a pair (A, B;) with A, Schur, such that (14.3) and (14.4) hold without requiring

knowledge of the system dynamics.
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To elucidate the above discussion assume that the nonlinear uncertain system G

is generated by the difference model
gk +7) = fulz(k) + Y Gep(z(k)ui(k), keN, i=1---,m, (14.16)
j=1

where 7; € N denotes the time delay (or relative degree) with respect to the output z;,
z2(k) =[z1(k), -, z1(k+7m1—1), -+, zm(k), -+, 2m(k + 7 — 1)], and 2(0) = 2. Here,
we assume that the square matrix function Gg(z) composed of the entries Gy; ;)(2),
i,j = 1,---,m, is such that detGy(z) # 0, 2 € R", where 7 = 71 + -+ + Tp.
Furthermore, since (14.16) is in a form where it does not possess internal dynamics,
it follows that 7 = n. The case where (14.16) possesses input-to-state stable internal

dynamics can be analogously handled as shown in Section 2.2.
Next, define z; (k) 2 [2(k), -, zi(k+7,—2)|", i = 1,---,m, 2y (k) 2 [21(k+7

1), 2k + 7 — D]T, and x(k) £ [2T(k), -, 2F_ (k)]" so that (14.16) can be
described by (14.1) with

f(z) = Az + fu(z), G(z) = [ OE%T” } , (14.17)
where
- { szn } ) = { 0(};(?)“ } | (14.18)

Ay € RP=™x" ig 54 known matrix of zeros and ones capturing the multivariable
controllable canonical form representation [43] and f, : R" — R™ is an unknown
function. Here, we assume that f,(z) is unknown and is parameterized as f,(x) =
O 4+ O fru(x), where f : R* — R and 6, € R™*" and ©,, € R™*? are matrices

of uncertain constant parameters.

Next, to apply Theorem 14.2 to the uncertain system (14.1) with f(z) and G(x)

given by (14.17), let B, = [0(m—m)xm, B T}T, let A, = [A], @E]T, where ©, € R™*"

Ir's
is a known matrix, let K, e R™** where s = n + ¢, be given by

~

Ky =[0,—6y, —0,], (14.19)
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and let

F(z) = { fni ) ] . (14.20)

G(z)G(2)Ky = B, (14.21)

and

f(x) + G(2)G () Ko F () = Az + fu(x) + [ O(n_]z)xm } [ Our — Opx — O fru(z) |

_ 3 O(n—m)xl
—Ax—i—{ O, }

= A, (14.22)

where A, is in multivariable controllable canonical form.

Next, we consider the case where f(x) and G(z) are both uncertain. Specifically,
we assume that G(z) is such that G5(z) is unknown and is parameterized as Gg(x) =
ByGy(z), where G, : R"™ — R™™ is known and satisfies det G,(x) # 0, x € R™, and
B, € R™™ with det B, # 0 and oyax(By) < «, a > 0, is an unknown symmetric
sign-definite matrix but a bound « for the maximum singular value of B, and the
sign definiteness of B, are known; that is, B, > 0 or B, < 0. For the statement of
the next result define By, = [Omx(n_m), Im}T for B, > 0, and By = [Omx(n_m), —Im]T

for B, < 0.

Corollary 14.1. Consider the nonlinear dynamical system G given by (14.1) with
f(z) and G(z) given by (14.17), and Gs(x) = B,Gy(x), where By, with oyax(By) < a,
a > 0, is an unknown symmetric sign-definite matrix and the sign definiteness of B,
is known. Furthermore, consider the reference system G, given by (14.2) with A,
Schur. Assume there exist gain matrices K, € R™m and K, € R™**, and functions

G :R" — R™™ and F : R® — R*® such that (14.3) and (14.4) hold. In addition, let
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(k) 2 [rT(k) FT(z(k))]" and ¢ > 0. Then the adaptive feedback control law
u(k) = & 'G N (x(k) K (k)i (k), (14.23)
where & > 2 and K (k) € R™(m*+) k€ N, with update law

K(k+1)=K(k)— mBg[e(ls +1) — Ae(k)]zT(k), K(0)=K,, keN,
(14.24)
guarantees that the solution (z(k),z.(k), K(k)), k € N, of the closed-loop system

given by (14.1), (14.2), (14.23), and (14.24) satisfies x(k) — z.(k) as k — oo.

Proof. The result is a direct consequence of Theorem 14.2. First, let G(z) =
a~'G7 Y (x) so that G(2)G(2) = [Omx(nm), & " By]T, and let K, = @B, B and Ky =
aB;0,—6y, —0,]. Next, since Q in (14.10) is an arbitrary positive-definite matrix
with Amax(Q) < 2, it can be replaced by &7 B,| = 4~ (B2)2, where ()2 denotes the
(unique) positive-definite square root. Now, since B, is symmetric and sign definite
it follows from the Schur decomposition that B, = UDp,U", where U is orthogonal
and Dp, is real diagonal. Hence, &~ !|By|G~(2)G1(x) = [Omx(n_m), Zm] = BY, where

Ly = I, for B, >0 and Z,,, = —1,, for B; < 0. Now, (14.10) implies (14.24).
14.3. Illustrative Numerical Examples

In this section we present two numerical examples to demonstrate the utility
of the proposed discrete-time adaptive control framework for adaptive tracking and
parameter identification. For both of the examples we use the reference system (14.2)

with

o 1 o o

Ar = {—0.01 0.2} , Br= [ 1] , (k) =Bl(za(k+ 1) — Ayaq(k)), keWN,

(14.25)

where zq(k), k € N, is the desired command signal. Note that (14.25) implies that
©, = [-0.01, 0.2] and B, = 1.
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Example 14.1. Consider the linear uncertain system given by
2(k+2)+arz(k+ 1)+ apz(k) = bu(k), 2(0)==z20, 2z(1)=2z, keN, (14.26)

where z(k) € R, k € N, u(k) € R, k € N, and ag,a;,b € R are unknown constants.
Note that with z1(k) = z(k) and x2(k) = z(k + 1), (14.26) can be written in state
space form (14.1) with = = [z1, 2o]", f(2) = [22, —ao®1 — a1z)T, and G(z) = [0, b]™.
Here, we assume that f(z) is unknown and can be parameterized as f(x) = [xg, 0121+
ngg]T, where #; and 0, are unknown constants. Furthermore, we assume that sign b
is known and |b| < o = 2. Next, let G(z) =1, Gu(z) =1, By = b, F(z) =z, K, = z

and KQ = % [ On, — 61, Oy, — 05 }, so that

e PR R S
- 01 011
f(x) 4+ G(z)G(z) Ky F (x) = 0, 62}36%—{[)]3[@111 01, On, — b2 |2
To 1
~le. @njm
= A,x.

Now, with the proper choice of ©,, and ©,,, it follows from Corollary 14.1 that the
adaptive feedback controller (14.23) guarantees that x(k) — z,(k) as k — oo. For
our simulations we considered #; = —1, #; = 0.25, b = 0.4, ¢ = 0.01, & = 1, initial
conditions x(0) = z,(0) = [-1, 3]" and K(0) = [0, 0, 0], and zq(k) = 3sin(Zk).
Figure 14.1 shows the state trajectories versus time and the control signal versus
time. Figure 14.2 shows the adaptive gain history versus time. Note that the adaptive
controller is switched on at £ = 30. The given commanded signal is tracked well and
the convergence is fast. However, given the low frequency content of z4(k) and hence

r(k), r(k) is not a rich enough signal to provide persistent excitation and consequently

the adaptive gains do not converge to their actual values.
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Figure 14.2: Adaptive gain history versus time
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Example 14.2. Consider the nonlinear uncertain system given by
ﬂ—ka In(1+|z(k+1)|) = bu(k), 2(0) =20, 2(1)=2, keN
1 + 2'2(]{3) 2 - ) — <0, — <1, )

(14.27)

z2(k+2)+ay

where z(k) € R, k € N, u(k) € R, k € N, and ay,as,b € R are unknown constants.
Note that with z1 (k) = z(k) and zo(k) = z(k+1), (14.27) can be written in state space
form (14.1) with = = [z1, zo]T, f(2) = |2, —a1% — azIn(1 + |x9])]T, and G(z) =
0, b]T. Here, we assume that f(z) is unknown and can be parameterized as f(z) =
[z, 91% + 02 In(1 + |x5])]*, where 6; and 6 are unknown constants. Furthermore,
we assume that signb is known and |b| < o = 2. Next, let G(z) = 1, Gy(z) = 1,

x3 2> >
B, =b, F(z) = [27, T In(1 4+ |zs])]*, K1 = 1, and Ky = § [Oy,, Opy, —01, —65], s0

that
. Tol1 To
F(2) + C) G aF@ = | ¥ ey _
YT lo000 011 + 02 (1 + |2])
1
" [ ) } L [Buy, Ouy, —b1,—05] F(2)
b
[0 1
~ 1 On O |7
= A.x.

Now, with the proper choice of ©,, and O,,, it follows from Corollary 14.1 that the
adaptive feedback controller (14.23) guarantees that x(k) — z,(k) as k — oo. For our
simulations we considered ¢ = 2, 0 = —3, b= 1.4, ¢ = 0.01, & = 2, initial conditions
z(0) = 2,(0) = [1.5,7.3]T, K(0) = [0,0,0,0,0], and zq(k) = 3sin({k). Figure 14.3
shows the state trajectory versus time and the control signal versus time. Finally,
Figure 14.4 shows the adaptive gain history versus time. As in the previous example,
the commanded signal is tracked well however the adaptive gains do not converge to

their actual values.
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Figure 14.4: Adaptive gain history versus time
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Figure 14.5: State trajectory and control signal versus time with random reference
input

In order to demonstrate parameter error convergence we consider the same uncer-
tain system but with a richer reference input corresponding to a random signal with
values in [—1,1]. Figure 14.5 shows the corresponding state trajectory versus time
and the control signal versus time, while Figure 14.6 shows the adaptive gain history
versus time. In this case, the persistent excitation condition is satisfied and thus the

adaptive gains converge to their actual values.

14.4. Conclusion

A direct adaptive nonlinear tracking control framework for discrete-time multi-
variable nonlinear uncertain dynamical systems was developed. In addition to at-
traction to a desired trajectory, parameter error convergence was also guaranteed

when a generic geometric constraint holds on the update error gain matrix function.

421



L I e LT

lrhu,.ywwwu

v 1
_1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
0.5 H T T T T T T T
0 L e
2 _ospH) W ]
Ak -
_1 5 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

ég, ﬂmﬁ‘ AN pe pen
' 0 ]]UHUU'M\WW"W =

0 50 100 150 200 250 300 350 400
0 T T T T T T T
=-05 4
=
1k i
15 ! ! ! ! ! ! !
0 50 100 150 200 250 300 350 400
2 AT ] T T T T T
1 Py
St 1
N4
0 ! ! ! ! ! ! !
0 50 100 150 200 250 300 350 400

Time(k)

Figure 14.6: Adaptive gain history versus time with random reference input

This condition was shown to be consistent with a persistent excitation requirement.
Finally, two numerical examples were presented to demonstrate the efficacy of the

proposed adaptive tracking scheme.
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Chapter 15

Hybrid Adaptive Control for
Nonlinear Uncertain Impulsive
Dynamical Systems

15.1. Introduction

Modern complex engineering systems involve multiple modes of operation placing
stringent demands on controller design and implementation of increasing complexity.
Such systems typically possess a multiechelon hierarchical hybrid control architec-
ture characterized by continuous-time dynamics at the lower levels of the hierarchy
and discrete-time dynamics at the higher levels of the hierarchy (see [8,173] and
the numerous references therein). The lower-level units directly interact with the
dynamical system to be controlled while the higher-level units receive information
from the lower-level units as inputs and provide (possibly discrete) output commands
which serve to coordinate and reconcile the (sometimes competing) actions of the
lower-level units. The hierarchical controller organization reduces processor cost and
controller complexity by breaking up the processing task into relatively small pieces
and decomposing the fast and slow control functions. Typically, the higher-level units
perform logical checks that determine system mode operation, while the lower-level

units execute continuous-variable commands for a given system mode of operation.
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The mathematical description of many of these systems can be characterized by im-

pulsive differential equations [15,80,151,202].

The ability of developing a hierarchical nonlinear integrated hybrid control-system
design methodology for robust, high performance controllers satisfying multiple design
criteria and real-world hardware constraints is imperative in light of the increasingly
complex nature of dynamical systems requiring controls such as advanced high per-
formance tactical fighter aircraft, variable-cycle gas turbine engines, biological and
physiological systems, sampled-data systems, discrete-event systems, intelligent ve-
hicle/highway systems, and flight control systems, to cite but a few examples. The
inherent severe nonlinearities and uncertainties of these systems and the increasingly
stringent performance requirements required for controlling such modern complex
embedded systems necessitates the development of hybrid adaptive nonlinear control

methodologies.

Even though adaptive control algorithms have been extensively developed in the
literature for both continuous-time and discrete-time systems [56,61,71,72,92,128,136,
147,176,177,196, 230, 242], hybrid adaptive control algorithms for hybrid dynamical
systems are nonexistent. In this chapter we develop a direct hybrid adaptive con-
trol framework for nonlinear uncertain impulsive dynamical systems. In particular,
a Lyapunov-based hybrid adaptive control framework is developed that guarantees
partial asymptotic stability of the closed-loop hybrid system; that is, asymptotic sta-
bility with respect to part of the closed-loop system states associated with the hybrid
plant dynamics. Furthermore, the remainder of the state associated with the adaptive
controller gains is shown to be Lyapunov stable. Next, using the hybrid invariance
principle given in [35,80], we relax several of the conditions needed for guaranteeing
partial asymptotic stabilization to develop an alternative less restrictive hybrid adap-

tive control framework that guarantees attraction of the closed-loop system states
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associated with the hybrid plant dynamics. In this case, the remainder of the state
associated with the hybrid adaptive controller gains is shown to be bounded. In the
case where the nonlinear hybrid system is represented in a hybrid normal form, the
nonlinear hybrid adaptive controllers are constructed without requiring knowledge of
the hybrid system dynamics. Finally, we note that since impulsive dynamical systems
involve a hybrid formulation of continuous-time and discrete-time dynamics, our re-
sults build on our adaptive control algorithms for continuous-time and discrete-time

systems presented in Chapters 2 and 13 (see also [84,92,153]).

15.2. Mathematical Preliminaries

In this section we review some basic concepts on impulsive dynamical systems
[15,35,80,151,202]. Specifically, we consider controlled state-dependent [80] impulsive

dynamical systems G of the form

#(t) = fe(z(t)) + Ge(z(t))uc(t), =(0) = w0, =(t) & Za, (15.1)

Ax(t) = fa(z(t)) + Ga(z(t))ua(t), z(t) € Z,, (15.2)

where t > 0, 2(t) € D C R", D is an open set with 0 € D, Ax(t) = x(tT) — x(t),
uc(t) € U € R™e ug(ty) € Uy C R™ | ¢ denotes the kth instant of time at which
x(t) intersects Z, for a particular trajectory z(t), f. : D — R™ is Lipschitz continuous
and satisfies f.(0) = 0, G. : D — R™™ f4: Z, — R" is continuous, G4 : Z, —
R™™d ig such that rank G4(z) = mgq, * € Z,, and Z, C D is the resetting set.
Here, we assume that wu.(-) and uq(-) are restricted to the class of admissible inputs
consisting of measurable functions such that (uc(t),uq(ty)) € Ue X Uy for all t > 0
and k € ./\/'[0775) = {k : 0 <t < t}, where the constrained set U. x Uy is given with
(0,0) € U. x Ug. We refer to the differential equation (15.1) as the continuous-time

dynamics, and we refer to the difference equation (15.2) as the resetting law. In
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this chapter we assume that Assumptions Al and A2 established in [80] hold for all
uq(+) € Uyg; that is, the resetting set is such that resetting removes z(t;) from the
resetting set and no trajectory can intersect the interior of Z,. Hence, as shown
in [80], the resetting times are well defined and distinct. Since the resetting times
are well defined and distinct and since the solution to (15.1) exists and is unique it
follows that the solution of the impulsive dynamical system (15.1), (15.2) also exists

and is unique over a forward time interval.

Next, we provide a key result from [35,80] involving an invariant set stability
theorem for hybrid dynamical systems. Specifically, consider the impulsive dynamical
system (15.1), (15.2) with hybrid adaptive feedback controllers u.(-) and uq(-) so that

the closed-loop hybrid system G has the form

2(t) = fe(@(t), #(0)=Fo, F(t) & Zs (15.3)

AF(t) = fa(3(t), (t) € Zs, (15.4)

where t > 0, Z(t) € D C R, Z(t) denotes the closed-loop state involving the system
state and the adaptive gains, f. : D — R™ and fy : D — R"™ denote the closed-
loop continuous-time and resetting dynamics, respectively, with fc(:i'e) = 0, where
Te € f)\Zi denotes the closed-loop equilibrium point, and n denotes the dimension
of the closed-loop system state. For the statement of the next result the following

key assumption is needed.

Assumption 15.1 [35,80]. Let s(t,Zg), t > 0, denote the solution of (15.3),
(15.4) with initial condition Z, € D. Then for every Z, € D, there exists a dense
subset 7z, C [0,00) such that [0,00)\7z, is (finitely or infinitely) countable and for
every € > 0 and t € T;,, there exists 0(¢, Zg,t) > 0 such that if |7y — y|| < (e, Zo, 1),

y € D, then ||s(t, o) — s(t,y)|| < e
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Assumption 15.1 is a generalization of the standard continuous dependence prop-
erty for dynamical systems with continuous flows to dynamical systems with left-
continuous flows. Specifically, by letting 7z, = 7z, = [0, 0), where 7 ;, denotes the
closure of the set 7z,, Assumption 15.1 specializes to the classical continuous depen-
dence of solutions of a given dynamical system with respect to the system’s initial
conditions #y € D [232]. Since solutions of impulsive dynamical systems are not
continuous in time and solutions are not continuous functions of the system initial
conditions, Assumption 15.1 is needed to apply the hybrid invariance principle devel-
oped in [35,80] to hybrid adaptive systems. Henceforth, we assume that the hybrid
adaptive feedback controllers u.(-) and uq(-) are such that closed-loop hybrid system
(15.3), (15.4) satisfies Assumption 15.1. Necessary and sufficient conditions that guar-
antee that the nonlinear impulsive dynamical system G satisfies Assumption 15.1 are
given in [35]. A sufficient condition that guarantees that the trajectories of the closed-
loop nonlinear impulsive dynamical system (15.3), (15.4) satisfy Assumption 15.1 are
Lipschitz continuity of f,(-) and the existence of a continuously differentiable function
X : D — R such that the resetting set is given by Z; = {# € D : X(i) = 0}, where
X'(Z) # 0, & € 25, and X'(%)f.(Z) # 0, & € Zz. The last condition above insures
that the solution of the closed-loop hybrid system is not tangent to the resetting
set Z; for all initial conditions Zy € D. For further discussion on Assumption 15.1

see [35,80].
The following theorem proven in [35,80] is needed to develop the main results of

this chapter.

Theorem 15.1 [35,80]. Consider the nonlinear impulsive dynamical system G
given by (15.3), (15.4), assume D, C D is a compact positively invariant set with

respect to (15.3), (15.4), and assume that there exists a continuously differentiable
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function V : f)c — R such that

V'(2)fe(2) <0, T€D., I¢Zs, (15.5)

V(E+ fa@) < V(Z), T€D., €2 (15.6)

Let R2{z€D.: & ¢ Z:, V'(@)fe(i) =0V U{Z € De: & € Zz, V(& + fa(7)) =
V(#)} and let M denote the largest invariant set contained in R. If #, € D, then
i(t) = M ast — oo. Finally, if D = R" and V(&) — oo as ||Z|| — oo, then

z(t) - M as t — oo for all 7, € R™.

15.3. Hybrid Adaptive Stabilization for Nonlinear Hybrid
Dynamical Systems

In this section we consider the problem of hybrid adaptive stabilization for nonlin-
ear uncertain hybrid systems. Specifically, we consider the controlled state-dependent

impulsive dynamical system (15.1), (15.2) with D = R", U, = R™<, and Uy = R™.

Theorem 15.2. Consider the nonlinear uncertain hybrid dynamical system
G given by (15.1), (15.2). Assume there exist a matrix K., € R™<* a continuously
differentiable function Vi : R" — R, and continuous functions G.: R" — RMexme
F. : R" — R* and /. : R" — RPe such that V,(-) is positive definite, radially

unbounded, V;(0) =0, £.(0) = 0, F.(0) = 0, and, for all z € R"\ Z,,
0 = V(@) fu() + (F (@)1 (a), (15.7)

where

fes(2) 2 fu(@) + Go(2)Ge(x) Keg Fo(). (15.8)

Furthermore, assume there exist a matrix Kg, € R™4*% continuous functions Gy :

Z, — Rmaxma [ Z 5 R (4 Z, — RP4 matrix functions Py, : Z, — RX™Ma,
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Py, : Z, — N™d_ and positive constants ¢, u, and v such that G’d(x), r € Z,, is

invertible, @E(x)Pgu(x)@d(x) < vy, v € Z,, and, for all x € Z, and uq € R™9,

Vi(z + fa(z) + Ga(z)ua) = Vi(z + fa(x)) + Pru(x)ua + uf Pou(z)ua,  (15.9)

0> Vi(z 4 fas(x)) = Va(z) + X (2)la(z) + e Py (x)Ga(2)GE (2) PL (), (15.10)

Fl(x)Fy(x) < yaTa, (15.11)
Vi(z) > px'z, (15.12)

where
fas(x) & fa(x) + Ga(2)Ga(z) Kqg Fy(x). (15.13)

Finally, let ¢ > 0, Q. € P, Qq € P, Y € P*, and Apax(@Qq) < 2. Then the hybrid
adaptive feedback control law

A

we(t) = Golz () K () Fu(2(t)), 2(t) & 2., (15.14)

~

ua(t) = Ga(z(t)) Ka(t)Fa(z (1)), z(t) € 2., (15.15)
where K.(t) € R t >0, and K4(t) € R™%5 ¢ > 0, with update laws
Ke(t) = = sviay @eGe (@) GE (x())V, T (x(0) F (2 (1))Y,
K.(0) = Koo, 2(t) ¢ Z,, (15.16)
AK(t) = 0, z(t) € Z,, (15.17)
Kq(t) =0, K40)=Kq, z(t)¢ Z,, (15.18)

AKqy(t) = _C+FdT(I(t1))Fd(x(t))Qdégl(x(t))Gll(x(t»[Ax(t) - de(x(t))]Fg(x(t))v
z(t) € Z,, (15.19)

where AK (t) & K.(t7) — K.(t) and AK4(t) & Kq(t*) — Kq4(t), guarantees that the
solution (z(t), K.(t), Ka(t)) = (0, Kcg, Kqg) of the closed-loop hybrid system given by
(15.1), (15.2), (15.14)—(15.19) is Lyapunov stable and ¢.(z(t)) — 0 as t — oo. If, in
addition, (T (x)lc(z) > 0,2 € R"\Z,, 2 # 0, and W £ {z € Z, : (X (x)ly(x) =0} =
@, then z(t) — 0 as t — oo for all g € R™.
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Proof. First, define Kq(t) £ Kq(t) — Kqg and iq(t) £ Kq(t)Fa(x(t)). Note that
with uc(t), t > 0, and uq(ty), k € N, given by (15.14) and (15.15), respectively, it

follows that the closed-loop hybrid system (15.1), (15.2) is given by

~

(1) = fe(2(t)) + Ge(2(t)Ge(x () Ke(t) Fe(2(t)),  2(0) = 20, x(t) & 2, (15.20)
Az(t) = fa(x(t)) + Gale(t))Galz(t) Ka(t) Fa(z (1)), (1) € Z,, (15.21)
or, equivalently, using (15.8) and (15.13),

#(t) = fes(@(t)) + Ge(w(t)) Ge(@ () (Ke(t) — Keg) Fel(t)),
2(0) = zo, (t) & Z,, (15.22)

Az(t) = fas(2(1)) + Galz(1))Ga(x(1))(Ka(t) — Kag) Fa(a(t))

— fas(@()) + Ga(x(t))Galx(t)ialt), z(t) € Z,. (15.23)

Furthermore, note that adding and subtracting Kg, to and from (15.19) and using
(15.23) it follows that

f(d(tJr) = Kd(t) - C_,_F(;P(z(tl))pd(x(t))Qdégl(x(t))GZl(x(t))
[Ga((t)Ga(w(t)) Ka(t) Fa(z ()] Fy (())

= Kq(t) — C+F§(I(t1))Fd(x(t))Qde(t)Fd(x(t))FdT (z(t), =(t) € Z,. (15.24)

To show Lyapunov stability of the closed-loop hybrid system (15.16)—(15.18) and

(15.22)—(15.24), consider the Lyapunov function candidate

V(z, Ko, Kq) = In(1+ Vi(z)) + tr Q. (Ke — Keg)Y K — Keg)*

+atr (Kg — Kag) Q1" (Ka — Kag), (15.25)

where

1 _
a > de - max {c, —} . 15.26
Amin (2L — Qa) It (15.26)

Note that V (0, K¢, Kqg) = 0 and, since Vi(-), Qc, Qq, and Y are positive definite and

29

a>0,V(x, K. Kq) >0 for all (z, K., Kq) # (0, Keg, Kqg). In addition, V(z, K., Kq)
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is radially unbounded. Now, letting z(¢) denote the solution to (15.22) and using

(15.7), (15.16), and (15.18), it follows that the Lyapunov derivative along the closed-

loop system trajectories over the time interval ¢ € (¢, tx41], k € N, is given by

V(a(t), Ke(t), Ka(t) =

A feol(8) + Gelw(O) Celat) (Kelt) — Keg) Fela())]
Fotr QTN (K.(t) — Kog)Y LK (1)

OG0t
1+ Vi(z(t))

+ vt | (Kell) = Ke) Fo(w()V, (2(0)Gelw(®) Ge(w (1))

~ vt [(Ket) = Ko Pula()V (2(0) Gela(t) Gela(1)|
)
1+ V(e ()

< O, t, <t< tk+1~ (1527)

Furthermore, using (15.9), (15.10), (15.17), and (15.24), the Lyapunov difference

along the closed-loop system trajectories at the resetting times ¢, k € NV, is given by

AV (2(tr), Ko(tr), Ka(te))

L

V((th), Kelt)), Ka(t) = V(w(t), Ke(te), Ka(t)

In (14 Va(a(te) + fas(w(t)) + Gala(te)) Gale(t))a(ts)

vatr (RKo(te) — sprpmtmany @Kot Fa(e () EY (a(6) )|
Q" (Kaltn) = oo Qakalt) Fala(t) FT (x(t))

—In(1 + Vi(z(t))) — atr K (t:)Qg " Ka(t)

= In(1+ [Vo(a(te) + fas(w(tn)) + Pro(a(t))Gala(te) ialte)

+iig (t) G5 (2(t)) Poul(t)) Ga (2 (t) a(ty) - Vs(x(tk))]
[+ Vi) ™) + atr KT (4)Q" Ka(ta)
~ TG mea K () Ka(te) Faa(te) Ef (2 (1)

T errram Ryt Fa@ () Fa (#(t) Ka (t)QaKaty)
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Fa(a(t)) Fi ((ty)) — atr K (1) Qg " Ka(ty)

< | —la (@) a (e (th))
—ePra((t)) Gala(t)) G (x(tr)) PL (2 ()
+Pru((t) Gale(te))aa(t) + VﬂdT(tk)de(tk)] [+ Vil (t)] ™
~ oG mea Fa @) K () Ka(te) Fa(x(t)

+C+FT(x(tk))Fd(z(tk))F (2(te) K () QaKa(tr) Fa(z(ty)), k€N, (15.28)

where in (15.28) we used Ina —Inb =In § and In(1+d) < d for a,b > 0, and d > —1,

< 1. Now, adding and subtracting - Tl 16 and from

respectively, and 1e T+ Vi (2(ty))

c+:pTx

(15.28) and collecting terms yields
AV(x(tk),KC(tk),Kd(tk))
< —m@(w(tk))fd@(tk»
— vy [Pr(e(t), g ()]
P, (x(ty)) T
. { 1ﬂd(tk) 1+%(1x(tk)) [z (t)a(t)

_c+FT( (tr )Fd(m(tk))FdT(m(tk))kd (tk)(QI Qd) (tk)Fd( ( ))

)
- _ ( (te))la(x(tn) — Ff ((tn)) K (tn) Rl (tn) Kalte) Fa(z(t))
- + Vi(z(tr)) (c+ Fy (z(te)) Fax(te)) (1 + Va((te)))

EGd( ( *
—3 G ((ty))

Vg (t)ia(te)]

+

keN,
(15.29)

where
50\ B 1 T
R(x) = a(l 4 Vi(x))(2Lm, — Qa) — (4—8 + V) (c+ Fy (x)Fy(x)) L, (15.30)

Noting that 21,,, — Q4 > 0, since by assumption Ayax(Q4) < 2, and a is given by
(15.26), it follows that

R 2 a1+ ") 2, — Qa) = (2 +v ) (e + FH @)
> a(l+ Mme)(led —Qq) — (4_18 + V) (c + fyxTx) I,
>0, z€2Z,. (15.31)
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Hence, the Lyapunov difference given by (15.29) yields

(tr))la(x(tr))
+ V(e (t)
Fyf (x(ty)) K (t5) R(x(ty)) Ka(te) Fa((t))
( + I (@(te) Fa( () (1 + Vi(z(te)))
 Li(z(tn))la(z(tr))
- 1+ Vi(x(ty))
<0, keN. (15.32)

AV($(tk),Kc<tk),Kd<tk)) S — (1

Now, it follows from Theorem 1 of [80] that (15.27) and (15.32) imply that the
solution ((t), Ko(t), Ka(t)) = (0, Keg, Kag) to (15.16)~(15.18) and (15.22)(15.24) is
Lyapunov stable. Furthermore, if £ (z)l.(z) > 0, z € R"\Z,, z # 0, and W = O,
then it follows from Theorem 15.1 with R = M = {(z, K., K4) € R" x R™e*% x

R™Maxsa ;g = 0} that z(t) — 0 as t — oo for all x5 € R™. O

Remark 15.1. Note that in the case where (X (2)l.(z) > 0, x € R"\Z,, x # 0,
and W = O, the conditions in Theorem 15.2 imply that x(¢) — 0 as ¢ — oo and hence
it follows from (15.16) that (z(t), K.(t), Ka(t)) — M = {(x, K., Kq) € R™ x Rme*5 x
RMaxsa g = (), K, = 0} ast — oo. Furthermore, if z(t), t > 0, intersects Z, infinitely
many times, then (x(t), K.(t), Ka(t)) = M = {(z, K., Kq) € R" x R™Me*% x Rmaxsa ;
z=0, K, =0, Kq(t7) = Kq(t)} as t — oc.

It is important to note that the hybrid adaptive control law (15.14)—(15.19) does

not require explicit knowledge of the gain matrices K, K4y and the positive constants

g9
v, 7, €, and p. Theorem 15.2 simply requires the existence of Ko, Kqg, v, 7, €, and
along with the construction of F.(z), Fi(z), Ge(z), Gq(z), and Vi(x) such that (15.7),

(15.9)—(15.12) hold. Furthermore, no specific structure on the nonlinear dynamics

fe(x) and f4(x) is required to apply Theorem 15.2. However, if (15.1) and (15.2) are
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such that

o) = Aeat Jule). Gulo) = | Vg | (15.33)
fa@) = (Aa— L)+ fuule),  Galz) = [0“53;;)% } (15.3)

where

A= | g, A= [, | dwtr= [ | e = P |
Aep € Rme)Xm and Agq € RM=™a)X are known matrices of zeros and ones capturing
a multivariable controllable canonical form representation [43], f., : R* — R™ and
fau : R® — R™ are unknown functions with f.,(0) = 0 and f () fau(7) < yuzTa,
x € Z,, where v, > 0, Ges : R* — R and Ggs : R" — R™4*™d then we can
always construct functions V; : R" — R, with V;(0) = 0, G. : R? — Rmexme G
R" — RmMaxma F: R™ — R, with F.(0) = 0, and Fy : R" — R*¢ such that (15.7),
(15.9)—(15.12) hold without requiring knowledge of the hybrid system dynamics. To
see this assume that f.,(z) and fg,(x) are unknown and are parameterized as f.,(z) =
Ocfen(z) and fau(z) = Oqfan(z), where fo, : R" — R% and fg, : R" — R% with
fen(0) = 0 and f1 (2)fau(x) < Yaztx, z € Z,, where v, > 0, and O, € R™*4% and

B4 € R™aX94 are matrices of uncertain constant parameters.

Next, to apply Theorem 15.2 to the uncertain nonlinear hybrid system (15.1)
and (15.2) with f.(z), fa(z), G.(z), and Gq(z) given by (15.33) and (15.34), let

Ko € RMe*% and K, € R™3*% where s, = ¢, + 7. and sq = qq + rq, be given by
ch - [@cn - 907 CI)cn]a Kdg = [@dn - @d7 q)dn]a (1535>

where O, € R"<*% Q4, € R™*%4 @ € R™*" and Pg, € R™I*" are known

matrices, and let

ro-[fo] mes[E0] v
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where fo, : R" — R™ and fy, : R" — R satisfying fcn(O) = 0 and deu(m)fdu(x) <

Anttx, ¥ € Z,, 4w > 0, are arbitrary functions. In this case, it follows that, with

Gula) = G () and Ga(x) = Gy (),

N

Jfes() = fe() + Ge(w)Ge(r) Keg Fe()

= At fulo) + | 0050 | 620) [ Ounfals) — Ofnls) + Fen o) |

. On—
= A+ (n=me)x1 ] 15.37
{ Ocn fon () + Pen fon () ( )

and
fas(@) = fa(x) + Ga(2)Ga(2) Ko Fu()
= (Aq — L)z + fau(z)

. [ U ] G (@) [Ounfan(@) — O fin(x) + Pty fan ()]

_ _ O(nfmd)xl )
= (Aqg— L))z + { Ounfan(®) + Pan fan(z) | (15.38)

Now, since O, € R"*%* Q4, € R™*4 o, € R™*" and &g, € R™I*" are
arbitrary constant matrices and fo, : R" — R" and fq, : R® — R' are arbitrary
functions we can always construct Koy, Kqg, Vs(z), Fe(z), and Fy(z) without knowl-
edge of f.(z) and f4(x) such that (15.7), (15.9), (15.10), (15.12) hold, while (15.11)
is satisfied with 4 > v, + 4,. In particular, choosing O, fon () + @Cnfcn(x) = A
and Ogy fan(z) + Pan fdn(x) = fldx, where A, € R™" and Ay € R™ax™ it follows
that (15.37) and (15.38) have the form fs(z) = Acx and fas(x) = (Aq — I,)z, respec-
tively, where A, = [AOT, ACT} ' and Ay = [Ag, fldT]T are in multivariable controllable
canonical form. Hence, we can choose A, and Ay such that A, is Hurwitz and Aq is
Schur. Now, it follows from standard converse Lyapunov theory that there exists a

positive-definite matrix P satisfying the Lyapunov equation

0= AP+ PA.+ R, (15.39)
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where R, is positive definite. If, in addition, for G4(x) = Bg € R™"4 | P satisfies the

Riccati inequality
0> AJPAq — P+ Ry +4eA] PByB] PA,, (15.40)

where £ > 0 and Ry is positive definite, then (15.7), (15.9), (15.10), and (15.12) are
satisfied with Vi(z) = 2" Pz, Gq(z) = In,, Pu(x) = 22TATPBy, Py, (z) = BT PBy,
and pu < Apin(P). Hence, the hybrid adaptive feedback controller (15.14) and (15.15)

with update laws (15.16), or, equivalently,
R(t) = —rrrbmm QG (a(6) G2 (2(6)) P () FE (2(1)) Y, (15.41)

and (15.17)—(15.19) guarantees global asymptotic stability of the nonlinear hybrid
uncertain dynamical system (15.1) and (15.2) where f.(z), fa(x), Gc(x), and Gq(z)
are given by (15.33) and (15.34) with Ggs(z) = Bgs € R™4*™4. Note that since R,
and Ry are arbitrary, (15.39) and (15.40) can be cast as a linear matrix inequality

(LMI) feasibility problem involving P > 0, AYP + PA. < 0, and

ATPA,— P ATPBy

BTPAy  —del,, | =%

Finally, as mentioned above, it is important to note that it is not necessary to utilize
a feedback linearizing function Fi.(z) and Fy(z) to produce linear functions fes(z) and
fas(x). However, as shown above, when the hybrid system is in a hybrid normal form
given by (15.33), (15.34), the feedback linearizing functions Fi.(z) and Fy(x) provide
considerable simplification in constructing Vi(x) necessary in computing the hybrid

update law (15.16).

Note that by choosing ©4, = ®4, = 0 considerable simplification occurs in the
update law (15.19). Specifically, in this case it follows that

Ao

mXxn

G:ri(x)fds(x) = [ Omx(n—m); G(;Sl<x) :| |: 0 :| r=0, z¢€ Z:):;
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and hence the update law (15.19) can be simplified as

AKalt) = ~ ceprrdm QaGa ) GL ) AsOET (1), o) € 2.

(15.42)
Furthermore, it is also important to note that Theorem 15.2 is not restricted to
hybrid dynamical systems satisfying the linear growth constraint f{ (x)fq(z) < 4z'z,
x € Z,, % > 0. Theorem 15.2 can be used to construct hybrid adaptive controllers
so long as the function Fy(z) satisfies (15.11) and we can construct a function V(z)
such that (15.7), (15.9)—(15.12) hold. Finally, in the case where Z, is a bounded set,
there always exists 4 > 0 such that f{ (z)fq(x) < AzTz, z € Z,, holds. This implies

that in this case we can always construct Fy(z) such that (15.11) is satisfied.

Next, we consider the case where f.(x), fa(x), G.(z), and Gq(z) are uncertain.
Specifically, we assume that G.(x) and G4(x) are such that G.s(x) and Ggs(x) are un-
known and are parameterized as Ges() = BeyGen(2) and Gas(x) = BquGan(x), where
Gep 0 R" — R™X™Me and Gy, : R™ — R™3*™4 are known and satisfy det G.,(x) # 0,
x € R"\Z,, detGau(z) # 0, © € Z,, and B, € R"™ ™ and By, € R™Ma*™ma,
with det B., # 0 and det By, # 0, are unknown symmetric sign-definite matrices
but a bound « for the maximum singular value of By, is known and the sign def-
initeness of B., and By, are known. For the statement of the next result define
Beo 2 [Omextnomeys Ime] " for Bey > 0, Beg 2 [Oper(nome)s —Ime]  for Bey < 0,

Buao 2 [Omyn(nma)s Img] " fr Baw > 0, and Bag 2 [0y x(nma)s —Ima] " for Bay < 0.

Corollary 15.1. Consider the nonlinear uncertain hybrid dynamical system G
given by (15.1) and (15.2) with f.(x), fa(x), Ge(x), and Gg4(x) given by (15.33),
(15.34), and Ges(x) = BoyGen(z) and Ggs(x) = BquGan(x), where B, € R™exme
and By, € R™1*™d agre unknown symmetric matrices and the sign definiteness of

By and By, are known and opax(Bau) < @, a > 0. Assume there exist a matrix
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K. € R™*% a continuously differentiable function Vi : R® — R, and continuous
functions G, : R* — Rmexme o R™ — R* and £, : R" — RPe such that V(-) is
positive definite, radially unbounded, V5(0) = 0, ¢.(0) = 0, F.(0) = 0, and, for all x €
R™\Z,, (15.7) holds. Furthermore, assume that there exist a matrix Ky, € R"4*%d,
continuous functions éd D 2, — Rmaxma [y Z— R% (g 0 Z, — RP4 matrix
functions Py, : 2, — R>™ P, : Z — N™ and positive constants e, pu, and v
such that Ga(x), z € Z,, is invertible, @ 2GY (2) Pou(z)Ga(z) < vI,, = € Z,, where
& > «/2, and, for all x € Z, and uq € R™4, (15.9)—(15.12) hold. Finally, let ¢ > 0

and Y € P%. Then the hybrid adaptive feedback control law

uc(t) = Go (z()) Ke(t) Fe((t)),  x(t) € 2, (15.43)

ualt) = 671G ((t) Ka(k) Fala(t), o(t) € 2., (15.44)

where K.(t) € R™** t >0, and Kq4(t) € R™*% ¢t > 0, with update laws

K(t) = —samiamy BaoVs T (@) F ()Y, Ke(0) = Koo, x(t) & 2., (15.45)
AK(t) =0, =z(t) € Z,, (15.46)
Kq(t) =0, K40)=Kq, z(t)¢ Z,, (15.47)
AKa(t) = — srreaymen Bioldz(t) — fa(@@)]Fy (2(1),  2(t) € Za, (15.48)

guarantees that the solution (x(t), K.(t), Ka(t)) = (0, K, K4g) of the closed-loop
hybrid system given by (15.1), (15.2), (15.43)—(15.48) is Lyapunov stable. If, in
addition, £F(2)lc(z) > 0, x € R"\Z,, v # 0, and W £ {z € Z, : (X (2)ly(z) =0} =

@, then z(t) — 0 as t — oo for all x5 € R™.

Proof. The result is a direct consequence of Theorem 15.2. First, let G,(z) =
G_l(z) and é’d(x) = éflG;nl(x) so that Gc(x)é'cn(x) = [0px (n—m)> Be|t and Gy(x)
Gan(®) = [Opx(nomy, & ' Bau|T, and let Keg = B[O — O, Pen] and Ky = 4By

[Odn — B4, Pan). Next, since Q. and Q4 are arbitrary positive definite matrices with
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Amax(@Qd) < 2, Q. in (15.16) and Qq in (15.19) can be replaced by ¢.|Be,|™" and
671 Bau| ™Y, respectively, where ¢, is a positive constant, |Beu| = (B2,)2, and |Bay| =
(B2,)2, where ()2 denotes the (unique) positive definite square root. Now, since B,
and By, are symmetric and sign definite it follows from the Schur decomposition that
Bew = U.Dg_ UL and By, = UyDp, U, where U, and Uy are orthogonal and Dg_, and

Dg,. are real diagonal. Hence, |Bo,|'GT(2)GT (z) = [Omex (n—me)s Zm.] = Beg and

du
a7 Bau| G (2)GE (%) = [Omyx(nomy)» Zmy] = Bag, where Z,,. = I, for By, > 0,
L, = —1Iy, for By, <0, Z,,, = Iy, for Bqy, > 0, and Z,,,, = I, for By, < 0. Now,

(15.16) and (15.19) imply (15.45) and (15.48), respectively. O

15.4. Hybrid Adaptive Attraction Control for Nonlinear Hy-
brid Dynamical Systems

In this section we relax several of the structural conditions given in Theorem 15.2,
needed for guaranteeing partial asymptotic stabilization, to develop hybrid adaptive
controllers with less restrictive conditions guaranteeing attraction of the closed-loop
system states associated with the hybrid plant dynamics. Specifically, we develop
hybrid adaptive attraction controllers without the linear growth assumption (15.11)
nor the structural constraints (15.9) and (15.12). Here, once again we consider the
controlled state-dependent impulsive dynamical system (15.1), (15.2) with D = R",
U, = R™ and Uy = R™4.

Theorem 15.3. Consider the nonlinear uncertain hybrid dynamical system
G given by (15.1), (15.2). Assume there exist a matrix K., € R™<** a continuously
differentiable function V; : R" — R, and continuous functions GC : R? — RMeXMe,
F. : R" — R and /. : R® — RPc such that V;(-) is positive definite, radially
unbounded, V;(0) = 0, £.(0) = 0, F.(0) = 0, and, for all z € R"\ Z,, (15.7) holds.
Furthermore, assume there exist a matrix K3, € R™4**¢ and continuous functions
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G’d : Z, — R™MaxX™d and Fy : Z, — R such that Gd(x), xr € Z,, is invertible and, for
all v € Z,,

0> Vil + fur()) — Vi(a), (15.49)

where fqs(z) is given by (15.13). Finally, let ¢ > 0, Q. € P, Qq € P Y € P,

and Apax(Qq) < 2. Then the hybrid adaptive feedback control law

N

uc(t) = Ge(x(t)) Ke(t) Fe(x(t),  2(t) & Za, (15.50)

N

ug(t) = Ga(x(t))Kq(t)Fa(z(t)), z(t) € Z,, (15.51)
where K.(t) € R ¢ >0, and K4(t) € R™%% ¢ > 0, with update laws
Ke(t) = —3QcGT (x(0)GE () VS (a(6)) FY (2(1)Y,
K.(0) = Koo, 2(t) ¢ 24, (15.52)
AK,(t) = 0, z(t) € Z,, (15.53)
Kq(t) =0, K4(0)=Kq, z(t)¢ Z,, (15.54)

AKqy(t) = _C+FdT(x(tl))Fd(x(t))Qdégl(x(t»GIl(x(t))[Ax(t) - de(x(t))]Fg(I@))v
x(t) € Z,, (15.55)

where AK (t) & K.(t7) — K.(t) and AK4(t) & Kq(t*) — Kq4(t), guarantees that the
solution (x(t), K.(t), Kq(t)), t > 0, of the closed-loop hybrid system given by (15.1),
(15.2), (15.50)—(15.55) satisfies £c(x(t)) — 0 as t — 0 for all 2o € R™. If, in addition,

(X(x)l(z) >0, x € R"\Z,, x # 0, then z(t) — 0 as t — oo for all 7y € R™

Proof. First, define Kq(t) 2 Ky(t) — Kqp and 0(t) 2 Ga(a(t))Ga(z(t)Ka(t)
-Fy(z(t)). Note that with u.(t), t > 0, and wuq(tx), &k € N, given by (15.50) and
(15.51), respectively, it follows that the closed-loop hybrid system (15.1), (15.2) is
given by

#(t) = fe(w(t)) + Ge(w(t))Ge(w(t) Ke(t) Fe(x(1)),  2(0) = zo, 2(t) & Zs, (15.56)
Ax(t) = fa(@(t)) + Ga(a(t)) Ga(a(t)) Ka(t) Fa(z(1)), z(t) € Z,, (15.57)
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or, equivalently, using (15.8) and (15.13),

i(t) = fesla(t)) + Gelw(t)) Ge(w(t)) (Kel(t) — Keg) Fe(a (1)),
z(0) =xo, x(t) & Z,, (15.58)

~

Ax(t) = fas(x(t)) + Ga(2(t))Ga(x (1)) (Ka(t) — Kag) Fa(x(t))

= faslz(t)) + B(t), z(t) € Z,. (15.59)

Furthermore, note that adding and subtracting Kq, to and from (15.55) and using
(15.59) it follows that

Kd(t+) = f(d(t) - c+pdT(x(t1))Fd(x(t))Qdégl(x(t))Gji(I(t))
(Ga(x(t)Ga(z(t) Ka(t)Fa(z ()| Fy (x(t))

= Ka(t) — cramymem QalaOFa((0)) FY (x(t), (1) € Z,. (15.60)

To show convergence of the plant states for the closed-loop hybrid system (15.52)—
(15.54) and (15.58)—(15.60) consider the Lyapunov-like function

V(z, Ke, Kg) = Vi(z) +tr Q7N (K. — Keg) Y H(Ke — Koo)'

+tr (Kd - Kdg>TQ(;1<Kd - Kdg)' (1561)

Note that V(0, K¢g, K4g) = 0 and, since V4(-), Qc, Qa, and Y are positive definite,
V(z, K., Kq) > 0 for all (z, K., K4) # (0, K¢, Kqg). In addition, V(z, K., Kq) is
radially unbounded. Now, using (15.7), (15.52), and (15.54), it follows that the time
derivative of V' (z, K., K4) along the closed-loop system trajectories over the time

interval t € (tg, tri1], kK € N, is given by

V(@(t), Ke(t), Ka(t) = V(@(t)) | fo(@ () + Gelal(t) Ge(w(®) (Kelt) = Keg) Felw(t))]
+2tr QM (Ko (t) — Keg)Y 'K (1)
= (X (@)L (1)
| (Ke(t) = Kog) Fela )V, (2(8) Ge(w(0) Gela(0)) |
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= —(T(x()le(x(t))

< O, ty <t < tk+1. (1562)

Now, suppose there exists kp.x > 0 such that & < k,..; that is, the closed-
loop system trajectory x(t), ¢ > 0, intersects the resetting set Z, a finite number of
times. In this case, the closed-loop hybrid system possesses a continuous flow for all
t > t,.. and hence it follows from Theorem 2 of [42] that {.(z(t)) — 0 as t — 0.
If, in addition, ¢I(z)l.(x) > 0, x € R"\Z,,  # 0, then z(t) — 0 as t — oo for all
xo € R™. Alternatively, suppose a trajectory z(t), t > 0, intersects the resetting set

Z, infinitely many times. In this case, consider the partial Lyapunov-like function
VKd(Kd) = tr (Kd — Kdg)Tle(Kd — Kdg)- (1563)

Note that since @Qq is positive definite, Vi, (Kq) > 0, Kg € R™3*% Ky # Kg4,. Now,
using (15.60), the difference of Vi, (Kq) along the closed-loop system trajectories at

the resetting times 5, k € N, is given by

AV, (z(tr), Ka(ty))

= Vi, (x(th), Ka(tf)) — Vi (2(t), Ka(ty))

=t (Ralts) ~ rrambymmy @aka(t) Fa(e(t) FE (x(1)) - Q3"
(Ralts) = —rroabmen Qakalt) Fale(h) FE (2(t)))
—tr K (tx)Qq " Kalty)

= tr K (t)Qg " Kalty)
~rrGamea t Kd () Ka(te) Fala (b)) F (+(t)
H AT REEE Fa((te)) Fi (x(tx)) K (t:)QaKa(tx)

Falw(t)EY (e(te) — tr K (8)Qg Kalty)
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< _C+F5(x(tk1))pd($(tk))FdT(x(tk))Kg@k)(led - Qd)Kd(tk)Fd(x<tk))

<0, keWN, (15.64)

F(z)F4(x)

where in (15.64) we used T FT (o) Fa(2)

< 1 and 2I,,,, — Qq > 0, since by assumption
Amax(Qa) < 2. Hence, Vi, (z(ty), K(t)), k € N, is a nonincreasing and bounded func-
tion of k. Thus, it follows from the monotone convergence theorem (see Theorem 8.6 of
[10]) that limy_ Vi, (2 (tx), Ka(tx)) exists which implies that AV (x(tx), Ka(tx)) —
0 as k — co. Now, it follows from (15.64) that Kq(ty)Fs(z(ty)) — 0 as k — oo and
hence w(ty) — 0 as k — oo. Next, to show that z(t) — 0 as t — oo, note that, since

W(ty) — 0 as k — oo, there exists k* > 0 such that for all k£ > k*,
0 > Vi(z(te) + fas(z(te)) + w(te)) — Valz(t)) (15.65)
holds and hence there exist 2x C Z, and Kg C R™a*54 guch that

0> Vi(z+ fas (@) + Ga(2)Ga(2) KaFy(x)) = Vi(z), (2, Kq) € Z3 x Kq C Z, x RMaX54

(15.66)
and dist(z(t;), Z,) — 0 as k — oo and dist(Kq(ty), Kq) — 0 as k — oo. Hence, it
follows that the difference of V(z, K., Kq) along the closed-loop system trajectories

at the resetting times t;, k > k*, is given by
AV (x(ty), Ke(ty), Ka(tr)) = V(a(ty), Ko(t]), Ka(ty)) = V(@ (t), Ke(tr), Ka(ty))
= Vi(a(tr) + fas(z(tr)) + @(tr)) — Vil (tr))

+AVi, (x(tr), Ka(tr))

<0, k>k". (15.67)

Next, for t > t«, define the translated closed-loop hybrid system

#(0) = z(tf), (7)€ Z,. (15.68)
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AR(T) = fa(#(7)) + Ga(#(7)Ga(#(7) Ka(r) Fa(&(7)), #(7) € Zs, (15.69)
Ko(r) = =3Q.GL(#(7) G (#(n)V/ " (#(r) F (2(7)Y, Ke(0) = Ke(ts),
#(1) ¢ Z,, (15.70)
AK.(1) =0, (1) € Z,, (15.71)
Ka(t) =0, Kq(0) = Kq(t), a(7) ¢ Za, (15.72)
ARq(r) = —C+Fg@($)w(ﬂ)@d@; @ (r))GR@E(M)[AR(T) = fas(@(7))IF] (#(7)),
2(1) € Z,, (15.73)

where 7 £ t — tje > 0, &(7) 2 z(t — tg), Ko(7) & Kot — tye), and Kq(1) 2
K4(t — ty+). Furthermore, define R, £ {(#, K., Kq) € R" x R™MeXs x RMaXsa : 3
Z,, V(#, Ko, Kq) = 0} = {(#, K¢, Kq) € R x Rmexse x Rmaxsa s g  Z, (T (2)0,(3) =
0} and Rq £ {(&, K., Kq) € R™ x Rmexse x Rmaxsa : ¢ e Z, AV(%, K., Kq) = 0}.
Now, let M denote the largest invariant set contained in R = R, U R4 and note that
since w(ty,) — 0 as k — oo it follows that for (&, Ko, Kq) € M N (2, x R™e*5e x KCg),
Ga(2)Ga(2)KaFy(&) = 0, KqFy(%) = 0, and Vi (&+ fas(2))=Vi(&) = 0. However, since
(15.66) holds for all x € Z,, M = R.U® and hence it follows from Theorem 15.1 that
the solution (&(7), K(7), Ka(7)), 7 > 0, to (15.68)(15.73) satisfies £.(2(7)) — 0 as
7 — oo and hence l.(z(t)) — 0 ast — oo. Furthermore, if £7 (2)l.(z) > 0, z € R"\ Z,,

x # 0, then z(t) — 0 as t — oo for all g € R". O

Remark 15.2. Note that in the case where £I(z)l.(x) > 0, x € R"\Z,, x # 0,
the conditions in Theorem 15.3 imply that z(¢) — 0 as t — oo and hence it follows
from (15.52) that (z(t), Kc(t), Ka(t)) — M £ {(z, K¢, Kq) € R" x R™eXse x RmaxXsa
=0, K, = 0} as t — oco. Furthermore, if x(t), t > 0, intersects Z, infinitely many
times, then (z(t), K.(t), Kq(t)) — M £ {(x, K., Kq) € R" x RMeX% x RMaxsa : g =
0, K. =0, Kq(tT) = Kq(t)} as t — 0.

Remark 15.3. In the case where uq(t) = 0, Condition (15.49) can be replaced

444



by
0> Vilz + fa(z)) — Vi(z). (15.74)

Furthermore, taking Fy(x) = 0, z € Z,, and Kq4(t) = 0, (15.65) holds for all k € N.
In this case, since V (z(t), K.(t), K4(t)) is nonincreasing for all ¢ > 0, V(z, K., Kq)
is a Lyapunov function and hence the closed-loop hybrid system (15.52)—(15.54) and

(15.58)—(15.60) is Lyapunov stable and z(t) — 0 as t — oc.

As shown in Section 15.3, if (15.1) and (15.2) are such that (15.33) and (15.34)
hold, then we can always construct functions V; : R® — R, F, : R" — R*, and
Fy: R" — R%* with F.(0) = 0, such that (15.7) and (15.49) hold without requiring
knowledge of the hybrid system dynamics. Specifically, parameterizing f.,(x) and
fau(x) as in Section 15.3 and choosing O, fen (z) + @Cnfcn(x) = A.x and Odn fan(T) +
CIanfdn(x) = fldx, where A, € R™*" and Ay € Rmaxn it follows that (15.37) and
(15.38) have the form f(z) = Acx and fas(z) = (Aq — I,)x, respectively, where
A. = [AOT,ACT]T and Aq = [AOT,AHT are in multivariable controllable canonical
form. Hence, we can choose flc and Ad such that A, is Hurwitz and A4 is Schur.
Now, it follows from standard converse Lyapunov theory that there exists a positive-

definite matrix P satisfying the Lyapunov equation

0=AlP+ PA.+ R., (15.75)
where R, is positive definite. If, in addition, P satisfies

0= A]PAy — P+ Ry, (15.76)

where Ry is positive definite, then (15.7) and (15.49) hold with V(z) = 2" Pz. Hence,
the hybrid adaptive feedback controller (15.50) and (15.51) with update laws (15.52),

or, equivalently,

Ko(t) = —QcGe (x(1)Ge (x() Pa(t) FY (x(1))Y, (15.77)

445



and (15.53)—(15.55) guarantees global attraction of the nonlinear hybrid uncertain
dynamical system (15.1) and (15.2) where f.(x), fa(x), G.(z), and G4(x) are given by
(15.33) and (15.34). Note that since R. and R4 are arbitrary, (15.75) and (15.76) can
be cast as a linear matrix inequality feasibility problem involving P > 0, ATP+PA, <
0, and AJPAq — P < 0. Finally, as mentioned in Section 15.3, it is important to
note that it is not necessary to utilize a feedback linearizing function F.(x) and Fy(z)
to produce a linear fe(x) and fgs(z). However, as shown above, when the hybrid
system is in a hybrid normal form given by (15.33), (15.34), the feedback linearizing
functions F.(x) and Fy(x) provide considerable simplification in constructing V(z)

necessary in computing the hybrid update law (15.52).

Finally, if f.(x), fa(x), Ge(x), and G4(x) are uncertain and G.(z) and Gq(z)
are such that G.(z) and Ggs(z) are unknown and are parameterized as Ges(x) =
BowGen(z) and Ggs(z) = BauGan(x), where G, : R" — R™ ™ and Gg, : R" —
R™a*™d are known and satisfy det Go,(z) # 0, € R\ Z,, det Gan(x) # 0, x € Z,,
and B., € R™*™ and By, € R™>*™d with det B., # 0 and det Bq, # 0, are
unknown symmetric sign-definite matrices but a bound « for the maximum singular
value of By, is known and the sign definiteness of B., and By, are known, then we
have the following result. For the statement of this result recall the definitions of B,

for Be, > 0 and B, < 0 and By for By, > 0 and Bg, < 0 given in Section 15.3.

Corollary 15.2. Consider the nonlinear uncertain hybrid dynamical system G
given by (15.1) and (15.2) with f.(x), fa(x), Ge(x), and Gg(x) given by (15.33),
(15.34), and Ges(2) = BawGen(x) and Gs(z) = BauGan(z), where B, € R7ex™me
and By, € R™4*™d agre unknown symmetric matrices and the sign definiteness of
By and By, are known and opax(Bau) < @, @ > 0. Assume there exist a matrix
K, € R™*% a continuously differentiable function Vi : R® — R, and continuous
functions G, : R — R™exme F . R" — R and £, : R" — RP such that V()
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is positive definite, radially unbounded, V(0) = 0, ¢.(0) = 0, F.(0) = 0, and, for
all z € R"\Z,, (15.7) holds. Furthermore, assume that there exist a matrix Kq, €
R™a*%d and continuous functions Gd : 2, — R™MaXma and Fy : Z, — R such that
éd(x), x € Z,, is invertible and, for all x € Z,, (15.49) holds. Finally, let ¢ > 0 and

Y € P*c. Then the hybrid adaptive feedback control law

ue(t) = Go () Ke(t) Fe((t)),  x(t) € 2, (15.78)

ug(t) = &Gyl (z(t))Ka(k)Fa(z(t), x(t) € Z,, (15.79)

where K.(t) € R™** t >0, Kq(t) € R™** t >0, and & > a/2, with update laws

Ko(t) = =BoV/ () Fl (@)Y, K(0) = Keo, a(t) & 2., (15.80)
AK(t) =0, z(t) € Z,, (15.81)
Kd(t> = 07 Kd(o) = Kd(]; x(t) ¢ szu (1582>

AKo(t) = = rrmiymaa Balde(t) - fa@@)E @), o) € 2., (1559

guarantees that the solution (x(t), K.(t), Kq(t)) of the closed-loop hybrid system given
by (15.1), (15.2), (15.78)—(15.83) satisfies {.(z(t)) — 0 as t — oo. If, in addition,
(Y(x)l(x) >0, x € R"\Z,, © # 0, then z(t) — 0 as t — oo for all 7y € R™

Proof. The result is a direct consequence of Theorem 15.3. First, let Gc(x) =

GZNz) and Gq(z) = &7 G (x) s0 that Go(2)Gen(z) = [0mx (nm), Beu) " and Gq(z)

cn

Gan(®) = [Omx(nm)> @ 'Bau|, and let Kop = B [Ocn — O, Pen] and Kyy = G B!

[Odn — B4, Pan]. Next, since Q. and Q4 are arbitrary positive definite matrices with
Amax(Qd) < 2, Q¢ in (15.52) and Qq in (15.55) can be replaced by ¢c|Bed|™* and
671 Bau| ™Y, respectively, where ¢, is a positive constant, |Be,| = (B2,)2, and |Bay| =
(B2)2, where (-)2 denotes the (unique) positive definite square root. Now, since Be,
and By, are symmetric and sign definite it follows from the Schur decomposition that

B., =U.Dg,, UCT and By, = UqDg,, U;lf , where U, and Uy are orthogonal and Dg_, and
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Dg,. are real diagonal. Hence, |By,|"'GT(2)GT (z) = Osmex(n-me)s Zme] = Beg and

du
a7 Bau| "G (2)GE () = [Omyx(nomy)» Zmy] = Bag, where Z,,. = I, for By, > 0,
L, = — Iy, for By, <0, Z,,, = I, for Bqy, > 0, and Z,,,, = I, for By, < 0. Now,

(15.52) and (15.55) imply (15.80) and (15.83), respectively. O
15.5. Illustrative Numerical Examples

In this section we present two numerical examples to demonstrate the utility of
the proposed hybrid adaptive control framework for hybrid adaptive stabilization and

hybrid adaptive attraction, respectively.

Example 15.1. Consider the nonlinear uncertain controlled hybrid system given
by (15.1), (15.2) with n =2, x = [zy, 2],

felz) = { " ] , Ge(z) = { 5 ] : (15.84)

Bt — p(a? — o)z c

falz) = [ , T ] Galz) = “1] (15.85)

—X9 — alli—;% — agli—ig — as 1H<1 + |(L’2|>

where u, a, 3, aq, as, asz, b, bqg € R are unknown. Furthermore, assume that the reset-

ting set Z, is given by
Z,={zeR?*: X(x) =0, 1, > 0}, (15.86)

where X : R? — R is a continuously differentiable function given by X (z) = z.
It can be easily verified that the resetting set Z, satisfies Assumptions Al and
A2 given in [80]. Furthermore, X'(z) # 0,z € Z,, and for the closed-loop hy-
brid system corresponding to the continuous-time dynamics given by (15.1) and
(15.14), X'(z)& = x9 # 0, x € Z,, and hence the closed-loop hybrid system sat-
isfies Assumption 15.1. Here, we assume that f.(z) and fq(z) are unknown and

can be parameterized as fo(x) = |29, 0171 + 02 + O32225]T and fq(x) = [—I1 +
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T
xf’) ZES

T2, =@y + Oz + Oaarz + fasIn(l + |$2|)] , where Oc1, Oc2, Ocs, a1, a2, and

fq3 are unknown constants. Furthermore, we assume that signb. and signby are

known and |ba| < 2. Next, let Go(z) = 1, Ga(z) = 1, Fu(z) = [21, 22, 3375 |

23 3 T 1
Fd<5€> - @7 ﬁu 111(1 + |ZL'2|), X1, I2} ) ch - be [anl - 9017 ecng - 0027 _9c3] ) and
Kdg = i[_edly _9d27 _edi’n (bdnl? (bdnz]a where 01117 9n27 (bdnn (bdnz are arbitrary SC&]&I‘S,
so that

01
fcs<x> = fc('r) + b b_ |: 90n1 - 9C179Cn2 - HCQ) _0c3 :| Fc(x>
0 1
o |: ecnl 9cn2 :| . (1587>

and

r+ fas(x) = x + fa(z) + [ l?d } % [ —0q1, —0a2, =043, Gdn, > Pdn, ]Fd(I)

- {d)g ¢jn2 ]x (15.88)

22 \? 22 \?
In addition, note that F (z)Fy(z) = (@) i+ (ﬁ) 22 +1n%(1+ |zg|) + 272 <

3Tz, € R? and thus (15.11) is satisfied with 4 = 3. Now, with the proper
choice of Ocn,, Ocnyy Pdny, and @an,, it follows from Corollary 15.1 that the hybrid
adaptive feedback controller (15.43) and (15.44) guarantees that z(t) — 0 as t — oo.
Specifically, here we choose 0., = —1, Oen, = =2, Pan, = —0.1, ¢an, = —0.1, so that
(15.7) and (15.10) are satisfied with

Vi(z) = 2" Px, P:“ H fc(x):“ Hx la(z) = Laz,  (15.89)

where Ly € R?*? is such that LdTLd < 0.343315.

With pu =2, a =1, =1 a, = =5, a3 = =2, a3 = 3, v = 1, b, = 3,
by = 1.4, @ = 1, Y = I3, and initial conditions z(0) = [1,1]*, K.(0) = [0,0,0],
and K4(0) = 015, Figure 15.1 shows the phase portraits of the uncontrolled and

controlled hybrid system. Figures 15.2 and 15.3 show the state trajectories versus
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time and the control signals versus time, respectively. Finally, Figure 15.4 shows the

adaptive gain history versus time.

Example 15.2. Consider the nonlinear uncertain controlled hybrid system given

by (15.1), (15.2) with n =2, x = [z, 2],

A B PR YO (15.90)

2
—fr1 — pay — )y
—x1 + T2
3
2 z 3
—Ty — a1 x] — agﬁ — azx;

0

fa(z) = . Ga(z) = { by } . (15.91)

where u, a, 3, a1, as,as,be.,bqg € R are unknown. Furthermore, assume that the re-
setting set Z, is given by (15.86). Here, we assume that f.(z) and fq(z) are un-
known and can be parameterized as f.(z) = [xo, 0111 + Ooxo + Ozx3x5)T and
fa(z) = [—xl + 9, —T9 + Oq127 + GdZ% + Hdgxg]T, where 0.1, O, Oes, 041, Oaz,
and f43 are unknown constants. Furthermore, we assume that sign b, and sign bq are
known and |ba] < 2. Next, let Go(z) = 1, Ga(z) = 1, F.(z) = [21, 29, 2225 |

T
3

_ |2 2 3 _ 1 _
Fy(z) = [3:1,1+$§,x2,x1,a:2] , Keg = 3 [Oeny — Oct, Ocny — Oc2, —bc3], and Kyy =

%[—Gdl, —0a2, —043, Pdny > Pdn, ), Where Oy, 01, Pany s Pan, are arbitrary scalars, so that

0|1
fcs<x> = fc('r) + |: b :| b_ |: 90111 - eclaecng - 9C2) _003 } Fc(x>
= { 00 91 x (15.92)
and
[0 ]1
T+ fds(x) = x+ fd(‘r) + bd :| E [ _9d17 _9d27 _ed?n d)dnl? ¢dn2 ] Fd(l‘)
0 1
= : 15.93
|: ¢dn1 ¢dn2 :| v ( )

Note that Fy(x) need not satisfy the linear growth condition (15.11). Now, with the
proper choice of O, Oeny, Pan,, and @gn,, it follows from Corollary 15.2 that the
hybrid adaptive feedback controller (15.78) and (15.79) guarantees that z(¢) — 0 as
t — oo. Specifically, here we choose 0., = —1, Oep, = =2, Gan, = —0.1, Pgn, = —0.1,
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Figure 15.1: Phase portraits of uncontrolled and controlled hybrid system
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Figure 15.4: Adaptive gain history versus time

so that (15.7) and (15.49) are satisfied with

o 11 11
Vi(z) =x Pz, P= [ e le(x) = KL (15.94)
With no= 2’ a = ]-7 ﬁ = ]-7 a; = _57 Az = _2a as = 37 Y= ]-a bc = 37

by = 1.4, & = 1, Y = 0.113, and initial conditions z(0) = [1,1]T, K.(0) = [0,0,0],
and K4(0) = 015, Figure 15.5 shows the phase portraits of the uncontrolled and
controlled hybrid system. Figures 15.6 and 15.7 show the state trajectories versus
time and the control signals versus time, respectively. Finally, Figure 15.8 shows the

adaptive gain history versus time.

15.6. Conclusion

A direct hybrid adaptive nonlinear control framework for hybrid nonlinear un-

certain dynamical systems was developed. Using Lyapunov methods the proposed
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framework was shown to guarantee partial asymptotic stability of the

hybrid system; that is, asymptotic stability with respect to part of the

30

closed-loop

closed-loop

system states associated with the hybrid plant dynamics. Furthermore, hybrid adap-

tive controllers guaranteeing attraction of the closed-loop system plant states were

also developed. In the case where the nonlinear hybrid system is represented in a hy-

brid normal form, the nonlinear hybrid adaptive controllers were constructed without

knowledge of the system dynamics. Finally, two numerical examples were presented to

show the utility of the proposed hybrid adaptive stabilization and attraction schemes.
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Chapter 16

Concluding Remarks and
Recommendations for

Future Research

16.1. Conclusions

The focus of this dissertation was to address several outstanding issues in direct
adaptive control of nonlinear uncertain dynamical systems with exogenous distur-
bances. The adaptive control laws were predicated on Lyapunov (resp., Lyapunov-
like) functions and guaranteed partial asymptotic stability (resp., partial ultimate
boundedness) with respect to part of the closed-loop system states associated with
the plant. Furthermore, adaptive controller gains (resp., weights) were shown to be
bounded. Even though it is not necessary to utilize the notion of feedback lineariza-
tion, throughout the dissertation it was shown that the adaptive control architecture
is considerably simplified if we make use of feedback linearizing functions so that up-
date laws can be constructed by solving Lyapunov/Riccati equations. Furthermore,
we have shown that feedback linearization is always possible in the case where the
nonlinear system is represented in normal form with input-to-state stable internal

dynamics.
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To arrive at a tractable control design formulation in spite of extreme complexity
of modern engineering systems, we first developed a direct adaptive control frame-
work for general nonlinear uncertain dynamical systems with bounded amplitude
and bounded energy disturbances. In the case where the system disturbances are
Ly disturbances, the proposed framework guaranteed that the closed-loop nonlinear
input-output map from uncertain exogenous L, disturbances to system performance
variables is nonexpansive. Based on this result, the framework was extended for
nonlinear uncertain systems with constant linearly parameterized uncertainty and
nonlinear state-dependent uncertainty. It was shown that this framework captures
the residual approximation error inherent in linear parameterizations of system uncer-
tainty via basis functions. In addition, a direct adaptive tracking control framework
with actuator amplitude and rate saturation constraints was also developed. To guar-
antee asymptotic stability of the closed-loop tracking error dynamics in the face of
amplitude and rate saturation constraints, the adaptive control signal to a given ref-
erence (governor or supervisor) system was modified to effectively robustify the error

dynamics to the saturation constraints.

Next, we developed a novel parametrization-free adaptive control framework for a
class of nonlinear matrix second-order dynamical systems with state-dependent un-
certainty. The proposed framework guaranteed global asymptotic stability without
requiring any knowledge of the system nonlinearities other than the assumption that
they are continuous and (lower) bounded. Generalizations to the case where the sys-
tem nonlinearities are unbounded were also considered. In the special case of matrix
second-order systems with polynomial nonlinearities with unknown coefficients and
unknown order, we provided a universal adaptive controller that guarantees closed-

loop stability of the plant states.

Nonnegative and compartmental models provide a broad framework for biological
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and physiological systems, including clinical pharmacology, and are well suited for
developing models for closed-loop control of drug administration. Motivated by the
potential clinical applications of adaptive control for pharmacology in general, and
anesthesia and critical care unit medicine in particular, we proposed adaptive con-
trol frameworks for linear and nonlinear nonnegative and compartmental uncertain
dynamical systems. In particular, we focused on achieving set-point stabilization in
the nonnegative orthant of the state space as well as zero-point stabilization. Fur-
thermore, we developed neural network adaptive controllers that guarantee ultimate
boundedness of the closed-loop system states. For both cases, the adaptive controllers
were shown to guarantee that the physical system states remain in the nonnegative
orthant of the state space. In addition, we constructed adaptive controllers that con-
strain their inputs to be nonnegative, which is necessary to account for nonnegative
control inputs (infusion pumps) of drug delivery systems. The proposed approaches
were used to control the infusion of the anesthetic drug propofol and midazolam for
maintaining a desired constant level of depth of anesthesia for noncardiac surgery in

the face of combined interpatient pharmacokinetic and pharmacodynamic variability.

We then turn our attention to addressing the adaptive control problem for discrete-
time nonlinear uncertain systems. Specifically, we developed a direct adaptive control
framework for adaptive stabilization, disturbance rejection, and command following of
multivariable discrete-time nonlinear uncertain systems with exogenous bounded am-
plitude disturbances and bounded energy (square-summable) {5 disturbances. These
results are analogous to the continuous-time adaptive disturbance rejection results
discussed in Chapter 2 for continuous-time nonlinear uncertain systems. The pro-
posed adaptive controller addresses the problem of disturbance rejection for nonlin-
ear uncertain discrete-time systems with ¢y signal norms on the disturbances and

performance variables. An adaptive control framework, via partial or semi-definite
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Lyapunov functions, that guarantees convergence of plant state and parameter errors
under a generic geometric constraints was also developed. The generic condition was
shown to be consistent with the notion of persistent excitation in the adaptive control

and system identification literature required for parameter error convergence.

Finally, we characterized hybrid adaptive control laws for nonlinear uncertain
impulsive dynamical systems. Using the the hybrid invariance principle the proposed
framework was shown to guarantee asymptotic stability of the closed-loop system
states associated with the hybrid plant dynamics. Furthermore, in the case where the
nonlinear hybrid system is represented in a hybrid normal form, the nonlinear hybrid
adaptive controllers were constructed without knowledge of the system dynamics.
Using less restrictive conditions, we also provide adaptive controllers that guarantee

attraction of the closed-loop hybrid plant states.

16.2. Recommendations for Future Research

Based on the results given in Chapter 2, we developed a robust adaptive control
framework in Chapter 3 that captures the residual approximation error inherent in
linear parameterizations of system uncertainty via basis functions. In this framework,
we assumed that the structured parametric uncertainty with bounded variation is
norm bounded with a known bound. The knowledge of the bound is required to
solve a Hamilton-Jacobi (bounded real Riccati) equation in order to construct V().
However, the norm bound for the bounded variation is not always known. Hence,
it is plausible if we can characterize cases where we do not require knowledge of the

norm bound. A class of such cases would be matrix second-order systems.

In Chapter 6 we developed an adaptive control framework for a class of non-

linear matrix second-order dynamical systems with exogenous disturbances. The
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adaptive controller does not require a parametrization of uncertain nonlinear system
parameters. The framework is, however, applicable to the case where the generalized
damping matrix C(-) is only a function of the generalized position coordinates for the
case C(-) is lower bounded. Furthermore, in the case where damping and stiffness
operators are time-varying functions, the damping and stiffness operators have to be
lower and upper bounded. To address a more general matrix second-order dynam-
ical system it would be of interest to develop an adaptive feedback controller that
allows for C(t,q, ¢) and K(t,q) to be only lower bounded. This may be achieved via a
time-varying Lyapunov function which does not have to be decrescent [198, Theorem

6.23).

A direct adaptive control framework for linear nonnegative and compartmental
systems with unknown time delay was developed in Chapter 8. In particular, when
the compartmental dynamics are mammillary, we showed that the proposed controller
can always stabilize the closed-loop system without knowing the system parameters
nor the delay amount. The framework can be extended to nonlinear mammillary
systems with unknown time delay. Furthermore, an adaptive control framework for
general nonlinear systems with unknown time delay is virtually nonexistent in the

literature.

In Chapters 10-12, we consider neural network adaptive controllers for nonlinear
nonnegative dynamical systems to guarantee ultimate boundedness of the physical
system states as well as the neural network weighting gains. In the literature, there
are numerous results on neural network adaptive control framework for general non-
linear systems, but virtually none of them proves attraction of the plant states to
the equilibrium point. It may be possible to show state convergence by making use
of the robust adaptive ideas presented in Chapter 3; that is, update laws can be

constructed assuming that the neural network approximation error is sector bounded
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instead of amplitude bounded. In this case, the neural network may not require o- or

e-modification terms in the update laws which can simplify stability proofs.

In Chapter 15 we developed a hybrid adaptive control framework for impulsive
(mixed continuous/discrete-time) dynamical systems. Closed-loop stabilization/at-
traction of the hybrid plant states is guaranteed if nonlinear Lyapunov(-like) equations
are satisfied for both continuous-time and discrete-time dynamics with the common
positive-definite function V;(-). Due to this restriction, the framework is not applica-
ble to mechanical-type, matrix second-order (Hamiltonian) dynamical systems with
nonsmooth impacts. To address this problem it may be beneficial to first develop
an adaptive control framework for continuous-time matrix second-order systems with
Vi(+) having a Hamiltonian structure. Then the adaptive control problem for impul-
sive mechanical systems can be addressed with V;(-) being Hamiltonian and satisfying
a hybrid continuous-time and discrete-time set of nonlinear Lyapunov equations. In
addition, a hybrid neuro adaptive control framework for hybrid dynamical systems
does note exist in the literature and hence a fruitful area of research would be to

develop a neural network adaptive control laws for impulsive dynamical systems.

There is no doubt that control-system technology has a great deal to offer phar-
macology in general, and anesthesia and critical care unit medicine in particular.
Critical care patients, whether undergoing surgery or recovering in intensive care
units, require drug administration to regulate key physiological variables (e.g., blood
pressure, cardiac output, heart rate, degree of consciousness, etc.) within desired
levels. The rate of infusion of each administered drug is critical, requiring constant
monitoring and frequent adjustments. Open-loop control by clinical personnel can
be very tedious, imprecise, time consuming, and sometimes of poor quality. Alter-
natively, closed-loop control can achieve desirable system performance in the face of

the highly uncertain and hostile environment of surgery and the intensive care unit.
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Since robust and adaptive controllers can achieve system performance without ex-
cessive reliance on system models, active (robust and adaptive) closed-loop control
has the potential in improving the quality of medical care as well as curtailing the

increasing costs of health care.

Even though there has been several control algorithms proposed in recent years
for active drug administration as reported in this dissertation, closed-loop control
for clinical pharmacology is still at its infancy. There are numerous challenges that
lie ahead. In particular, an implicit assumption inherent in all the proposed con-
trol frameworks discussed in this dissertation is that the control law is implemented
without any regard to actuator amplitude and rate saturation constraints. Of course,
any electromechanical control actuation device is subject to amplitude and/or rate
constraints leading to saturation nonlinearities enforcing limitations on control am-
plitudes and control rates. More importantly, in pharmacological applications, drug
infusion rates can vary from patient to patient and it is vital that they do not ex-
ceed certain threshold values. As a consequence, actuator nonlinearities and actuator
constraints (i.e., infusion pump rate constraints) need to be accounted for in drug de-
livery systems since they can severely degrade closed-loop system performance, and
in some cases drive the system to instability. These effects are even more pronounced
for adaptive controllers which continue to adapt when the feedback loop has been
severed due to the presence of actuator saturation causing unstable controller modes

to drift, which in turn leads to severe windup effects [156].

Another important issue not considered by most of the control algorithms dis-
cussed in this dissertation is sensor measurement noise. In particular, EEG signals
may have as much as 10% variation due to noise. For example, the BIS signal may be
corrupted by electromyographic noise; that is, signals emanating form muscle rather

that the central nervous system. Even though electromyographic noise can be min-
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imized by muscle paralysis, there are other sources of measurement noise that are

stochastic in nature and need to be accounted for within the control design processes.

In many compartmental pharmacokinetic system models, transfers between com-
partments are assumed to be instantaneous; that is, the model does not account for
material in transit. Even though this is a valid assumption for certain biological and
physiological systems, it is not true in general; especially in certain pharmacokinetic
and pharmacodynamic models. For example, if a bolus of drug is injected into the
circulation and we seek its concentration level in the extracellular and intercellular
space of some organ, there exists a time lag before it is detected in that organ [123].
In this case, assuming instantaneous mass transfer between compartments will yield
erroneous models. Hence, to accurately describe the distribution of pharmacological
agents in the human body, it is necessary to include in any mathematical pharma-
cokinetic model some information of the past system states. In this case the state of
the system at any given time involves a piece of trajectories in the space of continuous
functions defined on an interval in the nonnegative orthant. This of course leads to
(infinite-dimensional) delay dynamical systems [55,82]. This is especially relevant to
correctly address the time delay inherent in equilibrating the effect site compartment
with the central compartment and would have ramifications in the control design
processes. For example, for adaptive control, a nonlinear adaptive algorithm for com-

partmental systems with unknown time delay would need to be developed [40].

Optimal control for drug administration is also often necessary in clinical pharma-
cology. For therapeutic reasons in the intensive care unit, it may be desirable to reg-
ulate (maintain) the amount of a drug in one compartment above a certain minimum
threshold (dosage) level while maintaining the amount below a certain maximum level
in another compartment. Furthermore, to minimize drug side effects, it is desirable to

minimize the total amount (dosage) of drugs used [30,31,46,148,149,170,192,193,224].
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Drug administration in clinics and hospitals do not generally satisfy the aforemen-
tioned conditions. To enforce the specialized structure of compartmental and non-
negative systems, nonnegative state and control constraints will need to be enforced
as part of the controller design. The optimal (nonnegative) control law will need
to be designed to maintain desired drug concentrations in the plasma dictated by

therapeutic effects while minimizing drug dosage to reduce side effects [180].

A fundamental constraint for nonnegative linear system stabilization with a non-
negative control signal arises in set-point regulation. In particular, it can be shown
that the existence of an equilibrium point in the interior of the nonnegative orthant
of the state space is assured only if the nonnegative dynamical system has a system
matrix that does not possess eigenvalues in the open right-half plane [53]. This im-
plies that the largest eigenvalue of the system lies on the imaginary axis. However, by
the Perron-Frobenius theorem [20] this eigenvalue is real and therefore equal to zero.
Hence, the system matrix is semistable. In light of this constraint, it can be shown
using Brockett’s necessary condition for asymptotic stabilizability [28,53] that there
does not exist a continuous nonnegative stabilizing feedback for set-point regulation
in the nonnegative orthant for a nonnegative system. However, that is not to say
that asymptotic feedback regulation using discontinuous nonnegative feedback is not
possible. Of course, in the case where the system matrix is asymptotically stable, con-
tinuous nonnegative feedback for set-point regulation in the nonnegative orthant can
be used to improve system performance. In light of the above, it may be desirable to
develop hybrid (discontinuous) adaptive controllers for positive set-point regulation of
semistable compartmental systems. Hybrid adaptive control is virtually nonexistent
in the literature [93]. Furthermore, the problem of active control of sedation using
an intermittent clinician assessment with an ordinal sedation scoring system as a

performance variable necessitates hybrid control architectures to account for abstract
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decision making units (nurses or physicians) performing logical checks that identify
system mode operation and specify the lower-level continuous-time subcontroller to

be activated.

It is clear that closed-loop control for clinical pharmacology would significantly
advance our understanding of the wide effects of pharmacological agents and anes-
thetics as well as advance the state-of-the-art in drug delivery systems. While our
focus in this dissertation has been to survey the recent developments of active control
methods to deliver sedation to critically ill patients in an acute care environment and
outline some of the future challenges of active sedation control, these control methods
will have implications for other uses of closed-loop control of drug delivery. There
are numerous potential applications such as control of glucose, heart rate, blood pres-
sure, etc., that may be improved as a result of active drug dosing control. Payoffs
would arise from improvements in medical care, health care, reliability of drug dosing

equipment, as well as reduced cost for health care.
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