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ABSTRACT

Neural networks (NNs) are utilized in the backstepping approach to design a control
input by approximating unknown dynamics of the strict-feedback nonlinear system with
event-sampled inputs. The system state vector is assumed to be unknown and an observer
is used to estimate the state vector. By using the estimated state vector and backstepping de-
sign approach, an event-sampled controller is introduced. As part of the controller design,
first, input-to-state-like stability (ISS) for a continuously sampled controller that has been
injected with bounded measurement errors is demonstrated and, subsequently, an event-
execution control law is derived such that the measurement errors are guaranteed to remain
bounded. Lyapunov theory is used to demonstrate that the tracking errors, the observer
estimation errors, and the NN weight estimation errors for each NN are locally uniformly
ultimately bounded (UUB) in the presence bounded disturbances, NN reconstruction er-
rors, as well as errors introduced by event-sampling. Simulation results are provided to
illustrate the effectiveness of the proposed controllers.

Subsequently, the output-feedback neural network (NN) controller that was pre-
sented above is considered for an underactuated quadrotor UAV application. The flexibility
for the control of a quadrotor UAV is extended by incorporating notions of event-sampling
and by designing an appropriate event-execution law. First, the continuously sampled con-
troller is considered in the presence of bounded measurement errors and it is shown that the
system generates a local ISS-like Lyapunov function. Next, by designing an appropriate
event-execution law, the measurement errors that result from event-sampling are shown to
be bounded for all time. Finally, the effectiveness of the proposed event-sampled controller

is demonstrated with simulation results.
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SECTION

1 INTRODUCTION
1.1 BACKGROUND

Given their inherent approximation properties, neural networks (NNs) have become
popular in real-world applications that include unknown dynamics. In addition, due to the
fact that many dynamic systems can be expressed in the strict-feedback form, the incorpo-
ration of NN in a backstepping design has become a natural approach in controller design.
In strict-feedback systems that have unknown nonlinearities, subsystems are considered
separately from one another and NNs are implemented in approximating the unknown part
of each subsystem’s virtual control law. A general control scheme for this approach is pre-
sented by Ge and Wang in [1]]. However, the effort [[1] requires full knowledge of the state
vector, a provision that is not always guaranteed.

The need for full-knowledge of the state vector can be easily avoided with the im-
plementation of a NN observer. As an example, the work in [2] models a quadrotor UAV
system in strict-feedback form and circumvents the need for velocity sensors with an ob-
server. In general, designing an output-feedback controller with backstepping is an ap-
proach that has been implemented in a number of different applications [3]-[6].

The previous works [1]]-[6] on this class of systems assume a continuous sampling
paradigm wherein the control law is executed at a fixed frequency. An alternative to the
traditional sampling scheme, event-based sampling, is introduced by Tabuada in [7]: With
event-sampling, the control is updated only when an event occurs. The immediate ad-
vantage to this is that the number of computations is reduced; furthermore, if all design
parameters are appropriately selected, it can be shown that the reduction of computations
can be achieved without compromising the fidelity of the controller.

The work in [7] introduces basic concepts of event-sampling and applies them to
a general control system with known dynamics. Since then, a significant amount of work
has been done in the development of event-based controllers and they have been discussed

in various contexts, such as input-state stability [8], sensor/actuator networks [9], state-



and output-feedback systems [10][[11]], and trajectory tracking applications [12]]. In these
works [7]]-[12], the dynamics are assumed to be known and the use of NNs becomes unnec-
essary; for this reason, the extent to which their results can be implemented in real-world
applications is somewhat restrictive. Finally, the work in [13] extends the notions of event-
based sampling to incorporate unknown dynamics in an NN-based controller for an affine
nonlinear system. In any work presenting results in event-sampling, the derivation of an
event-execution law is a necessary provision; a particularly useful conclusion given in [13]]
is the presentation of an execution law in the presence of NN approximations.

However, the degree to which the results [13]] can be applied in practical applica-
tions is limited to affine systems. Moreover, the execution law presented relies on having
knowledge of the NN weight estimates at the event-triggering mechanism. This neces-
sitates “mirror estimators” that synchronously provide NN weight estimates at both the
controller and at the event-triggering mechanism.

Additionally, the efforts in event-sampling [//]-[13] primarily consider generalized
systems and do not make substantial contributions to the incorporation of intermittent sam-
pling in real-world applications. To this effect, the works [[14] and [[15] make efforts to im-
plement event-sampling in the context of real-world dynamics. In [14]], an event-sampled
approach is used in a vibration analysis for pneumatic tires; the work in [15] incorporates
event-sampling with an observer-based controller and it considers the results in the context
of a servoing control system. However, the efforts presented in [14] and [15] only con-
sider dynamics that are simple enough to where it is unecessary to implement advanced
adaptive methods. The incorporation of event-sampling in robotic applications that require
extensive use of NNs is a topic which has not received much attention.

This thesis extends the applicability of event-sampling to situations which have not
been previously explored. First, a general strict-feedback system will be considered. The
Lyapunov method will be used to develop an event-sampled direct adaptive NN output-

feedback controller for an uncertain nonlinear strict-feedback system. Subsequently, the



modified strict-feedback dynamics of an under-actuated quadrotor UAV will be considered
in the derivation of an event-sampled NN-based output-feedback controller. The effective-
ness of the proposed controllers will be illustrated with simulation results and it will be
shown how the number of samples can be reduced without having to sacrifice controller
performance.
1.2 OBJECTIVE

The primary objective of this thesis is to design two event-sampled controllers.
First, an event-sampled output-feedback controller is derived for a general nonlinear un-
certain strict-feedback system such that the output follows a desired trajectory. Next, an
under-actuated quadrotor UAV system is considered. The derivation for an event-sampled
output-feedback controller is derived such that the UAV follows a desired trajectory while
maintaining stable flight.
1.3 ORGANIZATION

This thesis begins with this introductory section which is followed by two papers.
The first paper, “Event-Sampled Direct Adaptive NN Output- and State-Feedback Control
of Uncertain Strict-Feedback System,” will show the derivation for the event-sampled con-
troller for a general strict-feedback system. The primary contribution of the first paper is an
output-feedback controller that utilizes an observer and relaxes the need for full knowledge
of the state vector; the state-feedback case is presented as a corollary. The second paper,
“Event-Sampled Control of Quadrotor UAV,” presents the derivation for an event-sampled
output-feedback control for a quadrotor UAV. Here, too, the need for additional sensors is
avoided with the inclusion of an observer.

After the second paper, a final conclusion for the thesis will be given. The conclu-
sion will discuss the work that has been completed as well as possible opportunities for

future research.



1.4 CONTRIBUTIONS

The primary contribution of this thesis is the development of an event-sampled
controller for both a general as well as a specific system, both of which are characterized
by uncertain nonlinearities. For the general case, the results from previous works were
limited by the assumptions that were invoked in the analyses. In particular, many of the
efforts assumed either full knowledge of the state vector, full knowledge of the system
dynamics, or both. With the incorporation of NNs, these assumptions can be relaxed.
Moreover, the use of NNs with event-sampling is a topic which has been explored, however,
the results are largely limited to affine systems; moreover, the use of mirror estimators in
the event-execution law that was presented requires greater computational effort. In the
derivations presented in this work, a strict-feedback system is considered, giving a greater
degree of flexibility for real-world applications. Additionally, it is shown how the Lyapunov
method can be used to derive an event-execution law that does not rely in mirror estimators
while ensuring the boundedness of the measurement errors that are introduced with the
intermittent sampling.

For the specific case, the dynamics of an under-actuated output-feedback quadro-
tor UAV in a modified strict-feedback form is considered. Here, too, it will be shown
how the Lyapunov method can be used to design an event-execution law that guarantees
bounded measurement errors and stable performance. Simulation results will be given in
order to demonstrate the effectiveness of the proposed event-sampled controller and it will
be illustrated how a reduction in computations can be achieved without having to sacrifice

controller performance.



PAPER

I. EVENT-SAMPLED DIRECT ADAPTIVE NN OUTPUT- AND
STATE-FEEDBACK CONTROL OF UNCERTAIN STRICT-FEEDBACK SYSTEM

Abstract

In this paper, neural networks (NNs) are utilized in the backstepping approach to
design a control input by approximating unknown dynamics of the strict-feedback nonlin-
ear system with event-sampled inputs. The system state vector is assumed to be unknown
and an observer is used to estimate the state vector. By using the estimated state vector
and backstepping design approach, an event-sampled controller is introduced. As part of
the controller design, first, input-to-state-like stability (ISS) for a continuously sampled
controller that has been injected with bounded measurement errors is demonstrated and,
subsequently, an event-execution control law is derived such that the measurement errors
are guaranteed to remain bounded. Lyapunov theory is used to demonstrate that the track-
ing errors, the observer estimation errors, and the NN weight estimation errors for each NN
are locally uniformly ultimately bounded (UUB) in the presence bounded disturbances, NN
reconstruction errors, as well as errors introduced by event-sampling. Simulation results

are provided to illustrate the effectiveness of the proposed controllers.



1 INTRODUCTION

Given their inherent approximation properties, neural networks (NNs) have become
popular in real-world applications that include unknown dynamics. In addition, due to the
fact that many dynamic systems can be expressed in the strict-feedback form, the incorpo-
ration of NN in a backstepping design has become a natural approach in controller design.
In strict-feedback systems that have unknown nonlinearities, subsystems are considered
separately from one another and NNs are implemented in approximating the unknown part
of each subsystem’s virtual control law. A general control scheme for this approach is
presented by Ge and Wang in [1]] and the work in [2] is able to use the concepts in a hyper-
sonic flight vehicle application. However, the efforts [[1] and [2] require full knowledge of
the state vector, a provision that is not always guranteed.

In situations where the state vector is not available, an additional NN can be used
as an observer to estimate the unknown states. As an example, the work in [3] models
a quadrotor UAV system in strict-feedback form and circumvents the need for velocity
sensors with an observer. In general, designing an output-feedback controller with back-
stepping is an approach that has been implemented in a number of different applications
[4]-[7].

The previous works [1]]-[7] on this class of systems assume a continuous sampling
paradigm wherein the control law is executed at a fixed frequency. An alternative to the
traditional sampling scheme, event-based sampling, is introduced by Tabuada in [8]]: With
event-sampling, the control is updated only when an event occurs. The immediate ad-
vantage to this is that the number of computations is reduced; furthermore, if all design
parameters are appropriately selected, it can be shown that the reduction of computations
can be achieved without compromising the fidelity of the controller.

The work in [8] introduces basic concepts of event-sampling and applies them to
a general control system with known dynamics. Since then, a significant amount of work

has been done in the development of event-based controllers and they have been discussed



in various contexts, such as input-state stability [9], sensor/actuator networks [10], state-
and output-feedback systems [11, [12]], and trajectory tracking applications [13]. In these
works [9]]-[13]], the dynamics are assumed to be known and the use of NNs becomes unnec-
essary; for this reason, the extent to which their results can be implemented in real-world
applications is somewhat restrictive. Finally, the work in [14] extends the notions of event-
based sampling to incorporate unknown dynamics in an NN-based controller for an affine
nonlinear system. In any work presenting results in event-sampling, the derivation of an
event-execution law is a necessary provision; a particularly useful conclusion given in [14]
is the presentation of an execution law in the presence of NN approximations.

However, the degree to which the results [14]] can be applied in practical applica-
tions is limited to affine systems. Moreover, the execution law presented relies on having
knowledge of the NN weight estimates at the event-triggering mechanism. This neces-
sitates “mirror estimators” that synchronously provide NN weight estimates at both the
controller and at the event-triggering mechanism.

To our knowledge, the inclusion of event-sampling in a NN-based backstepping
controller design for a strict-feedback nonlinear continuous-time system has not yet been
presented. Additionally, the incorporation of NNs in these systems allows the controller to
achieve a greater degree of flexibility in that the requirement for complete knowledge of the
system dynamics is relaxed. Moreover, the number of applications for which a controller
could be employed can be further increased with the inclusion of an observer, alleviating
the need for full knowledge of the states.

As part of the controller design, first, input-to-state stability (ISS) for a continuously
sampled controller that has been injected with bounded measurement errors is demon-
strated and, subsequently, an event-execution control law is derived such that the measure-
ment errors are guaranteed to remain bounded. Lyapunov theory is used to demonstrate
that the tracking errors, the observer estimation errors, and the NN weight estimation er-

rors for each NN are locally uniformly ultimately bounded (UUB) in the presence bounded



disturbances, NN reconstruction errors, as well as errors introduced by event-sampling.
Simulation results are provided to illustrate the effectiveness of the proposed controllers.
The main contribution of this paper is the derivation of an event-sampled, strict-
feedback controller that operates in the presence of unknown nonlinearities without needing
full knowledge of the state vector. In tandem, an event-execution law that does not rely on
mirror estimators is presented, providing a more computationally efficient approach to what
was given in [14]. Finally, whereas the primary contribution in this work is the derivation
of an output-feedback controller, the state-feedback case is briefly presented as a corollary.
The remainder of this paper will be organized as follows: Section 2 will provide
background information and the problem statement; Section 3 will present details for the
output-feedback controller design and briefly give results for the state-feedback case; Sec-
tion 4 will provide simulation results as well a discussion comparing event-sampled results

with time-sampled results; finally, conclusions will be given in Section 5.



2 BACKGROUND AND PROBLEM STATEMENT

In this section, an introduction on the notations used in this paper will be given,
a brief background on backstepping design with NNs will be provided, and the class of
strict-feedback system considered in this work will be defined.
2.1 NOTATIONS

The partial state vector is denoted by x; = [x,.. Lxilt, i < n. Tt will become
necessary to make a distinction between estimated values and actual values; in this work,
estimated values will be denoted by a hat. Furthermore, the error between estimated values

and actual values will be denoted by a tilde, specifically (-) = )= (). In general, for

sake of brevity, the terms by which a function is defined will not be explicitly written; as

an example, f1 (x1) will simply be written as fi. Finally, in this work, ||-|| will be used as
the Euclidean vector norm; for matrices, ||-|| will be understood to be the Frobenius norm
[[15]].

2.2 BACKSTEPPING CONTROLLER DESIGN WITH NNs
In this work, each subsystem in the strict-feedback system is defined in terms of
unknown nonlinear functions and, as a result, the virtual control laws consist, in part, of
unknown constituents. The universal approximation property [[15] of NNs makes their use
in this application very fitting: The property states that an NN approximation exists for any
smooth function such that the functional approximation error remains bounded. An NN
is introduced in each subsystem in order to approximate the unknown part of the virtual
control for that subsystem. Taking 4 (X) to be an unknown function, the approximation is
given by
h(xX)=w'e(V'X)-e (1)

where, in this work, the activation function in the hidden layers, ¢, is chosen to be the
logarithmic sigmoid function and the input layer weights, V7, is a constant random vector

functional link (RVFL), resulting in the generation of a basis [15)]. The ideal values of the
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tunable weights are denoted by WT and these weights are bounded such that ||W|| < Wyy;
moreover, the NN reconstruction error is also bounded such that, ||| < &€j7. Finally, note
that all NN activation functions are bounded such that ||¢|| < VN, where N is the number
of hidden layer neurons in the NN.

What follows is a definition of the strict-feedback system that will be considered in
this paper as well as a statement of the control objectives.

2.3 PROBLEM STATEMENT

Consider the strict feedback system given by

X = fi (%) + & (%) Xiv, l<i<n-1
Xn = fu (Xn) + g0 (Xn) u, n>?2 (2)
y=Xi.
In this work, f; (x;) and g; (x;), i = 1,...,n, are unknown, smooth, nonlinear functions.

The control objective is to design an event-sampled adaptive NN controller for (2)) such that

the following criteria are satisfied:
1. All signals in the closed-loop remain locally uniformly ultimately bounded (UUB)

2. The output, y, tracks the desired trajectory, y,, generated from the given smooth,

bounded reference

Xdi = fai (Xa), 1<i<m

Yd = Xdi m 2 n, (3)
where x; = [x41,...,xqn]" are the desired states, vq 1s the desired output, and
fai (-),i=1,2,...,m, are known, smooth, nonlinear functions

The following assumptions will be made in the analysis that will be presented in this paper:
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Assumption 1 [1|]: The states of the reference model remain bounded, i.e., x; €
Sa, YVt > 0.

Assumption 2 [lI)]: The signs of g; (- ) are known and there exist constants 0 < g,,,; <
gmi such that g,,,; < |g; ()| < gmi, VX, € S C R"™. This implies that g; (-) is either strictly
positive or strictly negative. Here, the former is assumed.

Assumption 3 [15]: The state vector, X,, is not available whereas the system 1S
observable.

Assumption 4 [8]: There are no transmission or computation time delays.

In the following section, the proposed output feedback controller is derived. Next,
the state-feedback controller will be considered as a corollary. Since the procedure for the
two controllers are nearly identical, details for state-feedback will be largely omitted and

only major conclusions will be presented.
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3 OUTPUT-FEEDBACK CONTROLLER

Section[2.2]briefly described the implementation of NNs in an uncertain strict feed-
back system. In order to demonstrate stability, each subsystem will correspond to a sub-
Lyapunov function, V;, in terms of tracking error, error in the NN weights, and additional
bounded terms. Furthermore, each successive sub-Lyapunov function will also be in terms
of the previous sub-Lyapunov function. A final Lyapunov function, V,, will demonstrate
the stability of the overall system. For the state-feedback controller, this final Lyapunov ex-
pression would be sufficient in guaranteeing boundedness of all signals. However, for the
output-feedback controller, a Lyapunov function, V,,, will be first found for the observer and
then will be considered with V,, in order to prove stability for the closed-loop; it becomes
necessary to consider V, and V), together, because the separation principle [15] cannot be
applied due to the nonlinear nature of the system.

The NN observer design will be considered first and then the backstepping con-
troller design will be presented. In this work, the event-triggering mechanism is placed
at the observer and the state vector is estimated continously whereas the controller is up-
dated only when an event occurs. As a result, the event-sampling measurement errors are
explicitly present only in the controller design and not in the observer.

Remark 1. Although the observer NN makes use of continuously estimated values,
the NN weights are updated only at events. Since the NN updates are subject to event-
sampling, the NN reconstruction errors become functions of measurement errors and, in
this way, the observer is implicitly affected by event-sampling. In [14], it is shown that
the relationship between reconstruction errors and event-sampling errors is one wherein
a greater number of events (which results in smaller measurement errors) corresponds to

smaller NN approximation errors.
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Controller | 1, ()., t).f )]

v -» (% ()

A 4

NN Observer

SRy [

F 3

System Dynamics

Fig. 3.1 NN Output-Feedback Control Structure

3.1 NN OBSERVER DESIGN

In this section, an NN observer is designed to estimate the unknown state vector. In

this work, the observer is located at the sensor. Begin by defining the following terms:
¢ =1[1,0,...,0] e RP"

L=1[l,....1,]F e R™!

Ii - 0

where the matrix, A, is used only in analysis and the observer gain vector, L, is used in

practice. Next, define the system vector, f = [f1 + g1x2,..., fn + g,,u]T, allowing (2)) to
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be rewritten as

y = cX. 4)
Now, introduce an observer NN with ideal weights and denote
F =W e, (X,) - & ()

with X, = [1, Xl )El], where the observer estimation error is given by, ¥; = £; — x;. In
practice, only estimated weights are available; therefore, introduce estimated weights and
use the following observer

A

F=Wwle,(X,)- Az (6)
. T
with X, = [1, T x 1] . Note that, in practice, (@) takes the form,

F =Wl (X,) - L. (7)
Observing that X = f — F, the observer estimation error dynamics are given by

F=Wo, (X,) - A% = W] g, (X,) + &o. (8)

For brevity, denote ¢ = ¢ ()? ) and ¢ £ ¢ (X) and define ¢ = ¢ — ¢. Next, add and subtract
W, to (8) and rearrange terms in order to find an expression strictly in terms of observer
estimation errors, NN weight estimation errors, and bounded terms. Denote the bounded

term by ¢ = W! @, + &, and note that ||£]] < &y, where £y = 2Wy1o VN, + €10, Tevealing

F=-AZ+Wlp, + £ 9
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Next, the following theorem is stated in order to show the boundedness of the con-
tinuously sampled NN observer. The results of Theorem 1 will be used in demonstrating
the local ISS-like behavior of the closed-loop system.

Remark 2. In the following theorem, the control input, u, is assumed to be admiss-
able; the assumption is relaxed in subsequent theorems.

Theorem 1 (NN Observer Boundedness): Let the NN observer be defined by (6)
with estimation error dynamics given by (9). Furthermore, let the NN observer weights be
tuned by
Wo = F, [~¢oci” = aW,| (10)

where F, = FI > 0 and @, > 0 are design parameters. Then, there exists a constant design
parameter A such that the observer estimation errors, X, and the NN observer estimation
errors, W,, are locally UUB, with the bounds being functions of the NN reconstruction
error and other bounded terms.
Proof: Consider the following positive-definite Lyapunov candidate:
Vy = 2+ bir {WEF "W, ) (11)
2 2

whose first derivative is given by V, = ¢/ & + tr {WOT F; IWO}. Substitution of the error

dynamics from (9) and using the NN update law given by (10) shows that
Vo = —ci A% + cX W) o + cX' € +tr =W goci’ — a,WIW,} . (12)

In order to proceed, recall the bounds on the ideal NN weights, the NN activation functions,
and the NN reconstruction error. Using properties of the matrix trace operation, note that

CJZTWUT@O + tr {—WUT@CXT - a/OWOTW,,} <tr {—aOWDTW(,}. Using these results and noting
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that ||c|| = 1 reveals

. - - 2 ~
Vo < = lAll ”x”2 + Xl Em — a0 ||Wo|| + @oWuo [|Wo

. (13)

In order to further simplify , group the bounded terms together and denote £, =
2
% [a/OWI%,I .t fTAﬁ] Invoking Young’s inequality gives
. 3 TR <112
Vo < =7 IIAIHIXIIT = S a0 |[Wo|| + - (14)

Finally, is less than zero when the gain vector L is selected such that ||A]| > 0

and the following inequalities hold:

44 or ||W0

31 All

% (15)
(027}

11 >

It can, therefore, be concluded [[13] that V,, is less than zero outside a compact set. This im-
plies that, with properly selected gains, the observer estimation and the NN approximation
errors are locally UUB.

Remark 3. By observation of @]) and the definition for £, it can be seen that the
bound on || X|| can be made arbitrarily small by choosing || A|| to be large and «,, to be small.

These conclusions also apply for the bounds on ”WO

With the derivation for the observer complete, the backstepping controller design is
now considered.
3.2 CONTROLLER DESIGN WITH ESTIMATED STATES

In the previous subsection, the derivation of an observer was presented. In this
subsection, the estimated state vector from the observer will be used in the backstepping
controller design. The standard approach of dividing the design procedure into separate

steps corresponding to different subsystems will be assumed here. Details will be provided
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for the first step; in order to reduce redundancies, detailed explanations will be omitted for
the intermediate i"" steps as well as the final n'” step.

In the analysis that follows, the derivations will make use of the fact X; = x; +X;, i =
I,...,n. The need for this subtle change arises in finding the tracking error dynamics:
Evaluating &; would introduce the need to address the problem of evaluating the unknown
functions, f; and g;, at estimated states; the problem is circumvented by, instead, consider-
ing x;, from the system dynamics, and X;, from the observer dynamics.

Step 1: Define the tracking error, 71 = X1 — x41, whose derivative is

F1 = f1+81X2— Xq1 + X1. (16)

In this first subsystem, x; is taken to be a virtual control input; denote the ideal virtual con-

trol by vi‘ £ x;. Now, consider the Lyapunov candidate, V;; = %f%, whose first derivative
is given by

Vi = Fif1 =P [fi + govi — ka1 + 51 (17)
Choosing the ideal virtual control as v{ = —k7 — g—ll [f1 — X41], with k; > 0 a constant

design parameter, provides

Ve = kg1 + i (18)

Given the boundedness of the observer estimation error from Theorem 1, note that (18) is
a valid Lyapunov function, provided k; is appropriately chosen.
It can be seen that the unknown part of the proposed virtual control is gll [f1 — xa1].

Denote
1

hy (Xl) £ o [fi —%a1], (19)
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where X| = [1, X1, Xq1, X1 ]T, and implement an NN to approximate /1, allowing the desired

virtual control to be expressed as

* A T ~

v = —k1r1 — Wl Y1 +é&r (20)

where it is understood that ¢; is evaluated at X;. Even though the function being ap-
proximated is in terms of actual states, X, is taken to be input, because, in practice, only
estimated states are available. Recalling that the ideal weights, Wy, are unknown, introduce

the NN weight estimates, Wl, allowing to be rewritten as
P = —kify - W] @1 1)

It is at this point that the error introduced by event-sampling is incorporated in the
analysis. Consider the inter-event time period, 7, < t < t,41, Where events occur at time
instants ., f,+1, . . .. In general, the event-sampling measurement error corresponding to the

i'" subsystem is defined by

ei (1) = Xie (tc) = x;i (1), V1 € [t 1i11) - (22)

Remark 4. By definition (22)), ¢; (t,) = O at each event instant. This fact will be
used later in the analysis. Furthermore, in this work, the the event-execution law is designed
such that the measurement errors satisfy

P<oyrti=1,...,n (23)

ei_

where 0 < y; < 1 and 0 < o; < 1 are design parameters.
Remark 5. In practice, the state vector is continuously sampled; however, until an

event occurs, a zero order hold (ZOH) is placed at the controller and the state vector, the
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NN weights, and the desired control inputs are held. When an event does occur, the state
vector stored in the controller is updated with the most recent measured values and these
values are used to update the NN weights and the control input. The errors that result
from the intermittent update are what are defined as event-sampling measurement errors.
Note that, with event-sampling, the control input is piece-wise continuous; however, in the
analysis, a continuously sampled input will be considered with measurement errors written
explicitly.

In order to incorporate the effects of event-sampling into the analysis, replace the
time-sampled variable, x;, with the event-sampled variable, x;.; by 22), x;. = x; + e;.
Furthermore, by using the definition for the observer estimation error in tandem with the
definition for the measurement error it can be concluded that, in general, 7, = 7; + e;.

Before incorporating the measurement error, note that x; is taken to be the virtual
control input to the 7{-subsystem and not the actual control; for this reason, introduce the
error variable r, = x, — V1, and use x, = ry + V{, in the analysis. As a point of clarity,
note that x, is taken to be virtual control and not X;; this is because the dynamics of the
strict-feedback system are with regards to actual states and not estimated states. Morever,
for this same reason, it is only through the desired virtual control inputs which are injected
into the system by the controller that the measurement errors are introduced. With this in
consideration, observe that r; is introduced in the analysis, however, since the controller
relies on estimated states, it is necessary to consider 7. This problem is easily addressed
by noting that, in general, r; = 7; — X;.

Now, consider the desired event-sampled virtual control

De = —ki [F1 + e1] = W @1, (24)
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and use these results in the tracking error dynamics, giving

F1 = f1+81x2— Xaq1 + X

=81 fz—f2+91e+m]+f€1 (25)
81
=81 [fz — kif1 = W] @re + W ) — 81] + g1 [—kie] — g1%2 + 1.
Now, consider the Lyapunov candidate
f% tr{WlTFl‘lWl}
VI = 5+ 5 (26)
2||All 211All
and the weight update law
Wi = Fi [Fregre — a1 11l W], 27)

where 7 = F IT > (0 and @ > 0 are design parameters. Using , the first derivative of V;

is found to be

1 A 1 T —11%
= F1F] + tr Wl Fl_ Wi
I|All> IA]? { }
1 A A . N ST . .
= e [glrlrz — kigift — giFi W] ¢1e + 1P W o1 — g1716

Faif kel - giig + A |+ — e (W g - e R W @8)

|AII”

In order to further simplify the expression for V;, introduce the temporary variables

gif1&1
(29)

A T A A wT A T A A T
By = —g1Fi1W| @1e + g171W, o1 +1tr {rler P1e — ay [F1el W, Wl}
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and consider them separately. Using completion of squares with respect to 7| reveals

2 2

< —_ S — 4 - 2

Al < 2k1g1}’1 2k1g1 [1’1 27 3 + k% + 2k
2 2
_ 1 A2 1 ~ &1 8181
= 2k1g1F1 2k181 [7’1 k1] %

2

1 glMglM
< ——kigimF? +
) 181ml'y 2k,

The simplification process for B; makes use of the bounding condition on the activation
functions with respect to the number of hidden layer neurons. With that, as well as proper-
ties of the matrix trace and norm operators and the conditions imposed by (23), the follow-

ing conclusion can be made:

B < —flz—a/l [2—/\/1] |71] ||W1“2+2g12MW12MN1

+ [71] [\/ﬁl [g1m + x1] +)(16¥1W1M] ||W1“

where, in general, y; = /o;u; + 1.The expressions for A; and B; can be used to rewrite

. &2 2g%, W2 N . .
1b Denoting the bounded term, ; = ‘;{Z”;f + g”‘ﬂ A”‘{” L, and rearranging terms gives
1

. 817172 |71] [1 . = 112
Vi < - = [kigim — 1] 1711 + a1 [2 = x1] ||Wh
IAIIZ (A7 12 [#

- [V L + xal + v Wawe] [

+4+ [g171 [=kie1] — gi71 %2 + F1x1]  (30)

A%

Step 2: Begin by defining the tracking error 7, = X, — V1., whose derivative is

given by Py = fo+ gax3 — V1e + ¥2. Here, x3 is taken to be the virtual control input to the
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7»-subsystem and the ideal feedback control is given by
. 1 5
vy = =11 — karp — = [fz - Vle] (€29)

where k, > 0 is a design constant. Denote the unknown part with

h (Xze) £ é [fz - 151e] : (32)

Note that the unknown part of v; is a function of %5, and Vy,; in turn, ¥y, is a function
of 1., x41, and W;. In order to minimize the number of inputs to the NN, introduce the
computable intermediate variable

A~ 0V 0V1e

le = g Xq + oW [Fl [flesﬁle —aq [Pyl Wl” (33)

.. . N = N ~ .17 . .
and use it in the input, X, = [1, X026, 1e[0x10y Yoy xle] , for the NN approximating h,,

allowing (31) to be rewritten as
vy = —F| — kafy — W) 2 + & (34)
With estimated weights and event-sampling, the desired virtual control becomes
Do = —[F1 + e1] = ko [F2 + e2] = W) G (35)

Using these results, tracking error dynamics are given by

Fr=g [f3 —koty = F1 = W3 oo + W) 2 — 82] + g [—krer — el — g2X3+ X2, (36)



Consider the Lyapunov candidate

72w {WIF W

+ +
21|AI 21|AI7

W=V

and the weight update law
W, =F [fzesﬁze — 2 |F] Wz],

where F, = FZT > 0 and ay > 0 are design parameters.

Remark 6. The general i'" desired virtual control is given by

A A A 2T A
Vie=—[Fic1 + ei1] = ki [Fi + e]] = W, e,

the tracking error dynamics become
A ~ ~ ~ AT A T ~ 3
Fi = gi [ri+1 —kifi =P =W, @i + Wy @ — 8i] + gi[—kie; — ei1] — giXit1 + Xi,

the Lyapunov candidate is provided by

2w |WIEW

Vi=Vioi+——+
21|AI 2||Al?

and the weight update law is given by

Wi=F [rie‘Pie — a; |Fic] Wi] ,

where F; = FZ.T > 0 and @; > 0 are design parameters.

23

(37)

(38)

(39)

(40)

(41)

(42)
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Then, by introducing temporary variables and using procedures identical to what

was used in Step 1, the expression for V, becomes

2

. 1
Vh < [F172 [g1 — g2] + g2F273]
|AlI” ||A|| Zl

[ kigim—1] |7)]
2
+Z§j
=
2

2

1 . 1 1

+ — Z fjxj E—— Z gjfjij + P [g]fl [—klel] + ngz [—k2€2 - 61]] (43)
IAl" <= A" 5= 1Al

vay 2= x] |Wf - [\/;] |gjne + xj] + ijjoM] Wi

2 2 w2
gimein | 28 WinNi

is bounded.
2||All%k; I|AlI*

where {; =
Step n: Define the tracking error 7, = X, — V(,—1)., Whose derivative is given by
o= fn+gu— 1*/(,,_1)6 + X%,. Here, u is the actual control input to the overall system and

the ideal feedback control is given by

u' = —rp-y = knrp — gi [fn - 1;/(”_1)6] (44)

n

where k, > 0 is a design constant. Denote the unknown part with

hn (Xne) £ — [fn - ‘A/(n—l)e] . (45)

In order to minimize the number of inputs to the NN, introduce the computable intermediate

variable

-1 A
5 5V< De . V(n-1) .. .
’ﬁ(n—l)e —Z i Z # [Fj [rje‘Pje —aj|lje
= j:] aW]

Wil (46)
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. . A ; N A ~ ~ T
Use a NN with input X,,, = [1, Xnes PVn-efoxie, . . ., 0Vn-De[dxm-t)e, W (n=1)e> xle] to approx-

imate A, allowing @[) to be rewritten as
U = ~Fu_y = knfp — W@, + &, (47)
With estimated weights and event-sampling, the desired control input is given by
e = = [Fumt + en-1] = kn [P + en] = Wy Gne (48)
and the tracking error dynamics become
Fu = 8n [~knfa = Fact = W,y Gne + W, @ = 82| + gu[knen = €p] + 0. (49)

Note that, since u, is the actual control input to the system, there is no need to introduce an
additional error term and, therefore, the X; term that exists in previous subystems is absent
here.

Now, consider the final Lyapunov candidate

. 72 +tr{WnTFn‘1Wn}
2||Al? 2|1Al°

Vi = Va (50)

and the weight update law

A

W, =F, [fne()ﬁne_a’n |fne|Wn], (51)
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where F,, = FI > 0 and a, > 0 are design parameters. Then, introducing temporary

variables and using a procedure identical to what was used in previous steps reveals

[ tigm = 1] [7s]vers [2= 2] [
n

- [\/;J i+ xj] + Xja/joM] ||Wj||]+ DG+ m DR
=1

=1
||A||2 Z Bifitin ¥

Va |A”22]1]g11_g1

”2 gi1f1 [—kier] + Z gjf; [—kjej - €j—1] (52)

Now, in order to simplify (52)), introduce the following temporary variables:

T,

||A||2 Z Fi-ifi 811 - ]

1
I = ||A||2 Zgj rj —k;j j€j — €j- 1] + 8171 [—kie]

1 .

A A

I’ij'

|AII?

Ty = -

Al

First, consider 77 and 7>. In order to simplify these terms, begin by defining gy =

max {gim, . . ., gam} and g, = min{gim, ..., &um}. Expanding and rearranging terms and

. . 9 e . 1 n 2 A2 1 n 2 )
invoking Young’s inequality reveals T < AT P [1 + gM] P2andT; < s N [ ] 2
—2”2”2 Z;-Z:l [ka + 1] ejz.. Using these results in reveals

il Lt 3621 ol o 2 s I = [ w0
_ 1 n 1 n . 1 n—1 o
+)(jajoM] ”W]||:|+ JZ:; §j+m JZ:; [ka + 1] €JZ-+”A”2 ]z:; rjxj—w ]Z:; 8itjXj+1

(53)

||A|
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Now, considering 73, recall the observer estimation error dynamics from (9). Using

Young’s inequality with these dynamics gives

2||A||2Z[||A”z ] —||x||+

1 2
+§€M

Finally, for T}, use a similar procedure to discover

gM <112
1711 —||x|| :
2[1A1*

Ty <

The expressions for 73 and 7 are only useful in the presence of the closed-loop. Therefore,
proceed by focusing on the closed-loop dynamics.
3.3 CLOSED-LOOP OUTPUT FEEDBACK DYNAMICS

Consider the closed-loop Lyapunov candidate, V =V, +V,, and define the following

bounded terms:

< 1
=40+ ) L+ &)
’ JZ LAt

v + x5 VN + xjaWin

nj=

a; [2- xj]
2
gM No
5j:kjgm_3g/2\4_—_—_4
1A% (Al
Bi=ki+1

< B,;. Finally,

Furthermore, recall the bounding term on the event-sampling errors, )e j| <

with completion of squares with respect to ||W]H the final Lyapunov candidate for the
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closed-loop system is given by

: 1 o 1 -
V< =7 BIAN = 411517 = 5 [ = 11| W

n
j=1

2 1 <
+{+—— > BB
2||A||2; e

. 20; (2= y;
[%5,. 1]+ [2- xs] [ _’g]z _M . (54)

T

Now the following theorem is presented in order to show that the continuously
sampled closed loop dynamics are ISS-like in the presence of bounded measurement errors.

Theorem 2 (Output Feedback Input-to-State Stability): Let the NN observer be
defined by (6) with estimation error dynamics given by (9). Consider the NN observer
weight tuning given by (I0). Given Assumptions 1-4, consider the tracking error dynamics
given by (25), (36), (@0), and (@9). Let the desired virtual control inputs and the actual
control input be given by (24), (35)), and (39) and (48)), respectively. Select the NN weight
tuning given by , , @b, and . Finally, let the measurement error in the ith

subsystem be bounded such that |e;| < B, i = 1,2,...,n. Then, there exists design
parameters, A and k; such that the observer estimation error, X, the tracking errors, 7;, and
the NN weight estimation errors, W, and W;, are locally UUB, with bounds as functions of
measurement errors and NN reconstruction errors.

Proof: Consider the following positive-definite Lyapunov candidate describing the

closed loop:

V=V,4+V, (55)

where V,, was defined in and V,, was defined in (50). The first derivative of V is given
by V = V,+V,. In Theorem 1, V, was found to be bounded above by (14); in further deriva-
tions, V;, was found to be bounded above by . Making use of the observer estimation

error dynamics given by (9), the results from (14)) and (53)) are able to be connected. Based
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on the results given by (54), select controller gains satisfying the following conditions:

4
[|A]] > 3 and k; > I; (56)

N,
llA]I%

2

g
here I; = L |3g2, + 24 4
where T = -~ 38y I

+ 4] foralli = 1,...,n. It can be concluded that V is
less than zero when the controller gains are selected according to (56) and the following

inequalities hold:

- 4{ + 2Bg ~
N or .

20012 = v
>w or HWJH >n; (57)

S ,2§+BE
[ap — 1]

or

A

j

n .
where B = m > B ngj. It can, therefore, be concluded [[15] that V is less than zero
j=1
outside a compact set. This implies that the observer estimation error, the tracking errors,
and the NN estimation errors are locally UUB.

Remark 7. The conclusions made in Remark 3 with regards to the bounds on || X||

and ||W0

are valid here. Similarly, by choosing «; such that ; is minimized and choosing

A

k; such that 6; is maximized, the bounds on |7;

and ||WJ|| can be made arbitrarily small.
Remark 8. The result in Theorem 2 shows that the system exhibits local ISS-like be-
havior with respect to bounded measurement errors and bounded NN reconstruction errors.

T
""’I ]’

and observing that 1| can be written in the form V (z) < —A (||z]]) + ¥ (|| E||), where

Wl Wn

This can be seen by introducing an augmented vector, z = [fl, R

the positive part, y, is viewed as an input to the closed-loop system and is a function of

bounded measurement and NN reconstruction errors. It can, therefore, be concluded that
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the continuously sampled, closed-loop system generates a local ISS-like Lyapunov func-
tion [8]. However, in order to implement the event-sampled controller, the boundedness of
the measurement errors must also be demonstrated.

Next, the following theorem is presented in order to demonstrate the boundedness
of the measurement error as well as to show the derivation of an event-execution law.

Theorem 3 (Overall Stability and Boundedness of Measurement Error): Let the
NN observer be defined by () with estimation error dynamics given by (9). Select the NN
observer weight tuning given by (10). Given Assumptions 1-4, consider the tracking error
dynamics given by (25)), (36), (40), and (#9). Let the desired virtual control inputs and the
actual control input be given by (24), (35)), and (39) and (#8)), respectively. Moreover, select
the NN weight tuning at the event-sampling instants to be (27), (38)), @#2), and (51)). Finally,
let the event-sampling error satisfy the condition given by (23). Then, there exists design
parameters, A and k;, such that the observer estimation error, X, the tracking errors, 7;,
and the NN weight estimation errors, W, and W;, are locally UUB, both at event-sampling
instants as well as during inter-event periods. Furthermore, the bounds on these errors can
be expressed as functions of bounded terms and NN reconstruction errors. Finally, the
errors introduced by event-sampling remain bounded during inter-event periods.

Proof: Two cases are considered. The first case will analyze the system when
measurement errors are zero and the second case will analyze the system during the inter-
event periods.

Case 1. Recall that, from definition (22), at the event-sampling instants, the event-
sampling error is zero, e; (¢,) = 0. Furthermore, it is at the event-sampling instants that the
NNs are updated with (T0), 27), (38), (2), and (51); however, in this case, the tracking
error terms and the activation function terms in the weight update laws are not under the
influence of measurement errors.

Begin by observing that the expression for V, remains identical to (14) and the

definition for the bounded term, ,, also remains unchanged. Continue by rewriting the
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tracking error dynamics as

F1 =g [fz—klfl - Wi ¢1 + W] @i —81] - g% + X
=g [fm — kifi = Fiot = W] @i + W @i - Si] — gi%iv1 + X (58)
;n = &n [_knfn_fn—l _WnT‘)an‘i'WnT()En_gn] +);Cn

withi = 2,...,n— 1. Using these error dynamics with the Lyapunov candidates (26), (37),

@I), and (50) and implementing a simplification procedure similar to what was presented

in Section [3.2] gives

n n
Vo s 2370 o= ) = s 2 [kl e

n n—1
- [\/;] [ng + 1] + ajoM] ”W]H - {j]] )fj‘ + % Z fj)?j - % Z gifiXjs
IAll" <= Al 4=

(59)

where {1 = gimejim +28imW; M\/ﬁj is bounded. Note that simplification procedure here
was different in that the constant bounded terms were not separated from the tracking error
- this was done in order to be able to include the {;; terms in the same summation as the
other terms.

In order to further simplify, the first term and the last two terms of (59) are consid-
ered separately. Simplifying the first terms allows the expression for V,, to be simplified, but
the results for the simplification of the last two terms only make sense in the presence of the

closed loop. Therefore, consider the Lyapunov candidate (55)). First, define the following
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bounded terms:

{B1 = Z§j1 +&m
J

nj1=——[gm + 1]+ Wun
aj
1) 2kig g2 gjzw No
1= i&m M~ T T T 5T
! ! IAIIZ 1Al

Simplifying and rearranging terms gives

) 1 B 1
V<7 BlAlI-4] 101 - = 5 Lo

77]1 n_?la'j
”AHZ Z [2 J1 |rj|+6¥] [HW]) [(Bl + 1 ” + . (60)

Select controller gains satisfying the following conditions:
4
|A] > 3 and k; > I (61)

where [;; = 2g [gM ||A||2 + |A”2 + 2] foralli = 1,...,n. Then, is less than zero

when the following inequalities hold:

g 44, < 2{,
1%l > 3Al -4 or 2 [y — 1]
or
2 . 2
e L B L N
J J

The bounds given by (62) are different than those given by (57) from Theorem 2 in
that they do not account for the effects of intermittent sampling; as a result, the y; term,

which is an artifact from the event-triggering mechanism, is altogether absent here.
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Case 2. Now, consider the inter-event period, t € [ty, f,+1), during which time there
is a nonzero event-sampling error, but with constant NN weights; in other words, in this
case, ¢; () # 0 and W = 0 for all NN weights.

As before, begin by considering the observer estimation error dynamics and no-
tice that they remain identical to (9). The primary difference in this analysis arises in the

Lyapunov candidate, (I'T), noting that its first derivative simplifies to
. . ~ 3 0
V, = &+ u (WIEIL)

s, (63)

=X
Use (9) in (63) and implement a similar simplification procedure as before to arrive at

2
+ Lo (64)

Vo <~ BB IAI- 2N 5P + 3|,

where {» = %.
Similar to the observer estimation error dynamics, the tracking error dynamics re-
main unchanged from (25)), (36), {0), and (#9). However, it is discovered that the deriva-
tives of the Lyapunov candidates are simplified to include only the first terms, 7;7; for all

i =1,...,n. With these facts and using a similar simplification procedure as before reveals

. ¢ . 1N
ERYITE ; [om =i =1] 77+ T JZ el

C 1 n n—1
"2 ||zl4||2 ]Z; N [ Wi+ |+ ]Z; Gt m ; Pk - m ; giFi%js1 (65)

2
ngjM

where {Jz = m

is bounded. Furthermore, note that, because the NN weights are not

. . . . T .
being updated during the inter-event period, the term %Z?:l N; [Wj M+ HW]”] remains
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bounded, subject to the NN weight estimates from the previous event-sampling instant,
Wj = Wj (t4).
As before, the final terms in (65]) can be simplified and incorporated in the closed-

loop dynamics, revealing

: 1 1 <
V < -2 BIIAll - 2N, - 411I%11” - kigm =48y = 5 = —= = 3| 7;
4 ’ 2[|AlP ,Z; S TPV e D YE A

1

+
2||Al?

D[k +1]ed+ im0 (66)
j=1

where {py = “WO ? + %27:1 N; [WjM + ||Wj|”2 + Z?Zl {j2 + {02 is bounded (recall that

the observer NN weight estimation errors also remain bounded as a result of the weights
remaining constant during the inter-event period).

It is at this point that an event execution law is selected. Recall the form of the
execution law given by (23)), where y; is to be selected such that the number of terms in

(66) is reduced. Therefore, consider

1

= -, (67)
2
k]. +1

Hj

a constant, computable value. After using (67) in (23)) and substituting into (66), combine

like terms and arrive at the final expression for V:

o1 ) O s
V<~ BIAN= 2N, = 4IFI ~ =5 > 5f; + L2 (68)
21142 &
2
where 65 = kjgm — 483, — “g/# - IIIX_TIZ — 0j — 3. Observe that the first two terms in 1@'

are less than zero when controller gains are selected such that

2N, +4
Al > =2

and ki > FZQ (69)
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where [, = - [4g2 + Ll + Do
! gm MoTAR Al

+o0;+3]| foralli = 1,...,n. Therefore, it can be
concluded that V is less than zero given that gains are selected according to and the

following inequalities hold:

4
&l > £B2 or
3||Al = 2N, — 4

In this case, the selection of an event-execution law resulted in the elimination of

2
> [|A|l —5{32. (70)
j2

i

an explicit presence of measurement errors while adding an additional term, o ;, in the 6,
term of @[) In this way, is different from the bounds obtained in Theorem 2 in that
the measurement errors are not explicitly present.

In Case 1, the stability of the system was demonstrated at moments when the mea-
surement errors are zero and when the NN’s are updated and it was shown that all signals
remain bounded. Then, in Case 2, it was shown how all signals in the system remain
bounded during periods of time when there are nonzero measurement errors and when the
NN weight estimates are held. In connecting these two cases, one may consider the dy-
namics that exist at the moments of transition. In other words, the results from Case 1 only
show that the dynamics that exist at a single event-sampling instant are bounded; however,
by considering “jump dynamics” that may exist in the transitions in the dynamics described
by Cases 1 and 2, it may also be shown that these bounded effects do not accumulate over
time and, ultimately, result in instability.

This can be accomplished by extending the results for Case 2 and by considering,
not only the estimation error and tracking error dynamics, but also the dynamics of the NN
weight estimation errors at event-sampling instants. Since the observer estimation errors

and tracking errors have already been shown to be stable for Case 2, it is sufficient to show
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that a bound exists for the expression

AViy =%tr W (1) Wo (1)} - %tr (WY (20 Wo (1)}

+ JZ::‘ [%tr{WjT (tes1) W, (tK+1)} - %tr {WJT (te) W; (tk)}] (71)

where the discretized observer and controller NN weight updates are given by

Wo (tes1) = Wo (60) + [ Fo [~ @0 (t0) e (1) = oW, (1] (72)
and
Wi (ter1) = Wi (1) + [Fs [Fie (00) Gie (1) = @i Fie (801 Wi (2] ] (73)

respectively. Using and (73), it is not difficult to show that is bounded and,
therefore, the jump dynamics that exist in the transitions remain bounded for all time [[15]].
As an additional remark, note that, in Case 2, the results were given in terms of the ideal
and estimated NN weights; however, with the results presented here, it is easy to show that
the bounds on the NN weight estimation errors are decreasing. Hence, the bounds that exist
for the observer estimation errors, the tracking errors, and the NN weight estimation errors
are decreasing during the inter-event periods as well as in the jump dynamics.

From Case 1 and Case 2, it can be concluded that the tracking errors and the NN

weight estimation errors remain bounded for all time. Define the bounding terms

45 +6Yj772~ 2 1 4¢5 +a/'772-
Jj1 47 J VAN
rJB_max{ 25j1 s 5]' an WJB— 5 ; + 171 (74)

Next, by selecting controller gains satisfying , it can be concluded that V is less

than zero when following inequalities hold

'l’j| >rjp Or ”W]H > WjB- (75)



37

Finally, with bounded tracking errors and an event-execution law defined by (23)) and (67),
it can be concluded that the measurement errors are bounded for all time.

Remark 9. By Theorems 2 and 3, the tracking errors in terms of estimated states,
7, 1 =1,...,n, are shown to be bounded. From Theorem 1, the observer estimation errors,
|| X]|, are also bounded. Together, these results imply that the actual tracking errors, r;, are
also bounded.

Corollary 1. The result for the output-feedback controller (Theorems 2 and 3) can
be easily realized for a state-feedback controller. As a matter of fact, the derivations for the
state-feedback case become simpler due to the fact that an observer becomes unnecessary
and the dynamics that result from one’s incorporation vanish from the analysis. A detailed
presentation for the derivation of the state-feedback controller would be highly redundant
and, therefore, only major conclusions will be provided.

For clarity, the desired event-sampled control inputs that result when all states are

measurable are provided; note that they are identical in form to (24), (39), and (#8):

. & T
Vie=—ki[ri +ell=W, ¢

& T
Vie=—[ric1 +ei-1] = ki [ri + e;] =W, ¢

Ue = —[rp—1 +en—1l = knlrn +en] — W,,T%e- (76)

The inputs to the NNs are identical to those specified in the output-feedback controller
with the differences being the absence of an observer estimation error term and the use of
actual states instead of estimated states. Using these control inputs (76), the tracking error

dynamics with measured states become

F1 = g1 [rz — kiri = W] g1 + W] o1 —81] + g1 [—kier]
. & T T
Fi = & [ri+l —kiri —ric1 = W; @ie + W, —8i] + 8 [—kiei — ei1]

Fn = &n [_knrn —Fp-1— WnT(Pne + WnT‘Pn - gn] + &n [—knen —en-1]. (77)
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Again, these results are similar to the error dynamics that were found in the presence of
an observer and estimated states. The primary difference in is the absence of X terms,
which are generated from the observer, and the absence of X terms which are generated by
the distinction between the system dynamics and the estimated states. Similar to before,
these tracking error dynamics can be considered in the context of Lyapunov candidates

that have identical forms as (26)), (¢1)), and (50); however, with the absence of an observer,

1

it is not necessary to include the scaling term, Al

that was incorporated in the output-
feedback derivation in order to avoid controller gain bounds that are directly proportional

to ||A||. Choosing the weight update laws

A

WiZE[riesoie—ailrielwi] i=1....n (78)

where F; = FI.T > 0 and a; > 0 are design parameters, and using a procedure similar to

what was presented in the output feedback controller reveals

) S e
%3—23%1%%VA“%P‘XJMW4‘%q2‘meE 2
=1

1 © )
+5;m%+mlm)

where B,; is the bound on the measurement error in the i*” subsystem and

u v + x| VNG + xjaWin
{Fs1 = 2513, njs =
j=1 a;j [2 - Xj]
Bi=ki+1, 6j3=kigm—3gy 2.
2
. 8iME;
with j3 = =522 +2¢7, W3, N;.

With (79) and an approach similar to what was presented in Theorem 2, it is easy

to demonstrate that the system is ISS-like with respect to the measurement error, provided
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that controller gains are selected satisfying the following condition:
kl' > I3 (80)

where I3 = é% [Sglzw + 2] for all i = 1,...,n. Bounds on the tracking errors and the
NN weight estimation errors can be found in terms of bounded terms and measurement
errors introduced by event-sampling. However, in order to implement the event-sampled
controller, it must also be shown that the event-sampling errors are also bounded.

Using the line of reasoning that was presented in Theorem 3, it is not difficult to
prove that the measurement errors in the state-feedback controller remain bounded at events

as well as during inter-event periods. Letting the event-sampling error satisfy the condition

eiZSO'i/.lil’l-z, i=1,...,n (81)
and choosing
1
= , 82
S ®2
J
reveals
1 n
Va <=5 D Sjari + Lrs2 (83)
j=1
a 2 PR g .
where 64 = kjgm — 4g3, = o) — 1 and {psa = 3 2y Ny [Wine + ||[Wif| ] + £, =5 is

bounded. The bound on the tracking error can, hence, be expressed as functions of bounded
terms.

Remark 10. From Theorem 3, Case 2, an event-execution law was derived in terms
of values that are known. An alternate derivation makes use of a Lipschitz condition on the
NN activation functions, generating an execution law in terms of the NN weight estimates
[14]. An immediate drawback with such execution law is that it requires the computation of

NN weight estimates during inter-event periods. Though more computationally expensive,
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this approach is not without benefit: It can be shown that the bounds on the tracking errors
resulting from this derivation are smaller than the bounds resulting from the derivation
presented in Theorem 3. The engineering decision thus becomes a compromise between
computational efficiency and tracking performance.

Remark 11. In Theorem 2, the system was shown to be ISS-like with respect to
bounded measurement errors and, in Theorem 3, the measurement errors were shown to
be bounded in the presence of an appropriately selected event-execution law. Given that
the dynamics of the system are Lipschitz, all necessary conditions are satisfied in order
to demonstrate the existence of inter-event time periods that are bounded away from zero
[SI[L3].

Remark 12. In the derivations presented, a measurement error and an event-execution
law is considered at each subsystem. Moreover, the event-sampling errors are upper-
bounded by triggering mechanisms that are in terms of their respective tracking errors.
In other words, the magnitude of the error between the event-sampled state vector and the
continuously-sampled state vector is contained by a threshold that is determined by the

errors between the continuously-sampled state vector and their desired values:

2 2
[Xie — x;i1° < o [xi — xqil

In practice, during an inter-event period, only the desired value in the first subsystem is
dynamic and the desired values in each subsequent subsystem - the desired virtual controls
that are approximated with NN - remain static; in other words, it is not necessary to contin-
uously compute the desired virtual control inputs and the only information that is necessary
to implement the event-triggering mechanisms is knowledge of the continuously sampled
state vector, the state vector from the previous event, and the continuously sampled desired

value for the first subsystem.
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Remark 13. In the expressions for the bounds on the tracking errors and the NN
weight estimation errors, note the frequent appearance of terms stemming from the un-
known functions, g; (+); in other words, many of the bounds are in terms of g3, and/or
gm- The presence of these terms can be largely avoided by invoking an assumption on the
boundedness of |g; (- )|, as was done in [[1]]. With an assumption on |g; (- )| being bounded,
and using Barbalat’s lemma, it would not be difficult to show that the tracking errors con-
verge to zero in the ideal case when all states are available and when errors from NN
approximations are zero and all sigma-modification terms, «;, i = 1,...n, are zero.

Remark 14. Once the signals reach their bounds, additional events may become
redundant - in other words, after a certain point, the occurrence of an event may not reduce
any of the errors and it becomes superfluous to spend any computational energy. In order
to avoid this, a deadzone operator may be implemented.

With the derivations complete, simulation results may now be presented.
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4 SIMULATION RESULTS

Given that the primary contribution of this work is the introduction of event-sampling
in the backstepping design for a strict-feedback system, the goal of the simulations will be
to compare the results of the proposed controllers when event-sampling is used to when
traditional time-sampling is used. Results for the output-feedback controller will be shown
first and then for the state-feedback controller.

Event-sampling in a strict-feedback system presents an interesting design decision
in that there are a number of ways in which the event-triggering mechanism can be imple-
mented in the system. As an example, separate triggering mechanisms can be placed in
each subsystem and, when an event occurs in one subsystem, the state vector is updated
with the state-variable corresponding to that subsystem; additionally, the controller in that
subsystem is also updated. Alternatively, the measurement errors and the dynamic thresh-
olds in each subsystem can be combined and a single event-triggering mechanism can be
used for the whole system. The results of Theorem 2 and Theorem 3 remain valid regard-
less of which approach is implemented. In the simulation results that follow, the latter
approach was used and the sum of the square of the measurement errors in each subsystem
was compared to the sum of the dynamic thresholds generated for each subsystem.

Prior to giving results, details common to both simulations will be specified. The

proposed controllers will be applied to the following strict-feedback system:

xlzx%—x?+x2
Xo=Xx1+Xx2+uU (84)

y = Xx1.



43

The desired trajectory, y,4, is generated from the following van der Pol oscillator system:

X1d = Xa2
foq = —xa1 +0.4 1= x3 | xa (85)
Yd = Xd1-

In both simulations, the controller NNs each contain 25 nodes and, for the results shown
in the figures, event-execution parameters of o1 = o2 = 0.0008 were selected. Initial
conditions of [x; (0), x2 (0)]” = [1.1,0.9]” and [x41 (0), x42 (0)]" = [1.6,0.8]" were used.
4.1 OUTPUT FEEDBACK SIMULATION RESULTS

An observer NN with 10 nodes was implemented. Control gains of k| = k; = 6.5
and /; = [, = 60 and NN parameters of F; = F> = 0.01, a; = 140, a; = 40, F, = 0.2, and
a, = 0.1 were selected.

The output results are shown in Fig. [.I] and the observer estimation errors are
shown in Fig. B.2] It can be seen that the event-sampled controller performs nearly iden-
tically to that of the time-sampled controller, in both outputs as well as observer conver-
gence. When considering the control input (Fig. [.3), it is found that the control effort
is nearly identical. This demonstrates that, with respect to tracking performance and con-
trol effort, it is unnecessary to execute updates and control laws at every available instant,
allowing for fewer computations. When the NN weights are considered (Fig. [4.4) it can
be seen that event-sampled controller results in smaller magnitudes, a result from the fact
that NN weights are not updated as frequently and do not have the opportunity to grow
before repeating their growth/decay cycles. Fig. .5|compares the dynamic event-sampling
thresholds with the evolving event-sampling errors. Finally, the primary benefit of event-
sampling can be seen in Fig. [5.8} It is discovered that, out of an available 2500 samples,

the event-sampled controller is able to achieve exceptional tracking performance making
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use of fewer than 1200 samples. Moreover, observe the linear nature of Fig. [5.8] indicating
that the occurence of events is fairly evenly distributed.
4.2 STATE FEEDBACK SIMULATION RESULTS

Control gains of k1 = k; = 6.5 and NN parameters of F; = F>, = 0.01, a; = 140,
and a, = 40 were selected.

The output results are shown in Fig. #.7] It can be seen that the event-sampled
controller performs nearly identically to that of the time-sampled controller. This is also
true when the control input to the system is considered (Fig. {.8)). This demonstrates that,
with respect to tracking performance and control effort, it is unnecessary to execute updates
and control laws at every available instant, allowing for fewer computations. When the NN
weights are considered (Fig. [4.9) it can be seen that event-sampled controller results in
smaller magnitudes, a result from the fact that NN weights are not updated as frequently and
do not have the opportunity to grow before repeating their growth/decay cycles. Fig. {.10]
compares the dynamic event-sampling thresholds with the evolving event-sampling errors.
Finally, the primary benefit of event-sampling can be seen in Fig. .11} It is discovered
that, out of an available 2500 samples, the event-sampled controller is able to achieve
exceptional tracking performance making use of fewer than 1300 samples.

4.3 EFFECTS OF EVENT-EXECUTION PARAMETER

Table shows how the event-execution parameters, o; and o, effect the number
of events that occur. Observe that, by increasing the execution-parameter, the number of
events decreases; practically, the number of computations is reduced with larger o; and
o;. However, if the execution parameters are taken to be too large and, as a result, the state
vector and the control laws are not updated frequently enough, either the tracking perfor-
mance begins to suffer or the control effort begins to increase. The design challenge thus
becomes selecting parameters that result in a reduction in computations while maintaining

acceptable controller performance.
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Number of Events out of Total Available Samples

Table 4.1
Number of Events
o112 Total Samples
Output-Feedback | State-Feedback
0.0008 2500 1110 1235
0.008 2500 919 1188
0.08 2500 370 899
Desired = = =Event-Sampled == Time-Sampled
2 N\ 7
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S CONCLUSIONS

This work presented the derivation for two NN-based controllers that assume an
event-sampling paradigm: The first was an output-feedback controller that required an
observer to estimate an unknown state vector and the second was a state-feedback con-
troller which, in practice, would require the use of additional sensors in order to obtain full
knowledge of the state vector. In both cases, Lyapunov analysis was used to demonstrate
the input-to-state stability of the controllers as well as to show the boundedness of the er-
rors introduced by event-sampling; moreover, it was also shown how the Lyapunov method
could be used to derive an event-execution law. With these, simulations were conducted and
the performances of the controllers were compared to results given by their time-sampled
counter-parts. It was found that the number of samples could be substantially reduced

without having to sacrifice tracking fidelity or control effort.
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II. EVENT-SAMPLED CONTROL OF QUADROTOR
UNMANNED AERIAL VEHICLE

Abstract

In this paper, an event-sampled output-feedback neural network (NN) controller for
a quadrotor Unmanned Aerial Vehicle (UAV) is considered. First an observer design is
presented, allowing the need for a full knowledge of the state-vector to be avoided. Next, a
kinematic controller is designed in order to find a desired translational velocity; the infor-
mation provided by the kinematic controller will be used in the design of a virtual controller
wherein a desired rotational velocity will be determined such that the UAV’ s orientation
converges to its desired value. Finally, the information from the observer, the kinematic
controller, and the virtual controller are used in the design of a dynamic controller where
NN will be implemented to approximate uncertainties in the UAV’s dynamics; the signals
generated by the dynamic controller will ensure that the desired lift velocity and the desired
rotational velocities are tracked. In all these designs, the effects of sampling errors are high-
lighted. Using these results, the continuously sampled closed-loop controller is considered
in the presence of bounded measurement errors and it is shown that the system generates a
local ISS-like Lyapunov function. Next, by designing an appropriate event-execution law,
the measurement errors are shown to be bounded for all time. Finally, the effectiveness of

the proposed event-sampled controller will be demonstrated with simulation results.
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1 INTRODUCTION

The emergence of quadrotors as unmanned aerial vehicles (UAVs) has resulted in
a significant amount of research in efforts to develop effective means by which they can
be controlled [[1]-[5]. In particular, the work in [1] presented a novel output-feedback
controller with the use of neural networks (NNs). The objectives of the proposed controller
in [[1]] were to alleviate the need for unnecessary sensors by introducing an observer and to
compensate for unknown nonlinear dynamics by making use of the universal approximation
property of NNs. The effectiveness and robustness of the controller was demonstrated with
simulation results.

The use of NNs has proven to be a very powerful asset in the control for a quadrotor
UAV. By implementing a NN observer, thereby relaxing the need for full-knowledge of the
state-vector, and by using NNs to compensate for uncertainties, a greater degree of flexi-
bility is made available for engineers. Certainly, the works [1]-[S] have provided thorough
approaches to the problem of controlling the underactuated quadrotor system. However,
one aspect of the problem that they did not address was the sampling scheme; since the fo-
cus of the papers was not in exploring different sampling approaches, they simply assumed
the traditional time-based sampling whereby the control law is updated at a fixed frequency.
An alternative to this approach, event-based sampling, was introduced in [6] and explored
at great lengths in following effort [7]-[12]] wherein the derivation of an event-execution law
that ensures the boundedness of the measurement errors introduced by the intermittent sam-
pling is shown. Additionally, the benefit of event-sampling is also demonstrated where for
an appropriately designed event-execution law, a reduction in computations can be achieved
without having to significantly compromise the controller’s performance. In other words,
a successful implementation of event-sampling will yield computational efficiency. By and
large, however, the literature [6]]-[12] makes developments in event-sampling in the context

of generalized systems.
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In addition to its theoretical aspects, the notion of event-sampling has also been
considered in the context of real-world applications [13] and [14]]. In [13], event-sampling
is implemented in a vibration analysis application for pneumatic tires and, in [[14], an event-
sampled observer-based design is applied in a networked visual control system. Even still,
the types of applications that are considered in the works [13]-[14] do not take complex
dynamics into account. To our knowledge, the incorporation of event-sampling in complex
robotics applications is not one that has been substantially explored. Specifically, the union
of event-sampling with the control of an underactuated quadrotor UAV is a topic which has
not been given attention.

In this paper, first an observer design is briefly presented, allowing the need for a
full knowledge of the state-vector to be avoided. Next, a kinematic controller is designed
in order to find a desired translational velocity such that the UAV’ s position converges to a
desired trajectory which is selected as an external input; additionally, it is in the kinematic
controller that the quadrotor’ s desired orientation is found. Then, the information provided
by the kinematic controller will be used in the design of a virtual controller wherein a
desired rotational velocity will be determined such that the UAV’ s orientation converges
to its desired value. In these developments, it will be discussed how the effects of event-
sampling can be injected either implicitly through NN approximation errors or explicitly
through an intermittently updated state-vector.

After these, details will be given showing how it is through the kinematic controller
that event-sampling measurement errors are explicitly injected into the system. Finally,
the information from the observer, the kinematic controller, and the virtual controller are
used in the design of a dynamic controller where NNs will be implemented to approximate
uncertainties in the UAV’s dynamics; the signals generated by the dynamic controller will
ensure that the desired lift velocity and the desired rotational velocities are tracked. Here,
too, it will be illustrated how the dynamic controller injects explicit measurement errors

into the system.
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Therefore, the main contribution of this paper is to add an additional degree of
flexibility to the adaptive NN control of a quadrotor UAV by incorporating notions of
event-sampling. For a complex quadrotor UAV system, the benefits of event-sampling
are two-fold: first, computational costs would be reduced due to aperiodic tuning of NN
weights. With fewer computations being performed, battery life and, subsequently, flight
time, could be extended. Secondly, event-sampling may also save in communications costs.
In a quadrotor UAV system, the regular transmission of data from external sensors, such
as GPS and gyro readings, is essential for stable flight and, in these transmissions, packet-
losses are inevitable. A reduction in the number of samples being used would minimize the
effects of these losses and save in communication costs.

In order to accomplish the incorporation of event-sampling in the control of a
quadrotor UAV, first, it will be shown how the system exhibits ISS-like behavior with re-
spect to bounded measurement errors; this result is a necessary requirement in order to
implement the event-sampled controller because it ensures the existence of nonzero inter-
event times. Next, it will be necessary to demonstrate that the measurement errors remain
bounded for all time. This will be demonstrated by considering the dynamics of the system
at event-sampling instants as well as during inter-event periods. The boundedness of the
measurement errors during inter-event periods will be guaranteed by the implementation of
an event-execution law, which will also be derived in this work. Finally, simulation results
will be given to demonstrate the effectiveness of the event-sampled controller as well as to
illustrate how its performance compares to its time-sampled counterpart.

The rest of this paper will be organized as follows: Section 2 will provide back-
ground information and a statement of the problem; Section 3 will present the derivation
for an observer and section 4 will present the derivation of the event-sampled controller as
well as for the design of an event-execution law; Section 5 will present simulation results
showing the effectiveness of the proposed controller as well as preliminary hardware results

for an event-based PID controller; and, finally, conclusions will be given in Section 6.
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2 BACKGROUND AND PROBLEM STATEMENT

In this section, an introduction on the notations used in this paper will be given and
a brief background on the control of a quadrotor UAV will be provided. Then, the control
objectives which will be considered in this paper will be specified.
2.1 NOTATIONS

The measurement errors that result from event-sampling will be denoted by =. In or-
der to distinguish event-sampled variables with their time-sampled counterparts, this sym-
bol will appear as a subscript; for example, the event-sampled position of the quadrotor will
be denoted by pz. A formal definition for Z will be presented in the background section.
In the analysis that will be presented, ||-|| and ||-|| will be used as the Euclidean norm for
vectors and the Frobenius norm for matrices, respectively [[13].
2.2 BACKGROUND

The states of the quadrotor UAV are given by its measured coordinate position,
p = [x,y,z]T; its orientation ® = [gb,H,z//]T (roll, pitch, yaw), which are measured with
respect to the inertial fixed frame; its translational velocity in the body fixed frame, v =
[vxb,vyb,vzb]T; and its rotational velocity in the body fixed frame, w = [wxb,wyb,wzb]T.

With these, the kinematics of the quadrotor can be written as [1]]
p =Ry (1)

and

0=Tw. 2)
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The translational rotation matrix relating a vector in the body fixed frame to the

inertial coordinate frame will be defined by

CoCy  S¢pSeCy — CySy  CpSeCy + S¢Sy
R(@®) =R = cysy 4595y — CpCy  CySaSy — S¢Cy
Y] SpCo CpCo
where s(.) and c(.) are used as abbreviations for sin (e) and cos (e), respectively. Moreover,

the rotational transformation matrix from the fixed body to the inertial coordinate frame is

defined with its inverse as

1 Selg Cylg 1 0 —S9

TO)=T=|0 ¢4 -5 T'=10 Co  SpCo
S C,

£ £ 0 —s4 cyco

where 7, is used as an abbreviation for tan (e). Lastly, define the augmented transforma-
tion matrix A = diag {R, T'}. Next, the UAV dynamics will be presented and the control
objective will be given.
2.3 PROBLEM STATEMENT

The dynamics of the quadrotor UAV in the body fixed frame are given by [1]

Y _ v N (v) G (R)
M =S (w) + + +U+1y 3)

w w Ny (w) 03x1
where M = diag {ml3x3, J}, with m being a positive scalar representing the total mass of
the UAV and J being a positive definite inertia matrix; S (w) = diag {(-mS (w), S (Jw)},
where S (o) is a skew symmetric matrix satisfying 27 Sh = 0 for any appropriately dimen-

sioned vector i; Ny (v) and N> (w) are nonlinear aerodynamic effects; G (R) = mgRT (®) E,
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is the gravity vector, with g = 9.8 m/s?> and E, = [0, 0, l]T; U =100, u, uz]T is an aug-
mented vector containing the control inputs corresponding to the total thrust, u#;, and to the
rotational torques, up = [ua1, U2, un]’, corresponding to roll, pitch, and yaw, respectively;
T T

T

T .
d2] represents unknown, bounded disturbances such that ||7;|| < 7y, for a

and 77 = [T 1
known positive constant, 7y;.
Before giving the control objective, a definition of the measurement errors that re-

sult from event-sampling will be introduced. Define the measurement errors to be

Ex (@) =xz@)—x @), V€t t11) 4)

where, in general, y (¢), represents a time-sampled state variable. Moreover, yz (¢;) de-
notes the event-sampled state variable that was measured at the previous event-sampling
instant at time #;; it is this event-sampled variable that is stored in the controller during the
inter-event period. Finally, =, (¢) is the measurement error that results from intermittent
sampling. The introduction of this error will present an additional challenge in the control
objective in that it necessitates additional considerations that will guarantee the controller’s
stable performance. In particular, it will be necessary to design an event-triggering mech-
anism that will ensure that the values that are stored are being updated frequently enough
for the controller to be able to achieve acceptable performance while reducing the number
of computations. With these considerations in mind, the control objective may be stated.
The control objective is to design an event-sampled output-feedback controller for
H such that the UAV follows a desired trajectory given by pg = [x4, V4, zd]T and a de-
sired yaw, ¢4, while maintaining stable flight. This requires knowledge of the quadrotor’s
dynamics as well as knowledge of the UAV’s translational and rotational velocities. How-
ever, these requirements will be relaxed by utilizing the universal approximation property

of NN [15]] in order to estimate the uncertainties.
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In order to avoid the measurement of the UAV’s state-vector, a NN observer will
be implemented to estimate the translational and rotational velocity vector, which will be
assumed to be immeasurable. The estimated values will be used in the kinematic controller,
the NN virtual controller, and the NN dynamic controller. With these, it will be possible
to design an event-sampled control law that will achieve the control objective. In order to
ensure that the control law is being updated frequently enough for the UAV to achieve its
tracking objective, an event-execution law will be derived such that the measurement errors
remain bounded for all time.

In the analyses that will be presented, the following assumptions will be made.

Assumptions: The states of the reference trajectory, p,; and 4, remain bounded
[1]. The state-vector corresponding to the UAV’s velocity is not available whereas the
system @) is observable [1l]. There are no transmission or computation time delays [6]].
The dynamics of the system (3]) are locally Lipschitz.

With these considerations in mind, the derivation of the event-sampled quadrotor
UAV controller may be presented. The derivation of the event-sampled controller will be
presented as two sections: In the first section, the observer design will be considered and,

in the following section, the controller design will be demonstrated.
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3 OBSERVER DESIGN

In order to relax the need for state-vector measurability, an observer will be de-
signed to estimate unknown values. Subsequently, the estimated values will be used in the
controller. Since the stability of the controller relies on accurate sensor readings, the ob-
server’s quick convergence is imperative. The introduction of event-sampling only adds to
the challenge of designing an observer that performs well enough for the control objectives
to be accomplished. Additionally, the implementation of the event-triggering mechanism
must also be taken into consideration; since the mechanism that will be designed in this
paper relies on continuous sensor data, the observer’s placement must allow for continuous
estimation. For these reasons, the placement of the observer is taken to be at the sensor (see
Fig. [3.1); practically, this means that, even with event-sampling, the observer will estimate
the state-vector continuously, allowing for quicker convergence as well as for sufficient

information for the implementation of the proposed event-execution law.

Pu (t ZO H u (t\ )
Wy (t)
Controller | ()0, (t).v.. (1), e ()]
(1) |
State-Vector 4|
Updated at Events | T T e
Measurement
Errors +
Event-triggering Mechanism | ryacking Brrors 11— Y.+
O
X () >
» NN Observer
(20 |
— ‘J
X(t)
Quadrotor UAV [«—

Figure 3.1 Event-triggered Output Feedback Structure
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Although the NN observer estimates the state-vector continuously, the NN itself
is only updated at event sampled instants. This decision was made in order to further re-
duce the computational effort. With a continuously updated state-vector, it would not be
correct to directly assign measurement errors to the estimated states. However, since the
NN is only being updated intermittently, there will be an approximation error due to the
event-sampling. Using the fact that the inputs of the NN will only be updated at events,
the ideal NN approximation can be manipulated in a manner that allows event-sampling
measurement errors to be extracted from the approximation error that results from inter-
mittent updates. The measurement errors that will be introduced in this section include
Egx, =gy, and Zgy, correpsonding to the quadrotor’s measured position and orientation,
estimated position and orientation, and measured and estimated velocity, respectively. It
will be discussed why the uncertainess of the UAV’s measured velocity requires the ve-
locity measurement error to be written in terms of the derivative of the UAV’s measured
position and orientation. Once the measurement errors are extracted, it is not difficult to
account for their effects when the event-execution law is designed.

Begin by defining the augmented vectors X = [pT, @T]T and V = [vT, wT]T.
Using these augmented vectors, the dynamics , , and can be rewritten with

X = AV + &

V="fy(x)+G+M'U+1,. (5)

where &) represents bounded sensor measurement noise such that ||£1]| < &y Ta =
[le/m, [J“le]T] satisfies T; < Mty with My, = ||M‘1”F; G = M7'G(R); and

= = [0, 0, ujz, urz]’ is the event-sampled control input which will be addressed in later
derivations. Note that there is an explicit measurement error present in Uz, however, since
this term is canceled out in the observer analysis, it is not considered. Furthermore, by

observation of , fo(x0) = M [S’ (wW)V + [Ny (v), N, (cu)]T] are unknown dynamics.
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Next, introduce the change of variable, Z = V and denote the observer estimates
for X and V with hats, specifically X and V, respectively. Finally, the observer estimation
error is denoted with a tilde, X = X — X. With these, the proposed observer takes the form

(L]

AZ+K01X

<>
Il

Z=fuz+G+KnpA X+ M Uz

V=2Z+KjsA'X (6)

where K, 1, K,», and K3 are positive design constants and A~!is bounded by ”A_1 ||F < Afw
where A{W is a positive constant. Additionally, f:,lg is the event-sampled NN estimate of the
unknown function, f,1 (x,) = fo (x,) + [AT - K03A_1] X the second term of the unknown
function, [AT - K03A‘1] X, will arise in the derivation for the observer estimation error
dynamics. This work will make use of the universal approximation property of NNs [15]:
For an unknown, smooth function, fy (xy), its NN approximation will be denoted by
fn(xy) = Who (V]5 x N) + &y, where Wy are ideal NN weights which are bounded such
that || Wy || < Wyy; o (e) is the activation function in the hidden layers which, in this work,
is chosen to be the logarithmic sigmoid function and has the property ||o|| < VN, with
N being the number of hidden layer neurons in the NN; Vy consists of randomly selected
constant weights; and e is the NN reconstruction error which is bounded such that ||ey|| <
ey . Since the ideal NN weights are not available, it becomes necessary to introduce NN
weight estimates, Wy, for which an acceptable tuning law will be derived. Specifically,
the ideal, continuously updated approximation for the unknown function corresponding to
the observer is given by f, (x,) = Wlo (VoTxo) +&, = Wlo, + &, where the target
NN weights are bounded by ||W,||r < Wy, and the approximation error is bounded by

lleoll < emo. Moreover, using estimated weights, the approximation for the unknown
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function in (@) is given by f(,]: = W,z0 (VOT)%) = W,z6, and its input is given with
ar o am T
fo=[1, X7, VT, XT|.
In order to account for the effects of intermittent NN updates, begin by adding and

subtracting WOT o (x,z) = WDT 0= to the ideal approximation

fol (x0) :WEO_OE - W(TO-OE + Wgo—o + &

=Wlo,z+W! [0y — 0oz] + 0. (7)

The expression given by (7) can be interpretted as the ideal approximation given by an
intermittently updated NN and WUT [0y, — 0,z] can be viewed as the approximation error
that results from the intermittent updating. As the frequency of events increases, the values
of the event-sampled variables approach those of their continuously sampled counterparts.
As a result, with a very large number of events, the approximation error caused by event-
sampling begins to vanish and the ideal NN approximation is eventually reverted back to
its original form. With this, the engineering tradeoft is clear: Fewer events will yield more
computational efficiency, however, the efficiency comes at the expense of accuracy. With
regards to its effects on stability, the approximation error that results from intermittent NN
updates will be addressed by designing an event-execution law that will ensure acceptable
behavior in the closed-loop dynamics; the details for this will be shown in Theorem 3, Case
2.

Next, by adding and subtracting [AT - K03A‘1] X and using the information in H

and (), the estimation error dynamics are found to be

X = AV - [Ky1 — K31 X + &

Z= [fo + [AT - K03A_1] X] — forz — KpA™'X - [AT - K03A_]] X-gz+Ts. (8
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Next, observe that, from @, V=V-V=2Z-K,3A"'X. The derivative of this expression
can be taken and, by adding and subtracting W! o (£,2) = W! &,z as well as using (7) and

(8), the estimation error dynamics corresponding to V are found to be

V=[fo+[AT - KA | X| = W] o (V] 20z) + Wio (V] %0z) = forz — KnnA™'X
- [AT - K03A_1] X + T4 — K03A_1X - K03A_1 [AV — [K,1 — Kp3] X + .f]]

= - 03‘7 + foE - A_l [K()Z - K03 [Kol - K03]] X - ATX + vz t 62 (9)

where foz = [WI = WIL| &0z, 80z = W] [0 — 0oz] + W] 070z — Goz] = W] [0 = 00z]
contains the approximation error due to event-sampling, and & = &, + Ty — K,3A7' €] is
bounded such that ||& || < & Where éxpp = epo + Mpytar + K03A5VI.§1M. These dynamics
given by [§] and (9) are used in demonstrating the boundedness of the observer subsystem
when the NN is updated intermittently.

Next, the following theorem is given in order to demonstrate that the proposed
observer generates an ISS-like Lyapunov function with respect to bounded measurement
errors. The results for Theorem 1 are needed in order to make conclusions on the inter-event
periods being bounded away from zero.

Theorem 1. (NN Observer Boundedness): Consider the observer given by (6) with
estimation error dynamics described by [§ and (9). Furthermore, let the NN weights be
updated with

WOE = Foa-OXT - KOIFOWOE (10)

where F, = F! > 0 and k,; > 0 are constant design parameters, and let the initial weights
be in a compact set. Moreover, let the activation function for the NN be Lipschitz. Finally,
let the event-sampling measurement errors corresponding to X, X, and X be assumed to be

bounded such that Egx < Exmax, Zsx < Exmax, and Egy < Ey max, respectively. Then,

there exist design constants, K, 1, K, and K,3, such that the observer estimation errors, X
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and V, as well as the observer NN weight estimation errors, W,z, are locally universally
ultimately bounded (UUB).

Proof. Consider the positive-definite Lyapunov candidate

Vo

[I]
[1]

o=" 0

I I 1
v

T TY7 T —1y%
= XX+ VIV 4 Su {WeF, WO} (11)

whose derivative is given by V,z = XTX + VIV + tr {WOTEFO‘ 1W05}. The estimation error
dynamics given by (8)) and (9), along with the NN weight update law given by (I0), can be

substituted to find

Voz = —XT [Kp1 —Kp3] X + X7 = VK3V + V& + Vig,z

—tr {WT_ [&OXT S, S 7 [Wo - W(,E]]} . (12)

Then, by invoking known bounding conditions, and by using properties of the matrix trace

operation, it is discovered that

. (K, —
et L I ] [ L
2
oWy 2[1<j—1<03] 2§IZ<Z+%‘935 (2

It is at this point that the measurement errors are extracted from the approximation
error caused by intermittent NN updates. In order to do this, the Lipschitz condition on the
NN activation function will need to be invoked. Additionally, observe that the unknown

function that is approximated by the NN is defined in terms of V and X. With these in
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consideration, it is discovered

|
|
S
)
+
t~
q
<
1]
+
-
|
S
|
-
1]
|
S
1]
.

W]?/[ + 1Lo- ||ESX||4 + %La- ||ésx||4 + %LO.

T
ot Zsv (14)

where L is the Lipschitz constant and Egv, Egx, and =gy are the event-sampling measure-
ment errors corresponding to V and V, X, and X, respectively. Note that the measurement
error corresponding to V is rewritten in terms of X; this is done because, in practice, the
measured velocity is not available and, therefore, it would not be possible to implement an
execution law directly for V. This problem can be circumvented by placing a differentiator
at the sensor and considering a measurement error in terms of X. Finally, and are
combined to give

2
+ B, (15)

. 112 ~ 112 7
Voz < -Kg | X" - Ko ||V|" = Kwo [ Woz .

=4 4

where B, = 1, + 1LsEy  + 1LeE} 4 TLoEymax with 0, = k1 Wi, + TW), +
f%M/ [2[Ko1 — Ko3]] + é‘%M/ [2K,3]; Kg = [Ko1 — Ko3] /2 = No/kKor1; Ky = [Ko — 11/2 -
Ny/ko1; and Kw, = k,1/4. Finally, (I5) is less than zero provided that K,; > K,3 +

[2N,] /ko1 and K3 > [2N,] /«,1 + 1 and the following inequalities hold:

N N L
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Therefore, it can be concluded [[15]] that all signals in the observer are locally UUB.

Remark 1. The results from Theorem 1 can be easily used to demonstrate how the
observer generates an ISS-like Lyapunov function with respect to bounded measurement
errors. This result, along with the assumption that the dynamics are Lipschitz, fulfills
the necessary requirements needed to show the existence of nonzero inter-event periods [6]].
However, rather than showing how the observer generates an ISS-like Lyapunov function
by itself, (I5) will be used later when the closed-loop dynamics are considered and it will
be demonstrated how the whole system exhibits ISS-like behavior.

In Theorem 1, the measurement errors were assumed to be bounded. However, in
order to implement the event-sampled controller, it must be demonstrated that the measure-
ment errors are, in fact, bounded for all time. This can be done by, first, considering the
system dynamics when event-sampling measurement errors are zero and, second, consid-
ering the system dynamics with nonzero measurement errors. With nonzero measurement
errors, an event-execution law can be designed in order to ensure that the system dynamics
remain stable. In this paper, a single event-execution law will be designed when the closed-
loop dynamics are considered in Theorem 3. However, before proceeding, the following
lemma will be given in order to show that the proposed observer with an intermittently
updated NN is eligible for implementation in the event-sampled controller.

Lemma 1. Consider the observer given by (6) with estimation error dynamics de-
scribed by [§ and (9). Furthermore, let the NN weights be updated with (I0) with initial
weights in a compact set. Then, there exist design constants, K,1, K, and K,3, such that
the observer estimation errors, X and V, as well as the observer NN weight estimation
errors, W,z, are locally UUB for all time.

Proof. Case 1. In this case, the NN weights are updated using (10) and, furthermore,
all approximation and measurement errors that are caused by event-sampling are taken
to be zero. As a result, £,z is absent from the observer estimation error dynamics for

- 112
V. Because of this, the coefficient defined in Theorem 1 corresponding to HVH needs
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to be changed to Ky = [K,1]/2 — N,/k,1 and the bounded term needs to be revised to
B, = kWi, + &L,/ [2[Ko1 — K31l + £3,,/ [2K,3]. Additionally, the event-sampled term
that was previously combined with the approximation error due to intermittent updates no
longer needs to be considered in the presence of measurement errors and, therefore, the
expression for & becomes & = &, + Ty — Kj3A™ & + W [0, — 0] with ||&]] < éam
where &y = pp0 + My tyr + K03A5451M +2WioVN,. With these changes in mind, and by
selecting gains satisfying K,; > K,3+[2N,] /k,1 and K,3 > [2N,] /k,1, it can be concluded
[15] that (I5]) is less than zero and that all signals in the observer are locally UUB.

Case 2. In this case, the NN weights are held and, therefore, the effects of the
third term in (I1]) vanish when the derivative is taken. However, since the approximation
error caused by event-sampling is injected through the estimation error dynamics, \7, it
becomes necessary to account for the nonzero measurement errors. Using an approach
similar to what was done for Case 1, the coefficients are updated with B, = W]“‘40/4 +
2,112 1Kot = K31l + €2,/ 12K3); K = [Kot — Ko31 /2; Ky = [Ko1 —21/2; and Ky, =

—N, /2. With these changes in mind, the expression for V,z is rewritten with

WUE

[
Zev|

(17)

2 | S BRI |
p+Bot 7 Lo |Zsxl*+ 7 Lo [Esx |+ Lo

. ~112 ~ (12
Voz < ~K | X[ &y |[V]["~&w. 3 r

In this case, the measurement errors cannot be assumed to be bounded and it becomes
necessary to address their effects. This could be accomplished by designing an event-
execution law that takes the form

|4

—
—

2
Evll < vy He)(” (18)

where, in general, 0 < y,, u, < 1 are design constants and e, = y4— x is the tracking error
corresponding to the measurement error. An execution-law bearing strong resemblance to

(18] is what will be designed in this paper, however, the benefits of this design cannot be
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easily seen by considering the observer dynamics alone and (I8) is given here only for
illustration purposes. When the tracking errors are addressed in the closed-loop dynamics,
it will be demonstrated how an execution law in the form of (I8]) can be used to eliminate
the measurement errors from the observer subsystem. Hence, the effects of event-sampling
will be addressed for inter-event periods as well.

The results for Case 1 and Case 2 can be combined in order to make conclusions
which apply for all time. However, since the dynamics in Case 2 can only be fully assessed
in the closed-loop, this final combination will not be done here, but, instead, will be shown
for the entire UAV system. From the results that are presented, however, it can be concluded
that, with an appropriately designed event-execution law, the proposed observer with an
intermittently updated NN qualifies as a candidate for an event-sampled output feedback
controller.

Remark 2. In this paper, a single event-execution law will be designed for the whole
system. In other words, the measurement errors that originate in the observer are combined
with the measurement errors in the controller and a single condition is used as the basis
by which events occur. Moreover, when an event does occur, both the observer NN as
well as the controller are updated with the most recent position and orientation sensor
measurements and velocity observer estimates.

Next, the event-sampled controller design will be presented. First, the virtual con-
troller will be briefly addressed, then the kinematic and dynamic controllers will be de-
signed under the influence of event-sampling, and, lastly, the closed-loop dynamics will be

considered.
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4 EVENT-SAMPLED CONTROL OF QUADROTOR UAV

A natural progression for the derivation of the controller would be to begin with
the design of the kinematic controller, to proceed with the virtual controller, and to con-
clude with an analysis for the dynamic controller. This progression is followed in [1]].
However, in order to incorporate the effects of event-sampling, it is, perhaps, easier to first
address the stability of the virtual controller and then consider the kinematic and dynamic
controllers. The reason for this is that the assessment of the virtual controller’ s stability
does not involve any explicit presence of event-sampling measurement errors and its anal-
ysis can be quickly summarized. An important consideration that needs to be made in the
development of event-sampled controllers is in determining how and where the controller
injects measurement errors into the system. In the development for the virtual controller,
only the stability of the virtual control estimates is considered and the injection of any
term into the system is altogether absent. Instead, it is only through the analysis for the
kinematic and dynamic controllers where there is an injection of errors caused by event-
sampling. For this reason, the stability of the virtual control estimates will be considered
first and then the kinematic and dynamic controllers will be considered under the influence
of event-sampling.

4.1 VIRTUAL CONTROLLER DESIGN

In the developments made in this subsection, the stability of the desired virtual
control estimates, @d and @4, as well as the boundedness of the virtual control NN weight
estimates, WQ, will be considered. Since the desired virtual controls are written in terms
of the UAV’s measured position and orientation, there is an explicit presence of event-
sampling measurement errors. However, the derivations made for the virtual controller
here will only assess the stability of the estimates and not how they are injected into the

system.
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Begin by defining the proposed virtual controller [1]

édE = TQuz + Ka1Ouz
Qu= = faiz + KopT™'0y=
Ogz = Quz + T ' Koeoz + KazT ™ '04z (19)

where fglg is the event-sampled NN estimation of the unknown function, foiz (xq) =
foz +TTO= — KQ3T_1®d5, where foz = T7'04=z + T~104z; specifically, its estimation is
given by faz = (VTxQ—) = WI_0qz, where its input is

Xo= = [1 Pds p P p & Pl d> @5_, ng, VT, @dE]T. Here, the subscript 2 is used to reinforce
the idea that the virtual control NN weight estimates are updated only at event-sampling
instants. Additionally, egz is the UAV’s event-sampled orientation tracking error which

will be addressed later, and Kq1, Koz, Ko3, and Kg are positive design constants.

Next, choose the NN weight update law

Wos = 00=0"z — ka1 FoWazs (20)

=
=

where Fo = F} > 0 and kg > 0 are constant design parameters. Then, using (19) and
(20), the virtual control estimation error dynamics can be determined and the first deriva-
tive of the Lyapunov candidate describing the virtual control system, Voz = %@)5

1T @az + Str {WT F> IWQH} can be found to satisfy [[1]]

where 7o = ka1 Wi, + £3,,/ [2Kq3] and Ng is the number of hidden layer neurons in the
virtual control NN. By observation of (21)), it can be seen that, with appropriate selection

of design parameters, all signals in the virtual controller remain bounded [1]. Next, the
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kinematic control and dynamic control will be considered under the influence of event-
sampling.
4.2 INJECTION OF EVENT-SAMPLED VIRTUAL CONTROL

The tracking errors that correspond to the desired virtual control inputs are with

respect to position and orientation. Begin by defining the position tracking error
ep = pa—p. (22)
The dynamics of (22)) are found to be
é, = pa— Rv. (23)
In order to stabilize @), the desired velocity is selected to be
va = R" [pa+ Kpey| (24)

where K, = diag {kpx, k oy, kpz} is a design matrix with all positive constants.

Since the desired velocity is a term that will be injected into the system by the event-
sampled controller, it becomes necessary to consider (24) in the presence of measurement
errors. Observe that the measurement error that is injected into the system can be intro-
duced into the analysis by noting that, from (), the event-sampled position measurement

is given by pz = p + E,, which allows (22) to be rewritten as

eps = Pd — [p + Ep] =e,—E, (25)
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T, .
where =, = [: PRCNRC Z] is the vector of measurement errors corresponding to the quadro-

tor’s measured position. Using (25) in (24)) reveals

vz = R [pa+ K, [ep - By |

=R [pa + Kpep| - R'K,E,. (26)

Next, define e, = v4= — v and note that, from this, v = v4z —e,. Then, using v;= as a virtual

control input in the tracking error dynamics and substituting (26) into (23) gives
éoz = —Kpe, + Re, + K=, 27

Next, the desired virtual control input corresponding to the quadrotor’s orientation

is considered. Begin by defining the orientation tracking error

e = ®d -0 (28)

where @4 = [dy, 04, wd]T is the desired orientation. Recall that ;4 is an external input to
be selected by the designer. Furthermore, it is shown in [[1] how ¢, and 8, can be calculated
in terms of py, P4, Y4, K,, and the unknown function f.1 (x.1). The NN approximation

for f.1 is given by
N Te \ _wTa (2 2+ 277
Ja=Wao (Vaka) =W, b = |fer, feiz fei3

. A ) T ~71T . . .
where the input is £, = [1, oL pL v, el XT] . These estimates will be used in the
derivation for the actual dynamic control.

Moving on, the dynamics of (28) are found to be

ée =0, —Tw. (29)
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In order to stabilize (29), the desired angular velocity is selected to be
wg =T |04+ Koeo] (30)

where Kg = diag {ke1, ko2, k@3} 1s a design matrix with all positive constants.

Since the desired angular velocity is a term that will be injected into the system
by the event-sampled controller, it becomes necessary to consider (30) in the presence of
measurement errors. This is accomplished by observing that the event-sampled tracking

error can be expressed as
eez = 0y — [0+ Eg] = e — Zo (31)

T, .
where Zg = [:¢, 2o, :w] is the vector of measurement errors corresponding to the quadro-

tor’s measured orientation. Using (31)) in (30) reveals

wez=T"" [®d + Kp [ee — E@]]

= T_l [®d + Kgeq — K@E@] (32)

Next, define e, = wy= — w and note that, from this, w = wg= — e,. Then, using wyz as a

virtual control input in the tracking error dynamics and substituting (32)) into (29) gives
éoz = —Kgep +Te, + Kg=Ep. (33)

It is the tracking error dynamics given by and (33)) that will be used when the closed-
loop dynamics are considered.

Remark 3. In contrast to the results in [[1], the tracking error dynamics, and
(33), contain additional terms, K,=, and KeZe, respectively. These terms are the artifacts

that result from event-sampling.
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4.3 EVENT-SAMPLED OUTPUT FEEDBACK DYNAMIC CONTROL

The actual control input consists of two parts: u; is a scalar corresponding to the
total thrust and uy = [uy1, usp, u23]T gives the rotational torques corresponding to roll, pitch,
and yaw directions, respectively. These two parts will be considered separately.

TOTAL THRUST. The time-sampled total thrust control input is given by [1]]

uy =mk,3é,;
+m [Cqbdsedcgl/d + qudsz,bd] [)'C'd + kpxdq — Vp1 + fcll]
+m [Cqbdsé’dswd - S¢d6¢d] [yd + kpyya — Vra + fch]

+ MCyaCod ['Z'd +kpza — Vr3 + fe13 — g] (34)

where the gain, k,3, is an element in the design matrix, K, = diag{k,1, k2, k,3}, with all
positive elements; é, = [évx, éyy, éVZ]T = vy — v with ¥ being the translational velocity
observer estimate; P = [Pr1, Pr2, Pr3]T = K,RV; and fcl = [fcll, fclz, fclg,] is the NN
estimate introduced in the previous subsection. Since the estimates from the observer are
being stored in the controller and only being updated intermittently, it becomes necessary
here to consider explicit measurement errors corresponding to the estimated state-vector.
As aresult, the terms é, and Vg both have an explicit presence of measurement errors.

In order to incorporate the measurement errors in the analysis, it becomes necessary
to expand certain computations so that the terms é,,, Vg1, Vg2, and Vg3 can be extracted.
First, in order to be able to consider é,, = vy, —V_, it is necessary to consider the desired ve-
locity (26)) under the influence of event-sampling. By expanding the matrix multiplications,

the expression for v,z is obtained as

Vdze = Vdz + R3RKpEp (35)
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where Rsy is the third row of RT. Next, a similar procedure is used to find Vg, Vg2, and

1P

Dg3 under the influence of event-sampling. Using ¥,z = ¥, + E,,, ¥yz = ¥, + &,,, and

v,z =V, + E,, it is discovered that

DRiz = Pr1 + kpx RIREy Doz = Dro + kpyRorE,  Praz = Dg3 + ko R3gE,  (30)

where Rir, Ryg, and R3g are the first, second, and third rows of R, respectively, and

A A

A~ 1T . .
y = [:vx, R :VZ] is the vector of measurement errors corresponding to the transla-

[1]>

tional velocity estimates. Finally, using (33)) and (36) in (34) reveals

[
[r)>

Ui = u{ + mkv3 [RgRKp] Ep —-m [kpleR + kpyRZR + kszg,R + [ 0 0 kv3 ]]

[1]

pe

37)
where u{ = is identical to uj but assumes the event-sampled NN estimates, fclg; the
implicitly affected NN estimation has no effect on further analyses. The control input, u;=,
is designed in order to stabilize the translational velocity tracking error dynamics, which

are given by
. 1 _ T . N 1
¢z = —S(w)e, - EG (Rq) —Ta1 + R, [Pd + Kppa — KpRV + fe1 (xcl)] - %uliEz- (33)

Since the event-sampled control input is the sum of the time-sampled control input and the
measurement error terms, the results of substituting the expression for u;z into the tracking

error dynamics (38)) can be used to easily find that [1]

€z =—[S (w) +K,]e, — K,V + ngclEa-Zlg + ‘fcl

¥ [kv3 [RI K| 5, - [kpleR + kpyRog + ke Rag + [ 00 kna H E] E. (39)
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where &y = RIWT 6T - + Rlec — Tq1, Woz = Wey = Weiz, and 001z = 01z — Gciz. In
contrast to [1]], the dynamics (39) have the additional measurement error terms that result
from event-sampling.

Later, the tracking error dynamics given by will be combined in an augmented
vector along with the angular velocity tracking error dynamics, where they will both consid-
ered together. Before doing that, however, the event-sampled control inputs corresponding
to the rotational torques and the angular velocity tracking errors must be considered.

ROTATIONAL TORQUES. First, consider the angular velocity tracking error dy-
namics given by

Jéw = fer (xe2) —ur —Tip — TT e (40)

where f.» (xc2) is an unknown function whose NN approximation is given by

feor = Wloeo (VCTZ)GCZ) = WL &, with an input £ = |1, &7, Qg, O7, el|. Next, the

c c2

rotational torque control input is given by [1]
u = fer + Kyéy,

where K, = diag {k,1, kw2, ky3} 1s a design matrix with all positive constants, and é,, =
wq — @. The event-sampled control input u>= injects explicit measurement errors into the

system through the é,, term. Observing that
Wy = Qd + T_1K®€@ + KQ3T_l®d

it can be seen that, here, a measurement error corresponding to the measured orientation

will be injected into the system. Using (31)) it is found that

-1 —_
d — T K@d@.

S
Y
[1]
Il
1SS
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Now, noting that 0z = © + ﬁw, it is revealed

N ) 1o — N
urz = feo= + Kpéy, — Ky [T KoZe — :'a)] (41)

A . . . . 2, 2, 2 2, T .
where f.oz is the event-sampled NN estimate given earlier and &, = [:wx, By :wz] 1s
the vector of measurement errors corresponding to the rotational velocity estimates. Next,
making use of the fact that é,, = e, — ©4 + @, as well as adding and subtracting WCTZ&CE,

the event sampled tracking error dynamics (40) can be rewritten as

A

Jéuz = Whet oz — Kuew + Koda — Ko® - T"eo + £ - K,y [T Koo — £, (42)

c2= =

where WCT _ = WCT2 - WL

_ T ~ s A
vz §c2 = €+ W0 e — T, and 0oz = 02 — 0oz,

T ) )
Next, define the augmented vector, egz = [e{E,eZE] , with which the translation

and angular velocities can be considered together. With this, it becomes necessary to also
define J = [I3x3,03x3:03x3,J], a constant matrix; Kg = [K,,03x3;03x3,K,] > 0, a posi-
tive definite design matrix; Ss(w) = [S (w),03x3;03x3,03x3], where e§3S5 (w)es= = 0;

T = (060571 @0 = [Onaeh]'s o = [00ad?]s & = [¢h.60]" and Ay =

diag { Ry, I3x3}, with Ry = R (®,). Additionally, f,z = W6 .z with Wz = diag {WclE,WCZE

AT AT

T ~ . . . .
and 0.z = [O‘C 15’0}25] and V is the velocity tracking error vector defined in the observer

development. Finally, in order to make provisions for the effects of event-sampling, define
A A A T .

the augmented measurement error vector, Zgy = [Ef,EZJ] . The augmented coefficient

matrix, Kyz, corresponding to Egy can be found in terms of the gain matrices K, and K|,

as well as the elements of R and the gain k,3. With these, the tracking error dynamics

described by (39) and (#2) can be rewritten with the single expression

Jész = Al fez — [Ks + Ss ()] es — KsV =TT eg + Ks@g + & + KyzEsy + Ky=Esx (43)

}
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where Egy = [ Eg, Eg ]T is the augmented measurement error vector corresponding to
the position and orientation measurements and the coefficient matrix K VE accounts for the
E, and Eg from and ; the augmented coffecient matrix K )‘éa can be found in terms
of gain matrices K, Kg, and K,, as well as the elements of T-!.

With these results, the final two theorems of this paper may be presented. In The-
orem 2, for the purposes of analysis, the time-sampled controller will be considered and
the explicit measurement errors that would be injected into the system by event-sampling
will be viewed as bounded inputs. In this way, the ISS-like behavior of the system will
be demonstrated. In Theorem 3, the assumption on the boundedness of the measurement
errors will be relaxed and it will be shown that the measurement errors are, in fact, bounded
with the implementation of an appropriately selected event-execution law.

44 EVENT-SAMPLED QUADROTOR UAV STABILITY

Theorem 2. (ISS-like Behavior of Quadrotor System): Consider the dynamics de-
scribed by (3). Let the NN observer be defined by () and let the observer NN weights
be updated at event-sampling instants with (I0) with initial weights in a compact set; ad-
ditionally, let the event-sampled virtual controller be defined by and let the virtual
control NN weights be updated at event-sampling instants with (20) with initial weights
in a compact set. Moreover, consider the event-sampled desired virtual control inputs and
actual control inputs, (26), (32), (37), and (1)), respectively, that are designed to stabilize
the event-sampled tracking error dynamics given by (27), (33), and(@3). Additionally, let
the NN weights corresponding to the actual control be updated at event-sampling instants
with

Wez = F.0 2 [Aas) — ka1 FoWes, (44)

with initial weights in a compact set and where «.; > 0 and F, = FCT > 0 are constant de-
sign parameter. Finally, let the measurement errors that would be injected into the system as

a result of intermittent sampling be bounded such that ||ZEsx|| < Ex max»

sl <5
—=SX|| = =X max>
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v” < 2y max. Then, there exist positive design constants K1,

such that the observer estimation errors, X and V, the NN weight estimation errors, W,z

= || < EX maxs
Koo, Ko3, Kai, Kao, and K3, and positive-definite design matrices K, Kg, K,, and K,
b

the desired virtual control estimation errors, C:)dg and @4z, the virtual control NN estimation
¥.z, and the position, orien-

errors, Waz, the actual control NN weight estimation errors, W,
tation, and translational and rotational velocity tracking errors, e,, e@, and ey, respectively,

are all locally UUB.
Proof. The positive-definite Lyapunov candidate that describes the complete system

is given by
2
VUAVE = KSmaXVDH + KSmaXVQE + VCE

where K max 18 the maximum singular value of Kg and
(45)

L!!H LC"" Recall

_ 2
- KSmaxV + KSmax

The first derivative of Vyay = 1s given by Viyay =
that Vo= has no explicit measurement errors and were found to be upper bounded by .
Hence, the effects of event-sampling are considered by evaluating the derivative of (43),
épz + egoz + ebJész + {WZEFJIWCE} and by combining

= eT:

which is given by V,z o
it with the results found for the observer in Theorem 1. Using the event-sampled tracking

error dynamics (27), (33)), and (43), it is discovered that

Viz = —e,Kpep, + e ,Re, — egKeoeo — engeS - egKSV +esKswy + egéc + eTKp_p

T T
p P
+tr {WT [F Wz + 6z [AdeS]T]} + el KoZe + eLK)Esx + e-Ky=Zsy  (46)

T
= [ gae(g] ’ H = [R’O3X3;03X6]7 and KK

after simplification. Additionally, define eg
[K 0,:03x3 O3X3,K@] With these, along with the NN weight update law , V.= can be
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rewritten

ch = - e;KKeK - egKSeS + 671;1_[65 - engv + €§Ksa:)d + €§§:c + eYI;K[(ESX

+ tr {WCTE [5’65 [LL:)d - V] AZ + Kchclg]} + egK;(/EESX + egKVEéSV- 47

Next, note that ||[II||y < Ilhax and ||W, || < Wy for known constants I1,,x and Wy,

loall = ll@all, and tr {WCTE [WC - WCE]} < ||W 2| i Then, introduce the

WCQ - ||W =

minimum singular values corresponding to Kx and Kg, Kgmin and Kgnin, respectively.
Next, observe that ||Ag4llr < Agm for a known constant Agy. Additionally, the com-
putable maximum singular values corresponding to Ky and Kyz are denoted by K V:max

and Ky=max, respectively. With these provisions in mind, by completion of squares with

respect to ||lex|, ||W =

F, and ||es]|, it is discovered that

1 2 1 1_Irznax
Voz < - E[KKmin_l] llexl ~3 KSmin_m lleslI?
2
S AR € s[AdMVNC] o
2 S max Kel 2 S max Kel Waz=
. _
# 3 [ K+ [K¥zman] | IZ5x1P + 3 Kz 12501 + e 48)

where 1, = Kchj%h /2 + ng /[2Ksmin]. Now, the results from can be combined
with the results found for the observer and virtual controller, and (21)), respectively.

Recalling the bounds on the measurement errors, it is revealed

, K2 K2
Viav= € ~Kina K [ %] = =52 k7 |V] - Smax’%d [0z’ - =5 Ko 1oz
1 , 1 5 - 5 -~
- E ek llegll” = E es lles|l” = Kwe (|Wez KSmaXKWo Woz F

2 o _|I? =
— KsmaxKwa “WQEHF +nuav + 2uav 49)
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where
Na [K,1 — K,3] N
Kgy = Ko — Koz — —, Kg=—2—2 -2 Ker = Kkmin — 1,
KQ1 2 Kol
oN, 3 [Aa VI 2N 3 [Aa VI
Ky = Ko3 = -~ 2 , Kza =Koz ————-1- 5 ,
Kol KClKSmax Kol KClKSmaX
Kol KQI K(,l
Ky, = , Kyo = —, Ky, = ,
Wo 4 wQ 4 We 6
2 2 1
nuav = Kgaxo + K10 + e, Kes = Ksmin — Kmax — 4,
Kmin

1 2 1 o
— _ 2 \% :-2 _ 2 ':;2
—=UAV — 5 [KKmax + [K Emax] ] —X max + 2KVEmax‘—‘V max

X 1
&4 2
LoZy x5 K

~4
4 SmaxLU':‘X max* (50)

1
=4 2
LoEy x5 K

1 2
+ K 4 S max

4 S max

where the bounded term from the observer dynamics, 7,, is defined in Theorem 1. Then,

by choosing controller gains satisfying

2
2N, 2N, 3 [Am V]
K,1 >K,3 + K3 > +2+ 5
Kol Kol KCIKSmax
2
N 2N 31 Aam VN,
KQI >KQ3+—Q KQ3 > Q +1+ [ c]
K K K3
Q1 Q1 Kel Smax
_ M
KKmln >1 KSmm > o +4 (51)
min

the first nine terms in (49) are discovered to be less than zero. It follows that Vyay = is
less than zero when controller gains are selected according to (51) and when the following

inequalities hold:

~ Byav ~ Byay 2BUAV
T N N AL T N 2
KSmaxKY KSmaxK(:)d ek
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or

~ 2By av - 2Byav 2Byav

V> o ldazll >[5 o lesll > [T
KSmaxKV KSmaxK‘a es

or

- B -~ B - B

L% R DT A B VI U s

KW" KS max KWQ KS max KWC

where Byay = nuav + Eyay. It can, therefore, be concluded that Vi 4y = is less than zero
[15] and that all signals in the closed-loop are locally UUB.

Remark 4. By defining the augmented vector

~ ~ T
Nazll, el llesll, |Woz]|. | Waz i

¢=||%

v

,H@)da

s

F’ F’

itis easy to see how can be written in the form V (£) < —=A (||Z1)+A (Invavll, IEvav),
where the positive part, A, is viewed as an input to the closed-loop system and is a function
of bounded measurement and NN reconstruction errors. It can, therefore, be concluded
that the continuously sampled, closed-loop system generates a local ISS-like Lyapunov
function. Together with the assumption that the system (3)) is locally Lipschitz, this re-
sult satisfies all conditions necessary to show that there exists positive, nonzero inter-event
periods [6]. This provision is necessary in order to ensure the avoidance of Zeno behavior.
As previously mentioned, the results of Theorem 2 are contingent on the bound-
edness of the event-sampling measurement errors. However, in order to implement the
event-sampled controller, these results, by themselves, are not sufficient. In addition, it is
necessary to demonstrate the boundedness of the measurement errors. The following theo-
rem addresses the boundedness of measurement errors by considering two cases: The first

case analyzes the dynamics and influences ofV,.z and V,z when the measurement errors are
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zero and the second case considers the system with nonzero measurement errors. It is in
the analysis of the second case where an event-execution law is designed.

Theorem 3. (Boundedness of Measurement Errors): Consider the dynamics de-
scribed by (3). Let the NN observer be defined by (6) and let the observer NN weights
be updated at event-sampling instants with (I0) with initial weights in a compact set; ad-
ditionally, let the event-sampled virtual controller be defined by (19) and let the virtual
control NN weights be updated at event-sampling instants with (20) with initial weights
in a compact set. Moreover, consider the event-sampled desired virtual control inputs and
actual control inputs, (26), (32), (37), and (@I]), respectively, that are designed to stabilize
the event-sampled tracking error dynamics given by (27), (33)), and(@3). Furthermore, let
the NN weights corresponding to the actual control be updated at event-sampling instants
with (44) with initial weights in a compact set. Finally, let the event-sampling measure-
ment errors satisfy the condition |Exyavl + IEvuavl < ysxusx llexll* + ysvusv llesll?,
where Expy 4y and Eypay are augmented measurement error vectors corresponding to the
quadrotor’s measured output and its estimated velocity, respectively; ex and eg are the
augmented tracking error vectors corresponding to the quadrotor’s measured output and its
estimated velocity; and O < ysx, ¥sv, Usx, sy < 1 are all design constants. Then, there ex-
ist positive design constants K1, K,2, K3, Ko, Kq2, and K3, and positive-definite design
matrices K,, Kg, K,, and K,,, such that the observer estimation errors, X and V, the NN
weight estimation errors, W=, the desired virtual control estimation errors, @4z and Gyz,
the virtual control NN estimation errors, Woz, the actual control NN weight estimation
errors, Wz, and the position, orientation, and translational and rotational velocity tracking
errors, e, e, and eg, respectively, are all locally UUB. Moreover, given an appropriately
designed event-execution law, the measurement errors that result from event-sampling re-
main bounded for all time.

Proof. The two cases for this proof are as follows:
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Case 1. First, consider the definitions given in (50). When the measurement errors
are taken to be zero, only a few modifications need to be made in (50) for this first case.
At the event-sampling instants, the last three terms in are absent and, as a result,
it becomes unnecessary to invoke Young’s inequality to separate the measurement errors
from the tracking errors. As a result, the coefficients corresponding the the tracking errors

2

1 . . . . .
become K.y = Kgmin and Ko = Ksmin — K;;Tn — 2. With these considerations in mind,

observe that

2
Vez < =3 Kexllex” = 5Kes llesI” = Kwve [Wealf, + 5 | K +3——— (4l
)
_,_1 K2 3M It _||2 + (53)
2 Smax Kel Wyz= Tec-

Additionally, incorporating the results from Lemma 1, Case 1, the terms corresponding to
. 2 9
the observer need to be updated with Ky = K3—[2N,] /ko1—1- [3 [AdM\/Nc] ] / [Kcl Ky max]
and n, = k1 Wi, +&7,/ [2[Ko1 — Ko311+£3,,/ [2K,3). Finally, the third change that needs
to be made is in setting Zy74y = 0. With the changes in the coefficients (50) that are made
for this case, the closed-loop dynamics can be expressed with the same expression given
by (@9). Similarly, the bounds on the control gains remain identical to (5I)) provided that
the condition on K,3 as well as the last two conditions are altered, giving a new set of

conditions on the control gains

3 [Am VL]

2N, 2N,
Ko >K,3 + K,3 > +1+ 3
Kol Kol KClKSmax
N, 2N, 3| Aam VN,
KQ]>KQ3+—Q KQ3>—Q+1+[—ZC]
Koy KQl ka1 K3 o
) ) Hrznax
KKmm >0 KSmm > K +2 (54)
Kmin
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With all of these modifications made, and provided that the inequalities (52)) hold, it can
be concluded that Vi 4y = is less than zero and that all signals in the closed-loop are locally
UUB [135].

Case 2. Now, consider the inter-event period, ¢ € [t;,1;+1), during which time there
is a nonzero event-sampling error, but with constant NN weights; in other words, in this
case, = (t) # 0 and W = 0 for all NN weights. The analyses corresponding to the observer
and the virtual control stability with constant NN weight estimates are easy to perform. For
the observer dynamics, the results from Lemma I, Case 2 can be used here. For the virtual

controller dynamics, it is discovered
. ~ 12 1 N Na 1.+ |12
Voz < - [Kai ~ Kasl||0u]| = 5 [Kas = Nliaall* + =7 W, +ma (59

where ng = fé v/ [2Kq3] is a constant bounded term. Next, revisiting with ch =0,

it is found that

—

v __ T T T T T % Ty = Ty =
Ve = eprep + epRev egKoeo — egKses — egKsV + egKgwg + epr_p
T T A T T pr = TV = T 2
+egé +tr { =0z [Ages] } + egKeEp + egKy=Esx + egKy=Egy. (56)

Then, by using properties of the matrix trace operation and completion of squares with

respect to |lex|| and ||es]], it is revealed

: 1 1 11, 2
Vez < = = [Kgmin — 1 llexll* — 5 [KSmin - - [AdM\/Nc] - 4] llesl®
2 2 K Kmin
Ly 121 5 ~12 1 5 TR N v 21 = 12
+ 5 ”WCE + EKSmax V” + EKSmax l@azll” + 5 [KKmax + [KXEmax] ] 1Zsx |l
I 5 A 12
+ EKVEmax “:‘SVH 1 (57)
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where 7, = 512‘46 / [2Ksmin] 1S a constant bounded term. It is noted here that, since the NN

weight estimates are held constant, |

W

= Wl - ||W=

remains bounded subject to the
weight estimates at the previous event, W= (#;) for all NN weights.

It is at this point that the event-execution law is derived. Recall that the measure-
ment errors from Lemma 1, Case 2 still need to be addressed. For clarity, the measurement
errors from the observer are shown together with the measurement errors in (57) in the

following expression

2 1
2 \%4 —_ 2 2 —_ 4
Z0av =5 | Kimon + [Kzma] | 1Esx 1P + 3 KL [Esx

4
1.2 1.2

A 4 A 2 . 4
L -ZSX” +§KVEmaX .zsv|| +ZKSmaXL0'“‘:‘SV” . (58)

For sake of brevity, (58)) will be rearranged so that corresponding measurement errors can

2
_ |2 14 )
be grouped together. Therefore, define Cx = [K ¥max T [K XEmax] ] 12, Cv = K}zpax/2
2 = =2 1=meotd 1B = A1 e 1
CrL=K5, . Lo/4 Exvav = |1Esx|l™, [Esx ", ||Esx]|| |»and Evyay = E'SVH =sv |-
With these, (58)) can be rewritten with
Epav < ||[Cx, Cr, CL IExvavil + I[Cv, CLI IEvuav]l - (59)

Next, the execution law is designed such that the measurement errors satisfy the condition

_ — 2 2
IExvavll + [[Evuavll < ysxusx llexll” + ysvusy llesll (60)

with 0 < ysx, ¥sy < 1 constant design parameters and the terms gy and ugy are chosen

such that the number of terms in V,= + V.= is reduced. To this effect, observe that

ICx, CL, CL IExuav]l + I[Cy, CLII 1Zvuavll

< I[Cx, CL, CLlll ysx usx llex|l> + I[Cv, CLlll ysv sy llesl* (61)
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Then, selecting

1 1
SX = SV = T (62)
HSX T ek, € Gl SV ey el
the expression (61) can be rewritten
I[Cx, Cr, CLI IExuav|l + I[Cv, CLI IEvuavl < ysx llexll® + ysv lles]* . (63)
Finally, combining and (63) yields
. 1 )
Vez < =5 [Kkmin — ¥sx — 1] llexl
1 12 2
-5 [KSmin - - [AdM\/Nc] —Ysv = 4] llesl®
2 KKmin
1pe 2 1 -2 1 B
5 [Weel|” + 5 K VI + 5K s 100zl + 1 (64)

Note that, for the expression found in (64)), the measurement errors from the observer in
Lemma 1, Case 2 have been incorporated in the design of the event-execution law. As a
final step, the upper bound on V= is combined with the upper bounds and
corresponding to the observer and the virtual controller, respectively. In an effort to follow

the approach that was taken previously, begin by updating the parameters (50) with

[Ko1 — Ko3]
Ky = Ka1 — Kas, Ky = %, Kek = Kgmin — ¥sx — 1,
JEI 2
Kes = Ksmin = 2= = [AdeNc] —ysv — 4, Ky = Koz =3, Kgsa = Koz = 2,
Kmin
N, No 1
KWU = _70’ KWQ = _77 KWC = _55

nuav = Kgpadlo + K19 + e Eyav = 0. (65)
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One important remark that will be made here is that, with Ky, = —% and Kyq = —%, the
bounds in (52) corresponding to the observer and virtual controller NN weight estimates
cannot be evaluated and should be disregarded; however, this is not a concern because these
terms are altogether absent from the expression for Vyav = in Case 2. Due to the fact that
all NN weight estimates are known to remain bounded during inter-event periods subject
to their values at the previous event-sampling instants, the absence of these terms is of no
concern.

With the updated parameters (65)), the closed-loop dynamics of the UAV system
during inter-event periods are described by (49). Then, by selecting controller gains satis-

fying the conditions

Ko1 > K3, Ky >3, Kq1 > Kqs, Kq3 > 2,

2

max

KKmin >Ysx t+ l’ KSmin > +Ysv + 4, (66)

Kmin

it can be shown that the first nine terms in Vi 4y = are less then zero when the inequalities
(52) are satisfied, provided that the definitions given by (65) are assumed.

In Case 1, the stability of the system was demonstrated at moments when the mea-
surement errors are zero and when the NN’s are updated and it was shown that all signals
remain bounded. Then, in Case 2, it was shown how all signals in the system remain
bounded during periods of time when there are nonzero measurement errors and when the
NN weight estimates are held. In connecting these two cases, one may consider the dy-
namics that exist at the moments of transition. In other words, the results from Case 1 only
show that the dynamics that exist at a single event-sampling instant are bounded; however,

by considering “jump dynamics” that may exist in the transitions in the dynamics described
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by Cases 1 and 2, it may also be shown that these bounded effects do not accumulate over
time and, ultimately, result in instability.

This can be accomplished by extending the results for Case 2 and by considering,
not only the estimation error and tracking error dynamics, but also the dynamics of the
NN weight estimation errors at event-sampling instants. Since the observer estimation
errors and tracking errors have already been shown to be stable for Case 2, it is sufficient
to consider discritized NN weight update laws and to demonstrate that they, too, remain
bounded in the jJump dynamics for all time [16]]. As an additional remark, note that, in Case
2, the results were given in terms of the ideal and estimated NN weights; however, with the
results summarized here, it is easy to show that the bounds on the NN weight estimation
errors are decreasing. Hence, the bounds that exist for the observer estimation errors, the
tracking errors, and the NN weight estimation errors are decreasing during the inter-event
periods as well as in the jump dynamics.

Finally, the results from Cases 1 and 2 are combined. By considering the intersec-
tion of the conditions on the controller gains (54) and (66), from Cases 1 and 2, respec-
tively, and by choosing coefficients from Case 1 and Case 2 such that the bounds (52)) are
maximized, it can easily be shown that Vuav = is less than zero and, hence, all signals in
the closed-loop are locally UUB [15] for all time. Therefore, it can be concluded that,
by designing the event-execution law according to (60) and (62)), the measurement errors
introduced by event-sampling remain bounded for all time.

With the derivations complete, simulation results may now be presented. The effec-
tiveness of the proposed event-sampled controller will be illustrated and its performance

will be compared to that of its time-sampled counterpart.
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S RESULTS AND DISCUSSION
5.1 SIMULATION RESULTS

The objective of the simulations is to illustrate the effects of event-sampling. With
this in mind, simulations were performed using the proposed event-sampled controller as
well as its time-sampled counterpart presented in [1]]. For sake of brevity, only figures for
event-sampled results will be presented. In order to evaluate the controller’s performance,
the averages of the control inputs, tracking errors, and observer estimation errors for both
time- and event-sampled controllers will be summarized. Additionally, the effects of var-
rying the parameters ysx and ygy will be considered.

The simulations performed in [1]] took into account disturbances such as unknown
aerodynamic effects, blade flapping, and signal noise. Moreover, it introduced a parameter,
a, which describes how thrust is redirected as a result of, in part, wind conditions; by
taking this parameter to be initially zero and then suddenly increasing it to 20° at t = 20s,
the effects of an external influence on the system, such as a gust of wind, can be illustrated.
All of the considerations that were taken in [[1]] are taken here.

In general, event-triggering mechanisms for strict-feedback systems can be imple-
mented in numerous ways. In this work, the event-sampling scheme employed is one
such that the measurement errors and tracking errors corresponding to the UAV’s po-
sition and velocity are combined and the combinations become the basis by which an
event occurs; specifically, an event takes place when there is a failure in the condition
IExvavll® + 1Evuavl® < vsxusx llex|l> + ysvpsy lles|.

Identical simulation parameters and controller gains were used in both simulations.
The gains selected in [1]] were used here with the following exceptions: The orientation
control gains were chosen to be Kg = diag{40,40,40} and the angular velocity control
gains were selected as K, = diag {35,35,35}. Additionally, the desired trajectory remained

identical to what was considered in [1]], with the only changes being w, = w, = 0.067,
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ry =ry=0.1,r, = 0.5, and wy = 0.037. Finally, for the results that are illustrated in the
figures, the event-execution parameters were chosen to be ysx = ysy = 0.95.

The event-sampled quadrotor UAV trajectory is shown in Figure [5.1] The effects of
the sudden disturbance at r = 20 s can be clearly seen in the UAV position error. Although
the effects of the disturbances are clearly visible, the controller’s ability to compensate and
recover is also evident. The recovery, however, is not without expense: Figure [5.2] clearly
shows an increase in the total thrust and the rotational torque control inputs when the value
of @ jumps from 0° to 20°.

The results shown in Figures and demonstrate the stability of the event-
sampled controller. However, with regards to the effects of event-sampling, these results
are not tremendously revealing. In an effort to illustrate these effects, consider the results
shown in Figure[5.3| First, the effectiveness of the event-execution law is demonstrated by
showing that the measurement errors are upper bounded by the adaptive threshold. Note
the restricted range of simulated time that is displayed: Following the initial spike in the
threshold, its magnitude very quickly drops and remains close to zero for the remainder of
the simulation. Next, the occurence of events is shown. By normalizing the total number of
available samples on the x—axis to one and by scaling the number of events with an equiv-
alent factor, it can be seen that about 60% of the total samples are event-sampling instants.
In other words, the remaining 40% of the samples are instants when it was unnecessary to
update the controller. These results can be summarized by stating that the implementation
of the event-sampled controller yielded a 40% reduction in the amount of sampling instants
used by the controller.

EFFECTS OF EVENT-SAMPLING. As a final assessment on the effectiveness of
event-sampling, consider the information provided in Tables[5.1]and[5.2] Firstly, the effects
of changing the event-execution parameters, ysx and ysy, are explored and, secondly, the
relationship between the number of events and controller performance is assessed. Whereas

previous results spoke only to the stability of the controller, the information in Tables [5.1]
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and [5.2 will allow the perfomance of the event-sampled controller to be compared to that
of the time-sampled controller.

Before considering the data, a few remarks will be made concerning the notations
in the tables. Firstly, the selection of ysx = ysy = 0 is equivalent to implementing the
time-sampled controller; hence, the first row will serve as a standard to which the event-
sampled cases can be compared. Secondly, the number of events that occur out of the total
available samples is given by I' = (Number of Events) | (Total Samples Available);
for the time-sampled case, the value for this parameter is unity. Thirdly, as a basis for com-
parisons, the mean squared errors, M SE (e), are considered for the tracking and observer
estimation errors corresponding to the position, orientation, and translational and angular
velocities. The values summarized in Table|S.1|are calculated with N; = 37 MSE (ji) for

=Xy,
J = ep, eq, ey, ey, P, 0,7, 0. Finally, in order to analyze control efforts undér the influence
of event-sampling, the means of the control inputs, i, are considered in Table [5.2]

First, observe that the number of events increases as ysx and ygy are increased; in
other words, the number of computations executed by the controller decreases with increas-
ing y’s. This behaviour is explained by noting that, with smaller y’s, the upper bounding
threshold on the measurement errors is decreased; with smaller thresholds, it takes less
amount of time for the measurement errors to grow, reach its threshold, and trigger an
event. If the threshold is made zero by selecting ysx = ysy = 0, an event is triggered every
instant that finite measurement errors exist and, practically, the event-sampled controller
exhibits time-sampled behaviour.

Next, concerning tracking errors, there appears to be marginal differences in the
mean squared errors corresponding the position and orientation. With respect to transla-
tional and angular velocities, it is clear that the performance of the time-sampled controller
is better; this, however, is not to say that the event-sampled controller performs poorly in
these areas. As a matter of fact, given the exceptional position and orientation tracking

error performances, it would seem that the effects of event-sampling on the velocities are
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inconsequential. These conclusions can be very easily made for the observer estimation
errors as well. Especially in the case of the observer estimation errors corresponding to
translational velocity, it appears that event-sampling has very little effect. Finally, it can be
seen that, with event-sampling, the amount of control effort that is needed does not change
substantially. It is evident that, especially with the rotational torques, that greater control
effort is required, but the additional amount is insignificant relative to the total.

The effects of event-sampling are summarized by the information in Tables[S.1]and
[5.2} The use of event-sampling gives flexibility in the amount of computations executed
by the controller; moreover, while the reduction in computations does come at a cost with

regards to performance, the fidelity of the controller is not significantly compromised.

Table 5.1 Effects of Event-Sampling on Mean Squared Errors

YsSx,Ysv r z’4ep Neo Nev New N[) N(:) Ny No

0 1 0.0026 | 0.0019 | 0.2608 | 6.094 | 3.29 x 10™* | 0.0029 | 0.0033 | 0.3117

0.01 0.8050 | 0.0293 | 0.0218 | 2.936 | 95.93 | 2.89 x 107* | 0.0127 | 0.0040 | 3.787

0.1 0.7003 | 0.0249 | 0.0236 | 2.448 | 92.69 | 3.06x 107 | 0.0106 | 0.0040 | 2.470

0.5 0.6254 | 0.0152 | 0.0189 | 1.516 | 48.72 | 3.35x 107* | 0.0081 | 0.0042 | 1.467

0.95 0.5705 | 0.0155 | 0.0252 | 1.630 | 38.97 | 3.08 x 107* | 0.0103 | 0.0042 | 1.115

Table 5.2 Effects of Event-Sampling on Control Effort Means

YSX, VSV ug 7531 7593 i3

0 9.430 | 0.7554 | 1.014 1.155

0.01 9.430 | 0.7554 | 1.015 1.136

0.1 9.426 | 0.6790 | 1.005 1.089

0.5 9.425 | 0.6090 | 0.9772 | 1.002

0.95 9.426 | 0.6618 | 0.9345 | 0.9668
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5.2 HARDWARE IMPLEMENTATION

In order to fully evaluate the effects of event-sampling in the control of a quadrotor,
the notions presented in this paper were implemented in hardware. Rather than building a
quadrotor from scratch, an Iris+ quadrotor was purchased from 3D Robotics — this decision
was made in order to save in hardware development time. The Iris+ utilizes a Pixhawk
controller which is an industry standard autopilot that supports the PX4 flight stack and is
used in many UAV applications. The Iris+ can be seen alongside the Pixhawk in Fig. [5.4]

The versatility of the Pixhawk controller allows for minimal hardware development.
The controller’s Inertial Measurement Unit (IMU) comes equipped with a gyroscope, ac-
celerometer, magnetometer, and a barometer; with these sensors, it is possible to measure,
among other things, the quadrotor’s attitude as well as it’s angular velocity. Moreover, the
interfaces supported by the Pixhawk include UART, CAN, I12C, and SPI; these options al-
low for a Global Positioning System (GPS) to provide information on the quadrotor’s coor-
dinate position. Furthermore, the controller’s PWM outputs are used to apply the generated
control inputs to the motors. Additionally, an SD card slot provides an option for easy data
logging during flight. Finally, firmware development for the Pixhawk was expedited by
making use of the Pilot Support Package (PSP) published by the Pilot Engineering Group
from MathWorks. The PSP provides Simulink blocks that access the Pixhawk’s sensors,
interface ports, and PWM outputs. The measurements can be used in custom algorithms,
which are designed using standard Simulink blocks, and then applied to the actuators. Once
the controller is created in a Simulink project, MathWorks’s Embedded Coder toolbox is
utilized to generate code in C and to deploy the firmware onto the Pixhawk. A high-level

view of the Simulink project can be seen in Fig. [5.5]
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Fig. 5.4 Iris+ Quadrotor and Pixhawk Controller
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Observing Fig. [5.5] inputs are read on the left, the controller is implemeneted in
the center-block, and outputs are applied and data is logged on the right. The inputs from
the RC controller are 16-bit unsigned integers that range in value from 1000 to 2000; in-
side the main controller block, these values are normalized to be between -1 and +1. The
sensor measurements corresponding to the vehicle’s attitude are given in radians and the
measurements corresponding to its angular velocity are in radians per second. Inside the
controller block, the input data is used to generate control inputs. Then, using a standard
motor-mixing formula, the control inputs are converted to four PWM signals; these PWM
signals are the output of the main controller block and are applied to the motors. With
event-sampling, the rotational torques that are used to calculate the PWM signals which
are applied to the motors are held until there is an event; when an event occurs, the con-
troller is updated with the most recent measurements and, ultimately, the PWM values are
recalculated and applied to the motors until the next event occurs.

For simplicity, instead of implementing the autonomous NN-based controller which

was presented in this paper, an event-based PID controller was evaluated. The approach to
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deriving a suitable event-execution law for the PID controller is identical to what has been
presented in this work. However, since the desired attitude and thrust of the vehicle are
known inputs from the RC transmitter, the derivations became much simpler. Additionally,
the control objective was simplified to only track roll, pitch, and yaw trajectories and not to
track a specified coordinate position trajectory. In order to accomplish this, the only sensor
measurements that are necessary are those corresponding to the quadrotor’s orientation and
rotational velocity; both of these measurements are readily available from the Pixhawk’s
IMU.

Since the controller relies on the vehicle’s orientation and rotational velocity, the in-
troduction of event-sampling introduces measurement errors corresponding to those sensor
readings. Using the Lyapunov-based approach presented in this paper, an event-execution
law was derived in order to address these measurement errors. Begin by defining the
positive-definite proportional, integral, and derivative gain matrices,

Kpo = diag {kpy, kpa. kpy }. Kio = diag {ki. k9. k1y |, and Kpe = diag {kpy. kpo. kpy }.
corresponding to the PID controller used to stabilize the vehicle’s attitude. Moreover, the
gain matrices corresponding to the PID controller which stabilizes the angular rates are
defined as Kp, = diag {kpuwx, kpuy: kpo:}s Kiw = diag {kiw Koy Kioz}» and Kp, =
diag {kax, kDwys kaZ}. Next, define the augmented vectors Eg = [Eé, [ fot o) dr]z]
and E, = [Ei, [ fot Eod T] 2] corresponding to orientation and rotational velocity measure-
ment errors, respectively. The coefficient vectors corresponding to these measurement error
vectors are Co = [Ty/ [1 + 2 || Kpell Tull* [IIKpell?, | Krol1*| and

Co = [1+ 2Ty |Kpoll1? [IIKpull® . 11K 10 ]I] . where Ty and T,, are the maximum and min-
imum singular values of the rotation translational matrix, 7, respectively. With these, the

event-execution law is given by

IEoll + |EuIl < youo lleoll* + Yo lto llew |l
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where 0 < yg, v, < 1 are design parameters and ug and p,, are chosen to be ug = 1/ ||Col|
and p,, = 1/[|Cyll.

In the results that follow, gains were selected as Kpg = diag{4,3,3}, Kje¢ =
diag {0.2,0.8,0.6}, Kpe = diag {0.01,0.01,0.01}, Kp,, = diag {0.3,0.4,0.2},
K, = diag{0.1,0.2,0.3}, and Kp,, = diag{0.01,0.01,0.02} and the event-execution pa-
rameters were chosen to be yg = v, = 0.008. Figure[5.6|shows the measured and desired
roll, pitch, and yaw and it can be seen that the tracking objective was met. Next, Fig.
illustrates the effectiveness of the proposed event-execution law. Finally, the effectiveness
of event-sampling is shown in Fig. where it can be seen that, out of a total of 8,000

samples, the control objectives were accomplished with only 5,500 samples.
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Finally, by averaging the results from several flights, the information comparing the
effects of the event-execution parameters on the number of events and on the mean squared
errors corresponding to the orientation tracking errors can be seen in Table [5.3] It can be
seen that by increasing ye and v,,, the number of events is reduced; consequently, with
fewer events, in general, the tracking performance suffers. These results coincide with the

simulation results.

Table 5.3 Effects of Event-Sampling on Number of Events and Mean Squared Errors

Y6, Yo I Ne@

0.001 | 0.8403 | 0.0068

0.008 | 0.7588 | 0.0263

0.01 | 0.6158 | 0.0105

0.03 | 0.5487 | 0.0525

0.05 | 0.1522 | 0.0520
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6 CONCLUSIONS

An event-sampled output-feedback NN controller was developed for an underac-
tuated quadrotor UAV system. Additionally, the overall stability of the quadrotor system
was demonstrated in the presence of measurement errors introduced by event-sampling.
Finally, the effectiveness of the event-sampled controller was discussed with simulations.
The event-sampled controller was found to be effective in reducing the number of computa-
tions while maintaining stable performance. Not only was the controller shown to be stable,
it was found to perform comparatively well with respect to its time-sampled counterpart.
Based on the simulation results, the engineering decision involved with the implementa-
tion of event-sampling became apparent: In order to improve the computational efficiency,
it becomes necessary to sacrifice tracking and estimation performance. However, depend-
ing on how critical performance is, this sacrifice may not be one that is substantial. In the
end, the proposed event-sampled controller was found to be effective in providing a greater

degree of engineering flexibility.
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SECTION
2 CONCLUSIONS AND FUTURE WORK

In this thesis, event-sampling was incorporated in two different contexts. First,
a general strict-feedback system having unknown dynamics was considered and, second,
an output-feedback quadrotor UAV controller that was developed in a previous work was
revisited. In both these scenarios, event-sampling was considered in the context of neural
networks that were implemented in order to compensate for unknown nonlinearities. More-
over, an assumption on full knowledge of the state-vector was relaxed by incorporating NN
observers.

In the first scenario, the standard backstepping approach was used. Each subsystem
was considered separately and NNs were introduced to compensate for nonlinear uncer-
tainties. First, Lyapunov theory was used to show that the system exhibited ISS-like be-
haviour with respect to bounded measurement errors. Then, it was shown how Lyapunov
analysis can be used to design an event-execution law that guarantees the boundedness
of measurement errors introduced by event-sampling. As a corollary, the derivation for
a state-feedback controller was also summarized. The effectivness of both controllers was
demonstrated with simulation results. As an assessment on the effects of periodic sampling,
simulations were performed with the proposed event-sampled controllers as well as their
time-sampled counterparts. It was found that, with appropriately selected control gains and
event-execution parameters, the number of computations could be substantially reduced
without having to sacrifice controller fidelity with respect to tracking performance as well
as control effort.

Subsequently, an output-feedback quadrotor UAV controller was revisited. Similar
to the first case, Lyapunov theory was first used to demonstrate that the system exhibited
ISS-like behavior with respect to bounded measurement errors. Next, the derivation for
an event-execution law was demonstrated. Finally, the effectiveness of the proposed event-

sampled controller was demonstrated with simulations. It was found that the controller was
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able to achieve performance very comparable to that of its time-sampled counterpart all the
while reducing the number of computations. To reinforce the notion of event-sampling in a
quadrotor control application, an event-based PID controller was implemented in hardware
and the results were found to support the theoretical conclusions.

Future work may include the extension of the concepts presented in this work for
several different contexts. With the considerations given to the strict-feedback system pre-
sented in the first chapter, the conclusions on event-sampling will be able to be applied
to a number of applications. Furthermore, the results in this work may extended by con-
sidering multi-agent systems. The incorporation of event-sampling in formation control
applications may present interesting results in the computational reductions with regards to
individual robots as well as to the whole system. Finally, there are still many opportunities
to implement the growing number of theoretical results in hardware and to demonstrate
the effectiveness of event-sampling in real-world applications. In this work, an event-
based quadrotor PID controller was implemented in hardware, however, the implemen-
tation of the proposed NN-based controller has yet to be done and the demonstration of

event-sampled autonomous flight still needs to be accomplished.
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