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ABSTRACT

The overarching objective of this dissertation is the development of feedback control frameworks
for uncertain dynamical systems that are subject to spatial and/or temporal constraints. These spatiotemporal
constraints usually arise from the physical and/or performance characteristics associated with a considered
dynamical system in safety-critical applications, where synthesis and analysis of feedback control laws are
not trivial. Specifically, the proposed control architectures in this dissertation mainly contribute to the model
reference adaptive control and finite-time control literature. In particular, unlike existing model reference
adaptive control approaches that are not capable of enforcing user-defined performance guarantees without
an ad-hoc tuning process, the proposed control architectures utilize an error-dependent learning rate that
enables a control designer to assign a user-defined performance bound to the system trajectories. In addition,
the convergence time of the existing finite-time controllers either depends on the initial conditions of the
system or the upper bound on the system uncertainties; hence, this convergence time cannot be strictly
assigned by the control designer. The proposed finite-time control algorithms in this dissertation utilize a
time transformation technique to address this challenge, where the resulting convergence time is independent
of the initial conditions and the knowledge of upper bound of the system uncertainties.

Research in adaptive control theory has demonstrated the capabilities of these feedback algorithms
in suppressing the effects of adverse conditions resulting from exogenous disturbances, imperfect system
modeling, degraded modes of operation, and changes in system dynamics. Yet, not only standard adaptive
controllers usually yield to conservative performance bound on the system error signal, but also they require
the knowledge of the upper bound on the system uncertainties to specify such a bound. Therefore, a major
challenge in standard adaptive control algorithms is their inability to address control problems with a-priori
given spatial constraints. In this dissertation, this critical issue is addressed by introducing the set-theoretic
model reference adaptive control architecture. This approach utilizes so-called generalized restricted po-
tential functions by incorporating a system error-dependent learning rate in the adaptation process. The

resulting control architecture ensures that the system error signal evolves in a user-defined compact set for
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all time without the requirement of the knowledge of the upper bound on the system uncertainties. For
the case where the system uncertainty is unstructured, a new neuroadaptive control architecture predicated
on a set-theoretic treatment is then studied such that the closed-loop system trajectories are guaranteed to
stay within the compact set without violating the universal function approximation property. As another
contribution in this dissertation, the set-theoretic model reference is generalized to enforce a time-varying
performance bound on the norm of system error vector. This gives a control designer the flexibility to control
the closed-loop system performance as desired on different time intervals separately. In practice, a subset of
system trajectories can be more critical than the others. Hence, it is desired not only to enforce a performance
bound on the entire norm of the system error, but also to be able to adjust the resulting performance bound
specifically for that critical subset. To address this problem, a command governor approach is embedded in
the set-theoretic model reference adaptive control architecture. Actuator dynamics and actuator failures are
two of the most important considerations for implementing any control algorithm. To this end, extensions
of the set-theoretic model reference adaptive control architecture are proposed, where it ensures the system
stability as well as the user-defined performance guarantee despite the presence of actuator dynamics or
actuator failures during an operation.

The applications of the proposed set-theoretic model reference adaptive control is also studied
within the context of this dissertation. Specifically, this framework is implemented on a generic transport
model developed by NASA on both longitudinal and lateral-directional dynamics. In addition, the proposed
set-theoretic model reference adaptive control is evaluated on an aerospace testbed, which is configured as
a conventional dual-rotor helicopter for enforcing constant and time-varying performance bounds. Practical
implementation considerations for the set-theoretic model reference adaptive control architecture is also
studied. In particular, a generalization of this control architecture with dead-zone effect is proposed where
it stops the adaptation process inside the dead-zone, but it still ensures that the norm of the system error
is evolving inside a user-defined performance bound. The set-theoretic model reference adaptive control is
also augmented at the inner-loop control structure of human-in-the-loop control architectures to provide a
sufficient stability condition for the overall physical system.

Another major contribution of this dissertation is to address control problems with temporal con-
straints. This problem is considered in the context of networked multiagent systems, where the control
objective is to drive the agents to a time-varying leader within a user-defined finite time interval. To this end,

using a time transformation approach, the desired user-defined finite-time interval of interest is converted
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into a stretched infinite-time interval. The robustness properties of the proposed control algorithm, as well as
the finite-time convergence guarantees is established in this new infinite-time interval. One can then readily
transfer back the results into the original finite time interval of interest. The effects of sensor uncertainties are
also studied in this dissertation, where they can significantly deteriorate the achievable closed-loop system
performance in networked multiagent systems. These uncertainties may arise due to low sensor quality,
sensor failure, sensor bias, or detrimental environmental conditions. To tackle this challenge, a resilient
distributed control algorithm is designed to mitigate the effect of sensor uncertainties.

Finally, a unified control architecture is proposed to simultaneously address the problem of spa-
tiotemporal constraints for uncertain dynamical systems. The proposed control architecture, ensures that
the agents converge to a time-varying leader at a user-defined finite time of interest, while guaranteeing
user-defined performance bounds on the system error trajectories.

The stability and performance properties for all of the aforementioned control architectures are rig-
orously established using system-theoretic methods and their efficacy are demonstrated through illustrative

numerical examples.
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CHAPTER 1: INTRODUCTION

This chapter presents a summary of the developments made throughout this dissertation. Building
on the model reference adaptive control literature, the proposed control architectures seek to improve the
overall system stability, robustness, and performance characteristics of uncertain physical systems. In
particular, the primary goal in this dissertation is to develop control architectures for physical systems
subject to constraints to achieve user-defined system performance guarantees, where these constraints can
be associated with space or time (i.e., spatiotemporal constraints).

The spatial constraints usually result from the structural and/or operational limitations in safety-
critical applications. In such applications, unpredictable deviations from an ideal system response, which is
characterized to obey certain spatial limits, is not desired and needs to be avoided in practice. Therefore,
a feedback control design must have the ability to keep the system trajectories close enough to the ideal
reference trajectories to ensure that the system operates within a safe operating zone. In the light of
recent developments in adaptive control algorithms, current practice relies heavily on either excessive
vehicle testing for verification purposes or development of the tools to validate adaptive control algorithms.
However, the excessive vehicle testing only provides limited performance guarantees for the specific tested
conditions such as the fixed set of initial conditions, user commands, and possible failure and adversary
profiles [5-7]. In addition, the existing tools for validating adaptive control algorithms require a-priori and
almost complete knowledge of upper and lower bounds on the system uncertainties; otherwise, they yield
in conservative performance guarantees [8, 9]. Hence, these bounds are not necessarily always practical
in establishing performance guarantees on the system errors denoting the distance between the uncertain
system dynamics and a given reference model (see Section 1.1 for more details).

On the other hand, the temporal constraints are generally related to time-critical applications where
it is necessary to accomplish a given task over a desired time interval. It should be noted that the convergence
time achieved through classical finite-time control architectures depends on the initial conditions of the

considered physical system (see for example, [10, 11]); hence, the convergence time cannot be assigned as
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a user-defined parameter for all initial conditions of the system. To address this challenge in time-critical
applications, fixed-time finite-time control architectures (see for example, [12, 13]) and predefined-time
finite-time control architectures (see for example, [14, 15]) are proposed. Yet, in these results, either the
calculated upper bound on the convergence time do not necessarily hold globally for all initial conditions and
they can be conservative [12], or they can require a strict knowledge of the upper bounds of the considered
class of system uncertainties in their design [13].

In what follows, first a concise overview of model reference adaptive control approach is presented.
The contributions of this dissertation in developing feedback algorithms for dynamical systems subject to

spatiotemporal constraints are then introduced.

1.1 Model Reference Adaptive Control Architecture

An adaptive controller is a nonlinear control system that utilizes a parameter adjustment mechanism
(i.e., adaptation mechanism or adaptive law) for updating the parameters within the control structure (i.e.,
adaptive parameters). The adaptation characteristic of these controllers makes them a suitable candidate
for controlling uncertain dynamical systems. In fact, decades of research in adaptive control systems has
shown their capability to suppress the effects of adverse conditions resulting from exogenous disturbances,
imperfect dynamical system modeling, degraded modes of operation, and changes in system dynamics.

Adaptive control systems can be broadly classified into two categories; namely, direct and indirect
adaptive control systems. In direct adaptive control systems, the adaptive parameters are updated directly
via an online adaptation mechanism. However, indirect adaptive control systems estimate the unknown
system parameters and use these estimations within the control structure [16, 17]. In this dissertation, direct
adaptive control schemes and in particular, model reference adaptive control systems serve as a base control
system method. In particular, as depicted in Figure 1.1, a model reference adaptive control system consists
of a reference model, an adaptive law, and a controller. Here, the ultimate objective is to design a control
signal u(t) to provide overall system stability and performance, such that the uncertain dynamical system
state x(¢) follows an ideal system behavior captured by the reference model system state x,() for tracking
the desired command signal ¢(¢). In this control architecture, the controller contains a nominal portion as
well as an adaptive portion. The adaptive parameter are then updated through the adaptive law based on the

deviation of the uncertain system state and the reference model system state; that is, e(¢) £ x(¢) — x,(). In
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Figure 1.1: Block diagram of a standard model reference adaptive control approach.

addition, the adaptive law utilizes an adaptation gain for scaling the error signal that serves to control the
adaptation rate.

Although model reference adaptive controllers are capable of guaranteeing closed-loop system
stability in the presence of exogenous disturbances and system uncertainties, a crucial problem is their
inability in providing a-priori given, user-defined performance guarantees. In fact, their calculated worst-
case performance bounds based on Lyapunov or Lyapunov-like functions usually depend on the system
uncertainties. Hence, their resulting performance bounds on the system error are often conservative and are

not always practical for addressing control problems with spatial constraints [1].

1.2 Spatial Performance Guarantees

Enforcing performance guarantees on the system state or the system output is referred to as a spatial
constraint problem, which has been the subject of several works in the adaptive control literature [18-27]. In
particular, the authors of [18-20] use an error transformation approach to transform an uncertain dynamical
system subject to spatial constraints into an equivalent form without constraints. However, the result in [18]
is limited to the case where the control signals can access to every element of the state vector, the result in
[19] uses a backstepping adaptive control approach under the assumption that a desired trajectory and its
derivatives are available and all bounded, and the result in [20] utilizes a switching control approach and
enforces constraints only on measurable output signals but not on state vector. Furthermore, [22-26] use

restricted potential functions (i.e., barrier Lyapunov functions) for the systems in strict feedback form and
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in the context of backstepping adaptive control to achieve strict performance guarantees. Finally, the result
in [21] provides performance guarantees under the assumption that system uncertainties are constant.

In the light of above discussions, this dissertation presents a new set-theoretic model reference
adaptive control architecture to enforce a-priori given, user-defined worst-case performance bounds on the

error between the trajectories of an uncertain dynamical system and the desired reference model trajectories.

1.2.1 Set-Theoretic Model Reference Adaptive Control Architecture

This dissertation presents a fundamental contribution to the model reference adaptive control lit-
erature by proposing the set-theoretic model reference adaptive control architecture that has the ability to
enforce a-priori given, user-defined performance guarantees. Unlike the standard model reference adaptive
control architecture that utilizes a constant adaptation rate, an error-dependent adaptation rate is embedded in
the proposed control system. This error-dependent adaptation rate is predicated on a generalized restricted
potential function to auto-tune the adaptive control design. The key characteristic of this new adaptation
mechanism increases the effective learning rate when the system error trajectories get close to the boundaries
of a prescribed user-defined compact set that represents the spatial constraint. Consequently, the system
trajectories are theoretically enforced to evolve in this compact set for all time, without requiring a strict
knowledge of the upper bounds of the system uncertainties. As a byproduct, an upper bound can be
also calculated directly for the adaptive control signals without inducing (excessive) conservatism that only
depends on user-defined design parameters.

As another important contribution of this dissertation, a set-theoretic model reference neuroadaptive
control architecture is proposed in which the well-known system uncertainty parameterization assumption,
as used in, for example, [28-32], is no longer needed. In fact, using neural networks on a compact set
of the real coordinate space, neuroadaptive control systems are able to approximate system uncertainties
with an unknown structure and unknown parameters [33-36]. However, the challenge is to keep the system
trajectories within this compact set such that the universal function approximation property is valid and
the overall system stability is achieved. The proposed control framework ensures that the closed-loop
system trajectories evolve within an a-priori given, user-defined compact set; hence, the universal function

approximation property remains always valid.
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1.2.2 Generalization of the Set-Theoretic Model Reference Adaptive Control Architecture

In practice, usually large magnitude of error signal can be tolerated at the beginning stage of an
applied command, while guaranteeing the overall system stability. However, after the initial transient period,
it is required to track the desired command signal more closely. Therefore, in order to cover a wider class of
spatial constraint problems, two set-theoretic model reference adaptive control architectures are presented
to address time-varying performance guarantees. Specifically, the key feature of this framework gives the
control designer a flexibility to control the closed-loop system performance as desired on different time
intervals (e.g., transient time interval and steady-state time interval).

As noted in Section 1.2.1, the proposed set-theoretic model reference adaptive control architecture
is capable of enforcing user-defined strict performance guarantees on the entire norm of the system error
vector. However, from a practical standpoint (especially when the number of system states gets large), a
subset of system state trajectories can be more critical than the rest due to physical and/or performance
characteristics associated with a problem of interest. As a consequence, it is often desired not only to have
strict guarantees on the norm of the entire system error vector but also to be able to adjust the resulting
worst-case performance bound specifically for that critical subset. To this end, a new model reference
adaptive control architecture predicated on a set-theoretic treatment is developed for enforcing an a-priori
given, user-defined performance bound on the selected subset of dynamical system trajectories.

As it is well-known, when the bandwidth of the system actuator dynamics is not sufficiently high,
the stability of model reference adaptive controllers can be degraded drastically. The hedging method
proposed in [37] is one of the effective approaches for addressing this challenge. In this study, the ideal
reference model is modified by the hedge signal such that the adaptation process becomes independent
from the actuator dynamics [37-39]. The result in [40, 41] generalizes this method and provides sufficient
condition based on linear matrix inequalities such that the modified reference model trajectories, and hence,
the overall closed-loop dynamical system, become stable in the presence of actuator dynamics. However,
due to utilizing the standard model reference adaptive control framework in these studies, the performance
bounds between the uncertain dynamical system trajectories and the ideal reference model trajectories are
conservative and they depends on the system uncertainties (e.g., see Theorem 1.4.1 of [41]). As another
contribution of this dissertation, unlike the results in [40, 41], the proposed set-theoretic model reference

adaptive control architecture is able to enforce a-priori, user-defined performance bounds on the error
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between the uncertain dynamical system trajectories and the modified reference model trajectories. In
addition, it is shown that the error bounds between the ideal reference model trajectories and the uncertain
dynamical system trajectories can be also characterized by this user-defined bound as well as the actuator
bandwidth limit; hence, it is a-priori computable using a given set of adaptive control design parameters.
Actuator failures are another phenomena that can crucially degrade the control system performance
and lead to instability [42-44]. A well-known class of actuator failures is when one or more control surfaces
suddenly become inaccessible and remain at some unknown value. After an actuator failure, an adaptive
control design can reconfigure the remaining control surfaces to recover the system stability and obtain a
desired system performance. The authors of [45-52] propose approaches to deal with actuator failures in
the context of adaptive control systems, among which only the result in [52] establishes strict guarantees
on the closed-loop system performance. Yet, this result utilizes a backstepping procedure and hold under
the assumption that a desired trajectory and its derivatives are available (and are all bounded). As another
generalization to the set-theoretic model reference adaptive control architecture introduced in Section 1.2.1,
a new control architecture is proposed to achieve strict closed-loop system performance guarantees in the
presence of finite number of actuator failures. The actuators may fail based on a common failure model
in which they can get stuck at some unknown values at some unknown time; hence, the actuator failure

structure is unknown in terms of time, pattern, and value.

1.2.3 Applications of the Set-Theoretic Model Reference Adaptive Control Architecture

In this dissertation, four results are presented as applications of the proposed set-theoretic model
reference adaptive control architecture introduced in Sections 1.2.1 and 1.2.2. First, an application of this
control framework is illustrated on a generic transport model developed by NASA. Specifically, the set-
theoretic adaptive controllers are designed for both longitudinal and lateral-directional dynamics that enforce
the norm of system error vector to evolve within a user-defined compact set.

Second, experimental results of the set-theoretic model reference adaptive control architecture on
an aerospace testbed that is configured as a conventional dual-rotor helicopter, is presented. In particular,
this framework is implemented with a constant user-defined bound to enforce a uniform performance bound
on the system error for all time. In addition, the set-theoretic model reference adaptive control architecture

with time-varying performance bounds is applied that empowers a control designer to assign the closed-loop
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system performance as desired on different time intervals (e.g. transient time interval and steady-state time
interval) and also to handle a possible system initialization error that can happen in practice.

Third, from a practical stand point, since small system errors usually contain high-frequency resid-
ual content of exogenous disturbances and/or measurement noise, a new set-theoretic model reference
adaptive control architecture with dead-zone effect is proposed. The key feature of this framework stops
the adaptation process inside a dead-zone, while keeping the norm of the system error less than a-priori,
user-defined worst-case performance bound. In addition, when this bound is time-varying, the dead-zone
embedded in this control algorithm also scales its size automatically which provides flexibility to control
the closed-loop system performance as desired on different time intervals. Experimental implementations
on the aerospace testbed further demonstrate the efficacy of the proposed method.

Finally, the set-theoretic model reference adaptive control is also augmented at the inner-loop
control structure of human-in-the-loop control architectures. Specifically, this is motivated by the fact that
the inner loop system errors during the transient phase of adaptively suppressing system uncertainties can
severely affect the human-outer loop interactions. Therefore, the augmented set-theoretic model reference
adaptive control at the inner-loop structure provides sufficient stability condition for the overall physical
system with human dynamics modeled as a linear time-invariant system with human reaction time-delay

where unlike other approaches, this condition does not depend on the system uncertainties.

1.3 Temporal Performance Guarantees

As briefly discussed at the beginning of this chapter, the temporal constraints problems are studied
in the literature in the context of finite-time control systems. Although the classical finite-time control
approaches ensure achieving the control objective within a finite time, their convergence time depends
on the initial conditions of the system [10, 11, 53-60]. This sensitivity can pose a serious limitation in
control applications where the convergence time needs to be defined prior to the design. For these time-
critical applications, fixed-time finite-time control architectures are studied to upper bound the convergence
time independently from the initial conditions [12, 13, 61-65]. However, these calculated bounds do
not necessarily hold globally and/or can be conservative. More importantly, some of these results that
consider system uncertainties require a knowledge of uncertainty upper bounds for stability. To overcome
this limitation, predefined-time finite-time control architectures [14, 15, 66-71] are proposed to guarantee

convergence at a user-defined finite time. While they are promising, these results are limited to sole systems
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or first-order multiagent systems, and more importantly, once again, some of these results that consider
system uncertainties require a knowledge of uncertainty upper bounds for stability [4, 72, 73].

To address the aforementioned limitations, as another major contribution of this dissertation, a new
distributed control algorithm is proposed based on a time transformation technique for uncertain multiagent
systems. The key feature of this control algorithm is to link a user-defined finite-time interval of interest
t € [0,T) to a stretched infinite-time interval s € [0,00). This enables a control designer to exploit any
standard system-theoretic tools for synthesis and analysis purposes in this infinite horizon. After establishing
the robustness and convergence properties in this new time domain, these results can be transferred back into
the original finite time interval of interest. In contrast to existing finite-time approaches, it is shown that the
proposed algorithms can preserve a-priori given, user-defined finite-time convergence property regardless
of the initial conditions of the multiagent system and without requiring a knowledge of the upper bounds of
the system uncertainties.

As a byproduct of the control design for uncertain multiagent systems, other type of system uncer-
tainties are also investigated in this dissertation. Specifically, an important class of system uncertainties in
control of multiagent systems is sensor uncertainties, where they can significantly deteriorate the achievable
closed-loop system performance. These uncertainties may arise due to low sensor quality, sensor failure,
sensor bias, or detrimental environmental conditions [74-77]. In addition, sensor uncertainties can be
viewed as sensor measurements corrupted by malicious attacks, that is an important subject in controlling
systems through large-scale, multi-layered communication networks such as cyber-physical systems. To
this end, a new distributed adaptive control architecture is presented for multiagent systems to mitigate the
effect of sensor uncertainties. Two classes of these uncertainties—namely, constant and time-varying sensor
uncertainties—are considered. Asymptotic stability is guaranteed for the constant sensor uncertainties and

uniform ultimate boundedness result is obtained for the case when the sensor uncertainties are time-varying.

1.4 Spatiotemporal Performance Guarantees

Finally, to answer the overall objective of this dissertation; that is, achieving the spatial and temporal
performance guarantees, a unified and novel control architecture is presented to simultaneously address the
problem of spatiotemporal constraints in uncertain dynamical systems. The proposed distributed control
architecture not only ensures that the agents converge to a time-varying leader at a user-defined finite time

of interest (temporal performance guarantee) but also it limits the distance between the state trajectories of
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agents and their reference state trajectories to be less than the given bounds (spatial performance guarantee).
Unlike other approaches in the literature, the important feature of the proposed distributed control archi-
tecture is that the obtained spatiotemporal performance guarantees are independent of the initial conditions
of agents, and it does not require a strict knowledge of the upper bounds of the considered class of system

uncertainties.

1.5 Organization

The organization of this dissertation is as follows. Chapter 2 presents a set-theoretic model reference
adaptive control architecture for enforcing user-defined performance guarantees to address the spatial con-
straint problem. Chapter 3 generalizes this framework to neuroadaptive control of dynamical systems with
unstructured system uncertainties such that the universal function approximation property is not violated.
Chapter 4 then provides several key extensions of the set-theoretic model reference adaptive control archi-
tecture. Applications of the set-theoretic model reference adaptive control architecture are the introduced in
Chapter 5. Chapter 6 addresses the temporal constraint problem by presenting a novel distributed control
architecture with user-defined finite-time convergence guarantees. Chapter 7 provides further results on
networked multiagent systems for mitigating the effect of sensor uncertainties. Simultaneous spatial and
temporal constraint problem is addressed in Chapter 8. Finally, concluding remarks and future research

directions are presented in Chapter 9.
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CHAPTER 2: A SET-THEORETIC MODEL REFERENCE ADAPTIVE CONTROL
ARCHITECTURE FOR DISTURBANCE REJECTION AND UNCERTAINTY SUPPRESSION
WITH STRICT PERFORMANCE GUARANTEES!

Research in adaptive control algorithms for safety-critical applications is primarily motivated by
the fact that these algorithms have the capability to suppress the effects of adverse conditions resulting
from exogenous disturbances, imperfect dynamical system modeling, degraded modes of operation, and
changes in system dynamics. Although government and industry agree on the potential of these algorithms
in providing safety and reducing vehicle development costs, a major issue is the inability to achieve a-priori,
user-defined performance guarantees with adaptive control algorithms. In this paper, a new model reference
adaptive control architecture for uncertain dynamical systems is presented to address disturbance rejection
and uncertainty suppression. The proposed framework is predicated on a set-theoretic adaptive controller
construction using generalized restricted potential functions. The key feature of this framework allows the
system error bound between the state of an uncertain dynamical system and the state of a reference model,
which captures a desired closed-loop system performance, to be less than a-priori, user-defined worst-case
performance bound, and hence, it has the capability to enforce strict performance guarantees. Examples
are provided to demonstrate the efficacy of the proposed set-theoretic model reference adaptive control

architecture.

2.1 Introduction

Research in adaptive control algorithms for safety-critical applications is primarily motivated by
the fact that these algorithms have the capability to suppress the effects of adverse conditions resulting
from exogenous disturbances, imperfect dynamical system modeling, degraded modes of operation, and
changes in system dynamics. Although government and industry agree on the potential of these algorithms

in providing safety and reducing vehicle development costs, a major issue is the inability to achieve a-

This chapter is previously published in [1]. Permission is included in Appendix H.
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priori, user-defined performance guarantees with adaptive control algorithms. To address this challenge,
current practice relies heavily on either excessive vehicle testing as a means of performing verification or
development of the tools to validate adaptive control algorithms.

The drawback of excessive vehicle testing is that it only provides limited performance guarantees
for what is tested; the fixed set of initial conditions, user commands, and possible failure and adversary
profiles (see, for example, [5-7]). In addition, the drawback of existing tools for validating adaptive control
algorithms is that such tools can only provide guarantees if there exists a-priori and almost complete knowl-
edge of upper and lower bounds on the unknown gains appearing in system uncertainty parameterizations
and otherwise yield conservative performance guarantees (see, for example, [8, 9]). While these bounds
may be available for some specific applications with low dynamical system complexity, the actual bounds
on the unknown gains may change during operation, for example, when a vehicle undergoes a change in
dynamics as a result of reconfiguration, deployment of a payload, docking, or structural damage [78, 79].
In such circumstances, the performance guarantees obtained from the existing tools can no longer be true.
Therefore, it is important to achieve strict performance guarantees with adaptive control algorithms at the
pre-design stage, instead of relying on excessive vehicle testing and tools to validate their performance
during the post-design stage.

Notable contributions for achieving strict performance guarantees with adaptive control algorithms
include [18-27]. Specifically, [18] use an error transformation approach such that an uncertain dynamical
system subject to performance constraints is transformed into an equivalent form without constraints and
analysis is performed for this equivalent form to show that the uncertain dynamical system satisfies given
performance constraints. Even though the methodology documented in [18] is promising, it is assumed that
the control signals can access to every element of the state vector. This limitation is avoided in [19] by
considering a backstepping adaptive control approach under the assumption that a desired trajectory and its
derivatives are available and all bounded. In addition, the same approach is extended to a generalized class of
uncertain dynamical systems in [20] to enforce constraints on measurable output signals but not on measur-
able state vectors. [21] propose an adaptive control architecture with strict performance guarantees under the
assumption that system uncertainties do not depend on time, where their approach do not directly generalize
to time-varying case to handle exogenous disturbances and changes in system dynamics. Restricted potential
functions (barrier Lyapunov functions) are employed in [22-26] in the context of backstepping adaptive

control to construct a closed-loop dynamical system with strict performance guarantees. Finally, [27] uses
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bounding functions to enforce performance constraints in the context of model reference adaptive control.
Even though this is a promising approach, violation of the performance constraints may happen if the growth

rate of the bounding functions is not sufficiently large.

2.1.1 Contribution

In this paper, we focus on the model reference adaptive control problem of uncertain dynamical
systems in the presence of exogenous disturbances and system uncertainties, where both sources of sys-
tem adversaries can depend on time to capture dynamic environment conditions (e.g., winds or turbulent
flows) and changes in system dynamics (e.g., system reconfiguration, deployment of a payload, docking,
or structural damage). For this problem, the fundamental research contribution of this paper is a new
model reference adaptive control architecture, where its novel characteristic is the capability to enforce

strict performance guarantees at the pre-design stage. Specifically:

i) The key feature of the proposed model reference adaptive controller allows the system error bound
between the state of an uncertain dynamical system and the state of a reference model to be less than
a-priori, user-defined worst-case performance bound (see Theorem 2.3.1). Since this bound is user-
defined, it is practical in the sense that it does not depend on any unknown parameters. Therefore, a
control engineer can establish a guaranteed worst-case performance using the proposed architecture
at the pre-design stage to control uncertain dynamical systems (see Examples 1, 2, and 3). This
is a significant departure from the existing, standard model reference adaptive control approaches,
because their error bounds do depend on unknown parameters, and hence, they cannot provide strict
guarantees. This is the reason why such approaches practically rely on excessive vehicle testing and
tools to validate their performance during the post-design stage based on the collected system data

(see Remarks 2.2.3 and 2.3.2 for additional details).

ii) As abyproduct, we show that an upper bound for the adaptive control signals can be directly calculated
without inducing (excessive) conservatism, which only depends on user-defined design parameters
(see Theorem 2.3.2). Once again, this is a significant departure from the existing, standard model
reference adaptive control approaches, because their upper bounds for the adaptive control signals
depend on not only the design parameters specified by control engineers but also initial conditions

and unknown parameters (see Remarks 2.2.4 and 2.3.2 for additional details).
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iii) In addition to the major contributions stated in i) and ii), another contribution of this paper is the gen-
eralization of the proposed model reference adaptive control architecture to accommodate nonlinear
reference systems, which are desired for several practical applications especially for those involving
guidance and control of highly-maneuverable aircrafts, guided projectiles, and space launch vehicles

(see Theorem 2.4.1).

To summarize, the proposed architecture is a unique contribution to the model reference adaptive control
literature since it can be an effective control methodology for safety-critical applications to enforce the state
of a given uncertain dynamical system to strictly evolve in a pre-defined state-space set; for example, for

preserving safe flight envelope in aerospace applications (see Remark 2.4.2).

2.1.2 Organization and Notation

The organization of this paper is as follows. In Section 2.2, we present an overview on the (standard)
model reference adaptive control problem. In Section 2.3, we develop and analyze the proposed set-theoretic
adaptive control architecture for linear reference models, whereas Section 2.4 generalizes these results for
a class of nonlinear reference models. Numerical examples are provided in Section 2.5 to demonstrate the
efficacy of the proposed approach. Finally, we present conclusions and highlight some recommendations
for future research in Section 2.6.

The notation used in this paper is fairly standard. Specifically, N denotes the set of natural numbers,
R denotes the set of real numbers, R” denotes the set of n x 1 real column vectors, R"*™ denotes the set
of n x m real matrices, R, (respectively, R, ) denotes the set of positive (respectively, nonnegative-definite)
real numbers, R (respectively, R’LX ") denotes the set of n x n positive-definite (respectively, nonnegative-
definite) real matrices, D"*" denotes the set of n x n real matrices with diagonal scalar entries, 0,,«, denotes
the n x n zero matrix, and “2” denotes equality by definition. In addition, we write (-)T for the transpose
operator, (-)~! for the inverse operator, det(-) for the determinant operator, | - || for the Frobenius norm,
and || - || for the Euclidean norm. Furthermore, we write ||x||s 2 v/xTAx for the weighted Euclidean norm
of x € R" with the matrix A € R™", [|A||2 2 \/Amax(ATA) for the induced 2-norm of the matrix A € R"*",
Amin(A) (resp., Amax (A)) for the minimum (resp., maximum) eigenvalue of the matrix A € R"*", tr(-) for the
trace operator, and x (resp., X) for the lower bound (resp., upper bound) of a bounded signal x(z) € R", ¢ > 0,

that is, x < ||x(7) ]2, t > 0 (resp., ||x(¢)]» < X, t > 0).
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2.2 Model Reference Adaptive Control Overview

In this section, we present an overview on the (standard) model reference adaptive control problem.

Specifically, we begin with the definition of the projection operator.

Definition 2.2.1 Let v : R" — R be a continuously differentiable convex function given by y(0) =

(£9+1)9T979r%mx

€0 er%lax

, Where Omax € R is a projection norm bound imposed on 0 € R" and €9 > 0 is a projection

tolerance bound. Then, the projection operator Proj : R" x R" — R" is defined by

Proj(6,y) = s ify(0)>0and v (0)y <0, (2.1)
VIOV IOl v (6), if y(6) > 0and y'(0)y >0,

where y € R".

It follows from Definition 2.2.1 that
(6 —6%)T[Proj(6,y) —y] <0, (2.2)
holds [80]. The definition of the projection operator can be generalized to matrices as
Proj,,(0,Y) = (Proj(col;(®),col;(Y)),...,Proj(col,(®),col,,(Y))), (2.3)

where ® € R Y € R, and col;(-) denotes i th column operator. In this case, for a given matrix 0%, it

follows from (2.2) that

(agE

tr [(© — ©)T [Projn(®,Y) —¥]] = [col,-(® — ©")" [Proj(col;(©), col;(¥)) — col,-(Y)]] <0. (2.4

1

Throughout this paper, we assume without loss of generality that the projection norm bound imposed on
each column of ® € R"™ ™ is Opax.

Next, consider the uncertain dynamical system given by

ip(t) = Apxp(t) +BpAu(t) +Bpop(t,xp(1)), xp(0) =xp0, >0, (2.5)
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where x, (1) € R™, t > 0, is the measurable state vector, u(f) € R, ¢ > 0, is the control input, A, € R™*" is
a known system matrix, B, € R"*" is a known input matrix, & : R, x R™ — R™ is a system uncertainty,
A e R ND™™ is an unknown control effectiveness matrix, and the pair (Ap, Bp) is controllable. We now

introduce a standard assumption on system uncertainty parameterization (see, for example, [28—30]).

Assumption 2.2.1 The system uncertainty given by (2.5) is parameterized as
S(t.xp) = Wy (1)op(xp), (2.6)

where Wy (t) € R, t > 0, is a bounded unknown weight matrix (i.e., ||Wy(t)||g < wp, t > 0) with a bounded

time rate of change (i.e., ||Wy(t)||[r < Wp, t > 0) and o, : R" — R® is a known basis function of the form

Gp(p) = [0p1 (xp); Op2 (Xp), - - -, Gps (xp)]"-

Remark 2.2.1 The system uncertainty parameterization in (2.6) captures time-varying changes in system
dynamics due to system reconfiguration, deployment of a payload, docking, or structural damage. By letting
the first element of the basis function be a constant (i.e., Op(xp) = b), then this parameterization is also
sufficient to capture exogenous disturbances depending on time, which can represent adversaries due to
environment conditions such as winds or turbulent flows.

To address command following, let ¢(z) € R, r > 0, be a given bounded piecewise continuous

command and x.(7) € R", t > 0, be the integrator state satisfying
Xe(t) = Epxp(t) —c(t), xc(0) =xc0, 120, (2.7)

where E, € R"*™ allows to choose a subset of xp(¢), r > 0, to follow c(r), t > 0. Now, (2.5) can be

augmented with (2.7) as

x(t) = Ax(t)+BAu(t)+BWpT(t)cp(xp(t))+Brc(t), x(0) =x9, t>0, (2.8)

where x(t) £ [x; (1), x¢ ()] € R", 1 >0, n = n, + n, is the augmented state vector, xo =[x}y, x5]"

]

a2 |t O e R, (2.9)

Ep OnC XN
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T
B £ [Bg 0T ] € R (2.10)

Ne Xm

&
lI>

np X fe

T
[OT —Incxnc] € R (2.11)
We now consider the feedback control law given by

u(t) = un(t) +uat), >0, (2.12)

where u, () € R™, t >0, and u,(t) € R™, t > 0, are the nominal and adaptive control laws, respectively.

Furthermore, let the nominal control law be
un(t) = —Kx(t), t>0, (2.13)
such that A, £ A — BK, K € R™*", is Hurwitz. Using (2.12) and (2.13) in (2.8) yields
x(t) = Awx(t)+Bic(t) +BA [ua(t) + W' (t)o (x(1))], x(0)=x0, >0, (2.14)

where W (t) = [A_IWPT (t), (A~! —Imxm)K]T € ROHXm >0, is an unknown (aggregated) weight matrix

and 6 (x(r)) £ [0, (xp(1)),x"(1)]" € R¥*", 1 >0, is a known (aggregated) basis function. Considering (2.14),

in addition, let the adaptive control law be
uy(t) = —Wr(t)o (x(t)), t>0, (2.15)
where W (r) € RO+ 1 >0, is the estimate of W (), £ > 0, satisfying the update law
W (t) = yProjm (W(t), O'(x(t))eT(t)PB>, >0, (2.16)

with Wpax being the projection norm bound. In (2.16), y € R, is the learning rate (i.e., adaptation gain),

P € R"*" is a solution of the Lyapunov equation given by

0 = A'P+PA +R, (2.17)
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with R € R", and e(r) 2 x(t) —x:(¢), t > 0, is the system error with x, () € R", t > 0, being the reference

state vector, which satisfies the reference model given by
X(t) = Ax(t)+Bec(t), x(0)=x0, t>0. (2.18)
Using (2.14), (2.15), and (2.18), the system error dynamics is given by
é(t) = Ace(t)—BAW'(t)o(x(t)), e(0)=ey, t>0, (2.19)

where W (1) £ W (r) — W (t) € REH)*m 1 >0, is the weight estimation error and ey £ xo — x;0. Note that
W ()|l < w,t >0, and [|[W(t)||r < W,t > 0, automatically holds as a direct consequence of Assumption

2.2.1.

Remark 2.2.2 The update law given by (2.16) for the (standard) model reference adaptive control problem

can be derived by considering the following Lyapunov function candidate
V(e,W) =e"Pe+y lu[(WAY2)T(WAL2)]. (2.20)
Specifically, the time derivative of (2.20) along the closed-loop system trajectories is given by

V(e(t),W(t)) = —e'(t)Re(t) =2y 'uWT(t)W(r)A

+2uW (1) (Projm(W(t), o (x(t))e" (t)PB) — G(x(t))eT(t)PB)A

IN

—Dmin(R)[le(2) |15 +27~1 w[| A2, (2.21)
where W = Winax +w. Hence, V(e(t), W(t)) < 0 outside of the compact set

Q£ {(e(r),W(t) : lle(®)la <n and |W()|| < W}, (2.22)

where n = /71 ||AH2%, which proves the boundedness of the solution (e(t),W (t)).

Remark 2.2.3 From a practical standpoint, it is important to calculate an upper bound on the norm of the
system error for understanding the effect of design parameters on the system performance. Specifically, to

find an_ultimate bound of e(t) for t > T, note from Remark 2.2.2 that Amin(P)|le(2)[13 < V(e(t),W (1)) <
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Amax (P)* + 7~ 1WA

1, and hence,

;Lmax(P)nz + TIWZHAHZ

el < T 223
| ()!2_\/ o (P) (2.23)
Since V (e(t),W (1)) < 0 outside of the compact set (2.22) for t € [0,T), then

V(e(t),W(t)) <V (e(0),W(0)), (2.24)

and hence, it follows from (2.24) and Awin(P)||e(2)||3 <V (e(r), W (1)) that

t€[0,T). (2.25)

oo (P)(0) >+ 7 [ Q) BlIA
ez < % in (P) |

Note that if the solution (e(t),W (t)) is on the compact set (2.22) at t = 0, then (2.23) holds for t > 0 since

T = 0 in this case.

Remark 2.2.4 On the upper bounds on the norm of the system error given by (2.23) and (2.25) in Remark
2.2.3, the following two observations are now immediate. First, we note that these upper bounds are
conservative, and hence, they do not provide strict performance guarantees. Second, these upper bounds
do not solely depend on user-defined design parameters due to the existence of the unknown matrices W
and A appearing in these bounds, and hence, they are not a-priori verifiable at the pre-design stage.

In addition, based on these upper bounds, one may be interested in calculating an upper bound on the

control signal. To elucidate this point, assume |0 (x)|2 < G+ L||x||2, £ € Ry, where it follows from

et) |2 < IK|2]lx(0) ]2+ Wanax (L2012 +6) < (K ll2+ LWanax) (le(0) |2 +37) +0Winax. (2.23), and (2.25)

that
R ax (P 2 Li2|A o N

lu(®)]2 < <||K]2—|—L'Wmax> <\/A'm ( )1:;();) [ +xr> +0Whax, 2T, (2.26)
2 1]11% 2

Hu(t)HZ S (||K’2+5Wmax>< 2'm&lX(P)He(O)HZ—i_’y— HW(O)HZHAHZ +)Cr) +6Wmaxa te [O,T).
Amin (P)

2.27)

18
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Note that since (2.23) and (2.25) are conservative, then (2.26) and (2.27) are automatically conservative and
they do not solely depend on user-defined design parameters as well, and hence, they may not be practical

for controller design.

2.3 Set-Theoretic Model Reference Adaptive Control

In this section, we design and analyze a set-theoretic model reference adaptive control architecture
that allows the system error bound between the state of an uncertain dynamical system and the state of a
linear reference model to be less than a-priori, user-defined worst-case performance bound in the presence
of time-varying exogenous disturbances and system uncertainties, wherein Section 2.4 generalizes these

results for a class of nonlinear reference models. For this purpose, we introduce the following definition.

Definition 2.3.1 Let ||z||y = VzZVHz be a weighted Euclidean norm, where z € R? is a real column vector
and H € RE*P. We define ¢(||z||ln), ¢ : R — R, to be a generalized restricted potential function (generalized

barrier Lyapunov function) on the set

De = {z: zu € [0,8)}, (2.28)

with € € Ry being a-priori, user-defined constant, if the following statements hold:
i) If ||zlle = O, then ¢([[z]|u) = 0.
ii) If z € De and ||z]|u # O, then ¢(||z]|a) > 0.
iii) If ||zllu — €, then ¢(||z|n) — oo
v) 0(||z||ln) is continuously differentiable on Ds.

v) If 7 € Dg, then ¢4(|z]|n) > 0, where

s 49([lz]ln)
£ ) 2.29
vi) If 7 € D, then
20a(|Izllw) 12l[F — ¢ (llzllz) > 0. (2.30)
19
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Remark 2.3.1 Note that Definition 2.3.1 generalizes the definition of the restricted potential functions
(barrier Lyapunov functions) used by the authors of [2]1-26]. A candidate generalized restricted potential

function satisfying the conditions given in Definition 2.3.1 has the form

2
b4
ol = A8 e, @31
€ — |lzlln
which has the partial derivative
€ —llzllm
Pa(llzlln) = ——75 >0, z€D;, (2.32)
(e—llzllu)
with respect to ||z||% and
||z[|F

204(/|zllw) l12l1f — @ (llzll) = >0, z€De. (2.33)

(e~ llzllu)

Next, consider the augmented uncertain dynamical system given by (2.8) with the feedback control
law in (2.12), where the nominal and adaptive control laws satisfy (2.13) and (2.15), respectively. Here, we

propose the (set-theoretic) update law constructed using generalized restricted potential functions given by

W (1) = yProjm (W (1), 0a(le(t) 1) (x(0)) " (1)PB), W(0) =Wo, 120, (2.34)
where y € R, is the learning rate, P € R’*" is a solution of the Lyapunov equation given by (2.17) with
R e R, and e(t) 2 x(t) —x:(t), t > 0, is the system error with x,(¢) € R", t > 0, being the reference state
vector, which satisfies the linear reference model given by (2.18). Note that ¢,(||e(7)||p) in (2.34) can be
viewed as an error dependent learning rate.

For the next theorem presenting the main result of this paper, one can write the system error

dynamics and the weight estimation error dynamics respectively given by

é(t) = Are(t) —BAWT(t)G(x(t)), e(0)=ep, t>0, (2.35)

W) = yProjm (W), allle)]l ) (x(1))e"()PB) ~W(1), W (0)=Wo, 120, (236)
where W (¢) £ W (t) — W (t), ¢ > 0, is the weight estimation error.
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Theorem 2.3.1 Consider the uncertain dynamical system given by (2.5) subject to Assumption 2.2.1, the
linear reference model given by (2.18), and the feedback control law given by (2.12) along with (2.13),
(2.15), and (2.34). If |leo||p < &, then the closed-loop dynamical system given by (2.35) and (2.36) are
bounded, where the bound on the system error strictly satisfies a-priori given, user-defined worst-case

performance
le(r)]lp <€, t>0. (2.37)

If, in addition, the unknown weight matrix in (2.6) is constant, then lim,_,e(t) = 0.
Proof. To show boundedness of the closed-loop dynamical system given by (2.35) and (2.36),

consider the energy function V : Dy x R(")*" _ R, given by
V(e W) =9¢([lellp) +y ' [(WAVHT(WA)], (2.38)

where De £ {e(t) : |le(t)||p < €}, and P € R"*" is a solution of the Lyapunov equation in (2.17) with

R € R". Note that V(0,0) =0, V (e, W) > 0 for all (e, W) # (0,0), and

do(lle@llp) _ dolle(®)llp) dlle(r)]3

dr — d|le(n)]3 dr = 20q(|le(1)||p)e" (1)Pé(t). (2.39)

Specifically, the time derivative of (2.38) along the closed-loop system trajectories (2.35) and (2.36) is given

by

Vet W) = LU 4oyt a
= 26u(lle(®)llp)e" (1) Pe(r)
2y W T (0) (YProjm (W (1), 9u( (1) 1) (x(1)) T (1)PB) =W (1) ) A
= 26u(le(®)llP)e" (1) PAe(t) — 20,(lle(r)Ip)e" (1) PBAW (1) o (x(1))
200 (1) Projm (W (1), 0u((le(0)]| ) (x(1) T (1)PB) A = 27~ aW T ()W ()
= 26u(le(®)llP)e" (1) PAe(r) — 2 (W (1) =W (1)) (¢d<ue<r> Ir)o (x(r))e™(1)PB

—Proj, <W(t), q)d(He(t)||p)6(x(t))eT(t)PB>)A—27/ltrWT(t)W(t)A. (2.40)
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Now, using the property of projection operator in (2.4), one can write

VD WW) < —gullle®llp)eT(ORe() +d
< —a0u(le(t)lp)e" () Pele) + d + 3 (e()]lp) — 39 (e)])
3@ (WA T (OAR)] = Say (WA (7 (A1)
< 5o (0(el)llp) + u[(F (AT (W (A
—at[Qulle(t) )" (1)Pe(r) — 30 (0} )] + 5 or e[ (W (AT W (1)A2)] +
< —sav(e, W)~ aoule)]lp)e () Pele) S0 (le(t) )]+ Qa1

and it follows from (2.30) in Definition 2.3.1 that
) - 1 -
Vie(r),W(r)) < —EOCV(e,W)—HL, (2.42)

where o £ 2:;2%1;%’ d 22y "W w||All2, and u £ Joy '?||Al> +d. The boundedness of the closed-loop

dynamical system given by (2.35) and (2.36) as well as the strict performance bound on the system error
given by (2.37) is now immediate by applying Lemma 1 of [25] and [23]. If, in addition, the unknown
weight matrix in (2.6) is constant, then it follows from a simplified version of the above analysis and using
the steps in the proof of Theorem 5.3 of [21] that lim,_,.. e(z) = 0. |

For the next theorem, we assume without loss of generality that ||o(x)|2 < G + L||x|2, £ € R4,

where it can be readily generalized to case |0 (x)||» <&+ £L||x||, with/ € Nand [ > 2.

Theorem 2.3.2 Consider the uncertain dynamical system given by (2.5) subject to Assumption 2.2.1, the
linear reference model given by (2.18), and the feedback control law given by (2.12) along with (2.13),
(2.15), and (2.34). If ||leo||p < € and ||o(x)|]2 < G+ L]|x

2, then an upper bound for the control signal is

given by

A £ A
Il < (1Kot D) (s 45 0, 120 .43)

Proof. 1t follows from (2.12) that

~

a2 = [[=Kx(r) =W (5)o (x(0)) [,
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< Kl [x(@0)2 + Wnax (6 + L]1x(1) )

< (1Kl + LWimax) (le(@)ll2 4 [1x- () [12) + T Winax
. € _ .
< (||K||2+£Wmax> (M +xr) + 0 Winax, (2.44)
which gives the result. u

Remark 2.3.2 As compared with the upper bounds on the norm of the system error given by (2.23) and
(2.25) for the (standard) model reference adaptive control problem, the worst-case performance bound
given by (2.37) not only is strict but also solely depends on a-priori given, user-defined design parameter
€. That is, since (2.37) does not depend on the unknown matrices W and A unlike (2.23) and (2.25), this
performance bound is a-priori computable at the pre-design stage, which yields to a guaranteed system

performance. As a side note, (2.37) can be also written using the Euclidean norm of the system error as

le(®)ll> < f(m £>0. (2.45)

Likewise, as compared with the upper bounds on the norm of the control signal given by (2.26) and (2.27) for
the (standard) model reference adaptive control problem, the bound on the control signal given by (2.43) is
less conservative for the proposed set-theoretic model reference adaptive control architecture and depends

only on the controller design parameters.

Remark 2.3.3 One can readily calculate the lower and upper bounds on the error dependent learning rate
0q4(||e(t)||p), t > 0, by utilizing a specific generalized restricted potential function that satisfies Definition 2.
To elucidate this point, consider the generalized restricted potential function in Remark 2.3.1. In particular,
it follows from (2.42) that V (e,W) is upper bounded by Viax = max{Vp, %“}, where Vo = V(e(0),W(0)),
o= """(< )) and 1 = oy "W2||All2 + 27 "W w||A||o. Using (2.38) one can write ¢(|le(t)||p) + v 'tr(W(z)
AT (W (£)AY?) < Vipax, t > 0, and hence, ¢(||e(t)||p) < Vinax, t > 0. Now, utilizing (2.31), it follows from
o(lle(t)llp) <

Vinax, t > 0, that

_Vmax + max + 4dex £

lellpe{llelreR : 0<|lellp<e}, &= (2.46)
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and it can be readily shown that & < €. Since (2.32) is a strictly increasing function, one can calculate the

lower and upper bound on the ¢, (||e(t)||p), t >0, as

L < 0ullemlle) < (@), (2.47)

o

2.4 Generalizations to Nonlinear Reference Models

Reference models in adaptive control problems define how the closed-loop dynamical systems have
to ideally behave in the presence of exogenous disturbances and system uncertainties. In particular, if one
resorts to linear nominal control laws given by (2.13), then this nominal control law selection results in
linear reference models given by (2.18) to capture the ideal closed-loop dynamical system performance.
However, nonlinear nominal control laws are also desired for several practical applications especially for
those involving guidance and control of highly-maneuverable aircrafts, guided projectiles, and space launch
vehicles. Although [81-85] present notable contributions to allow adaptive control laws to augment nonlin-
ear nominal control laws, these results do not yield to strict guarantees on the system performance. In this
section, we generalize the results of Section 2.3 (and the results in [85]) such that the proposed set-theoretic
adaptive control architecture augments nonlinear nominal control laws, and hence, the system error bound
between the state of an uncertain dynamical system and the state of a class of nonlinear reference models is
guaranteed to be less than a-priori, user-defined worst-case performance bound.

Consider the augmented uncertain dynamical system given by (2.8) with the feedback control law

in (2.12). Let the nominal control law be

un(t) = —k(x(t),c(r)), t>0, (2.48)
where k : R” x R — R™. Now, (2.8) can be identically rewritten as -.15cm
X(t) = Ax(t) —Bk(x(t),c(t)) + Brc(t) + BA |ua(r) +WT(I)0'(x(t)) , x(0)=x0, t>0. (2.49)
In addition, consider the nonlinear reference model given by
(1) = Axe(t) — Bk (xc(r),¢(r)) + Bre(t), >0, (2.50)
such that x,(z), ¢ > 0, is bounded.
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Next, the system error dynamics is given by using (2.50) and (2.49) as
é(t) = Ae(t)—B [k(x(t),c(t)) - k(xr(t),c(t))] +BA {ua(t) —I—WT(t)G(x(t))] , e(0) =ep. (2.51)
Note that there exists a known signal v(x(z),x:(¢),c(r)) € R™ [85] such that
Ace(t) = Ae(t)—B [k(x(t),c(t)) —k(xr(t),c(t))] +Bv(:), t>0, (2.52)

holds, since A, £ A — BK (the matrix K is utilized here to make A, Hurwitz, and hence, it should not be

confused with the linear nominal controller gain matrix used in Section 2.3). Thus, we let
v(-) = —Ke(t) + k(x(t),c(r)) —k(x:(1),c(t)), >0, (2.53)
which acts like a feedback linearization term. Using (2.52), (2.51) can be rewritten as
é(r) = Awe(t) +BA|uy(t) + Wy (1)oo (x(1),c(r))|, e(0)=ey, >0, (2.54)

where Wo(1) 2 [WT(1),—A~1]", 1 > 0, and 6o(x(t),c(r)) 2 [67(x(1)),v"()]", 2 > 0.

Now, let the adaptive control law be

N

uy(1) = =Wy (t)oo (x(1),c(t)), >0, (2.55)

where Wy (t) is an estimate of Wy(¢) satisfying the (set-theoretic) update law constructed using generalized

restricted potential functions given by
Wo() = YProjm (Wo(z), ¢a(|le(t)|lp) o0 (x(t),c(t))eT(t)PB) , Wo(0) = Woo. (2.56)

In (2.56), Y € R, is the learning rate and P € R’*" is a solution of the Lyapunov equation given by (2.17)
with R € R"*". Note that, once again, ¢,(||e(z)||p) in (2.56) can be viewed as an error dependent learning
rate.

For the next theorem, one can write the system error dynamics and the weight estimation error

dynamics respectively given by
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é(t) = Ace(t)—BAW, (t)oop(x(),c(t)), e(0)=eg, >0, (2.57)

Wolt) = }/Projm(Wo(t),q)d(He(t)||p)60(x(t),c(t))eT(t)PB)—Wo(t), Wo(0) = Woo, >0, (2.58)

where Wy (1) £ Wy(t) — Wo(t), t > 0, is the weight estimation error.

Theorem 2.4.1 Consider the uncertain dynamical system given by (2.5) subject to Assumption 2.2.1, the
nonlinear reference model given by (2.50), and the feedback control law given by (2.12) along with (2.48),
(2.55), and (2.56). If |leo||p < &, then the closed-loop dynamical system given by (2.57) and (2.58) are
bounded, where the bound on the system error strictly satisfies a-priori given, user-defined worst-case

performance
le(t)]lp <€, t>0. (2.59)

If, in addition, the unknown weight matrix in (2.6) is constant, then lim,_,.e(t) = 0.

Proof. The proof is similar to the proof of Theorem 2.3.1, and hence, is omitted. |

Remark 2.4.1 Similar to the discussion in Remark 2.3.2, one can conclude that the worst-case performance
bound given by (2.59) not only is strict but also solely depends on a-priori given, user-defined design
parameter €. In addition, as it is done in Theorem 2.3.2, under certain set of assumptions on 6y (x(t),c(r))
and k(x(t), c(t)), one can readily calculate an upper bound on the control signal that depends only on the

controller design parameters.

Remark 2.4.2 The proposed set-theoretic model reference adaptive control architecture can be an effective
control methodology for the state of an uncertain dynamical system to evolve in a safe state-space set (e.g.,
for preserving safe flight envelope in aerospace applications). To elucidate this point, let Sg be a safe state-
space set such that the state of an uncertain dynamical system has to evolve inside this set, i.e., x(t) € Sp.
In addition, let Sp C Sg be a state-space set such that the state of a reference model evolves inside this set,
i.e, x:(t) € Sg. Then, the size of De can be adjusted by judiciously choosing the user-defined parameter
€ such that SR UD¢ € Sg holds and the state of an uncertain dynamical system does not violate the safe
state-space set Sg. llustration of the sets used in this remark is given in Figure 2.1. Finally, for instants
when the trajectory of the reference model is not predetermined and controlled by a user (e.g., pilot), then

the nonlinear reference models approach presented in this section can be used to constrain the reference
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Sr

Figure 2.1: Illustration of the sets in Remark 2.4.2.

state to stay inside a predetermined state-space set Sr by limiting the authority of this user (see Section 2.5

for an illustrative numerical example regarding this point).

2.5 Illustrative Numerical Examples

In this section, we present several numerical examples to demonstrate the efficacy of the proposed

set-theoretic model reference adaptive control architecture.

2.5.1 Example 1

We begin with a scalar uncertain dynamical system given by

ip(t) = xp(t)+Au(t) +Wy(t), x(0)=0, >0, (2.60)

with A = 0.75 and W,,(r) = 2sin(0.5¢). For command tracking, we let E, = 1 in (2.7) and choose a linear
nominal controller gain matrix K = [3.9, 3.2] in (2.13). For the proposed set-theoretic model reference
adaptive control architecture in Theorem 2.3.1, we use the generalized restricted potential function given in
Remark 2.3.1 with € = 0.1 to strictly guarantee ||x(¢) —x:(¢)||p < 0.1, 7 > 0 (an upper bound on the control
signal is calculated from Theorem 2.3.2 as ||u(z)||2 < 4.97 for this case). Finally, we set the projection norm
bound imposed on each element of the parameter estimate to 3 and use R = I to calculate P from (2.17) for
the resulting A, matrix.

Figure 2.2 shows the closed-loop dynamical system performance with the nominal controller, where
it is evident from the system error phase portrait in Figure 2.3 that the nominal controller does not have
the capability to achieve given strict performance guarantees. Next, we apply the proposed set-theoretic

adaptive controller with ¥ = 1 in Figure 2.4, where Figures 2.5 and 2.6 clearly show that this controller
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Figure 2.2: Command following performance with the nominal controller in Example 1.

Figure 2.3: System error phase portrait with the nominal controller in Example 1.

strictly guarantees ||x(r) —x;(¢)||p < 0.1. Note from Figure 2.5 that the proposed controller adjusts ¢q(-),
and hence, its effective learning rate y@q(-), in response to system error in order to keep the system error

trajectories on Dg. Finally, Figure 2.7 shows the effect of the learning rate y on the system error trajectory,
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Figure 2.4: Command following performance with the proposed set-theoretic adaptive controller in Example
1.
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Figure 2.5: Norm of the system error trajectories with the proposed set-theoretic adaptive controller and the
evolution of the effective learning rate y@q(-) in Example 1.

where it can be seen regardless of the value of ¥ that the system error trajectory is bounded by the predefined

set Dg. AN
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Figure 2.6: System error phase portrait with the proposed set-theoretic adaptive controller in Example 1.
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Figure 2.7: System error phase portraits with the proposed set-theoretic adaptive controller in Example 1 for
different learning rates.
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2.5.2 Example 2

Consider the controlled longitudinal motion of a Boeing 747 airplane linearized at an altitude of 40

kft and a velocity of 774 ft/sec with the dynamics given by [86]

ip(t) = Apxp(t) +BpAu(t) +Bpop(t,xp(1)), xp(0) =xp0, >0, (2.61)
with
—0.0030 0.0390 0 —0.3220 0.0100
—0.0650 —-0.3190 7.7400 0 —0.1800
Ay — . By= , (2.62)
0.0201 —-0.1010 —0.4290 0 —1.1600
0 0 1.0000 0 0

where x (1) = [x1(t), x2(1), x3(t), x4(1)] Te R4 is the state vector with x; (1) representing the component of
the velocity along the x-axis of the aircraft with respect to the reference axes (in ft/sec), x,(¢) representing
the component of the velocity along the z-axis of the aircraft with respect to the reference axes (in ft/sec),
x3(t) representing the component of the velocity along the y-axis of the aircraft (pitch rate) with respect to
the reference axes (in crad/sec), x4(¢) representing the pitch Euler angle of the aircraft body axes with respect
to the reference axes (in crad), and u(t) € R representing the elevator input (in crad). In (2.61), &,(,x,(¢))
represents an uncertainty of the form &,(¢,x,(t)) = sin(t) + 1.5x1(t) + x2(¢) + 3x1(¢)x2(¢) and A = 1.75
represents an uncertain control effectiveness matrix. For command tracking, we let £}, = [1, 0, 0, 0} in (2.7)
and choose a linear nominal controller gain matrix K = [23.497 1.35 —2.54, —15.27, 5.77] in (2.13). For
the proposed set-theoretic model reference adaptive control architecture in Theorem 2.3.1, we use the gener-
alized restricted potential function given in Remark 2.3.1 with € = 1.5 to strictly guarantee ||x(z) —x:(7)||p <
1.5, ¢ > 0. In addition, we choose the basis function as o(x(¢)) = [1, x1(t), x2(t), x1(t)x2(2), xT(t)]T.
Finally, we set the projection norm bound imposed on each element of the parameter estimate to 8 and use
R =1 to calculate P from (2.17) for the resulting A, matrix.

In this illustrative numerical example, we do not provide the closed-loop dynamical system perfor-
mance with the nominal controller, because it is unstable. Next, we apply the proposed set-theoretic adaptive

controller with Y= 0.01 in Figure 2.8, where Figure 2.9 clearly shows that this controller strictly guarantees

[ x(t) —x:(2) | p < 1.5. R
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Figure 2.8: Command following performance with the proposed set-theoretic adaptive controller in Example
2.
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Figure 2.9: Norm of the system error trajectories with the proposed set-theoretic adaptive controller and the
evolution of the effective learning rate y¢q4(-) in Example 2.
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2.5.3 Example 3

Consider the uncertain dynamical system representing a controlled wing rock dynamics model given

by [32]

0 1 0
i) = xp(t) + (Au(t)+8p(t,xp(t))), x(0)=0 >0, (2.63)
0 0 1

where x,(1) = [xp1(2) xpz(t)]T with xp (r) representing the roll angle (in rad) and xp(¢) representing the

roll rate (in rad/sec). In (2.63), 6,(t,xp(f)) represents an uncertainty of the form
8p (t,xp (l‘)) = sin(t) + 0 xp1 + O3 xp2 + 064|xp1 |xp2 + 05 |xp2\xp2 + 066)631, (2.64)

with o =0.25, 0o =0.5, a3 = 1.0, s = —1.0, a5 = 1.0, and o = 1.0, and A = 0.75 represents an uncertain
control effectiveness matrix. For command tracking, we let E, = [1, O] in (2.7). Based on the proposed

control architecture in Theorem 2.4.1, we select the nonlinear reference model as

010 0 0
x() = 10 0 o|x@)—f|1|k(x(2),c(tr))+ | 0 [c@), x(0)=0 >0, (2.65)
1 00 0 -1

where k(x;(t),c(t)) = K [x:1(1), x2()]T + KW (x:(2) ) x5 with Ky = [4.98, 3.31], K, = 2.23, ¢(t) = c,4(t)
P(x(r)), and W(x:(t)) = tanh (5||x1(t)| —2|). Here, the purpose of the nonlinear function ¥(-) is to
constrain the absolute value of the roll angle state to stay less than or equal to 2, and hence, to enforce
the roll angle state to stay inside a predetermined state-space set by limiting the authority of the pilot. For
the proposed set-theoretic model reference adaptive control architecture, we use the generalized restricted
potential function given in Remark 2.3.1 with € = 1.5 to strictly guarantee ||x(¢) —x:(¢)||p < 1.5,7 > 0. In

. . . T L.
addition, we choose the basis function as &(x) = [1, xp1, Xp2, Xp2lp2, %3, x| . Finally, we

Xp1 [ Xp2,
set the projection norm bound imposed on each element of the parameter estimate to 22.5 and use R =1 to
calculate P from (2.17) for the resulting A, matrix.

In this illustrative numerical example, once again, we do not provide the closed-loop dynamical

system performance with the nominal controller, because it is unstable. Next, we apply the proposed set-
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Figure 2.11: Norm of the system error trajectories with the proposed set-theoretic adaptive controller and
the evolution of the effective learning rate y¢q(-) in Example 3.

theoretic adaptive controller with ¥ = 0.5 in Figure 2.10, where Figures 2.11 and 2.12 clearly show that this

controller strictly guarantees ||x(¢) —x.(¢)||p < 1.5. Note from Figure 2.10 that during 7 € [20, 30] a command
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Figure 2.12: System error phase portrait with the proposed set-theoretic adaptive controller in Example 3.

larger than the maximum allowed value of 2 is applied and the nonlinear function ¥(+) is smoothly activated

to prevent the roll angle to exceed this maximum allowed value. A

2.6 Conclusion

A challenge in the design of model reference adaptive controllers is to achieve a-priori, user-
defined performance guarantees. Motivated from this standpoint, we proposed and analyzed a new model
reference adaptive control architecture for uncertain dynamical systems to address disturbance rejection
and uncertainty suppression. The proposed framework was predicated on a set-theoretic adaptive controller
construction, which has the capability to enforce a-priori, user-defined worst-case performance bound on
the system error bound between the state of an uncertain dynamical system and the state of a (linear or
nonlinear) reference model. As a byproduct, we showed that an upper bound for the adaptive control signals
can be directly calculated without inducing (excessive) conservatism, which only depends on user-defined
design parameters and without dependence on initial conditions and unknown parameters in contrast to
standard model reference adaptive controllers. The novel characteristic of our framework was the capability
to enforce strict performance guarantees at the pre-design stage, instead of relying on excessive vehicle

testing and tools to validate the performance of adaptive controllers during the post-design stage. Several
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illustrative numerical examples demonstrated the efficacy of the proposed set-theoretic model reference
adaptive control architecture.

Future research will include generalizations using universal function approximation techniques such
as neural networks for instants when the basis function is not available for adaptive controller design. In
addition, we will also extend the proposed architecture for adaptive controller design in the presence of
loss of control as well as in the absence of measurable state vector by utilizing an output feedback adaptive
control mechanism. Finally, experimental validation through flight tests and robotic system demonstrations

will be considered as a future research.
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CHAPTER 3: A NEUROADAPTIVE ARCHITECTURE FOR MODEL REFERENCE CONTROL
OF UNCERTAIN DYNAMICAL SYSTEMS WITH PERFORMANCE GUARANTEES!

Neuroadaptive control systems have the capability to approximate unstructured system uncertainties
on a given compact set using neural networks. Yet, a challenge in their design is to guarantee the closed-loop
system trajectories stay in this set such that the universal function approximation property is satisfied and the
overall system stability is achieved. To address this challenge, we present and analyze a new neuroadaptive
architecture in this paper for model reference control of uncertain dynamical systems with strict performance
guarantees. Specifically, the proposed architecture is predicated on a novel set-theoretic framework and
has the capability to keep the closed-loop system trajectories within an a-priori, user-defined compact set
without violating the universal function approximation property. A transport aircraft example is also given

to complement the presented theoretical results.

3.1 Introduction

3.1.1 Literature Review

Both adaptive and neuroadaptive control systems have the capability to effectively handle the effects
of adverse system conditions resulting from exogenous disturbances, imperfect system modeling, degraded
modes of operation, and changes in system dynamics. Specifically, parameterized system uncertainty
models with a known structure but unknown parameters are utilized in adaptive control systems (e.g., see
[9, 28-32, 40, 59, 87, 88] and references therein). For applications involving system uncertainties with
unknown structures and unknown parameters, neuroadaptive control systems are preferred since they are
based on the universal function approximation property and can handle a larger class of system uncertainties
that may not be tolerated by adaptive control systems (e.g., see [8, 33-36, 78, 89-92] and references therein).
In particular, using neural networks on a compact set of the real coordinate space, neuroadaptive control
systems have the capability to closely approximate system uncertainties with an unknown structure and

unknown parameters (i.e., unstructured system uncertainties).

!This chapter has been submitted to the Systems & Control Letters for possible publication.
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Yet, a challenge in the design of neuroadaptive control systems is to guarantee the closed-loop
system trajectories stay in this compact set such that the universal function approximation property is
satisfied and the overall system stability is achieved. This is due to the fact that approximation of a given
system uncertainty may not be valid for time instants when the closed-loop system trajectories are outside of
the considered compact set of the real coordinate space, where this can lead to instability of the closed-loop
system trajectories. Current practice relies heavily on excessive simulations and vehicle testing to address
this challenge as a means of developing guarantees on the closed-loop system performance. However,
drawback of these approaches is that they only provide limited verification with respect to what is tested;
fixed and finite set of initial conditions, user commands, and adverse system conditions [5-7].

Notable theoretical exceptions that do not rely on ad-hoc testing include [18-20, 25, 26, 30]. In
particular, the authors of [18] use an error transformation approach to achieve constrained performance
guarantees, where it is assumed that the control signals can access every element of the state vector.
This limitation is avoided in [19] by considering a backstepping approach under the assumption that a
desired trajectory and its derivatives are available and all bounded. In addition, the same approach is
extended to a generalized class of uncertain dynamical systems in [20] in order to enforce constraints on
output signals but not on state vectors. Restricted potential functions (barrier Lyapunov functions) are
employed in the neuroadaptive control schemes of [25] and [26] in the context of a backstepping approach
to construct a closed-loop dynamical system with strict performance guarantees. It should be also noted that
the authors of [30] consider a model reference neuroadaptive control methodology under the assumption
that the approximation tolerance resulting from the neural network approximation of the system uncertainty

is known inside a compact set and upper bounded by a known function outside this set.

3.1.2 Contribution

In this paper, we focus on disturbance rejection and unstructured system uncertainty suppression for
dynamical systems. Our contribution is to present and analyze a new neuroadaptive architecture for model
reference control with strict performance guarantees, where it can be viewed as a significant and nontrivial
generalization of the results presented in the previous work of authors in [1] that utilize parameterized system
uncertainty models with a known structure but unknown parameters. Specifically, the proposed approach is
predicated on a novel set-theoretic approach based on restricted potential functions, where the approximation

tolerance resulting from the neural network approximation of the system uncertainty is generally treated as
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unknown. It is shown that the proposed neuroadaptive framework has the capability to keep the closed-loop
system trajectories within an a-priori, user-defined compact set of the real coordinate space without violating
the universal function approximation property. This is achieved by proper selection of the user-defined
performance bound within the proposed set-theoretic model reference neuroadaptive control architecture, in
connection with the set in which the trajectories of the reference system evolves (see Remark 3.3.1).
Contents of the paper are as follows. In Section 3.2, we overview mathematical preliminaries.
In Sections 3.3 and 3.4, we respectively present the problem formulation and the proposed set-theoretic
model reference neuroadaptive control architecture, where its stability analysis and performance guarantees
are established in Section 3.5. The efficacy of our theoretical results is demonstrated on a transport aircraft
example in Section 3.6 and conclusions are drawn in Section 3.7. Note that a preliminary conference version
of this paper appeared in [93], where the present paper considerably expands on [93] by providing new key

theoretical results and detailed proofs of all the results with a new example.

3.2 Mathematical Preliminaries

The notation used throughout this paper is standard. In particular, R denotes the set of real numbers,
R"™ denotes the set of n x 1 real column vectors, R"*™ denotes the set of n x m real matrices, R, (respectively,
R.) denotes the set of positive (respectively, nonnegative-definite) real numbers, RZ*" (respectively, ﬁixn)
denotes the set of n x n positive-definite (respectively, nonnegative-definite) real matrices, D"*" denotes
the set of n x n real matrices with diagonal scalar entries, 0,, denotes the n X n zero matrix, and «hr
denotes equality by definition. We also write || - ||r for the Frobenius norm, || - ||2 for the Euclidean norm,
|All2 2 \/Zmax (ATA) for the induced 2-norm of the matrix A € R, and Anin(A) (respectively, Amax(A))
for the minimum (respectively, maximum) eigenvalue of the Hermitian matrix A.

The following definitions are needed for the main results of this paper.

Definition 3.2.1 Ler Q= {6 € R": (6" < 6; < /"),_y , ... , } be a convex hypercube in R", where (6™,
0/"**) represent minimum and maximum bounds for the i" component of n-dimensional parameter vector
0. For a sufficiently small positive constant v, define second hypercube as Q, = {9 e R": (Gimi“ +v
<6 <M — v)i:1727.‘.7n}, where Q, C Q. Withy € R", projection operator Proj : R" x R" — R" is then
elmaxiel_ A 9,‘—9~min
\4

defined componentwise by Proj(8,y) = (’7))1,' if 6; > 6™ —v and y; > 0, Proj(6,y) = (Z=* )y,- if

v

0; < 8™ +v and y; < 0, and Proj(0,y) £ y; otherwise.
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Based on the above formulation, note that (0 — 9*)T (Proj (8,y)— y) <0,6* € Q, [30, 80], where
this inequality can be also readily generalized to matrices using Proj,,(®,Y) = (Proj(col; (®),col; (Y)),...,

Proj(col,,(®) ,col,(Y))) with ® € R™™, Y € R"*™, and col;(-) denoting ith column operator.

Definition 3.2.2 Let ||z||g = VZTHz be a weighted Euclidean norm, where z € R? is a real column vector
and H € RE*P. We define ¢(||z||ln), ¢ : R — R, to be a generalized restricted potential function (generalized
barrier Lyapunov function) on the set De = {z: ||z||n € [0,€)}, with € € R, being a-priori, user-defined
constant, if the following statements hold [1]: i) If ||z||u = O, then ¢(||z||u) = 0. ii) If z € D¢ and ||z||u # O,

then ¢(||z||u) > 0. iii) If ||z||u — €, then ¢(||z|la) — 0. iv) ¢ (||z]|n) is continuously differentiable on De. v)

If 2 € De, then ¢4(||2l|i) > 0, where 9q(||z|lu) 2 LU i) 172 € De, then 204(/2ll1)l|2]1% — ¢ (|12l|) > O.

dllz[lf
Remark 3.2.1 A generalized restricted potential function satisfying above conditions has the form ¢ (||z||n)
=|z||&/ (€ — ||z|lu), z € D, which has partial derivative ¢4(||z|ln) = (€ — 3 lzllu) /(€ — HZHH)2 >0,z€Dg,

% and 204(12llw) 12l — 9 (lzllw) = ellzlf/ (€ — llzll)* > 0, z € De [1].

with respect to ||z
Definition 3.2.3 We define tanh(x) = [tanh(x(1)),tanh(x(2)),...,tanh(x(s))] T € R for any vector x € R°.

Remark 3.2.2 For any scalar n € R,

n| —ntanh(n) < £ holds with £ = 0.2785 [94]. This can be

generalized for any vector 1 € R® as |||l —n'tanh(n) < L.

3.3 Problem Formulation

This section introduces the problem formulation focused in this paper. Specifically, consider the

uncertain dynamical system given by

x(t) = Ax(t) + BA(u(t) + 6(1,x(1))), x(0)=x, >0, (3.1

where x(r) € R", t > 0, is the measurable state vector, u(r) € R™, ¢t > 0, is the control input, A € R"*" is
a known system matrix, B € R™™ is a known input matrix, & : R, x R” — R™ is a system uncertainty,
A e RP*™ NI ™ is an unknown control effectiveness matrix, and the pair (A,B) is controllable. Note
that a wide range of physical dynamical systems either explicitly or approximately satisfy the system model
considered in (3.1). Specifically, these systems include but not limited to mass-spring-damper systems [95],
pendulum systems linearized around an equilibrium point of interest subject to friction uncertainties [96],

ground mobile robots [97], and flight control systems [30, 98].
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Figure 3.1: An illustration of the sets in Remark 3.3.1.

Assumption 3.3.1 On a compact set D of the real coordinate space, the system uncertainty in (3.1) is

parameterized as'

§(1,x(1)) = Wx (1)on(x(1)) +en(x(r)), x(1) € D, (32)

where Wx(t) € R, t > 0, is a bounded unknown weight matrix (i.e.,

IWN()[lF < ww, £ > 0) with a
bounded time rate of change (i.e., |[Wn(t)||g < Wn, t > 0), oy : R" — R is a basis function constructed
using neural networks of the form on(x(t)) = [on1 (x(2)), on2 (x(2)), - - . ,ons(x(2))]Y, and ey : R" — R™ is

the approximation tolerance upper bounded by an unknown constant €* such that*

len(x())ll2 < €%, Vx(t) € D. (3.3)

Remark 3.3.1 The overall control objective considered in this paper is to have the state trajectory of
the uncertain dynamical system given in (3.1) to evolve in a compact set such that the neural network
approximation given in (3.2) is always valid. To elucidate this point and for illustration purposes, consider
the case with scalar trajectories as shown in Figure 3.1. In addition, let D be a compact set of the real
coordinate space in which the neural network approximation is valid, and let D, C D be the set such that the
state of a reference model evolves inside this set, i.e., x;(t) € Dy. In what follows, we show that the distance
between the trajectories of the uncertain dynamical system and the trajectories of the reference system can
be adjusted by the size of a user-defined compact set D¢ by choosing a user-defined parameter € such that

D UD, C D holds and the system uncertainty parameterization in (3.2) remains always valid.

I As discussed in Section 3.1, the parameterization given by (3.2) is preferred for applications involving system uncertainties
with unknown structures and unknown parameters. We refer to, for example, Section 12.4 in [30] for further reading.

ZNote that the magnitude of parameter £ can be arbitrarily reduced within the compact set D by providing a sufficient large
number of neurons to the considered neural network [99].
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Now, consider the feedback control law given by
u(t) =un(t) +ua(t), t>0, (3.4)

where u, (1) € R™, t > 0, and u,(t) € R™, t > 0, are the nominal and adaptive control laws, respectively.

Furthermore, let the nominal control law be
un(r) = —K1x(1) + Kac(t), 120, (3.5)

where ¢(t) € R™ is a bounded reference command such that A, £ A — BK;, K; € R™", is Hurwitz and
B: £ BK», K, € R,

Next, consider the reference model capturing a desired closed-loop behavior
() = Am(t) +Bic(t), x(t) €Dy, x(0)=xy0, >0, (3.6)

where x,(t) € R”" is the reference model state vector, A, € R**" is the desired Hurwitz system matrix,
B, € R™" is the command input matrix, and D; is a user-defined set (see Remark 3.3.1). Using (3.1), (3.4),

(3.5) and (3.6), the system error dynamics is given by

é(t) = Are(t) + BA((A™" = Inxm) (Kix(t) — Koc(t)) + ua(t) + 8(2,x(1))), e(0)=eg, >0, (3.7)
where e(t) £ x(t) — x(t), t > 0, is the system error. Using (3.2) in (3.7) yields
é(t) = Awe(t)+BA(WT(1)o(x(t)) +ua(t) + en(x(t))), e(0)=eo, >0, (3.8)

where W (t) £ W (1), (A™" —Inxm)Ki, —(A7! = Inxm)K2]T € R++ne)xm ¢ >0, js an unknown weight
matrix and o (x(),c(t)) £ [og (x(1)), X (2), T (1)] T e Ro+m+ne ¢ >0, is a known function involving neural
network-based basis functions, the system state vector, and the reference command.

The statement of the model reference neuroadaptive control objective of this paper is now given as
follows. Consider the uncertain dynamical system given by (3.1) subject to Assumption 3.3.1. Our aim is to
design the adaptive control signal u,(t), t > 0, to achieve stability of the overall closed-loop system and keep

the system error trajectories inside an a-priori, user-defined compact set such that the parameterization in
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Assumption 3.3.1 remains valid for all time. To address this objective, the next section introduces the

proposed set-theoretic neuroadaptive model reference adaptive control architecture.

3.4 Set-Theoretic Model Reference Neuroadaptive Control

We now present a set-theoretic model reference neuroadaptive control approach based on restricted
potential functions with strict performance guarantees such that the closed-loop system trajectories stay
inside the set D, and hence, the universal function approximation remains valid for all time. For this purpose,

let the adaptive control law be
uy(t) = W (t)o (x(t)) —v(t), t>0, (3.9)

where v(¢) € R™ is a corrective signal and W (r) € REH+7)xm ¢ > is the estimate of W (¢), 1 > 0, satisfying

the update law
W) = wProjm (W), galle(t)l2)o (x(1) " ()PB), W(O0) =W, 120,  (10)

with Wiax and —Wpay respectively being the maximum and minimum element-wise projection bounds,
¢4(||e(t)||p) € Ry is an error dependent learning gain, y; € R is a design scalar, and P € R"*" is a solution

of the Lyapunov equation
0 = AlP+PA +R, (3.11)

where R € R

Next, we design the corrective signal v(¢) in (3.9) as

wi) = tanh (4(le(t)]1p)B™Pe(r))d(r). 120, (3.12)

where §(t) € R, t > 0, is the estimate of ¢ 2 1““*((2)) €* satisfying the corrective update law

q(t) = 1Proj (é(t),¢d(H€(l)HP)€T(f)PBtanh(¢d(||€(f)HP)BTPe(f)) —5@0)) 4(0) = 4o € Ry,

t>0, (3.13)
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with gmax and O being the maximum and minimum projection bounds respectively, 7> € R is a design scalar,
and & € R, is the o-modification gain.

Using (3.9) in (3.8), the system error dynamics now become
ét) = Apelt) —BA(WT(I)O'(X(I)) —en(x(1)) +v(t)), e(0)=ey, t>0, (3.14)

where W (1) £ W(r) — W (r) € R+ Hr)xm > () is the weight estimation error and ey 2 xo — x,0. Note
that [|W (¢)||r < w,t >0, and |W(¢)||r <, > 0, automatically hold as a direct consequence of Assumption
3.3.1. In addition, one can also write the weight estimation error dynamics and the residual bound estimation

error dynamics respectively as

W(e) = %Projum(W(t), dullle(t)llp)o (x(1)) " (1)PB) — W (1), W (0) = Wo, (3.15)

g(r) = 1Proj(4(r),@alle(r)l|p)e’ (r)PBtanh (¢a(lle(r)|p)B" Pe(r)) — £4(r)), 4(0)=qo,  (3.16)
where G(t) = §(t) — q is the residual bound estimation error.

3.5 Analysis of the Proposed Neuroadaptive Control Architecture

The main purpose of this section is to present the stability analysis and establish strict performance
guarantees of the proposed model reference neuroadaptive control architecture in Section 4 (see Section

5.1), where we also present a special case of the proposed algorithm (see Section 5.2).

3.5.1 Stability Analysis and Performance Guarantees

We start with the following first result of this paper.

Theorem 3.5.1 Consider the uncertain dynamical system given by (3.1) subject to Assumption 3.3.1, the
reference model given by (3.6), and the feedback control law given by (3.4) along with the update laws
(3.5), (3.9), (3.10), (3.12), and (3.13). If ||eo||p < €, then the closed-loop dynamical system given by (3.14),
(3.15) and (3.16) are bounded, where the bound on the system error strictly satisfies a-priori given, user-

defined worst-case performance
le()llp <&, 1>0. (3.17)
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Proof. See Appendix A for the proof of Theorem 3.5.1.

Similar to Remark 7 of [1], the next corollary is now immediate with the proposed set-theoretic
model reference neuroadaptive control architecture. In particular, it shows that if one utilizes the error
dependent learning rate defined in Remark 3.2.1, ¢4(||e(t)||p) = (e — 3 [le(®)[|p) / (€ — [|e(t) ||p)2, then it does
not exceed a finite bound when it is used in the update laws (3.10) and (3.13). Note that the same conclusion
can be made for other selections of error dependent learning rates by following the steps outlined in the

proof of the following corollary, and hence, there is not much loss of generality.

Corollary 3.5.1 Consider the uncertain dynamical system given by (3.1) subject to Assumption 3.3.1, the
reference model given by (3.6), and the feedback control law given by (3.4) along with the update laws
(3.5), (3.9), (3.10), (3.12), and (3.13). If |leo|lp < € and ¢(|le(t)||p) = |le(t)||3/ (€ — |le(t)||p), then the
error dependent learning rate 9,(||e(t)||p) = (€ — 3le(t)||p)/ (€ — [|e(?) Hp)2 is lower and upper bounded

byl < da(lle®)p) < 9a(e), t >0, where & = (—Viax + /V2ax +4Vinax €)/2, Vinax = max{Vo, %“} and

Vo £ V(e(0),W(0),4(0)).

Proof. See Appendix B for the proof of Corollary 3.5.1.

3.5.2 A Special Case

For completeness, we now present a special case. Specifically, the next corollary shows a simplified
version of the proposed set-theoretic model reference neuroadaptive control architecture for cases when the

approximation tolerance in (3.3) has a known upper bound, as considered in (12.12) of [30].

Corollary 3.5.2 Consider the uncertain dynamical system given by (3.1) subject to Assumption 3.3.1, the
reference model given by (3.6), and the feedback control law given by (3.4) along with the update laws (3.5),

(3.9), and (3.10). If ||eo||p < € and there exist known constants ¢; € Ry, ¢ € Ry, and c3 € Ry such that

lex(x(t)]2 <€*< 1, Vx(t) €D, (3.18)

CZI S A«mm(A)I S A S A«max (A)I S C317 (319)
hold, then the corrective signal v(t) given by

v(t) = tanh (¢4(||e(t) || p)B  Pe(t))c1c5 'es, >0, (3.20)
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results in a bounded closed-loop dynamical system given by (3.14) and (3.15), where the bound on the

system error strictly satisfies a-priori given, user-defined worst-case performance

le(t)|p <&, t>0. (3.21)

Proof. See Appendix C for the proof of Corollary 3.5.2.

Remark 3.5.1 Note that Theorem 3.5.1 and Corollaries 3.5.1 and 3.5.2 significantly generalize the results
presented in the previous work of authors in Theorem 3.1 of [1] by considering an unstructured uncertainty
for the dynamical system and using the universal function approximation property of neural networks.
Specifically, Theorem 3.5.1 shows that the proposed neuroadaptive control framework has the capability to
keep the closed-loop system trajectories within an a-priori, user-defined compact set of the real coordinate

space such that the universal function approximation property is not violated.

3.6 Illustrative Numerical Example

In this section, we present a numerical example to demonstrate the efficacy of the proposed set-
theoretic model reference neuroadaptive control architecture. Specifically, an aircraft landing problem
adopting from Section 12.4 of [30] is considered such that the aircraft experiences increase in its aero-
dynamic lift force when it approaches to the runway (i.e., the ground effect). To this end, a generic mid-
size transport aircraft flying wings-level at an altitude of 4y = 300 ft above ground is considered, with its
landing gear down and with flaps/slats extended ([30, 100]). The vehicle true airspeed is Vo = 250 ft/s. The
corresponding longitudinal linear dynamics are of the form i(r) = Ax(t) +BA (u(t) + 6,0t (h(1)) ), x(0) = xo,
t >0, with A, B and 6, matrices as given in Example 12.3 of [30], and where x(¢) = [V (1), a(z), g(t), 6(t),
h(t)) Te RS is the state vector with V (¢) representing the true airspeed (in ft/s), a(r) representing the angle
of attack (in rad), ¢(t) representing the pitch rate (in deg/s), 0(¢) representing the pitch angle (in deg), A(t)
representing the altitude above the runway (in ft), and u(t) = [§(t), 8:(¢)]T € R? with &y (¢) representing
the engine thrust (in %), and & () the elevator input (in deg). Here, o, (h(t)) represents the ground effect of
the aircraft that is considered as an uncertainty of the form o, (h(f)) = —0.0698(1 — tanh(0.1(A(¢) — 60)))

and A =1 (i.e., control effectiveness matrix is not uncertain in this example).
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Figure 3.2: Distribution of the RBFs in (3.22) in transport aircraft example.

Linear quadratic regulator theory is used to design the nominal controller gain matrices as K; =

0.147 —89.216 53.147 139.971 0.173 —-0.721 0.173
and K2 = .
0.009 —28.197 3.832 42774 0.142 0.879 0.142

signal ¢ = [V, h.]T with V, = 250 ft/s and h, being the desired altitude profile shown in Figures 3.3 and 3.4.

Furthermore, we choose the command

In order to approximate the uncertain term due to the ground effect (8,0, (h(t))), we utilize a neural network

with the altitude-dependent regressor vector as

G(h) = [Gl(h)> GZ(h)> 63(h)7 64(h)7 1]T7 t> 07 (322)

with o;(h) = exp(—0.0056(h — h;)?),i = 1,...,4, for uniform distribution of RBFs on the altitude interval
(0, 60) ft to provide a homogeneous coverage of the altitude range in which the ground effect is active
as depicted in Figure 3.2. For the proposed set-theoretic model reference adaptive control architecture in
Theorem 3.5.1, we use the generalized restricted potential function given in Remark 3.2.1 with € =2 to
strictly guarantee ||x(z) —x:(¢)||p < 2, t > 0. Finally, we set the projection norm bound imposed on the
parameter estimate to Winax = 10 and gmax = 15 and use R = I to calculate P from (3.11) for the resulting A;
matrix.

Figure 3.3 shows the closed-loop dynamical system performance with the nominal controller. One
can see from this figure that the airspeed deviated from the command signal and the aircraft cannot reach the
ground due to the ground effect. Next, we apply the proposed set-theoretic adaptive controller with ¥ = 9 =
5 and £ = 0.2. It can be seen in Figure 3.4 that desired performance is obtained and the control surfaces
do not exceed practical limitations, and Figure 3.5 clearly shows that this controller strictly guarantees
||x(¢) —x:(2)||p < 2. Note that since the error trajectory is contained within D, and both € and radial basis
functions in (3.22) are selected such that the system trajectory remains within the compact set D, the neural

network approximation is always valid on the compact set D with the bounded approximation error in (3.3).
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Figure 3.3: System performance with the nominal controller in transport aircraft example.
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Figure 3.4: System performance with the proposed set-theoretic adaptive controller in transport aircraft

example.

3.7 Conclusion

To contribute to the previous studies in neuroadaptive model reference adaptive control systems, we
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Figure 3.5: Norm of the system error trajectories with the proposed set-theoretic adaptive controller and the
evolution of the effective learning rate ¥ ¢q(-) in transport aircraft example.

capability to enforce strict performance guarantees on the distance between the trajectories of an uncertain
dynamical system and the trajectories of a desired reference model. Specifically, our motivation behind
this development stems from a major challenge in the design of neuroadaptive control laws for making
the closed-loop system trajectories to evolve in a compact set where the universal function approximation
properties hold. In particular, as shown in Theorem 3.5.1, by using the proposed control architecture, a
control designer can adjust the deviation of the system trajectories from a given reference system; hence, as
discussed in Remark 3.3.1, the system uncertainty parameterization remains valid with proper reference
model selection for all time. An illustrative numerical example was also provided to complement the
theoretical contribution of this paper. Future research will include extensions to the case when the entire
state vector of the uncertain dynamical system is not measurable as well as experimental studies involving

real-world unmanned vehicles.
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CHAPTER 4: GENERALIZATIONS OF THE SET-THEORETIC MODEL REFERENCE
ADAPTIVE CONTROL

This chapter presents several key generalizations of the set-theoretic model reference adaptive
control architecture proposed in Chapter 2. In particular, Section 4.1 extends this control architecture
for enforcing time-varying user-defined performance bounds, Section 4.2 presents a new architecture to
achieve adjustable performance guarantees on a subset of system error trajectories, Section 4.3 provides
performance guarantees for uncertain dynamical systems subject to actuator dynamics, and Section 4.4
generalizes the set-theoretic model reference adaptive control architecture to address disturbance rejection

and system uncertainty suppression in the presence of actuator failures.

4.1 Set-Theoretic Model Reference Adaptive Control with Time-Varying Performance Bounds'

One of the fundamental problems in model reference adaptive control design is the ability of the
controlled system to achieve not only stability but also a user-defined performance in the presence of
exogenous disturbances and system uncertainties. Motivated from this standpoint, we recently proposed
a set-theoretic model reference adaptive control framework, which guarantees the norm of the system error
(i.e., the difference between the state of an uncertain dynamical system and the state of a given reference
model) to be less than a user-defined constant performance bound. The contribution of this paper is to
generalize the set-theoretic model reference adaptive control framework in order to enforce user-defined
time-varying performance bounds on the system error, which gives the control designer a flexibility to
control the closed-loop system performance as desired on different time intervals (e.g., transient time interval
and steady-state time interval). To this end, two adaptive command following control architectures are
proposed and their stability and performance properties are rigorously established using system-theoretic
methods. Finally, our theoretical findings are further supported through a numerical example in order to

compare these architectures and illustrate their efficacy.

! This section is previously published in [2]. Permission is included in Appendix H.
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4.1.1 Introduction

Model reference adaptive controllers have three major components; a reference model, an update
law, and a controller. The reference model captures a desired closed-loop system performance for which
its output (respectively, state) is compared with the output (respectively, state) of an uncertain dynamical
system. This comparison results in a system error used to drive the update law online. The controller then
adapts feedback gains to suppress the system error using the information received from the update law.
Although model reference adaptive controllers have the ability to guarantee closed-loop system stability
in the presence of exogenous disturbances and system uncertainties, one fundamental problem is to obtain
user-defined performance guarantees while utilizing these controllers in the feedback loop.

We have recently started to address this challenge by introducing a set-theoretic model reference
adaptive control framework [1, 21]. Specifically, [21] and [1] respectively present this new framework for
dynamical systems subject to time-invariant and time-varying system uncertainties, where the latter also
captures exogenous disturbances. These results guarantee the norm of the system error (i.e., the difference
between the state of an uncertain dynamical system and the state of a given reference model) to be less than
a user-defined constant performance bound. We also refer to [93, 101-106] for studies extending the results
of [21] and [1]. In particular, [101] focus on set-theoretic model reference adaptive control in the presence
of actuator failures, [93] and [102] theoretically blend the results in [21] and [1] with neural networks to
keep the trajectories of uncertain dynamical systems on a given compact set in the absence of structured
system uncertainty parameterizations, and [103] and [104] consider decentralized extensions to large-scale
dynamical systems. Moreover, [105] and [106] respectively consider applications of the results in [21] and
[1] to a generic transport aerospace vehicle and a rigid body space vehicle on exponential coordinates.

As compared with other notable contributions in the literature enforcing similar performance bounds
[18-20, 22-26, 107], the set-theoretic model reference adaptive control framework does not assume that
the control signals can access every element of the state vector as in [18], does not assume that a desired
trajectory along with its derivatives are all available for feedback control design as in [19], enforces user-
defined performance bounds not on measurable output signals as in [20] but on measurable state signals,
and does not involve a backstepping procedure for adaptive control as in [22-26, 107] (also see [1] for
additional details). As noted above, in addition, the results in [1] go beyond the ones in [21] in that both

the exogenous disturbances and the system uncertainties can depend on time in [1] to capture dynamic
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environment conditions and changes in system dynamics. However, a common denominator of the results
in [21] and [1] (including their extensions in [93, 101-106]) is that they assume the user-defined performance
bound to be constant.

The contribution of this paper is to generalize the set-theoretic model reference adaptive control
framework in order to enforce user-defined time-varying performance bounds on the system error, which
gives the control designer a flexibility to control the closed-loop system performance as desired on dif-
ferent time intervals (e.g., transient time interval and steady-state time interval). To this end, two set-
theoretic control architectures are proposed for adaptive command following in the presence of exogenous
disturbances and system uncertainties, where the stability and performance properties of both architectures
are rigorously established using system-theoretic methods. Furthermore, our theoretical findings are also
supported through a numerical example in order to compare these architectures and illustrate their efficacy.
Note that a preliminary conference version of this paper appeared in [108], which only considers one of
the architectures proposed here. The present paper considerably goes beyond this conference version by not
only providing detailed proofs for the considered architecture in [108] but also focusing on all the theoretical
developments necessary for the other architecture presented here with detailed examples, added figures, and
motivation.

Finally, we introduce the fairly standard notation used throughout this paper. Specifically, R"*™
denotes the set of n x m real matrices, R"*" (respectively, R’LX") denotes the set of n x n positive-definite
(respectively, nonnegative-definite) real matrices, D"*" denotes the set of n x n real matrices with diagonal
scalar entries, || - || denotes the Euclidean norm, and || - | denotes the Frobenius norm. In addition, we write
All2 £ /Amax(ATA)

for the induced 2-norm of the matrix A € R™*™, Adyin(A) (resp., Amax(A)) for the minimum (resp., maximum)

[ x]|a £ VxTAx for the weighted Euclidean norm of x € R" with the matrix A € R"",

eigenvalue of the matrix A € R"*", and x (resp., X) for the lower bound (resp., upper bound) of a bounded

signal x(r) € R", ¢ > 0, that is, x < ||x(7)]

2,1 >0 (resp.,

x(1)|] <% 1> 0).

4.1.2 Problem Formulation

In this section, we introduce a benchmark adaptive command following problem formulation con-

sidered in this paper. In particular, consider the uncertain dynamical system given by

ip(t) = Apxp(t) +BpAu(t) +Bpoy(t,x5(1)), xp(0) =xp0, ¢>0. “4.1)

52

www.manaraa.com



In (4.1), x,(¢) € R™, r > 0, denotes the measurable state vector, u(t) € R”, t > 0, denotes the control
input, A, € R™*" denotes a known system matrix, and B, € R™*™ denotes a known input matrix. Here,
as standard, we assume that the pair (Ap,B,) is controllable. Furthermore, 8, : Ry x R — R™ and A €
RI™AD™*™ in (4.1) respectively denote a system uncertainty and an unknown control effectiveness matrix.

Considering the widely-adopted system uncertainty parameterization given by (D.1) and feedback
control law given by (D.7), which has nominal u,(¢), r > 0, and adaptive u,(¢), ¢ > 0, controller elements,

one can readily rewrite (4.1) by augmenting an integrator state dynamics as
X(t) = Awx(t)+Bec(t) +BA [u(t) + W (t)o (x(t))], x(0)=xp, ¢>0. (4.2)

We refer to Appendix D for the standard steps in rewriting (4.2) from (4.1). In (4.2), x(t) £ [xg (1), xI())T
€ R",t > 0, is the augmented system state with x.(¢) € R", ¢ > 0, being the integrator state and n = np+ne,
c(t) € R™, t >0, is a given command, W (t) = AW (@), (A7 —Imxm)K]T e R6+m>xm + >0, is an
unknown aggregated weight matrix, and & (x(t)) £ [6) (x,(¢)),x" (1)]" € R**", 1 > 0, is a known aggregated
basis function. Motivated by the structure of the terms inside brackets in (4.2), let the adaptive control signal

be given by
uy(t) = —Wr(t)o (x(t)), t>0, (4.3)

where W (1) € RO+m>m > () is an estimate of W(t),t >0, to be defined below.
The design of an update law to construct the estimate W (¢), ¢ > 0, is crucial in any model reference
adaptive control approach in order to achieve a desired level of command following performance, which is

captured by the reference model given by
X(t) = Ax(t)+Bec(t), x(0)=x90, t>0, (4.4)

with x;(t) € R", t > 0, being the reference state vector. While there are many update law candidates for
this purpose (see, for example, [28—-30], and references therein), they do not achieve practical, user-defined
performance guarantees for the adaptive command following problem formulated in this section (see also
Remarks 2.3 and 2.4 given in [1]). As discussed, a notable exception is entitled as set-theoretic model

reference adaptive control architecture [1], where the next remark concisely overviews this result.
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Figure 4.1: Illustration of the user-defined constant performance bound in Remark 4.1.1 for scalar reference
model and uncertain dynamical system trajectories.

Remark 4.1.1 For the highlighted problem formulation above, consider the standard set-theoretic model

reference adaptive control update law [1] for (4.3) given by
W(t) = Y Projm (W(t), q)d(He(t)||p)6(x(t))eT(t)PB), W) =Wy, >0, 4.5)

with Wiax being the projection norm bound. Furthermore, ¥ € R denotes the learning rate (i.e., adaptation
gain) and e(t) = x(t) — x:(t), t > 0, denotes the system error in (4.5). Note that ¢,(||e(t)||p) in (4.5) can
be viewed as an error dependent learning rate, and hence, the term Yy, ¢,(||e(t)||p) in (4.5) acts as the
effective learning rate. Specifically, the update law given by (4.5) can be derived by considering the energy
function V(e,W) = ¢(|le||p) + 1, "tr[(WAV2)T(WA/2)], where D £ {e(t) : |le(t)||p < €} and W(t) &
W(t)—W(t), t >0, is the weight estimation error. Note that V(0,0) =0, V (e,W) > 0 for (e,W) # (0,0),

and V (e(t),W(t)) < —SaV(e,W) + u, where o = im‘“:(({;)) d &2y Ww|A

W 2 Winax +w with |[W(t)|[g <w, t >0, and |W(¢t)|[r < W, t >0 (we refer to the proof of Theorem 3.1

2 M £ %OC’}’I_IWZHAHQ—i-d, and

in [1] for details). By applying Lemma 1 of [23, 25], one can now conclude the boundedness of the pair
(e(t),W(t)) as well as the strict performance bound on the system error given by ||e(t)||p < €, t > 0, under
the assumption ||e(0)||p < €. Figure 4.1 illustrates this constant performance bound for scalar reference

model and uncertain dynamical system trajectories.

Remark 4.1.2 For the standard set-theoretic model reference adaptive control framework [1] overviewed

e(r)|[p

cannot be made as small as desired unless ||e(0)|| is sufficiently small. For applications when ||e(0)|| is small

in the above remark, since € cannot be chosen less than ||e(0)||p by the assumption ||e(0)|p < &,

(e.g., in the presence of almost perfect initial condition knowledge on the state of the uncertain dynamical

system that yields to a sufficiently small system error initialization error), a small € can be chosen. Yet, a
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small € selection can lead to a large effective learning rate during the transient time interval, which may
not be preferred for certain control system implementations. Motivated from the above standpoints, it is of
practical interest to enforce user-defined time-varying performance bounds in set-theoretic model reference
adaptive controllers (see next section) in order to give the designer a flexibility to control the closed-loop
system performance as desired on different time intervals, particularly on the transient time and the steady-

state time intervals.

4.1.3 Enforcing Time-Varying Performance Bounds

Based on the adaptive command following problem stated in Section 4.1.2, we now present two
architectures in order to generalize the results documented in [1] that enforce user-defined constant perfor-
mance bounds (see also Remarks 4.1.1 and 4.1.2). In particular, the first architecture given in Section 4.1.3.1
presents a direct approach in that a new control law is designed for enforcing user-defined time-varying
performance bounds. The second architecture given in Section 4.1.3.2 presents an indirect approach in that
we modify the reference model without significantly changing the control architecture of [1] to achieve the

same objective of enforcing user-defined time-varying performance bounds'.

4.1.3.1 Direct Approach

For the direct approach presented in this subsection, we first consider the generalized restricted

potential function given by
oIl = Bz @6)

e2(t) — Izl
Note that (4.6) has the partial derivative ¢,(||z||ln) = €2(r)/(€*(r) — Hz||2H)2 > 0, z € Dg, with respect to
. . 2

|21, which satisfies 2y ([z]|n)l|z]1f — ¢ (I|z]ln) = (Ez(f)HZH%[ + HZIIﬁ)/(ez(f) —[l2llf)" > 0, 2 € De. Thus,
(4.6) satisfies all properties i)—vi) of generalized restricted potential functions stated in the last paragraph of

Appendix F. Here, £(¢) is a positive and bounded-away-from-zero user-defined parameter.

Next, let the adaptive control law be given by

uy(t) = —WT(t)o (x(t)) —v(t), t>0, (4.7

lsee Appendix E for further remarks on these two approaches.
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where v() € R™, t > 0, is an additive signal, and W (r) € RE+")>™ t > 0, is the estimate of W(z), t > 0,

satisfying the update law (4.5). In particular, we let the additive signal v(¢), > 0, be

£(t
(1) = BPe)(0) ) A (P), 120 @)
where §(t) € Ry, t > 0, is the estimate of the (partially) unknown parameter ¢ = A_! (PBABTP) with an
unknown bound (i.e., |¢| < gmax) satisfying the adaptive parameter update law
i(t) = pProj( 4 EON  40)=g0eRe, 120 4
q(t) = 1nProj| 4(1),9a([le(1)]l)lle()ll2 Q) )’ 4(0)=qoeRy, 1>0, 4.9)

with 0 and gmax being the minimum and maximum projection bounds respectively and p» € R, being the
learning rate.

For the next theorem presenting the first contribution of this paper, one can write the system error
dynamics, the weight estimation error dynamics, and the adaptive parameter estimation error dynamics

respectively as

é(t) = Awe(t)—BAW'(t)o (x(t)) —BAvV(t), e(0)=ey, t>0, (4.10)
W) = YiProjm (W (), ¢a(|le(t)||p)o (x(2)) e (£)PB) =W (t), W(0)=Wy, t>0, (4.11)
0 = i (a0 ule@le@IE S ). a0) =0 120 @12

NN

where W (1) 2 W(t) —W(t), t >0, is the weight estimation error and §(t) = §(t) —q, t > 0, is the adaptive
parameter estimation error. Note that we inherently assume €(¢), t > 0, and &(z), t > 0, are smooth and

bounded user-defined functions.

Theorem 4.1.1 Consider the uncertain dynamical system given by (4.1) subject to Assumption D.I, the
reference model given by (4.4), and the feedback control law given by (D.7) along with (D.8), (4.5), (4.7),
(4.8), and (4.9). If ||eo||p < €(0), then the closed-loop dynamical system given by (4.10), (4.11), and (4.12)
are bounded, where the bound on the system error satisfies the a-priori given, user-defined time-varying

performance bound

le(t)llp < &(t), t>0. (4.13)
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Proof. To show boundedness of the closed-loop dynamical system given by (4.10), (4.11), and

(4.12), consider the energy function V : D x RO+9)*m « R — R, given by
V(e.W.q) = o(lelle) + % " [(WAY2)TWA2)] + 15 ' ¢ Amax (P) Amin(PBABTP), (4.14)

where D, £ {e(t) : |le(t)||p < €(t)}, and P € R"" is a solution of the Lyapunov equation in (D.9) with

R € R"". Note that V(0,0,0) =0, V (e,W,§) > 0 for (e,W,§) # (0,0,0), and

do(lle(r)llr)

L~ 20u(lett 1) 0)pete) ~20u( el e g

0L (4.15)

Specifically, the time derivative of (4.14) along the closed-loop system trajectories (4.10), (4.11), and (4.12)

is given by
V(e Ww.a0)) = UL oy ()i (1) + 2957 00)i0) A (P i (PBAB™P)
= 204 ) OPelt) - 20 )5

297 W T (1) (1 Projm (W(1), 0u(lle(r) 1) (1)) " (1)PB ) = W (1)) A
+295 (1) (1) Anax (P) Amin (PBABT P)
= 20u(lle(t)][)e™ (1) PAce(r) — 264 (le(t)]|p)e" (1) PBAW (1) (x(1))
26 (1)Projm (W (1), 9u(le(0) )0 (x()) T (1) PB ) A
~20 W ()W (1A~ 26,(le(1) | )e" (1) PBAV(1)
(1)

—2¢d(He(f)HP)IIe(t)H%% +2%, ' §(1)§(t) Amax (P) Amin(PBAB" P)

= 204([le(t)llp)e’ (r)PAre(r) — 2tr (W™ (1) = W' (1)) <¢d(|!e(t) ) (x(r))

" (1)PB —Projm(W(t),q)d(He(t)Hp)O'(x(t))eT(t)PB>>A
=297 aWH(O)W (1)A = 20a([le(0)]|p)e” (1) PBAV(7)

2¢d(!e<t>\|p>||e<t)||%i8+2yglq(r>c7(t)kmax(P)Amm<PBABTP>- (4.16)
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Now, using the property of projection operator stated in Appendix F, one can write

V(e@).W(0).4()) < —da(le(®)llp)e’ (t)Re(r) +d —2¢a(lle(r)][p)e" (t)PBAY(r)

—20a([le(t)[[p)lle ()HP%"‘ ¥ ' G(1)4(1) Amax (P) Aemin(PBABTP).  (4.17)

In addition, using the proposed additive signal v(¢) in (4.8), it follows from (4.17) that

V(e W0.40) < —0u(lleld) ) (1)Re(t) +
“204(e(t) )" (1) PBABTPe(t)q(1 >%zm \(P)
20a(le@llp) ()13 8+ 12 ' 4(0)6(6) A (P) Ain PBABTP)
< —0u(lle(0)lp)e(O)Re() +d
29u(llet) 1) le(r) 3a(0) 'SE §‘zmax< )Amin(PBAB™P)
204(e(0) ) () 3 8' ' G(0)(1) A (P) Auin (PBAB™P)
< —gu(lle(0)}P)e" ()Re(t) +d

&(1)]

~204((le(®) 1) le(0) Ba(2) 8(3
|

+204(|le(t)||p)e" (t)Pe(t) |£g)

+275 " G(£)4(t) Amax (P) Amin(PBAB"P)
—a(lle() ) (ORe(r) +d

~204(1€0)) IR0 53 s (P i PEAEP)
+275 " G(1)§(t) Amax (P) Amin(PBAB" P)
—gu(le(0) )T (ORer) + d

+2(00) ) (Proi (2, 0u(le) e 50N )

01 B E0 ) A P (PEABTP) @.18)

Amax (P) Amin(PBABT P)

@min(PBAB'P)

(82}

IN

IN

Once again, using the property of projection operator stated in Appendix F, one further writes

V(e(r),W(t),q(t)) < —oa(lle(r)]lp)e’ (t)Re(t)+d. (4.19)
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Finally, it follows from (4.19) that

~aule(t) )" ()Pe(t) +d+ 500 (e(e) ) — 50 (le()])

r . < | < -
+o 0y WAV TWALZ)] = Sy e[ (WAY2)T(WA)]

V(e(r),W(r),4(t))

IN

2005 1) s (P i (PBAB™P) — 2075 (1) v (P)
-Amin(PBABTP)
5@ (8(le®llp) + 7 a[ WA WA)] 435 7(0) s (P)
Jmin(PBAB™P)) — @ [¢d<ue<r>||P>eT<r>Pe<r> 20 (le]7)]
%ayr‘tr[(WA1/2>T<WA1/2>] + 509 ' (1) Amax(P) Amin(PBAB" P) +d

SV (e W.) - o[ Qu(lle) )" <r>Pe<r>—§¢<||e<r>||P>} tuo @20

IN

IN

Using the property (F.3), the expression (4.20) can be rewritten as

Vie(r),W(r),q()) < —%OCV(e,W,q)-F,U, 4.21)

where o £ 7220 4 £ 23 1 o[ | AL, and p 2 Jay; '3[ Alla + § 0%, ! Frax + s With Gmax 2 Gimax + Gimas-

Now, using similar steps in Remark 3.3 of [1], it follows from (4.21) that V (e,W,§) is upper bounded by
A 2u a = ~
Vmax = maxq Vp, %) Vo =V (e(0),W(0),g(0)). 4.22)
From (4.14), one can also write

o(le)llp) + 77 w[(WOA)TW (O)AY)] + 15 & (1) Amax (P) Ammin(PBABTP) < Vinax, 1 > 0. (4.23)

Hence, ¢(|le(t)||p) < Viax, t > 0. Now, since |leo||p < €(0), it follows from (4.6) that |le(¢)||r < €(),r >0,

which gives the result. u

Remark 4.1.3 For visualization, block diagram of the direct approach introduced and analyzed in this
subsection is given in Figure 4.2. This generalized set-theoretic model reference adaptive control archi-
tecture provides the flexibility to control the closed-loop system performance as desired on different time

intervals. This flexibility results from the selection of the user-defined time-varying parameter £(t), t > 0,
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u

e(t) =(t) e(t) c(t) ‘|_>—> Reference Model in (4.4)
* * * ua(t) : (t) Uncertain Dynamical System in (4.1) x(t)

Adaptive Controller and Integrator State Dynamics in (E.2) +
in (4.7) with (4.8) >
T+ 1 e(t)
Un(t) Nominal Controller in (E.8) |eg——— :
W(t), e i
(), 4(t) Weight Update iaWs\m\Eqs (4.5) and (4.9): £(t) :
S < - _____ -:

Figure 4.2: Block diagram of the set-theoretic model reference adaptive control architecture in Section
4.1.3.1.

Figure 4.3: Illustration of the user-defined time-varying performance bound in Remark 4.1.3 for scalar
reference model and uncertain dynamical system trajectories.

which upper bounds the system error (4.13). Comparable to Figure 4.1 depicting the constant performance
bound case, Figure 4.3 illustrates this time-varying performance bound for scalar reference model and

uncertain dynamical system trajectories.

4.1.3.2 Indirect Approach

In this subsection, we now present the indirect approach as an alternative to the direct approach
presented above. To this end, we modify the reference model without significantly changing the control
architecture of [1] to achieve the same objective of enforcing user-defined time-varying performance bounds.

Mathematically speaking, we consider the modified reference model given by

X, (1) = Awxe, (1) +Bec(t) +E(1), x,(0) =xx0, t>0, (4.24)

where { (1) € R", t > 0, is an added term defined below and x;,, (t) € R”", r > 0, is the modified reference

state vector.
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Now, let e (¢) = x(t) —x;, (¢),¢ > 0, and consider the transformation given by
ee(t) = &(M)em(r), >0, (4.25)

where &(1) € Ry,7 > 0, is the scalar transformation parameter, which is introduced to achieve any desired
performance bound as discussed below. Moreover, for the indirect approach of this subsection, we consider

the generalized restricted potential function given by

2
Z
oy = ep, 4.26)
e[l

which has the partial derivative ¢,(||z||ln) = € — % ||zllu/ (g0 — ||zHH)2 > 0, z € Dyg,, with respect to ||z
satisfying 2¢,(||zllu)]lzl[F — ¢ (|zllu) = &ollz|lf/ (g0 — HZ”H)2 > 0, z € Dg,. It is clear that (4.26) satisfies
all properties i)—vi) stated in the last paragraph of Appendix F with & being a positive and bounded-away-
from-zero parameter.

Next, let the adaptive control law be given by (4.3), where W(t) € ]R(‘H'”)X’”, t > 0, is the estimate

of W(t), t > 0, satisfying the update law

W () = iProjm (W (1), £ (1)6(lleg (0]l )0 (x(0) L (1) PB), W (0) =W, 1>0, 4.27)

with Wy, being the projection norm bound. In (4.27), 71 € R is the learning rate (i.e., adaptation gain),
P € R"*" is a solution of the Lyapunov equation given by (D.9). One can readily construct the error dynamics

as
ém(t) = Arem(t) —BAW(t)o(x(t)) —C(t), em(0) =emo, >0, (4.28)

where it follows from (4.25) that
eg(t) = E()em(t) +Aweg (1) = BEAWT (1)o (x(1)) = E(1)C(r), eg(0) = e, 120 (429)

Finally, let

S) 2 EME ! (tem(r), >0, (4.30)
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where it now follows from (4.29) that
ec(t) = Awec(t)—E)BAWT (1)o(x(1)), es(0)=egy, >0, 4.31)

which denotes the transformed system error dynamics. For the next theorem presenting the second contri-

bution of this paper, one can also give the weight estimation error dynamics as
W () = 1Projm (W (1), & (1)9u(leg (1)) 0 (x(1))eE (1) PB) —W (1), W(0)=Wo, 1>0,  (432)

where W (1) £ W (t) — W(z), t > 0. Note that we inherently assume & (¢), 7 > 0, and & (¢), t > 0, are smooth

and bounded user-defined functions.

Theorem 4.1.2 Consider the uncertain dynamical system given by (4.1) subject to Assumption D.l, the
reference model given by (4.4), and the feedback control law given by (D.7) along with (D.8), (4.3), and
(4.27). If |lemollp < %, then the closed-loop dynamical system given by (4.31) and (4.32) are bounded,
where the bound on the system error satisfies the a-priori given, user-defined time-varying performance

bound

lem(t)|lp < =, t>0. (4.33)

Proof. To show boundedness of the closed-loop dynamical system given by (4.31) and (4.32)

consider the energy function V : Dg, X R(+s)xm _y R given by
Vies, W) = ¢(|lecllp) + 7 'r[(WAYHT(WA?)], (4.34)

where Dg, = {ez (1) : |lez(1)||p < €}, and P € R'*" is a solution of the Lyapunov equation in (D.9) with
R € R, Note that V(0,0) =0, V(ez, W) > 0 for (ez,W) # (0,0), and it follows from similar steps in

Theorem 3.1 of [1] that

Vieg(r),W(r)) < —%av(eé,W)Jru, (4.35)
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ﬂ» Modification term in (4.30) |«
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~

Figure 4.4: Block diagram of the set-theoretic model reference adaptive control architecture in Section
4.1.3.2.

where o £ 7228 £ 215 4| A2, and g £ Jay; || A2 +d. By applying Lemma 1 of [25] and [23],

the boundedness of the closed-loop dynamical system (4.31) and (4.32) is immediate, where the bound on

the system error satisfies the a-priori given, user-defined performance bound

e (7)]|p < €0, t>0. (4.36)

Now, by using (4.25) one can readily obtain

lem(@)|lp < w7, >0, 4.37)

which completes the proof. |

Remark 4.1.4 For visualization, block diagram of the indirect approach introduced and analyzed in this
subsection is given in Figure 4.4. Specifically, as a consequence of Theorem 4.1.2 and for a given €, the term
&(1),t > 0, can be adjusted in order to control the closed-loop system performance as desired on different
time intervals. Here, we note that since the modified reference model differs from the ideal, unmodified
reference model in (4.4) by the magnitude of {(t),t > 0, given by (4.30), one can readily conclude that if
the time rate of change of &(t),t > 0, is small, then the modified reference model approximately behaves as
the ideal, unmodified reference model considering that the magnitudes of £~ (t),t > 0, and ey (t),t > 0, are

not large.
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Remark 4.1.5 We now make the argument given in the last sentence of Remark 4.1.4 rigorous. To this end,
define %(t) = x;_(t) — x:(t),t > 0, which captures the distance between the modified reference model state

vector and the ideal, unmodified reference model state vector. Now, using (4.4) and (4.24), one can write
i) = A& +EW)E (em(t), 0)=0, 1>0. (4.38)

Using the fact that for an asymptotically stable matrix A; € R™", ||| < ke P!t > 0, where k > 0 and

0 < B < —a(A;), where a(A;) = max {Re(A) : A € spec(A,) } [109], it follows that
XDl < %Ié(t)\ &7 )] lem@)]2, >0 (4.39)

Since E(t),t >0, and é (1), t >0, are considered to be smooth and bounded user-defined functions, one can

write §(t) > &, >0, and & (1) < g,t > 0; hence, it follows from (4.37) and (4.39) that

Ol < —pof

"~ BEV Aanin(P)

, t>0. (4.40)

As expected, (4.40) now rigorously shows that if the time rate of change of &(t) is small, then the modified
reference model approximately behaves as the ideal, unmodified reference model. Finally, one can also
compute the worst-case deviation of the uncertain system trajectory from the ideal, unmodified system

trajectory as

(@) =x@ll2 = llem(t) +2(1)ll2 < em(@)ll2 + [2(1)]]2
_ & k&
T EV/nin(P)  BE*\ Ain (P)
g K&
< g knin(P) [H/B&}’ t>0. (4.41)

4.1.4 Illustrative Numerical Example

We now present a numerical example to illustrate the direct and indirected generalized set-theoretic
model reference adaptive control approaches presented in Theorems 4.1.1 and 4.1.2. For this purpose,

consider the uncertain dynamical system representing a controlled wing rock dynamics model [32]
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ap(t) = xp(t) + (Au(t) + 5p(t,xp(t))>, x(0)=0 >0, (4.42)

where x,(1) = [xp1() xp2 (t)]T with xp (f) representing the roll angle (in rad) and xp(¢) representing the

roll rate (in rad/sec). In (4.42), 8, (t,x,(t)) represents an uncertainty of the form

3p(t,xp (l‘)) =0 sin(t) + 0 xp1 + O3xp2 + 064|xp1 |xp2 + 05 |xp2|xp2 + Oc6x]331 , (4.43)

with oy = 0.25, ap = 0.5, o3 = 1.0, ¢y = —1.0, as = 1.0, and o = 1.0, and A = 0.75 represents an
uncertain control effectiveness matrix. For command following, we let E, = [1, O] in (D.2) and choose a

linear nominal controller gain matrix K = [5.49,3.78,2.89] in (D.8), which yields to the reference model

given by
0 1 0 0
%%t = |=55 —38 —29|x@)+ |0 |clt) x(0)=0 t>0. (4.44)
1 0 0 —1

In addition, we choose the basis function as
3 .17
o (x) = [1, xp1, Xp2, Pp1 [xp2, Pepalxpa, x50, x'] (4.45)

For the proposed set-theoretic model reference adaptive control architecture in Theorem 4.1.1,
we use the generalized restricted potential function given in (4.6). We choose the smooth time-varying
performance bound &(z),7 > 0. Finally, we set the projection norm bounds imposed on each element of the
weight estimate and adaptive parameter estimate to Wiax = 15 and §imax = 10 respectively, and use R = I
to calculate P from (D.9) for the resulting A, matrix. Figures regarding the closed-loop dynamical system
performance are not presented since the system response with the nominal controller is unstable. In Figure
4.5, we apply the proposed set-theoretic adaptive controller with 7, = 1 and y» = 1, where Figure 4.6 clearly
illustrates its efficacy as well as the results of Theorem 4.1.1.

For the proposed set-theoretic model reference adaptive control architecture in Theorem 4.1.2,

we use the generalized restricted potential function given by (4.26) with & = 1 and we set the scalar

65

www.manaraa.com



transformation parameter in (4.25) to €~ !(¢) (to have the same time-varying performance bound we have as
above in this example for Theorem 4.1.1). Furthermore, we set the projection norm bound imposed on each

element of the parameter estimate to Winax = 15 and use R = I to calculate P from (D.9) for the resulting

zp1 (1)

Tr1 (t),

(1), pa(t)

0 10 20 30 40 50 60 70 80 90 100
t (sec)

Figure 4.5: Command following performance with the generalized direct set-theoretic model reference
adaptive control approach in Theorem 4.1.1.
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Figure 4.6: Norm of the system error trajectories with the generalized direct set-theoretic model reference
adaptive control approach and the evolution of the effective learning rate ¥ ¢4(-) in Theorem 4.1.1.
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Figure 4.7: Command following performance with the generalized indirect set-theoretic model reference
adaptive control approach in Theorem 4.1.2.
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Figure 4.8: Norm of the system error trajectories with the generalized indirect set-theoretic model reference
adaptive control approach and the evolution of the effective learning rate ¥, & (z)@q(-) in Theorem 4.1.2.

A; matrix. Figure 4.7 shows the closed-loop dynamical system performance with the proposed controller in

Theorem 4.1.2 with y; = 1, where Figure 4.8 clearly illustrates its efficacy and the results in Theorem 4.1.2.
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4.1.5 Conclusion

In this paper, we generalized the set-theoretic model reference adaptive control framework in order
to enforce user-defined time-varying performance bounds on the norm of the system error (i.e., the difference
between the state of an uncertain dynamical system and the state of a given reference model). This general-
ization gives the designer a flexibility to control the closed-loop system performance as desired on different
time intervals (e.g., transient time interval and steady-state time interval). Specifically, we presented two
approaches, namely the direct approach (see Section 4.1.3.1) and the indirect approach (see Section 4.1.3.2),
where the stability and performance properties of both architectures were rigorously established. It was
noted that the direct approach has the capability to strictly enforce a user-defined time-varying performance
bound (see Theorem 4.1.1 and Remark 4.1.3), whereas the indirect approach approximately enforces this
performance bound with the approximation accuracy depending on the time rate of change of this bound
(see Theorem 4.1.2, Remark 4.1.4, and Remark 4.1.5).

It was further observed from the presented illustrative numerical example (see Section 4.1.4) that
both approaches work effectively as expected for the considered adaptive command following problem in the
presence of exogenous disturbances and system uncertainties. While the direct approach enforces strict user-
defined time-varying performance bounds as compared with the indirect approach enforcing approximate
performance bounds, Figures 4.6 and 4.8 showed that the indirect approach results in significantly smaller
effective learning rates as compared with the direct approach, where this can be important for certain
control systems implementations. Motivated from this standpoint, future research will include high-fidelity
simulation studies and experimentations on unmanned aerial vehicles to further understand this interplay
between strict versus approximate time-varying performance bound enforcement and their resulting effective
learning rates. Future research will also include output-feedback extensions of the proposed approaches for

set-theoretic model reference adaptive control in the absence of measurable state vectors.

4.2 A Command Governor Approach to Set-Theoretic Model Reference Adaptive Control for En-
forcing Partially Adjustable Performance Guarantees’

In feedback control, the presence of system uncertainties cause the system state trajectories to

deviate from their ideal responses. In practice, a subset of these trajectories can be more critical than

the rest due to physical and/or performance characteristics associated with a problem of interest. As a

2This section has been submitted to the International Journal of Robust and Nonlinear Control for possible publication.

68

www.manaraa.com



consequence, it is desired not only to have performance guarantees on the entire system state trajectories
but also to be able to adjust the resulting worst-case performance bound specifically for that critical subset.
Yet, in the model reference adaptive control of uncertain dynamical systems, assigning performance bounds
on a subset of system trajectories is not a trivial problem. In this paper, we address this gap by proposing
a new control architecture that has the capability to enforce an a-priori given, user-defined performance
bound on the selected subset of dynamical system trajectories, entitled as partially adjustable performance
guarantees. The proposed control architecture is predicated on a set-theoretic treatment and utilizes a two-
level constructive design framework. In particular, we first form an auxiliary state dynamics in order to
construct the auxiliary system error vector between uncertain dynamical system states and this auxiliary
dynamics states. This construction aids a control designer to weigh each element of the auxiliary system
error vector independently, while enforcing performance bounds on the norm of this error vector. Then,
a command governor mechanism is designed for driving a feasible user-selected subset of system states
to a close (and user-controllable) neighborhood of the corresponding reference model states. This results
in adjustable performance guarantees on a subset of system error trajectories. Two illustrative numerical

examples are also provided to demonstrate the efficacy of the proposed architecture.

4.2.1 Introduction

4.2.1.1 Literature Review and Contribution

Model reference adaptive control methods are effective system-theoretical tools, which can cope
with the adverse effects in the dynamics of physical systems resulting from exogenous disturbances and
system uncertainties. Yet, their resulting worst-case bounds on the system error vector between the states of
an uncertain dynamical system and the states of a given ideal reference model may not be practically useful
for evaluating their transient and steady-state performance. This is due to (excessive) conservatism of these
bounds as well as their dependence on system uncertainties. To overcome this limitation, [1, 2, 18-20, 22]
present notable contributions to enforce performance guarantees on the system error vector.

Specifically, the authors of [18] present an error transformation approach to transform an uncertain
dynamical system subject to performance constraints into an equivalent form without constraints. Yet,
it is assumed that the control signals can access to every element of the state vector. This limitation is
addressed in [19], but under the assumption that a desired trajectory and its derivatives are available. The

same approach is used in [20] for enforcing constraints on measurable output signals using a switching
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controller. Furthermore, restricted potential functions (barrier Lyapunov functions) are employed in [22]
to address performance guarantees on the components of system error vector for the systems in Brunovsky
normal form, where the system is assumed to be accurate with no uncertainties or external disturbances. We
also refer to the introduction section of [1] for other approaches similar in spirit to [18-20, 22].

Unlike the control schemes in [18-20, 22], the authors of [1, 2] considered uncertain dynamical
systems subject to performance constraints in the context of model reference adaptive control. In particular,
the proposed approach in [1, 2], which is entitled as the set-theoretic model reference adaptive control
architecture, has the capability to enforce user-defined strict performance guarantees on the entire norm of
the system error vector. Yet, from a practical standpoint, a subset of system state trajectories can be more
critical than the rest. As a consequence, it is often desired not only to have strict guarantees on the norm
of the entire system error vector but also to be able to adjust the resulting worst-case performance bound
specifically for that critical subset. This practical limitation becomes more prominent when the number of
system states gets large. Therefore, although the set-theoretic model reference adaptive control architecture
allows one to enforce performance guarantees, it can suffer from the fact that the performance guarantees
cannot be applied in a readily adjustable way on a subset of system state trajectories (see Section 4.2.1.2 for
a motivational example).

In this paper, we address the aforementioned gap by developing a new model reference adaptive
control architecture that has the capability to enforce an a-priori given, user-defined performance bound on
the selected subset of dynamical system trajectories, entitled as partially adjustable performance guaran-
tees. The proposed control architecture is predicated on a set-theoretic treatment and utilizes a two-level
constructive design framework. In particular:

e First, we form an auxiliary state dynamics in order to construct the auxiliary system error vector
between uncertain dynamical system states and this auxiliary dynamics states. This construction aids
a control designer to weigh each element of the auxiliary system error vector independently, while
enforcing performance bounds on the norm of this error vector.

e Then, a command governor mechanism is designed for driving a feasible user-selected subset of
system states to a close (and user-controllable) neighborhood of the corresponding reference model
states.

Two illustrative numerical examples are also provided to demonstrate the efficacy of the proposed architec-

ture.
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We also note that the authors made two earlier attempts in conference papers [110, 111] on achieving
partially adjustable strict performance guarantees with the set-theoretic model reference adaptive control
architecture, where a convex optimization method is used in [110] (that is not only different than the two-
level constructive design framework proposed in this paper but also this optimization procedure involves
linear matrix inequalities that may yield to infeasible or near optimal numerical solutions system error
vector dimension increases) and the technique adopted in [111] utilizes a restrictive (structural) condition
(see Assumption 2 of [111]). Finally, a preliminary conference version of this paper appeared in [112]. The
present paper significantly goes beyond this conference version by not only providing detailed proofs for
the considered architecture in [112] but also focusing on all the theoretical developments necessary for the

generalization of the results with detailed examples, added figures, and motivation.

4.2.1.2 A Motivational Example

To elucidate the motivation behind the proposed approach of this paper, consider an uncertain short-
period dynamics given in Example 10.1 of [30]. In this control problem, through applying an adaptive
control signal to the elevator deflection &(¢), a control designer is interested in driving the short-period
states, the angle of attack ¢ (7) and the pitch rate ¢(¢), to a desired reference model trajectory with o, () and
g:(7) being its states. For this problem setup, the standard set-theoretic model reference adaptive control

architecture in [1] can be used to enforce the strict performance bound on the system error vector given by

a(t)—ox(t) q(t)—q:t)| P ) <e®, >0, (4.46)
q(t) — q:(1)

where € is a user-defined performance bound and P is a positive definite solution for the Lyapunov equation
0 = ATP + PA; +R for a given positive definite R with A, being a Hurwitz system matrix of the desired
reference model. Note that the structure of matrix P in (4.46) determines how the user-defined bound &
is distributed among the system error vector components — the angle of attack error and the pitch rate
error signals. To further explain this point, consider a scenario where it is essential to track the angle of
attack reference signal precisely, but deviation in the pitch rate can be tolerated. In this case, the standard
set-theoretic model reference adaptive control architecture does not provide a constructive flexibility for a

control designer to prioritize the angle of attack over the pitch rate.
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This limitation clearly becomes more prominent as the number of system states gets large. To
address this problem, we here present a constructive methodology to develop a new set-theoretic model
reference adaptive control architecture to drive a feasible user-selected subset of system states to a close
(and user-controllable) neighborhood of the corresponding reference model states, resulting in adjustable

performance guarantees on a subset of system error trajectories.

4.2.1.3 Notation

A standard notation is used throughout this paper. In particular, R,R" and R™™ respectively
denote the set of (real) numbers, the set of n x 1 real column vectors, and the set of n x m real matrices;
R (respectively, R, ) and D"*" respectively denote the set of positive (respectively, nonnegative-definite)
numbers and the set of n X n matrices with diagonal scalar entries; 0,, denotes the n X n zero matrix;
and “2” denotes equality by definition. Furthermore, (-)T stands for the transpose, (-)~! stands for the

inverse, tr(-) stands for the trace, || - ||> stands for the Euclidean norm, || - ||p stands for the Frobenius

-||m stands for the weighted Euclidean norm (i.e.,

norm, x|[4 = VxTAx for x € R” and A € R"*"), and

lAll2 £ \/Amax (ATA) stands for the induced 2-norm of matrix A € R, Finally, two key definitions,
namely the definition of the projection operator and the definition of the generalized restricted potential

function, is included in Appendix F for completeness.

4.2.2 Problem Formulation

In this section, we first present the adaptive command following problem formulation considered
in this paper and then provide a concise overview of the set-theoretic model reference adaptive control

architecture based on the results documented in [1].

4.2.2.1 Adaptive Command Following

Consider the class of uncertain dynamical systems given by
x(1t) = Ax(t)+BA(u(r)+6(t,x(r)), x(0)=xp, >0. (4.47)

In (4.47), x(t) € R", t > 0, denotes the measurable state vector, u(t) € R™, r > 0, denotes the control input,

A € R™" denotes a known system matrix, B € R"” denotes a known input matrix, A € R 0 D™
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denotes an unknown control effectiveness matrix, and & : R x R” — R” denotes a time-varying system
uncertainty due to exogenous disturbances and unknown model parameters. As standard, we consider
here that the pair (A, B) is controllable. To capture a desired closed-loop dynamical system behavior, now

consider the ideal reference model given by

Xri(t) = Arxri(t) +Brcd(t), xri(O) = X0, !> 0. (4.48)

In (4.48), xi(t) € R", t > 0, denotes the ideal reference state vector, cq(t) € R, t > 0, denotes a desired
uniformly continuous bounded command, A; € R"*" denotes the Hurwitz reference model matrix, and B, €
R™*" denotes the command input matrix. A standard assumption on system uncertainty parameterization is

next introduced (see, for example, [28-30]).

Assumption 4.2.1 Consider the parametrization for the system uncertainty 8 : Ry x R" — R™ given by

8(t,x(1)) = Wg(t)oo(x(r)). (4.49)

In (4.49), Wy(t) € R*™ t > 0, denotes a bounded unknown weight matrix (i.e.,

Wo(l)”p < wyg, t > 0) with

Wo(t) || <o, t > 0) and op : R" — RS denotes a known basis function

a bounded time rate of change (i.e.,
with the elements op;(x(t)), i=1,...,s.

Using Assumption 4.2.1, (4.47) can be rewritten as
x(t) = Ax(t)+BA(u(t)+ Wy (t)oo(x(t))), x(0)=xp, t>0. (4.50)
For (4.50), we now consider the feedback control algorithm given by
ut) = un(t) +ua(t), t>0. (4.51)

In (4.51), up(t) € R™, 1t >0, and u, (1) € R™, ¢t > 0, respectively stand for the nominal and adaptive control
laws. Moreover, we consider without loss of much generality that, the nominal control law satisfies the form

given by
un(t) = —Kix(t) + Kac(t), t>0. (4.52)
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In (4.52), K} € R™" and K, € R™*" need to be respectively selected to ensure A, = A — BK| and B; = BK5.
Furthermore, ¢(7) € R™ denotes the actual applied command signal (see Section 4.2.3.1). We let the desired
command signal equivalent to the actual one (i.e., c(t) = cq(¢), t > 0) only for the results of this section.

Based on the above definitions, (4.50) can be rewritten as
x(t) = Ax(t) + Bee(t) + BA (ua(t) + W ()0 (x(2),¢(t))), x(0)=xo, t>0. (4.53)

In (4.53), W(r) £ [Wg (1), (A" —Inwm)K1, —(A7! —Imxm)Kz}T € Ri+ntne)xm >, denotes an unknown
weight matrix and o (x(r),c(t)) £ [of (x(2)), x"(2), cT(t)}T € R¥™ 7 ¢t > 0. From Assumption 4.2.1,
|W(t)||[g < w,t >0, and |W(r)||p <w,r > 0, directly follows. From the structure of the term “BA (ua(r) +

WT(t)o (x(2),c(t)))” in (4.53), the adaptive control law is chosen as
uy(t) = —WT(t)o (x(t),c(t)), t>0, (4.54)

with W (¢) € R6++7)xm > () being an estimate of W (z), t > 0. In what follows, we present a concise

overview of the main results in [1] for completeness.

4.2.2.2 Standard Set-Theoretic Model Reference Adaptive Control Overview

Following the architecture presented in [1], consider the update law for (4.54) in the form
W (1) = yProim (W (1), 9a(lles(1) 1) (x(1), (1)) €T (1)), W(0) =Wo, 120, (4.55)

with the projection norm bound Wy« In addition, y € R, stands for the learning rate (i.e., adaptation gain),

P € R"*" stands for the solution to the Lyapunov equation
0 = A'P+PA +R, (4.56)

with R € R"", and ¢;(t) = x(t) — xi(t), t > 0, stands for the system error. The system error dynamics and

the weight estimation error dynamics can now be respectively written as

éi(t) = Aei(t) —BAW'(t)o (x(t),c(t)), e(0)=ep, t>0, 4.57)
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W(O0)=W,, t>0. (4.58)

W) = yProjm (W), 0ulle(t) 1p)o (x(2), )l (1)PB) — W (1),
V(t) 2 W(t) —W(t), t >0, denotes the weight estimation error.
Remark 4.2.1 The update law given by (4.55) for the standard set-theoretic model reference adaptive

control architecture can be derived by considering the following energy function V(e;,W) = ¢(||eillp) +

Y e [(WAY2)T(WAY2)] where De 2 {ei(t) : ||ei(t)||p < €} and P € RY" is the unique solution of the

in(R)
;{«max(P)
applying Lemma 1 of [23, 25], one can now conclude the boundedness of the closed-loop dynamical system

Lyapunov equation in (4.56). Note that V(0,0) =0, V(e;, W) > 0 for (e;,W) # (0,0), and V (e;(t),W (1)) <
,d 22y WAl p £ oy WAl +d, and W = Wnax +w. By

—2aV(e;,W)+ 1, where a0 &
given by (4.57) and (4.58) and the strict performance bound on the system error given by
4.59)

leit)]lp <&, 20,

under the condition ||e;(0)||p < €.
Remark 4.2.2 The set-theoretic model reference adaptive control architecture concisely overviewed in this

section provides a strict performance bound given by (4.59) on the norm of the entire system error vector. In

particular, eiT(t)Pei (t) < €% equivalently results from this performance bound. If the matrix P is a diagonal
matrix with user-defined p; € Ry, i = 1,...,n, coefficients on its diagonals, then one can further write this
performance bound as Y, p je?j (t) = pred(t) + -+ + pned,(t) < €2; hence, these p; coefficients can be
used as weights in order to adjust the performance bound as desired for enforcing strict guarantees on a
subset of this system error vector, which can capture partial system errors that a control designer specifically

cares. However, unfortunately, since P is obtained from (4.56), it is generally not a diagonal matrix with

user-defined coefficients. This implies that, the standard set-theoretic model reference adaptive control

architecture overviewed above does not readily allow for partially adjustable performance guarantees. The

contribution of this paper is to address this problem (see Section 4.2.3).
Following the discussion given in the above remark, let C be a matrix that defines a subset of the

(4.60)

system states. To this end, define
(4.61)

[1>
Q
—
N

eri(l‘),
Www.manaraa.com



In particular, the next section addresses the problem of driving a feasible user-selected system subset states
given by (4.60) to a close (and user-controllable) neighborhood of their equivalent reference model subset

states given by (4.61) for achieving adjustable strict performance guarantees on partial system errors.

4.2.3 Partially Adjustable Strict Performance Guarantees

The proposed new set-theoretic model reference adaptive control architecture of this paper involves
a two-level constructive design framework, as discussed. To this end, Section 4.2.3.1 introduces an auxiliary
state dynamics and develop the auxiliary system error vector between the states of an uncertain dynamical
system and the states of this auxiliary dynamics, where this allows a control designer to weigh each auxiliary
system error vector elements independently, while enforcing strict performance guarantees on the norm of
this auxiliary system error vector. In Section 4.2.3.2, we then utilize a command governor mechanism in
order to drive a feasible user-selected system subset states to a close (and user-controllable) neighborhood

of their equivalent reference model subset states.

4.2.3.1 Auxiliary State Dynamics

In this subsection, based on the structure of a modified reference system, we introduce an auxiliary

state dynamics. To this end, consider the modified reference dynamics given by

() = Amx(t)+Bic(t), x(0)=x90, t>0. (4.62)

In (4.62), x:(t) € R", t > 0, denotes the modified reference state vector and c(¢) € R, > 0, denotes the
actual applied command signal given by

c(t) £ cq(t) +co(t), t>0, (4.63)
where cg(t) € R, ¢ > 0, is a performance modification term for the ideal command cq4(t),# > 0 (see Section

4.2.3.2).

Now, let the auxiliary state dynamics be given by?

Xa(t) = Awx(t) +Bre(t) + L(x(t) —xa(t)), xa(0) =xa0, >0, (4.64)

ZVersions of the auxiliary state dynamics given by (4.64) and (4.65) are previously utilized by the authors of [32, 113-116]
for reducing high-frequency oscillations that may occur in adaptive control systems. In this paper, however, the auxiliary state
dynamics given by (4.64) and (4.65) is needed for an entirely different purpose to address the problem stated in Section 4.2.2;
hence, our results are not related to those of [32, 113-116].
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ya(t) = Cxa(r), t>0. (4.65)

In (4.64) and (4.65), x,(t) € R",;r > 0, denotes the auxiliary state vector, y,(¢) € R™ ¢ > 0, denotes the
auxiliary output signal, and L = diag|l,...,l,] € D"*" denotes a design matrix (see Remark 4.2.3). In

addition, we consider the update law for (4.54) as

W (1) = yProjm (W(r), oua(lle(0)] )o(xa),c(t))eT(z)L*lB), W(0) =W, t>0. (4.66)
In (4.66), e(t) = x(t) — x4(t),t > 0, denotes the auxiliary system error vector, ¢;(||le(t)||;-1) € R denotes an
error dependent learning gain, y € R, denotes a design scalar, and Winax and — Wiy, respectively denotes the
maximum and minimum element-wise projection bounds. Now, the auxiliary and weight estimation error

dynamics can be written as

é(t) = —Le(t)—BAW'(t)o (x(t),c(t)), e(0)=ey, >0, 4.67)
ey(t) = Ce(t), t>0, (4.68)
W() = ¥Projm (W(t), oa(lle(t) 1 )o(x(t),c(t))eT(t)L*IB) W), WO0)=Wy, >0, (4.69)

where W (1) 2 W(r) — W(r) € Retmtme)xm > s the weight estimation error. The following theorem

presents the first and intermediate result of this paper.

Theorem 4.2.1 Consider the uncertain dynamical system given by (4.47) subject to Assumption 4.2.1, the
auxiliary state dynamics given by (4.64) and (4.65), and the feedback control law given by (4.51) along with
the nominal control law (4.52), the adaptive control law (4.54), and the update law (4.66). If |leo||,1 < €,
then the closed-loop dynamical system given by (4.67), (4.68) and (4.69) are bounded, where the bound on

the system error strictly satisfies a-priori given, user-defined worst-case performance

le(t)]|,+ <&, t>0. (4.70)

Proof. The boundedness of the closed-loop dynamical system in (4.67), (4.68) and (4.69) and
the given strict performance bound in (4.70) follow by applying Theorem 3.1 of [1] with considering the
Lyapunov function
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V(e,2W) = ¢(|lellp) +7 "e[(WA)T(WA/2)]. 4.71)

Since —L is Hurwitz and symmetric, note that the positive-definite matrix P in (4.71) satisfies the Lyapunov

equation given by

0 = —L"P—PL+R
= —LP—PL+R, (4.72)
with R = 2/. This implies that P = L~ € R" in (4.72). u

Remark 4.2.3 As a direct consequence of Theorem 4.2.1, each auxiliary system error vector element can
now be independently weighted while enforcing strict performance guarantees on the norm of this error
vector. To this end, one needs to choose the elements of L as L = diag|ly,...,l,) e D" withl;, i=1,...,n,
being design scalars. To elucidate this point, note that (4.70) can be written as }.;_, lj_lei(t) =1y le% (1) +
s ln_le,%(t) < €2t >0, where l1,...,l, coefficients can be utilized as weights in order to adjust the
performance bound as desired on the auxiliary system error vector e(t),t > 0. Note that this adjustable
performance guarantee is an intermediate step toward our overarching aim of driving a feasible user-

selected subset of system states (4.60) to a close (and user-controllable) neighborhood of the equivalent

subset of ideal reference model system states (4.61), which is addressed in the following subsection.

4.2.3.2 Command Governor Design

To drive a feasible user-selected system subset states to a close (and user-controllable) neighborhood
of their equivalent ideal reference model subset states, we design a command governor mechanism in this
subsection. Mathematically speaking, let e;(t) = x,(¢) —x;i(¢),# > 0, be the error signal between the auxiliary

state vector and the ideal reference state vector. Its resulting dynamics then satisfies

éc(t) = Arec(t)+ (Ar+L)e(t) +Becg(t), er(0) =xa0 —Xrio, >0, (4.73)

en(t) = Cerlt), 120, (4.74)
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Similar to the procedure in, for example [117], in what follows we employ a backstepping approach
to construct the command governor signal ¢4(t),# > 0, to drive the norm of the output error signal e, (), >
0, arbitrarily small as desired, and, as a result, a feasible user-selected subset of system states given in (4.60)
enters a close (and user-controllable) neighborhood of the equivalent subset of ideal reference model system

states given in (4.61). For this purpose, we consider (4.73) and (4.74) in the control canonical form with

[0 1 o0 0 |
0 0 1 0
A = : : e , kieR, (4.75)
0 0 0 1
|k ke ks ko |
B = | "M B=| i i | eReern peR (4.76)
B
B bnl bnm
C=110..0]| @77

Now, let e¢(t) € R", r > 0, be a low-pass filter estimate of e(t),# > 0, given by

éf(l‘) =TI% [e(t) — Ef(l‘)] , ef(()) =eq, t>0, 4.78)

where I'r € D" "R’ is a filter gain matrix. Since e¢(r), r > 0, is a low-pass filter estimate of e(t),7 > 0,

the matrix I'r is chosen as Amax (I't) < % max With % max > 0 being a design parameter.

Remark 4.2.4 From Theorem 4.2.1, e(t),t > 0, is a bounded signal and since the filter gain matrix Ty is
positive-definite, it follows from (4.78) that eg(t),t > 0 and é¢(t),t > 0 are bounded.
In order to obtain a recursive procedure using a backstepping control design, as standard, we first

start with the second-order system given by

én (t) = erZ(t) +lie; (t) +32(t)’ €r] (0) =erp, 12> 07 (479)

érz(l‘) = —klerl(l‘) — kzerz(l‘) —kie; (l) + (lz — kz)eZ(l) +b1€g(l‘), erz(O) =ep,, I >0, (4.80)

en(t) = ey(t), t>0. (4.81)
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Specifically, let & (1) £ Toer1 (t) +en(t) +Lei(t) +ex(t), t >0, and define the command governor signal

as

Cg(l‘) £ —bl_l[(F1+F0—k2)81(t)—(1—%—kzFo—Fkl)er](Z)—l—(Fo—kz)[ll(el(l‘)—elf(l‘))+62(t)

—ex(t)] +kalrer (1) + é1e(r)) + bea(r) +e'2f(z)] . 1>0. (4.82)

In (4.82),Tp € R} and I'; € R are design parameters. Based on the new state variable & (), > 0, and the

command governor signal (4.82), (4.79), (4.80), and (4.81) can be rewritten as

én(t) = —Toen(t)+e(t)+1(er(t) —ei(t)) +ext) —ex(t), en(0)=emo, >0, (4.83)
& (t) = —-Iig (t), €] (0) =€, t>0, (4.84)
er(t) = en(t), t>0, (4.85)

or, equivalently, in the compact form

Et) = AL +Bigi(t), ¢0)=&, >0, (4.86)
en(t) = CiL(r), t>0, (4.87)
with
I 1 1
Al == ) Bl - 3 Cl == |:1 0:| 5 (488)
0 —I' 0

where (1) = [en (t), € (2)]",1 > 0, is the aggregated system state and g (1) = Iy (e1 (1) — e(t)) +e2(r) —
ex(t), t > 0, is a bounded signal from Remark 4.2.4.

From [79, 118], consider now the equi-induced signal

llerylloo 2
NG (co2), (e02) = SUP L 4.89
(=2 =2 =PI L1 @5
that denotes the £;-system norm of (4.86) and (4.87). An upper bound to (4.89) is given by
L 1p T
NG (002),(00,2) < ﬁo-max(cl 04Cy), (4.90)
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where o > 0 ensures that A| + 91 is Hurwitz and Qg € R?*2 is the (unique) nonnegative definite Lyapunov

equation solution to
0 = A1Qq+QaA] +0Qq +BiBY. 4.91)

Remark 4.2.5 By minimizing the upper bound on the L-system norm given by (4.90), it follows from (4.89)

that one can suppress the effect of i (t), t > 0, which has the worst-case upper bound satisfying

G1(1)| < BB + 21, t>0, (4.92)
on the output error signal ey (t), t > 0. Specifically, to show how the design parameters I'g and I'y suppress
the effect of this bounded perturbation term on the output error signal ey (t), t > 0, for the illustration
purposes in this remark only we consider G, (t), t > 0, as a step input having unity amplitude. As it is shown
in Figure 4.9, one can observe that by increasing T £ Ty = I'y from 1 to 10, the output error signal ery(t),
t >0, decreases. In addition, in order to make the upper bound of the L-system norm of (4.86) and (4.87)
arbitrarily small, one can increase the design parameter I' as required. Note that the selection of the unit
step input for Gy (t), t > 0, in this remark is without loss of generality and in general it can be in the form of

any bounded time-varying function.

Proposition 4.2.1 Consider the uncertain dynamical system given by (4.47) with n = 2, subject to Assump-

tion 4.2.1, the auxiliary state dynamics given by (4.64) and (4.65), and the feedback control law given by

09r

08r

0.7

0.6

ery(t)

05

NGl (o0 21,002

047

03r

0.2

0 2 4 6 8 10 0 2 4 6 8 10
t (sec) r

Figure 4.9: System response of (4.86) and (4.87) to step input of g;(¢),z > 0 (left), and the upper bound on
the £;-system norm given in (4.90) (right).
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(4.51) along with the nominal control law (4.52), the adaptive control law (4.54), and the update law (4.66).
In addition, consider the error dynamics between the auxiliary state vector and the ideal reference state
vector given in (4.79), (4.80) and (4.81), and let the command governor signal be given by (4.82). Then,
all of the closed-loop dynamical system signals remain bounded, and the system output signal y(t),t > 0,
converges to a close (and user-controllable) neighborhood of the ideal reference system output signal
yii(t),t > 0.

Proof. The auxiliary system error signal e(¢), > 0, is bounded from Theorem 4.2.1. Now, based
on the upper triangular structure of A; matrix in (4.86), the boundedness of e;1(¢),z > 0, and & (¢),7 > 0, is
immediate [109]. Hence, from the definition of the signal & (¢),# > 0, one can conclude the boundedness
of ex(t),t > 0, where from the definition of the signal e;(¢), ¢t > 0, the auxiliary state x,(¢),z > 0, is also
bounded. Now, from the definition of the auxiliary system error signal e(¢),7 > 0, the system state x(¢),¢ > 0,
is also bounded. Therefore, all of the closed-loop dynamical system signals are bounded.

For the second part of the proof, we analyze the deviation of the system output trajectory in (4.60)

from the output signal of the ideal reference system in (4.61) given by

@) =yi(0)] = [(() =ya(0)) + (alt) = yi(0)) | = |ey(t) +ery (1)
>0 (4.93)

IA

ey (1)] + |ex (¢)

Note that, based on Remark 4.2.3 one can write I; 'e?(t) < I, 'e3(¢) + 1, 'e3(t) < €2,¢ > 0, or equivalently,

e}(t) < l1€%,t > 0, which can be expressed as
ley(r)| < Vlie, t>0. (4.94)

Furthermore, it follows from Remark 4.2.5 that the effect of G, (¢),# > 0, (with its upper bound in (4.92))

on ‘ery(t) ,t > 0 can be made as small as desired by choosing the design parameters I'; and I'g. It is
now clear from (4.93) that the system output signal y(¢),7 > 0, converges to a close (and user-controllable)
neighborhood of the ideal reference system output signal yyi(7), > 0, by judicious selection of the user-
defined and design parameters €, I'g,I'; and /; which completes the proof. |

Owing to the nature of the backstepping approach, the above analysis can be carried out to design the

command governor signal c4(t),z > 0, for the high-order dynamical systems to guarantee the boundedness

of the auxiliary state signal x,(¢),7 > 0 and to make the output of the auxiliary dynamics arbitrarily close to
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the output of the reference system by tuning the design parameters. To elucidate this point, we now consider

a third-order system given by

éri(t) = en(t)+hei(t)+ext), e1(0)=ero, t>0, (4.95)
én(t) = en(t)+het)+es(t), en(0)=emnp, t>0, (4.96)
én(t) = —kien(t) —koen(t) —kses(t) —kiei(t) —kaea(t) + (I3 — k3)es(t) + bicg(t),  er3(0) = ero,
t>0, (4.97)
en(t) = en(t), t>0. (4.98)

In particular, let

€1 (I)

&(r) s (T +To)ei(r) — F%erl (1) +ens(t) —Toliers(t) —Toeas(t) +e3¢(t), t>0, (4.100)

Ioert (t) + e ([) + l1€1f(t) + ezf(l‘)7 t >0, 4.99)

and define the command governor signal as

L

cg(r)
_b;l [(FZ +I'1+1Yy —k3)82(t) — ((Fl +F0)(F1 —k3) +k2 —i—l—%)Sl (t) =+ (r% — k3l—% +k21"0 — kl)erl (t)
+4LToI ((31 (t) — elf(t)) + (F()(F] + lz) +I'1 — kz) (ez(t) — ezf(t)) + (Fo +I'— k3) (63 (t) — e3f(t))

+holiei(t) + kslaeas(t) —kier (t) + les(t) + kaliére(t) + (ks + 1) éas(1) +é3f(t)], t>0. (4.101)

In (4.101),Tp € R, ,T'} € Ry and I'; € R are design parameters. Based on the new state variables € (¢),

&(t),t > 0, and the command governor signal (4.101), (4.95), (4.96), (4.97), and (4.98) can be rewritten as

én(t) = —Toen(t)+e(t)+1(e(t) —e(t)) +ext) —ex(t), en(0)=emo, >0,  (4.102)
&) = ~Tie(t)+e(r)+Tok(ei(r) —enr(r)) + (Do+h) (ea(r) — exx(t)) +e3(r) — exx(t)
Fhéi(t) +ex(t), €(0) =g, >0, 4.103)
&) = -Ia(), &(0)=g&y, t>0, (4.104)
er(t) = en(t), t>0, (4.105)
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or, equivalently, in the compact form

{(t) = AX()+Baia(t), $(0)=&, t>0, (4.106)
en(t) = GL(t), t>0, (4.107)
with
Ty 1 0 I 1 00
Ar=| 0 -I't 1|, Bo= |y To+hL 1 1], Cz:[l 0 0}, (4.108)
0o 0 - 0 0 00

where { (1) = [en1 (1), €1(t), &()]",r > 01is the aggregated system state and (1) = [e (1) —e(t), ea(r) —
ex(t), e3(t) —esp(r), LTieler(r) —ei(t)] + Toglea(t) — €2f(t)]]T,t > 0, is a bounded signal from Remark

4.2.4. Similar to (4.89), from [79, 118], consider the equi-induced signal

llew lls2
NG (w02) (0.2) = SUPGre oy 4.109)
(=2 (=2 = H PRl ) (

that denotes the £-system norm of (4.106) and (4.107). An upper bound to (4.109) is given by

1
NG e.2) (0 2) < ﬁoééi(CzQaCJ ), (4.110)

where o > 0 ensures that Ay + §7 is Hurwitz and Qg € R3*3 is the (unique) nonnegative definite Lyapunov

equation solution to
0 = AxQa+ QoA +0aQq+B2B;. (4.111)

Remark 4.2.6 As it is shown in Figure 4.10 and similar to the case in Remark 4.2.5, one can observe that
by increasing T 2Ty =T =T from 1 to 10, the output error signal ery(t), t >0, decreases. In addition,
in order to make the upper bound of the L\-system norm of (4.106) and (4.107) arbitrarily small, one can

increase the design parameter I.

Proposition 4.2.2 Consider the uncertain dynamical system given by (4.47) with n = 3, subject to Assump-

tion 4.2.1, the auxiliary state dynamics given by (4.64) and (4.65), and the feedback control law given
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by (4.51) along with the nominal control law (4.52), the adaptive control law (4.54), and the update law
(4.66). In addition, consider the error dynamics between the auxiliary state vector and the ideal reference
state vector given in (4.95), (4.96), (4.97) and (4.98), and let the command governor signal be given by
(4.101). Then, all of the closed-loop dynamical system signals remain bounded, and the system output
signal y(t),t > 0, converges to a close (and user-controllable) neighborhood of the ideal reference system
output signal yyi(t),t > 0.

Proof. The auxiliary system error signal e(¢),¢ > 0, is bounded from Theorem 4.2.1. Now, based
on the upper triangular structure of A, matrix in (4.106), the boundedness of e (t),r > 0, &(¢),t > 0, and
&(t),t > 0, is immediate [109]. Hence, from the definition of the signals & (¢),z > 0, and &(¢),t > 0, one
can conclude the boundedness of e;;(7),¢ > 0, and ex3(¢),7 > 0, where from the definition of the signal e,(¢),
t > 0, the auxiliary state x,(r),¢ > 0, is also bounded. Now, from the definition of the auxiliary system error
signal e(z),t > 0, the system state x(¢),7 > 0, is also bounded. Therefore, all of the closed-loop dynamical
system signals are bounded.

Similar to the proof of Proposition 4.2.1, for the second part of the proof we analyze the deviation
of the system output trajectory in (4.60) from the output signal of the ideal reference system in (4.61) given

by

@) =yi@)| = |6(0) =ya(®)) + (alt) = yui(0)) | = |ey(t) +exy(0)]

< ey(@)|+|ew(r)], t>0. (4.112)
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Figure 4.10: System response of (4.106) and (4.107) to step input of the first (top left), the second (top
middle), the third (bottom left), and the fourth (bottom middle) components of G,(¢),z > 0, and the upper
bound on the £;-system norm given in (4.110) (right).
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Note that, once again based on Remark 4.2.3 one can write I, 'e3(t) < I 'e3(t) + 1 e3(t) + 17 'ed(t) <

€2t>0,or equivalently, e% (1) <1 1€2,¢t >0, which can be expressed as

ley(1)| < Vlie, t>0. (4.113)

Furthermore, it is clear based on Remark 4.2.6 that }ery(t)},t > 0, can be made as small as desired by
choosing the design parameters I'», I'; and I'y. It now follows from (4.112) that the system output signal
y(t),t > 0, converges to a close (and user-controllable) neighborhood of the ideal reference system output

signal yy;(¢),7 > 0, by judicious selection of the user-defined and design parameters €, ['p,I';,I> and /;. W

Remark 4.2.7 By repeating the recursive procedure in Propositions 4.2.1 and 4.2.2, (n — 1)-times, one can
design the command governor signal c4(t),t > 0, for the general error dynamical systems given in (4.73)
and (4.74) to guarantee the boundedness of the auxiliary state signal x,(t),t > 0 and to tighten the upper

bound on the output error signal in (4.74) by tuning the design parameters I'g,1I'1,...T,_1.

4.2.4 Illustrative Numerical Examples

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

command governor-based adaptive control architecture.

4.2.4.1 Examplel

Consider the uncertain dynamical system given by
x(t) = x(t) + A(u(t) + 5(t,x(t))> , x(0)=0, r>0, (4.114)

where x(¢) = [x(t), x (t)]T is the system state, d(¢,x(7)) represents an uncertainty of the form given in

(4.49) with
Wo(t) = [Scos(0.5t), =15, 1]",  op(x(1)) = [x1(r), x2(1), 1", £>0, (4.115)

and A = 0.75 represents an uncertain control effectiveness matrix. The linear quadratic regulator theory is

used to design the nominal feedback gain matrix as K; = [8.4, 8.5], where we pick K, = 5.4.
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For the standard set-theoretic model reference adaptive controller in Section 4.2.2.2, we use the
generalized restricted potential function given by ¢ (||ei(r)||p) = |lei(t)||3/ (€ — |lei(z)]|p), set € = 1, the
projection norm bound imposed on each element of the parameter estimate to Wy,ax = 15, the learning rate to
Y =20, and we use R = I to calculate P from (4.56) for the resulting A, matrix. Figure 4.11 shows the closed-
loop dynamical system performance with the standard set-theoretic adaptive controller in Section 4.2.2.2,
where Figure 4.12 shows the norm of the system error trajectories and the evolution of the effective learning
rate. One can see from these figures that the standard set-theoretic adaptive controller is not able to enforce a
user-defined performance bound to a subset of the system states, unless € is chosen to be sufficiently small.
Yet, as known, this can result in high effective learning rates [1].

Next, we apply the proposed command governor-based set-theoretic adaptive control architecture,
we use L = diag([1,10]), I'y = I'; = 10 and set the filter gain in (4.78) to I'y = 0.5. It can be seen in
Figure 4.13 that desired performance is obtained and the first component of the state vector converges to a
close (and user-controllable) neighborhood of the reference state. The evolution of the norm of the auxiliary
system error trajectories and the effective learning rate is depicted in Figure 4.14. Finally, Figure 4.15 shows
the role of the command governor signal to modify the command signal for different values of ' =19 =17,
where it is clear from Figure 4.16 that a larger value of I', leads to a better tracking performance of output

signal of the reference system. AN

4.24.2 Example 2

For this second example, we consider a third-order uncertain dynamical system given by

010 o]
x(t) = o o0 1|{x(®)+]o0 A(u(t)+5(t,x(z))>, x(0)=0, t>0, (4.116)
2 3 1 |

where x(t) = [x1(t) x2(r) x3(1)] Tis the system state, 8 (¢,x(t)) represents an uncertainty of the form given in
(4.49) withWp(r) = 10 [sin(0.25¢), —0.25, 0.5, 0.5]",# >0, 6o(x(r)) = [x1(2), x2(¢), x1(t)x2(2), x3(6)]" 1 >
0, and A = 0.75 represents an uncertain control effectiveness matrix. The linear quadratic regulator theory

is used to design the nominal feedback gain matrix as K; = [5.7, 9.9, 6.1], where we pick K, = 3.7.

87

www.manaraa.com



For the standard set-theoretic model reference adaptive controller in Section 4.2.2.2, we use the

generalized restricted potential function given by ¢ (|lei(t)|lp) = [lei(t)[|3/(€ — |lei(t)|lp). set € = 1, the

mril, (t), T (t)

E”'IQ (t) , X2 (t)

1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
t (sec)

Figure 4.11: Command following performance with the standard set-theoretic model reference adaptive
controller in Section 4.2.2.2.
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Figure 4.12: Norm of the system error trajectories and the evolution of the effective learning rate y¢,(-) with
the standard set-theoretic model reference adaptive controller in Section 4.2.2.2.
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Figure 4.13: Command following performance with the proposed command governor-based set-theoretic

model reference adaptive controller in Section 4.2.3.
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Figure 4.14: Norm of the auxiliary system error trajectories and the evolution of the effective learning
rate y¢,(-) with the proposed command governor-based set-theoretic model reference adaptive controller in
Section 4.2.3.
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Figure 4.15: The effect of increasing the design parameter I' = I'y = I'; from 0.05 to 10 (blue to red) on
the modified command signal with the proposed command governor-based set-theoretic model reference

adaptive controller in Section 4.2.3.
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Figure 4.16: The effect of increasing the design parameter I' =I'y = I'; from 0.05 to 10 (blue to red) on
the system performance with the proposed command governor-based set-theoretic model reference adaptive

controller in Section 4.2.3.
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Figure 4.17: Command following performance with the standard set-theoretic model reference adaptive
controller in Section 4.2.2.2.

projection norm bound imposed on each element of the parameter estimate to W = 15, the learning
rate to ¥ = 20, and we use R = [ to calculate P from (4.56) for the resulting A; matrix. Figure 4.17 shows
the closed-loop dynamical system performance with the standard set-theoretic adaptive controller in Section
4.2.2.2 where Figure 4.18 shows the norm of the system error trajectories and the evolution of the effective
learning rate. One can see from these figures that the the standard set-theoretic adaptive controller is not
able to enforce a user-defined performance bound to a subset of the system states.

Next, we apply the proposed command governor-based set-theoretic adaptive control architecture,
we use L = diag([1,10,10]), I'y = I'; = 5 and set the filter gain in (4.78) to I'y = 0.5. It can be seen
in Figure 4.19 that desired performance is obtained and the first component of the state vector converges
to a close (and user-controllable) neighborhood of the reference state. The evolution of the norm of the
auxiliary system error trajectories and the effective learning rate is depicted in Figure 4.20. Finally, Figure
4.21 shows the role of the command governor signal to modify the command signal for different values of
I'=Ty =TI =1, where it is clear from Figure 4.22 that a larger value of I', leads to a better tracking

performance of output signal of the reference system. A
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4.2.5 Conclusion

In this paper, we developed a new two-level set-theoretic model reference adaptive control architec-
ture that has the ability to enforce an a-priori given, user-defined performance bound on the selected subset of
dynamical system trajectories, entitled as partially adjustable performance guarantees. Specifically, we first
utilized an auxiliary state dynamics that allows a control designer to weigh each auxiliary system error vector
elements independently, while enforcing strict performance guarantees on the norm of this auxiliary system
error vector. A command governor mechanism was then designed through a constructive backstepping
procedure in order to drive a feasible user-selected subset of system states to a close (and user-controllable)
neighborhood of the corresponding reference model states. This resulted in adjustable strict performance
guarantees on a subset of system errors trajectories. In addition to the presented theoretical results, two

illustrative numerical examples further demonstrated the efficacy of our contribution.

0.8 b
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Figure 4.18: Norm of the system error trajectories and the evolution of the effective learning rate y¢,(-) with
the standard set-theoretic model reference adaptive controller in Section 4.2.2.2.
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Figure 4.19: Command following performance with the proposed command governor-based set-theoretic
model reference adaptive controller in Section 4.2.3.
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Figure 4.20: Norm of the auxiliary system error trajectories and the evolution of the effective learning
rate Y@, (-) with the proposed command governor-based set-theoretic model reference adaptive controller in
Section 4.2.3.
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Figure 4.21: The effect of increasing the design parameter I' =19 =I'j = I, from 0.05 to 10 (blue to red)
on the modified command signal with the proposed command governor-based set-theoretic model reference
adaptive controller in Section 4.2.3.
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Figure 4.22: The effect of increasing the design parameter I' =I'g =I"; =1, from 0.05 to 10 (blue to red) on
the system performance with the proposed command governor-based set-theoretic model reference adaptive

controller in Section 4.2.3.
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4.3 On Set-Theoretic Model Reference Adaptive Control of Uncertain Dynamical Systems Subject

to Actuator Dynamics’

In applications where the bandwidth of the actuator dynamics is not sufficiently high, the stability
of model reference adaptive controllers can be degraded drastically as it is well known. To this end, one of
the effective approaches for tackling the challenge of limited actuator bandwidth is the hedging method in
which using a “modified” reference model, the adaptation becomes “excluded” from the actuator dynamics.
With this approach, however, the performance bounds between the uncertain dynamical system trajectories
and the “ideal” reference model trajectories can be conservative and depend on the bounds on the system
uncertainties; therefore, no “practical” performance guarantees exist.

To address this challenge, we generalize a recently developed set-theoretic model reference adap-
tive control architecture, which has the capability to achieve “practical” (i.e., user-defined) performance
guarantees, for uncertain dynamical systems subject to actuator dynamics. Specifically, we first show
that the proposed architecture keeps the performance bounds between the uncertain dynamical system
trajectories and the “modified” reference model trajectories within an a-priori, user-defined bound. We next
show that the error bounds between the “ideal” reference model trajectories and the uncertain dynamical
system trajectories is characterized by this user-defined bound as well as the actuator bandwidth limit, and
hence, is “computable” using a given set of adaptive control design parameters. Finally, as a byproduct, our
illustrative numerical example shows that the time rate of change of the actual control signal (i.e., the output
of the actuator dynamics) becomes less in magnitude as compared with the the set-theoretic model reference

adaptive control case without actuator dynamics.

4.3.1 Introduction

In applications where the bandwidth of the actuator dynamics is not sufficiently high, the stability of
model reference adaptive controllers can be degraded drastically as it is well known. To this end, one of the
effective approaches for tackling the challenge of limited actuator bandwidth is the hedging method [37] in
which using a “modified” reference model (i.e., the “ideal” reference model modified by the “hedge” signal),
the adaptation becomes “excluded” from the actuator dynamics (we refer to [37] as well as [38, 39] for
details). While [37] introduce this method to the model reference adaptive control literature around 2000s,

the authors of [40, 41] recently show not only generalizations of this method but also the sufficient condition

3This section is previously published in [119]. Permission is included in Appendix H.
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predicated on linear matrix inequalities (LMIs) such that the modified reference model trajectories, and
hence, the overall closed-loop dynamical system, become stable in the presence of actuator dynamics once
this sufficient condition holds. Yet, since the contributions in [40, 41] adopt a “standard” model reference
adaptive control framework, the performance bounds between the uncertain dynamical system trajectories
and the “ideal” reference model trajectories can be conservative and depend on the bounds on the system
uncertainties; therefore, no “practical” performance guarantees exist (e.g., see Theorem 1.4.1 of [41], where
the performance bound includes unknown parameters; thus, is not readily a-priori “computable” at the pre-
design stage).

To address this challenge, we generalize a recently developed set-theoretic model reference adaptive
control architecture [1] (see also [21, 93, 101-104, 108]), which has the capability to achieve “practical”
performance guarantees, for uncertain dynamical systems subject to actuator dynamics using tools and
methods from [40, 41]. Specifically, we first show that the proposed set-theoretic model reference adaptive
control architecture keeps the performance bounds between the uncertain dynamical system trajectories and
the “modified” reference model trajectories within an a-priori, user-defined bound (unlike the results in
[40, 41]). We next show that the error bounds between the “ideal reference model trajectories and the
uncertain dynamical system trajectories is characterized by this user-defined bound as well as the actuator
bandwidth limit, and hence, is a-priori “computable” using a given set of adaptive control design parameters.
Finally, as a byproduct, our illustrative numerical example shows that the time rate of change of the actual
control signal (i.e., the output of the actuator dynamics) becomes less in magnitude as compared with the
the set-theoretic model reference adaptive control case without actuator dynamics.

The contents of this paper are as follows. In Section 4.3.2, we overview necessary notation and
definitions for the main results of this paper. In Sections 4.3.3, we present the problem formulation and
an overview on the set-theoretic model reference adaptive control architecture considered in this paper.
In Section 4.3.4, we present the proposed set-theoretic model reference adaptive control architecture for
uncertain dynamical systems subject to actuator dynamics, where the convergence of the (“ideal” and
“modified”) reference models are presented in Section 4.3.5. The efficacy of our theoretical results are also
demonstrated via an illustrative numerical example in Section 4.3.6. Finally, conclusions are summarized
in Section 4.3.7. Once again, note that the contribution of this paper builds on the results in [1, 40, 41] and

can be viewed either as the generalization of the results in [1] to uncertain dynamical systems subject to
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actuator dynamics using tools and methods from [40, 41], or as the generalization of the results in [40, 41]

to set-theoretic model reference adaptive control based on the theory developed in [1].

4.3.2 Notation and Definitions

The notation used throughout this paper is standard and similar to, for example, [1]. For self-
containedness, note that R denotes the set of real numbers, R” denotes the set of n x 1 real column vectors,
R™™ denotes the set of n x m real matrices, R, (respectively, R ) denotes the set of positive (respectively,
nonnegative-definite) real numbers, R’*" (respectively, RILXH) denotes the set of n X n positive-definite
(respectively, nonnegative-definite) real matrices, D"*" denotes the set of n x n real matrices with diagonal
scalar entries, 0,, denotes the n X n zero matrix, and “2” denotes equality by definition. We, in addition,
write ()T for the transpose operator, (-)~! for the inverse operator, tr(-) for the trace operator, and || - ||, for
the Euclidean norm. We also write ||x||5 2 v/xTAx for the weighted Euclidean norm of x € R” with the matrix
A €RY™, ||All2 £ \/Amax (ATA) for the induced 2-norm of the matrix A € R™™, Ayin(A) (resp., Amax(A))
for the minimum (resp., maximum) eigenvalue of the matrix A € R"*", and x (resp., X) for the lower bound
(resp., upper bound) of a bounded signal x(¢) € R", ¢ > 0, that is, x < ||x(¢)||2, £ > 0 (resp., ||x(¢)|2 <X, >0).
We next define the projection operator. For this purpose, let Q = {0 eR": (gMin < g < Gl-max)i:m’...,n}
be a convex hypercube in R”, where (6", 6M#) represent the minimum and maximum bounds for the i
component of the n-dimensional parameter vector 6. Additionally, for a sufficiently small positive constant
v, a second hypercube is defined by Q, = {9 cR": (Oimi“ +v <6 <M — V),':Lz,.“’,,}, where Q, C Q.

Then, the projection operator Proj : R” x R" — R”" is defined componentwise by

(%5%) i, if 6> o —v
and y; >0
Proj(0.y) = ¢ (%07 )y, if 6 < oM+ v 4.117)
and y; <0
{ Vi, otherwise

where y € R” [30]. It follows from (4.117) that (6 —6*)" (Proj(8,y) —y) < 0 holds (see [30, 80] for
details). This definition can be further generalized to matrices as Proj,,(0,Y) = (Proj(col;(®),col;(Y)),

..., Proj(col,,(®), col,,(Y))), where ® € R™™, Y € R™™ and col;(-) denotes ith column operator. In this
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case, for a given matrix ©", it follows from (6 — 6*)" (Proj (8,y) —y) < 0 that tr [(® —©*)"(Proj,,(®,Y) —
Y)|=Y" [coli(® —©*)T (Proj(coli(®),col;(Y)) — col;(¥))] < 0.

We finally define ¢ (||z]|n), ¢ : R — R, to be a “generalized restricted potential function” (general-
ized barrier Lyapunov function) on the set D £ {||z||u : ||z||u € [0,€)} with € € R, being a user-defined

constant, if the following statements hold [1]:
i) Tt |flu = 0, then ¢([|z]lu) = .
ii) If ||z||g € D¢ and ||zl # O, then ¢ (||z||g) > O.
iii) If ||z||g — €, then ¢ (||z||z) — oo.
iv) ¢(||z|ln) is continuously differentiable on D,.

v) If ||zl € D¢, then ¢4(||z||u) > O, where

A 49 (llzllu)
E N A (i L1 4.118
vi) If ||z]|u € D¢, then
204 (]Izll0) 12l — ¢ (JIzll) > 0. (4.119)

As noted in [1], this definition generalizes the definition of the “restricted potential functions” (barrier Lya-
punov functions) (e.g., see [21-26, 107]) and a candidate generalized restricted potential function satisfying

the conditions given above has the form ¢ (||z||lu) = ||zl|%/ (€ — ||z]|n), ||zl € De.

4.3.3 Set-Theoretic Model Reference Adaptive Control: A Concise Overview

We now present the problem formulation and overview the set-theoretic model reference adaptive

control architecture proposed in [1]. For this purpose, consider the uncertain dynamical system given by

x(1t) = Ax(t)+B(u(t)+68(t,x(r)), x(0)=xo, >0, (4.120)

where x(t) € R”, ¢ > 0, is the available (i.e., measurable) state vector, u(r) € R™, t > 0, is the control input,
A € R™" is a known system matrix, B € R is a known input matrix, § : R, x R” — R™ is a system
uncertainty, and the pair (A, B) is controllable. We now introduce a linear and time-varying version of the

standard ““structured” system uncertainty parameterization [28-30].
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Assumption 4.3.1 The system uncertainty given by (4.120) is parameterized as
8(t,x(t)) = WT()x(r), t>0, (4.121)

where W (t) € R™™, t >0, is a bounded unknown weight matrix (i.e., |W(t)|2 <w, t > 0) with a bounded
time rate of change (i.e., |[W(t)||» <, t > 0).
Next, let desired command following characteristics be captured by the “ideal” reference model

given by
i (t) = Ay (t) +Brc(t), x,(0) =x50, >0, (4.122)

where c(f) € R, t > 0, is a given bounded piecewise continuous command (i.e. ||c(7)||2 <, t > 0), and

xr, (1) € R",t > 0, is the reference state vector. Now, consider the feedback control law given by
u(t) = un(t) +uy(t), t>0, (4.123)

where u, (1) € R™, t > 0, and u,(t) € R™, t > 0, are the nominal and adaptive control laws, respectively.

Furthermore, let the nominal control law be

un(t) = —Kix(1) + Kac(t), 1>0, (4.124)

such that A, £ A — BK;, K; € R™*", is Hurwitz and B, £ BK;,K, € R™*"_ Using (4.123) and (4.124) in

(4.120) yields

(1) = Awx(t)+Bec(t) + B ua(t) + W (0)x(t)], x(0)=x9, t>0. (4.125)

Considering (4.125), let the adaptive control law be

uy(t) = —Wr(t)x(r), >0, (4.126)
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Now, following the architecture presented in [1], consider the update law for (4.126) as

W (1) = Projm (W (1), 9a(lles(t) | )(1)el (1)PB ), W(0) =W, 120, (4.127)
with Wy being the projection norm bound and ||[W (¢) ||, <,z > 0. In (4.127), additionally, %; € R, is the

learning rate (i.e., adaptation gain), P € R"*" is a solution of the Lyapunov equation given by

0 = A'P+PA +R, (4.128)

with R € R"*", and ¢;(t) £ x(t) — x;,(¢), £ > 0, being the system error. Note that ¢( | ei(¢)||p), t > 0in (4.127)
can be viewed as an error dependent learning rate.
We now state the key result presented in Theorem 3.1 of [1]. For this purpose, consider the system

error dynamics and the weight estimation error dynamics respectively as

é(t) = Awei(t)—BWT(1)x(t), e(0)=ep, t>0, (4.129)

W) = %Projm<W(t),q)d(Hei(t)Hp)x(t)eiT(t)PB>—W(t), W(0)=Wo, >0, (4.130)

where W (t) £ W(t) —W(¢), t > 0, is the weight estimation error. Using the energy function V (e;, W) =
o(lleillp) + ¥ ' [WTW], where De £ {[lei(t)||p : [lei(t)||p < €} with P € R%" being a solution of the
Lyapunov equation in (4.128) for R € R'*", we calculate V (e;(r), W (¢))< —3aV (ei(t),W(t)) + pu with

oz t:;‘;((ﬁ)) ,d& 2}/{% w, and U £ %a}/i’lwz +d. To this end, we conclude the boundedness of the closed-

loop dynamical system given by (4.129) and (4.130) as well as the strict performance bound on the system

error given by |e;(7)||p < €, t > 0, where we refer to the proof of Theorem 3.1 in [1] for details.

4.3.4 Generalizations to Uncertain Dynamical Systems Subject to Actuator Dynamics

In this section, we generalize the set-theoretic adaptive control architecture overviewed in Section
4.3.3 to the uncertain dynamical systems subject to actuator dynamics. On this generalization, we consider

the uncertain dynamical system given by [40]
x(1t) = Ax(t)+B(v(t)+6(r,x(t))), x(0)=xo, >0, (4.131)
where v(r) € R™, t > 0, is the actuator output satisfying the “actuator dynamics”
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xe(t) = —Mx.(t)+u(t), x.(0)=xy0, t>0, (4.132)

v(t) = Mx. (1), v(0)=vy, t>0, (4.133)

where x.(t) € R™, t > 0, is the actuator state, M € R ND"™*™ with diagonal entries A;; > 0,i =1,...,m,
represents the actuator bandwidth of each control channel, and u(¢) € R™, ¢ > 0, is the control input signal.
From a practical view, the above representation can be thought as the one given by (4.120), where each
control signal is “filtered through a first-order filter”” before they enter to uncertain dynamical system.

We next utilize the hedging approach [37]. To this end, we rewrite (4.131) as

X(t) = Ax(t)+B(u(t) +WT(t)x(t)) +B(v(t) —u(t)), x(0)=xp, t>0. (4.134)

Introducing (4.123), (4.124), and (4.126) in (4.134) yields

X(t) = Awx(t)+Bec(t)—BW (t)x(t) + B(v(t) —u(t)), x(0)=xo, t>0. (4.135)

Applying the “hedging philosophy” here (we refer to [37] as well as [38—41] for details), the “modified”

reference system is now given by
X(t) = Awx(t)+Bec(t) +B(v(t) —u(t)), x(0)=x0, ¢>0. (4.136)

In (4.136), the added term to the “ideal” reference model (4.122) (i.e., “B (v(t) - u(t))”) is called the “hedge

signal.” To implement the adaptive control law given by (4.126), we consider the update law given by
W (t) = YProjm, (W<t), $a([le(?) Hp>x(t>eT<t>PB), W(0) =W, 1>0. (4.137)

While (4.137) looks similar to (4.127), it utilizes the error signal given by e(t) = x(t) — x.(t), t > 0, which
represents the difference between the uncertain dynamical system trajectories and the “modified” reference
model trajectories (unlike the error signal e;(¢) used in (4.127)).

For the main result of this section, we note the following:

i) It follows from the above formulation that one can now write the system error dynamics and the

weight estimation error dynamics respectively as
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é(r) = Awe(t)—BWT()x(r), e(0)=ey, >0, (4.138)

W) = YPYij(W(t%¢d(||é’(f)IIP)X(f)eT(t)PB>—W(f)v W(0) =W, 1>0. (4139

ii) It follows from Lemma 3.1 of [40] or Lemma 1.3.1 of [41] that there exists a set kK = {& A< A, i=

L...omp U {®@: Wnaxir(joiw < @,i=1,...,n,j=1,...,m} such that if (1, ®) € k, then

. A+BWT(t) BM
AW(t),M) = , 120, (4.140)

K —-WT(t) —M
is quadratically stable. That is, similar to the results in [40, 41], the existence of the set Kk is necessary
for the feasibility of the considered adaptive control problem. To see this, let {(z) = [xI(z),xI(1)]T,

T C

1 > 0, which yields £ (r) = AW (1), M) (t) + w(e(t), W (t)), t > 0, with

. B(WT(t)+Ki)e(r)
o(e(t),W()) = , t>0. (4.141)
—(WT(t) + K1) e(r) + Kpc(r)
Now, if the system error dynamics and the weight estimation error dynamics respectively given by
(4.136) and (4.139) have bounded trajectories, then it follows that @(e(t),W(¢)), t > 0, in (4.141)
is bounded. Thus, by quadratic stability of A(W (t),M), t > 0, on x, {(t), t > 0, is bounded. As
a consequence, all closed-loop dynamical system trajectories (including x(¢)) are bounded provided

that (4.136) and (4.139) have bounded trajectories.

We are now ready to state the main result of this section.

Theorem 4.3.1 Consider the uncertain dynamical system given by (4.131) subject to Assumption 4.3.1 and
actuator dynamics (4.132) and (4.133), the modified reference model given by (4.136), the feedback control
law given by (4.123) with (4.124), (4.126), and (4.137). In addition, assume ||eo||p < € and (A, ®) € k hold.
Then, all closed-loop system trajectories are bounded, where the bound on the system error strictly satisfies

a-priori given, user-defined worst-case performance

le(t)|lp <€, t>0. (4.142)
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Proof. The first step of the proof is similar to the discussion given in the last paragraph of Section
4.3.3. Specifically, consider the energy function given by V(e,W) = ¢(le||p) + v~ 'tr[WTW], where D £
{lle(®)||p : le(?)||p < €} with P € R*" being a solution of the Lyapunov equation in (4.128) for R € R*".

Using this energy function, one can calculate V (e(t), W (¢))< —1aV(e(t),W(t)) + i, where @ = %,

d= 271_1 W, and u £ %ay;‘wz +d. In this calculation, we adopt similar steps as in the proof of Theorem
3.1 in [1]; thus, we refer interested readers to [1] for details. Above, we conclude the boundedness of the
pair (e(t),W(t)),t > 0, for (4.138) and (4.139) as well as the result in (4.142) once ||eo||p < € holds.

Note that since W (¢) = W (¢) — W (t),t >0, and W (¢), t > 0, is assumed to be bounded, this conclu-
sion implies that W (¢), r > 0, is bounded. Considering e(t) = x(t) — x;(¢), t > 0, however, boundedness of
e(t), t > 0, does not directly imply the boundedness of x(¢), t > 0, here, since x.(¢), t > 0, can be unbounded
in general. Thus, we now establish the boundedness of x;(¢), r > 0, using (A, ®) € k. In particular, following
the discussion given before Theorem 4.3.1, (A, ®) € k implies that (4.140) is quadratically stable; hence,
{(t), t > 0, is bounded containing the pair (x:(7),xc(¢)), t > 0 (we refer interested readers to the proofs of,
for example, Theorem 3.1 in [40] or Theorem 1.3.1 in [41] for additional details). The proof is now complete
since this discussion gives the boundedness of all closed-loop system trajectories. |

From Theorem 4.3.1, if ||eo||p < € and (A, ®) € k hold, then all closed-loop system trajectories are
bounded and the user-defined worst-case performance bound given by (4.142) is guaranteed. Specifically,
the assumption on ||eg||p < € can be trivially satisfied by a judicious initialization of the “modified” reference
model given by (4.136). For example, considering x;0 = xo, one has ||eg||p = ||x0 — xw0||p = [|X0 —x0|lp =
0 < € that holds for any € chosen by the control user. To satisfy the assumption on (A, ®) € k, which

implies the quadratic stability of A(W (1), M), t > 0, given by (4.140), one can consider the following convex

optimization problem from Remark 3.3 of [40] or Section 1.3 of [41]: If

A+BW, . BM
A i) = . ) (4.143)
—Ki _Wila"'7i1 -M
satisfies the matrix inequality
Al P+PA;i, <0, P=PT>0, (4.144)
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for all permutations of W;, __;, € R™™ then (4.140) is quadratically stable. Above, W, _; denotes
(_l)il Amax,l (_1)i1+(m7])'l Amax,H»(mfl)n
- 71 iZW ax.2 . fl i2+(77171)n 1 —n
Wil_’_“rl'[ _ ( ) . max, | ( ) . max,2+(m—1) , (4.145)
_<_ 1)in‘;\vmax,n s (_ 1)i"mVAVma&mn 1

with i; € {1,2},1€{1,...,2™}, where it essentially represents the corners of the hypercube that represents

the maximum variation of W (),z > 0.

4.3.5 Distance Between of Uncertain Dynamical System and Ideal Reference Model Trajectories

In the previous section, we showed that using the set-theoretic adaptive control architecture, one can
achieve the prescribed system performance guarantees for the error signal between the uncertain dynamical
system in (4.120) and the modified reference system in (4.136). In this section, we analyze the distance
between the uncertain dynamical system in (4.120) and the actual, “ideal” reference model in (4.122). For
this purpose, let e, (t) = x;(¢) —x;. (), > 0, be the error between the modified and the ideal reference systems.

Therefore, one can write

[1x(1) = x (Dl .. = [le(r) +ex ()| .. < Nle(@)| .. + [lex(@) |, 120 (4.146)
Now for the sake of the next result, let [41]

P PB
PL : (4.147)

B'P B'PB+pI

where P € R’*" is a solution of the Lyapunov equation given by (4.128) with R € R"*" and p € R. Note
that the actuator bandwidth matrix M, € RTX’” ND™=™ can be related to the actual actuator bandwidth matrix

M € RPN D™™ as M £ yM), where y € R and y > 1.

Theorem 4.3.2 Based on the conditions given in Theorem 4.3.1, the error signal between the system state

and ideal reference system state can be characterized by the user-defined parameter € as well as y, which
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is related with the actuator bandwidth, and is given by

Sn+(y—1)B .
Ol = e \/zmm PP \/(n+(w—1>ﬁ)2<(”B”2+1)(W+”K1”2)
+\/ 1n - ||K2”20)+

, meRy, t>0. (4.148)
Amnin(P) !

Proof. Tt follows from Theorem 1.4.1 of [41] that

* A'max(,P) 5’7+(‘l/—1)ﬁ
: , >0, 4.149
lerlle. < po Jtmin(?)\/1”1(1‘1+(t/f—1)ﬁ)2 = @149
with B = 2pAmin(Mo), N € R, satisfying
AV (W (1), Mo)P +PAW (¢),Mo) < —Nlyim, >0, (4.150)

and ®* being the upper bound on @(-) in (4.141) given by

loO)ll2 < [[BIWH )+ K )e()], + || (W' (1) + Ki)e(r) + Kac(0)]
€

= T BV O+ KL+ [V + K ]) + 1Kl

€
< ———— (B2 +1) (0 +[|Ki]]2) + || K22, >0, (4.151)
Amin (P)

Furthermore, it follows from Theorem 4.3.1 that

le(®)]le < [le(r)[l2 < t>0. (4.152)

A'min(P) ’

Introducing (4.149), (4.151) and (4.152) in (4.146) yields

\/T”K2||ZC> )Vmax(,P)
Amin(P)

sn+(y—1)B
'\/n(n+(w—1)l3)2+1)’ t>0, (4.153)

() =2 (1) .. < ﬁ(ﬂ( <(||B||z+1)(W+||K1II2

which simplifies to (4.148). |
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Figure 4.23: The upper bound of the error signal between the uncertain dynamical system state and the ideal
reference system state given by Theorem 4.3.2.

The bound given by (4.148) captures the distance between the “ideal” reference model trajectories
and the uncertain dynamical system trajectories, which is characterized by the user-defined bound € as well
as Y related with the actuator bandwidth. From a practical standpoint, note that this bound is “computable”

using a given set of adaptive control design parameters.

Remark 4.3.1 To elucidate the effect of the controller design parameters on (4.148), let A=0.2, B=1,
w=1,09<w<1.1,K;=04 K,=1,A,=—-0.2, B, =1, which yields to My =2.2, and N1 =0.1879. Figure
4.23 shows the effect of € € [0.05,2] and y € [2,10] on the ultimate bounds given by (4.148). Specifically,

as expected, increasing ¥ and decreasing € yields smaller ultimate bound for ||x(t) —x;, (t)| z.., t > 0.

4.3.6 Illustrative Numerical Example

Consider the uncertain dynamical system given by

o
k.
o]

x(r) = x(t)+ (Av(t) + 5(t,x(t))>, x(0)=0, t>0, (4.154)
0 0 1

where x(t) = [x; (1) xg(t)]T, t >0, with x(z), t > 0, representing the angle (in rad) and x(¢), t > 0,

representing the angular rate (in rad/sec). In (4.154), 6(¢,x(t)), t > 0, represents an uncertainty of the form
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O(t,x(t)) =wi(t)xi1(t) +waxa(t), t>0, (4.155)

with wy(r) = sin(0.25¢) — 1, # > 0, and wy = 1, and A = 0.75 represents an uncertain control effectiveness
matrix. We use linear quadratic regulator design to choose K} = [2.89,3.02] and K, = 2.89 in (4.124), which

yields to the reference model given by

x(t) = 0 ! X (1) + 0 c(t) x(0)=0 r>0. (4.156)
—-2.89 -3.02 2.89
First, for the case where there is no actuator dynamics, we apply the set-theoretic model reference
adaptive control architecture in Section 4.3.3. The bounds on the uncertainty are set element-wise using
the rectangular projection operator such that —3 < w; < 2, and 0 < W, < 2, and we use R = [ to calculate
P from (4.128) for the resulting A; matrix. Figures 4.24(a) to 4.24(f) show the system performance with
set-theoretic adaptive control architecture with € = 0.05 when there is no actuator dynamics. The time
derivative (generated by the diff function of Matlab) of the control signal u(z),7 > 0, is shown in Figure
4.25.
Next, we consider a single-channel actuator dynamics given in (4.132) and (4.133) such that M =
A,A € R,. Using the bounds on w;(t), > 0, and W, (),# > 0, in LMI analysis, the minimum allowable
actuator bandwidth is calculated as Ay, = 3.3. Figures 4.26(a) to 4.26(f) show the system performance
with set-theoretic adaptive control architecture with € = 0.05 in presence of actuator dynamics with A = 10
where they clearly illustrate the efficacy of the proposed architecture in this paper. The time derivative of
the control signal u(z),7 > 0, and the actuator output v(¢),z > 0, are shown in Figure 4.28 where it is clear
that compared to the previous case, the maximum rate of change in control input has decreased.
When the actuator bandwidth gets close to the calculated minimum allowable actuator bandwidth
value Apni, = 3.3, the system starts to exhibit some oscillations. However, the system response is still
acceptable as it can be seen from Figures 4.27(a) to 4.27(f). The time derivative of the control signal

u(t),r > 0, and the actuator output v(¢),z > 0, are also shown in Figure 4.29.

Remark 4.3.2 As a byproduct, our illustrative numerical example shows that the time rate of change of the
(actual) control signal (i.e., the output of the actuator dynamics) becomes less in magnitude as compared

with the the set-theoretic model reference adaptive control case without actuator dynamics.
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Figure 4.24: System performance with set-theoretic adaptive controller in Section 4.3.3.
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Figure 4.25: Time derivative of the control signal.

4.3.7 Conclusion

In this paper, we generalized a recently developed set-theoretic model reference adaptive control
architecture, which has the capability to achieve “practical” (i.e., user-defined) performance guarantees, for
uncertain dynamical systems subject to actuator dynamics. Specifically, we first showed that the proposed
architecture keeps the performance bounds between the uncertain dynamical system trajectories and the
“modified” reference model trajectories within an a-priori, user-defined bound. We next showed that the
error bounds between the “ideal reference model trajectories and the uncertain dynamical system trajec-
tories is characterized by this user-defined bound as well as the actuator bandwidth limit, and hence, is
“computable” using a given set of adaptive control design parameters. Our numerical example illustrated

the efficacy of the proposed set-theoretic model reference adaptive controller.

4.4 Guaranteed Model Reference Adaptive Control Performance in the Presence of Actuator

Failures*

For achieving strict closed-loop system performance guarantees in the presence of exogenous distur-
bances and system uncertainties, a new model reference adaptive control framework was recently proposed.
Specifically, this framework was predicated on a set-theoretic adaptive controller construction using gener-

alized restricted potential functions, where its key feature was to keep the distance between the trajectories

4This section is previously published in [101]. Permission is included in Appendix H.
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Figure 4.26: System performance with set-theoretic adaptive controller in presence of actuator dynamics
with A = 10.
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Figure 4.29: Time derivative of the actuator output signal and the control signal with A = 3.3.

of an uncertain dynamical system and a given reference model to be less than a-priori, user-defined worst-
case closed-loop system performance bound. The contribution of this paper is to generalize this framework
to address disturbance rejection and system uncertainty suppression in the presence of actuator failures. A
system-theoretical analysis is provided to show the strict closed-loop system performance guarantees of the

proposed architecture to effectively handle actuator failures and its efficacy is demonstrated in an illustrative

numerical example.
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4.4.1 Introduction

One of the fundamental needs for resilient control architectures is to achieve a level of desired
closed-loop system performance in the presence of adverse system conditions resulting from exogenous
disturbances, imperfect system modeling, degraded modes of operation, and changes in system dynamics.
Although fixed-gain robust control approaches [120-123] are helpful to cope with such adverse system
conditions, they generally require the knowledge of system uncertainty bounds [124]. Characterization
of these bounds is not a trivial control engineering task since it requires extensive and costly verification
procedures and tests. On the other hand, adaptive control approaches [28-30, 125] have the capability to
deal with adverse system conditions, require less modeling information than do fixed-gain robust control
approaches, and reduce system development costs. These facts make adaptive control approaches important
to achieve system resiliency.

Most adaptive control approaches adopt a model reference approach [126, 127]. Specifically, model
reference adaptive control schemes have three major components; a reference model, an update law, and a
controller. The reference model captures a desired closed-loop system behavior, which is compared with the
behavior of an uncertain dynamical system. This comparison results in a system (tracking) error that drives
the update law. The controller then adapts feedback gains to minimize this error using the information
received from the update law. In practice, the behavior of an uncertain dynamical system subject to an
adaptive control approach can be far different than the behavior of the reference model [31, 87, 128]
especially during the transient time and in the presence of large system uncertainties.

Although there are a few approaches to address this phenomenon [79, 129, 130], their closed-loop
system performance bounds not only are conservative but also depend on uncertain system parameters.
Therefore, these approaches may not be practical for safety-critical resilient system applications, where strict
and user-defined closed-loop system performance is required; for example, to preserve operation within safe
flight envelope in aerospace applications. To this end, a new model reference adaptive control framework
was recently proposed by the authors of Ref. [1] for achieving strict closed-loop system performance
guarantees in the presence of exogenous disturbances and system uncertainties. Specifically, this framework
was predicated on a set-theoretic adaptive controller construction using generalized restricted potential

functions, where its key feature was to keep the distance between the trajectories of an uncertain dynamical
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system and a given reference model to be less than a-priori, user-defined worst-case closed-loop system
performance bound.

In addition to the presence of exogenous disturbances and system uncertainties, actuator failures
significantly contribute to fatal accidents [42—44]. In particular, a common type of actuator failures is when
one or more control surfaces suddenly become inaccessible and remain at some unknown value. If special
considerations do not exist in the feedback control architecture, then the closed-loop system performance
can become undesirable or even unstable. Although additional control surfaces may be provided in practice
to have actuator redundancy and to preserve system controllability in the presence of one or more actuator
failures, proper considerations are still needed to compensate the adverse effect of such failures in the closed-
loop system performance. From an adaptive control standpoint, the authors of Refs. [45-52] (see also their
references) proposed approaches to deal with actuator failures, where only the results in Ref. [52] established
strict guarantees on the closed-loop system performance by utilizing a backstepping procedure and under
the assumption that a desired trajectory and its derivatives are available and all bounded.

In this paper, we generalize the set-theoretic model reference adaptive control framework of Ref.
[1] to address disturbance rejection and system uncertainty suppression in the presence of actuator failures,
where the actuators can fail based on a common failure model in which they can be stuck at some unknown
values at some unknown time, and hence, the actuator failure structure is unknown in terms of time,
pattern, and value. In addition to utilizing methods from our previous work in Ref. [1], we also use
methods from Ref. [49] and our contribution can be equivalently viewed as a generalization of the results
in Ref. [49] to achieve strict closed-loop system performance guarantees in the presence of finite number of
actuator failures. A system-theoretical analysis and an illustrative numerical example are further provided to
demonstrate the efficacy of the proposed set-theoretic model reference adaptive control framework to handle
actuator failures.

The notation used throughout this paper is fairly standard. Specifically, R denotes the set of real
numbers, R” denotes the set of n x 1 real column vectors, R"*™ denotes the set of n x m real matrices,
R, (respectively, R ) denotes the set of positive (respectively, nonnegative-definite) real numbers, R""
(respectively, R’LX") denotes the set of n X n positive-definite (respectively, nonnegative-definite) real ma-
trices, S"*"* denotes the set of n x n symmetric real matrices, D"*" denotes the set of n X n real matrices
with diagonal scalar entries, 0,x, denotes the n x n zero matrix, and “2” denotes equality by definition. In

addition, we write (-)T for the transpose operator, (-)~! for the inverse operator, det(-) for the determinant
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operator, | - ||2 for the Euclidean norm, and || - || for the infinity norm. Furthermore, we write Ayin(A)
(resp., Amax(A)) for the minimum (resp., maximum) eigenvalue of the Hermitian matrix A, tr(-) for the trace
operator, x (resp., x) for the lower bound (resp., upper bound) of a bounded signal x(z) € R", r > 0, that is,

x < lx(2)

2,1 > 0 (resp.,

x(t)|l2 <x,t>0).

4.4.2 Set-Theoretic Model Reference Adaptive Control Overview

In this section, we briefly overview the standard set-theoretic model reference adaptive control
architecture of Ref. [1] (in the absence of actuator failures). We begin with the following necessary

definitions.

Definition 4.4.1 Let y: R" — R given by w(0) = %%, be a continuously differentiable convex

function, where On,x € R is a projection norm bound imposed on 8 € R" and &g > 0 is a projection tolerance

bound. Then, the projection operator Proj : R* x R" — R”" is defined by

Y if y(6) <0,
Proj(6,y) £ 4, if w(0) > 0and v (0)y <0, (4.157)

/T ! .
v Yrona w(O), if y(8) =0and y'(0)y >0,

where y € R" and y'(0) & %.

It follows from Definition 4.4.1 that
(6 —6")"|Proj(6,y) —y| <0, (4.158)
holds [30, 80]. The definition of the projection operator can be generalized to matrices as
Proj,,(0,Y) = (Proj(col;(®),col;(Y)),...,Proj(col,(®),col,,(Y))), (4.159)

where ® € R Y € R™™ and col,(-) denotes i th column operator. In this case, for a given matrix ®*, it

follows from (4.158) that

on

tr [(© — ©)T [Projn(©,Y) —¥]] = [coli(® — )T [Proj (coli(©), coli (¥)) — coly(¥)

[ —

} <0. (4.160)

i=1
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Definition 4.4.2 Let ||z||z = VZ'Hz be a weighted Euclidean norm, where z € R? is a real column vector
and H € RE*P. We define ¢(||z||lu), ¢ : R — R, to be a generalized restricted potential function (generalized

barrier Lyapunov function) on the set

De £ {||z|ln : [|lz]lm € [0,€)}, (4.161)

with € € Ry being a-priori, user-defined constant, if the following statements hold:
i) If |zllu = O, then ¢([|z]|u) = 0.
ii) If ||zl € De and ||z # O, then ¢ (|z[|w) > O.
iii) If ||zlla — €, then ¢(||z||n) — oo
v) ¢(||z|ln) is continuously differentiable on De.

v) If ||z||u € De, then ¢4(||z||n) > 0, where

N d¢(HZHH)
= . 4.162
vi) If ||z||u € D, then
204(/|zl1w) 12l1f — @ (llzllz) > 0. (4.163)

Remark 4.4.1 A candidate generalized restricted potential function satisfying the conditions given in Def-
inition 4.4.2 has the form [1] ¢(||z|lu) = ||zl&/ (€ — |zllu).
tive 9a(|lzllw) = (e — 3 l<llu) /(e — lll)” > 0.
0(<llw) = &1/ (e~ Ilzll)” > 0.

as a generalized version of the restricted potential function (barrier Lyapunov function) definitions used by

|zllu € De, which has the partial deriva-

i and 204 (||z]lu) |12l —

zZ||lu € De. It should be also noted that Definition 4.4.2 can be viewed

z|lu € De, with respect to ||z|

the authors of Refs. [21-26].
Based on Definitions 4.4.1 and 4.4.2, we now briefly state the key results of the set-theoretic model

reference adaptive control architecture of Ref. [1]. Specifically, consider the uncertain dynamical system
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given by

x(1t) = Ax(t)+BA(u(r)+6(t,x(r)), x(0)=xp, >0, (4.164)

where x(7) € R", t > 0, is the measurable state vector, u(r) € R™, ¢t > 0, is the control input, A € R"*" is
a known system matrix, B € R”" is a known input matrix, & : R, x R" — R™ is a system uncertainty,
A € R A D™ is an unknown control effectiveness matrix, and the pair (A,B) is controllable. The

following system uncertainty parameterization is used for the main results of Ref. [1].

Assumption 4.4.1 The system uncertainty in (4.164) is parameterized as

8(t,x(t)) = WI()os(x(r)), x(r) R (4.165)

N

where Wy(t) € R¥™, t >0, is a bounded unknown weight matrix (i.e., |Ws(1)||2 < wy, t > 0) with a bounded

Wi(t)|l2 < Wy, t >0), and 6 : R" — R* is a known basis function.

time rate of change (i.e.,

Now, consider the feedback control law given by

u(t) = un(t) +uy(t), t>0, (4.166)

where up () € R™, t >0, and u,(r) € R™, t > 0, are the nominal and adaptive control, respectively. Further-

more, let the nominal control law be

un(t) = —Kix(t) + Kac(t), t>0, (4.167)

where ¢(7) € R™ is a bounded reference command, K; € R™*" is the nominal feedback gain, and K, € R"*"
is the nominal feedforward gain, such that A, £ A — BK; is Hurwitz and B, = BK,.

Next, consider the reference model capturing a desired closed-loop system behavior given by

X(t) = Axe(t)+Bec(t), x(0)=x90, t>0, (4.168)

where x,(¢) € R" is the reference model state vector, A, € R"*" is the desired Hurwitz system matrix, and

B, € R is the command input matrix. Using (4.164), (4.165), (4.166), (4.167) and (4.168), the system
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error dynamics are given by

é(t) = Ace(t) —i—BA((A*1 — Inxm) (K1x(1) — Ko (1)) + ua(t) +WST(I)Gs(x(t))), e(0) = ey,

1>0,  (4.169)
where e(t) £ x(t) —x;(¢), t > 0, is the system (tracking) error. One can rewrite (4.169) as
é(t) = Ace(t)+BA(Wy (t)oo(x(t)) +ua(t)), e(0)=ep, >0, (4.170)

where Wo(1) 2 W[ (1), (A" = Inxm)Ki, —(A7! —Imxm)Kz]T € Retntn)xm > (s an unknown ag-

gregated weight matrix and op(x(1),c(t)) = [o7 (x(2)), xT(2), cT(t)}T € RSt ¢ >0, is a known basis

function.

Finally, let the adaptive control law be given by

A

ua(1) = =Wy (1)oo (x(1)), >0, (4.171)
where Wy(z) € RG+ntne)xm > () ig the estimate of Wo(t), t > 0, satisfying the set-theoretic update law

Wol(r) = yProjm<W0(t), oa(lle()]l»)o0 (x(t))eT(t)PB>, Wo(0) = Woo, >0, 4.172)

with Wiax being the projection norm bound, y € R is the learning rate (i.e., adaptation gain), and P € R

is a solution of the Lyapunov equation given by
0 = A'P+PA +R, (4.173)

with R € R’*", and ¢,(||e(r)||p) is an error dependent learning gain.

Remark 4.4.2 Using (4.170), (4.171), and (4.172) the system error dynamics and the weight estimation

error dynamics are given by

é(t) = Aswe(t)—BAW, (t)op(x(t)), e(0)=ep, >0, (4.174)

Wo(t) = yProjm(Wo(t), u(lle(t)]|p)oo (x(t))eT (1)PB) — Wo(t), Wo(0) =Wy, >0, (4.175)
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where Wo(t) = Wo(t) —Wo(t) € RUtntne)xm > () s the weight estimation error and ey = xo —xy. Note that
[Wo(2)|l2 < wo,t >0, and ||[Wo(t)||2 < wo,t > 0, automatically holds. Now, by considering the Lyapunov

function

V(e,Wo) = ¢(|lellp) + 7 'r[(WoA/2) T (WoA!/?)], (4.176)
one can calculate its derivative along the closed-loop system trajectories (4.174) and (4.175) as

V (e(t), Wo()) < —%aV(e,VVO) +u, @.177)

where @ = ir:l’;((l}i)) and u = y~! HAHzWo(%(XWo + o). Following the results in Ref. [1], the boundedness of

the closed-loop dynamical system given by (4.174) and (4.175) as well as the strict performance bound on

the system error given by |le(t)||p < € is immediate.

Remark 4.4.3 The set-theoretic model reference adaptive control architecture overviewed in this section
assumes that all control surfaces are accessible at all time. However, in practice, one or more control
surfaces can get stuck at some unknown values at some unknown time. In the next section, we generalize

this approach to the presence of actuator failures.

4.4.3 Adaptive Control with Strict Closed-Loop System Performance Guarantees in the Presence of
Actuator Failures

In this section, we generalize the results of Section 4.4.2 to address disturbance rejection and system

uncertainty suppression in the presence of finite number actuator failures. Specifically, we consider the

actuator failure model in which the actuators can get stuck at some unknown values at some unknown time.

This can be mathematically represented as

uj(t) = uj t=tj, j=1,...,m, (4.178)

where the constants, #;, and the time instants of the actuator failures, ¢;, are unknown [131]. In addition,
we assume if the system parameters and the actuator failure were known, then the remaining control
surfaces were able to achieve the desired system performance after up to m — 1 actuator failures. Note

that this assumption is standard for addressing the actuator failures problem, which is actually an existence
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assumption for a nominal solution [132]. In other words, we assume that there are p < m actuator failures
and they only happen at 7;,i = 1,..., p. This implies that the actuator failure pattern is fixed on (7;,Tj41),i =
0,1,...,pwith T = 0.

Next, consider the uncertain dynamical system given by

x(1t) = Ax(t)+BA(u(t)+6(t,x(1)) +BE, x(0)=x, >0, (4.179)

where x(¢) € R", t > 0, is the measurable state vector, u(r) € R™, t > 0, is the control input, A € R"*"
is a known system matrix, B € R"" is a known input matrix, & : R, x R” — R™ is a system uncertainty,
A€ @rjxm ND™™ is an unknown control effectiveness matrix, and the pair (A, B) is controllable. In (4.179),
& € R™ represents an unknown vector corresponding to the constant value of the failed actuators over the

interval (7;,7;+1),i =0, 1,..., p, (i.e., %;). We now make the following standard assumption for the actuator

failures problem (see, for example, Ref. [49]).

Assumption 4.4.2 On (T;,T;11),i =0,1,..., p, there exist matrices K, € R"™*" and K3; € R™*" and bias

vector & € R™ such that

A+BAK}, = A, (4.180)
BAK;, = B, (4.181)
B(AE+&) = o. (4.182)

As we mentioned in the first paragraph of this section, note that Assumption 4.4.2 provides the
existence of a nominal solution in case of actuator failures. Now, using (4.165), (4.168), and (4.180) to

(4.182) in (4.179), one can write
or) = Avelt) + BA(ult) — Kiue(t) —K3ie(t) — & +WI()oi(x(1)), e(0) =eo. 120, (4.183)
or equivalently
ér) = Avelt) + BA(ulr) + W ()0 (x(r).c(1)), e(0)=eo, 120, (4.184)
with Wi(t) = [~Ki;. K3, & WI(0)]T and 0(x(0),(0)) = (1), <"(0). 1, o (x(r))]".

N
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Considering (4.184), let the feedback control law be given by
u(t) = -Wr(t)o(x(t),c(r)), t>0, (4.185)
where W;(t) € REFatnet)xm > () s the estimate of W;(t), t > 0, satisfying the update law
Wilt) = yProjm (Wi(t), 0u(lle(r) )0 (x(1),c(0))e"()PB), Wi(0) =Woi, 120, (4.186)

with Wax being the projection norm bound. In (4.186), y € R, is the learning rate, and P € R is a

solution of the Lyapunov equation in (4.173). Now, one can write

é(t) = Ave(t)—BAWI(1)o(x(1),c(r)), e(0)=ey, >0, (4.187)

W) = yProjm (W0), 0u(le()l|p)a(x(0),c(1)e" (VPB) = Wi(r), Wi(0) =Woi, 120, (4.188)

where W;(t) £ W;(r) — Wi(t) € RUtntnetl)xm 1 > is the weight estimation error. Note that ||W;(r)|> <
wi,t >0, and |W;(2)]|» < w;,t > 0, automatically holds as a direct consequence of Assumptions 4.4.1 and

4.4.2. The next theorem presents the main result of this paper.

Theorem 4.4.1 Consider the uncertain dynamical system given by (4.179) subject to Assumption 4.4.1 and
a finite number of actuator failures that occur at T;,i = 1,. .., p, based on the failure model in (4.178) and
Assumption 4.4.2, the reference model given by (4.168), and the feedback control law given by (4.185)
along with the update law (4.186). If ||eo||p < €, then the closed-loop dynamical system given by (4.187)
and (4.188) are bounded in presence of exogenous disturbances, system uncertainties, and actuator failures,
where the bound on the system error strictly satisfies a-priori given, user-defined worst-case performance

bound

le(?)||lp <€, t>0. (4.189)

Proof. The first part of the proof follows from the results in Ref. [1]. To give readers a sketch for
the first part, consider the energy function V; : D, x RUt+netstlixm R on (T3, T;11),i=0,1,..., p, given
by

Vi(e, WiA'?) = 9 ([lellp) + ¥~ te(WA!2)T(WAT2), (4.190)
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where D, £ {e(t) : |le(t)||p < €}, and P € R"" is a solution of the Lyapunov equation in (4.173) with
R € R, Following the steps given in Ref. [1], the time derivative of (4.190) along the closed-loop system

trajectories (4.187) and (4.188) can be computed as
. 1 -
Vie(), WiDA"?) < —Savi(e, WAl) + i, (4.191)

where 1; £ Lay 'WH|Al]L +di, d;i & 2y wil|All2, and a £ ;}mm;‘;((ﬁ)) Now, based on the structure of

. it follows similar to Refs. an that the closed-loop signals e(7) an ~'l‘ are
(4.191), it follows similar to Refs. [1], [23], and [25] that the closed-loop signals e(z) and W;(t)Al/2

bounded and the strict performance bound on the system error given by (4.189) over interval (7;,T;41),i =
1,...,p, hold.

For the second part of the proof, note that there are finite number of actuator failures and the closed-
loop dynamical system given by (4.187) and (4.188) is bounded and satisfies (4.189) for every time interval
(T;,Ti+1),i = 1,...,p. Thus, it follows from the continuity of the system error trajectories for all z > 0
including t =T;, i = 1,..., p, that the system error is contained inside the set D, for all ¢+ > 0 (see Figure

4.30 for a two-dimensional representation of the continuity of the system error). |

Figure 4.30: Two-dimensional representation of the continuity of the system error inside the set De.

Remark 4.4.4 The results of this section extend the results presented in the previous work of the authors in
Ref. [1] (see Section 4.4.2 for an overview) by considering that the control surfaces may not be accessible
all the time due to the presence of actuator failures. As mentioned earlier, the proposed framework of this
section can be equivalently viewed as a generalization of the results in Ref. [49] to achieve strict closed-

loop system performance guarantees. Specifically, in Theorem 4.4.1, we show that the proposed set-theoretic
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model reference adaptive control framework has the capability to keep the closed-loop system trajectories
within a-priori, user-defined compact set by compensating the adverse effect of unknown actuator failures
in terms of time, pattern, and value as well as in the presence of exogenous disturbances and system

uncertainties.

4.4.4 Illustrative Numerical Example

In this section, we present an illustrative numerical example to demonstrate the efficacy of the
proposed set-theoretic model reference adaptive control architecture in presence of loss of control. For this

purpose, consider the uncertain dynamical system given by [45]

i) = Ax(t)+BA<u(t)-I—WST(t)O'S(x(t))>, x(0) =xp, 120, (4.192)
with
0 1 0 00 0
A= 10 0 1/, B=10 0 0f- (4.193)
1 2 2 12 3

In this numerical example, we choose

0.2+0.1sin(z) 0.3 0.1
Wi(t) = 0.1 0.2+0.2sin(r) 0.1 : (4.194)
0.2 0.2 0.240.3sin(z)

for the unknown weight matrix, A = 0.751 for the unknown control effectiveness matrix before any actuator

failures, and o(x(¢)) = [x1(t), x1(¢)x2(), x3(¢)]T for the basis function. In addition, we set the nominal

controller matrices to

11 -1 1
Ki=10 -1 1|, K=]o0|. (4.195)
1 0 0 0
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For this numerical example, we select the failure pattern parameters in (4.178) as i, = —1 att, = 10
sec and u3z = 2 at t3 = 5 sec. In other words, this selection means that the second actuator fails at t = 10
sec, third actuator fails at r = 5 sec, and actuator 1 does not fail, which is the case in order to satisfy the
existence of a nominal solution stated in Assumption 4.4.2. For the proposed set-theoretic model reference
adaptive control architecture in Theorem 4.4.1, we use the generalized restricted potential function given in
Remark 4.4.1 with € = 1 to strictly guarantee ||x(¢#) —x.(¢)||» < 1,7 > 0. Finally, we set the projection norm
bound imposed on the parameter estimate to 10 and use R = 5/ to calculate P from (4.173) for the resulting
A; matrix.

Figures 4.31 and 4.32 show the closed-loop dynamical system performance with the nominal con-
troller only. One can see from Figure 4.33 that the nominal controller is incapable of keeping the system
error trajectory within the compact set De. Next, we apply the proposed set-theoretic adaptive controller
with ¥ =5 in Figures 4.34 and 4.35, where it can be seen that a desired, user-defined closed-loop system
performance is achieved. Figure 4.36 clearly shows that this controller strictly guarantees ||x(7) — x:(7)||p <

1.

2 (t), z1(t)

Tyo (t)7 xI9 (t)

Zr3 (t)7 I3 (t)

t (sec)

Figure 4.31: System performance with the nominal controller only.
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Figure 4.32: Control histories with the nominal controller only.
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Figure 4.33: Norm of the system error trajectories and the user-defined worst-case performance bound €
with the nominal controller only.
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Figure 4.34: System performance with the proposed set-theoretic model reference adaptive controller in
Theorem 4.4.1.
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Figure 4.35: Control histories with the proposed set-theoretic model reference adaptive controller in
Theorem 4.4.1.
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Figure 4.36: Norm of the system error trajectories, the user-defined worst-case performance bound &, and
the evolution of the effective learning rate y¢4(-) with the proposed set-theoretic model reference adaptive
controller in Theorem 4.4.1.

4.4.5 Conclusion

A challenge in the design of model reference adaptive controllers is not only to achieve a level of
desired system performance in the presence of exogenous disturbances and system uncertainties but also
to preserve system stability and robustness against actuator failures. Motivated from this standpoint, we
proposed a set-theoretic model reference adaptive control architecture in the presence of unknown actuator
failures in terms of time, pattern, and value. Specifically, the key feature of the proposed approach was to
keep the distance between the trajectories of an uncertain dynamical system and a given reference model
to be less than a-priori, user-defined worst-case closed-loop system performance bound in the presence of
finite number of actuator failures. A system-theoretical analysis and an illustrative numerical example were

further provided to demonstrate the efficacy of the proposed approach.
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CHAPTER 5: APPLICATIONS OF THE SET-THEORETIC MODEL REFERENCE ADAPTIVE
CONTROL

This chapter presents application-oriented extensions of the set-theoretic model reference adaptive
control architecture proposed in Chapters 2 and 4. Specifically, Section 5.1 presents an application of this
control architecture on a generic transport model developed by NASA, where in Section 5.2 the set-theoretic
model reference adaptive control with constant and time-varying performance bounds are validated on an
aerospace testbed, which is configured as a dual-rotor helicopter. Section 5.3 incorporates a dead-zone effect
on the set-theoretic model reference adaptive control, and finally Section 5.4 studies an application of set-
theoretic model reference adaptive control for human-in-the-loop physical systems to enhance the overall

system stability.

5.1 Set-Theoretic Model Reference Adaptive Control of a Generic Transport Model'

This paper illustrates an application of a recently developed set-theoretic model reference adaptive
control architecture on a generic transport model developed by NASA. The set-theoretic model reference
adaptive control allows the system error bound between the state of an uncertain dynamical system and the
state of a given reference model to be less than a-priori, user-defined worst-case performance bound. Thus, it
has the capability to enforce strict performance guarantees to the adaptively controlled uncertain dynamical
systems. Specifically, after designing set-theoretic adaptive controllers for both longitudinal and lateral-
directional dynamics here, the efficacy of this architecture is illustrated on the NASA generic transport

model.

5.1.1 Introduction

Model reference adaptive control algorithms are effective system-theoretic tools to suppress the

effects of adverse conditions resulting from exogenous disturbances, imperfect dynamical system modeling,

! This section is previously published in [105]. Permission is included in Appendix H.
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degraded modes of operation, and changes in system dynamics. Yet, one of their challenges is the inability
to achieve a-priori, user-defined performance guarantees. Motivated from this standpoint, a new technique
entitled set-theoretic model reference adaptive control architecture is proposed in a recent set of papers
by the authors [1, 21, 93, 101-104, 108, 111]. Specifically, [1, 21] respectively present this new control
methodology for dynamical systems subject to time-invariant and time-varying structured uncertainties.
The key feature of set-theoretic model reference adaptive control architecture is to allow the weighted
Euclidean norm of the system error vector, which represents the error between the state vector of an uncertain
dynamical system and the state vector of a reference model, to be less than a-priori, user-defined constant
performance bound. This framework is then generalized to the unstructured system uncertainties in [93, 102]
and also the extension of this architecture for guaranteeing performance in the presence of actuator failures
is presented in [101]. In addition, [108] generalizes these results to the case when a-priori, user-defined
performance bound is time-varying. This framework is also recently employed for decentralized control
of large-scale modular systems in [103, 104]. Finally, the partial constraint problem using set-theoretic
adaptive control architecture is studied in [111] and in [110] componentwise performance guarantees are
developed.

Building on the results of [1], this paper illustrates an application of the set-theoretic model ref-
erence adaptive control architecture on a generic transport model developed by NASA. Specifically, after
designing set-theoretic adaptive controllers for both longitudinal and lateral-directional dynamics here, the
efficacy of this architecture is illustrated on the NASA generic transport model (GTM). The organization
of the rest of this paper is as follows. Section 5.1.2 summarizes the architecture and properties of the set-
theoretic model reference adaptive control architecture. Section 5.1.3 describes the nominal and adaptive
control designs for the longitudinal and lateral-directional dynamics of the generic transport model devel-
oped by NASA, where in Section 5.1.4 the illustrative simulation results are presented. Conclusions are
finally drawn in Section 5.1.5.

The notation used in this paper is fairly standard as similar to [1]. For self-containedness, N denotes
the set of natural numbers, R denotes the set of real numbers, R” denotes the set of n x 1 real column
vectors, R™™ denotes the set of n x m real matrices, R, (respectively, R, ) denotes the set of positive
(respectively, nonnegative-definite) real numbers, R’." (respectively, @T") denotes the set of n X n positive-
definite (respectively, nonnegative-definite) real matrices, D"*" denotes the set of n x n real matrices with

diagonal scalar entries, 0,., denotes the n x n zero matrix, and “2” denotes equality by definition. In
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addition, we write (-)T for the transpose operator, (-)~! for the inverse operator, det(-) for the determinant
operator, || - ||r for the Frobenius norm, and | - ||, for the Euclidean norm. Furthermore, we write ||x||s =
VxTAx for the weighted Euclidean norm of x € R” with the matrix A € R, ||All2 £ \/Amax (ATA) for
the induced 2-norm of the matrix A € R, Ayin(A) (resp., Amax(A)) for the minimum (resp., maximum)
eigenvalue of the matrix A € R"*", tr(-) for the trace operator, and x (resp., X) for the lower bound (resp.,

upper bound) of a bounded signal x(z) € R”, that is, x < ||x(¢)]|2 (resp., ||x(2)|]2 < X).

5.1.2 The Set-Theoretic Adaptive Control Architecture

5.1.2.1 Necessary Definitions

We first introduce the definition of the projection operator from [30].

Definition 5.1.1 Let Q = {9 cR": (Gl-mi“ <g < Glmax),-:]g’..w,,}, be a convex hypercube in R", where
(Ol-mi“, 0/"**) represent the minimum and maximum bounds for the " component of the n-dimensional
parameter vector 0. Additionally, for a sufficiently small positive constant v, define the second hypercube

as Qy, = {9 eR": (Gimi“ +v <6 <0 — v),-:m“..’,,} , where Q, C Q. Withy € R", projection operator

o™ —6;
v

Proj : R" x R" — R" is then defined componentwise by Proj(6,y) = ( : )yi if 6; > 0™ —v and

. 6;,—@min
yi >0, Proj(0,y) £ (2= —

)yi if 6; < 6"+ v and y; < 0, and Proj(6,y) £ y; otherwise. Based on the
above formulation, note that (9 — 9*)T(Proj (6,y) —y) < 0 holds (see [30, 80] for details), where this
inequality can be also readily generalized to matrices using Proj(©,Y) = (Proj(col;(®),col;(Y)),...,
Proj(col,,(®),col,(Y))) where ® € R™™, Y € R™™, and col,(-) denotes ith column operator.

Throughout this paper, we assume without loss of generality that the projection norm bound im-

posed on each column of ® € R™™ is 6,.x. We next introduce the definition of the generalized restricted

potential function (generalized barrier Lyapunov function) from [1, 21].

Definition 5.1.2 Let ||z||g = VZ'Hz be a weighted Euclidean norm, where z € R? is a real column vector
and H € RE*P. We define ¢(||z||lu), ¢ : R — R, to be a generalized restricted potential function (generalized

barrier Lyapunov function) on the set
De = {z: [lz[u € [0,8)}, (5.1)
with € € Ry being a-priori, user-defined constant, if the following statements hold [1]:
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i) If ||zllu = O, then ¢([|z]|u) = 0.

ii) If 7 € De and ||z||u # O, then ¢(||z]|g) > O.
iii) If ||z|lu — & then ¢(||z||n) — .
v) ¢(||z|ln) is continuously differentiable on De.

v) If z € De, then ¢4(||z||lu) > 0, where

s 49([lz]ln)

2 ZVARNH) (5.2)
dllzllf

¢a(||z][n)
vi) If 7 € Dg, then

204(]|zllw) l12/1F — @ (llzlls) > 0. (5.3)

Remark 5.1.1 A candidate generalized restricted potential function satisfying the conditions given in Defi-

nition 5.1.2 has the form ¢ (||z||lu) = ||zl[}/ (€ — ||z|ln). z € De, which has the partial derivative ¢4(||z||u) =
2 .

(e —7llzlln) /(e = llzlln)” > 0. z € D, with respect 1o |zl[fy, and 2¢a(zl|n)|IzlI — @ (llzlln) = €llzll7/ (e —

2
Izlla)” >0, z€ De [1].

5.1.2.2 An Overview of the Set-Theoretic Model Reference Adaptive Control Architecture

We now overview the set-theoretic model reference adaptive control architecture introduced in [1].

To this end, consider the uncertain dynamical system given by
i) = Apxplt) +ByAut) + By, 5, (1)), (0) = xpo, (5.4)

where x,(f) € R™ is the measurable state vector, u(t) € R™ is the control input, A, € R™*" is a known
system matrix, B, € R™*™ is a known input matrix, 8, : R; x R™ — R™ is a system uncertainty, A €
R*™ A D™*™ is an unknown control effectiveness matrix, and the pair (Ap,B,) is controllable. Below we

introduce a standard system uncertainty parameterization [28-30].
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Assumption 5.1.1 The system uncertainty given by (5.4) is parameterized as

&t xp) = Wy (1)op(xp), (5.5)

where Wp(t) € R*™ is a bounded unknown weight matrix (i.e., ||W(t)|lr < wp) with a bounded time
rate of change (i.e., |W,(t)|lr < Wp) and o, : R"™ — R® is a known basis function of the form o, (x,) =
[Gp1(xp), G2 (Xp), - - -, Ops(op)] -

Note that by letting the first element of the basis function be a constant (i.e., op(xp) = b), the
parameterization given by (5.5) also captures exogenous disturbances. To address command following,
let ¢(¢) € R™ be a given bounded piecewise continuous command and x.(¢) € R" be the integrator state

satisfying
Xe (I) = Epxp (t) - C(t)7 Xe (0) = Xc0, (5.6)

where E, € R"*" allows the selection of a subset of x,(t) to follow ¢(r). Using (5.4) and (5.6), we write

X(1) = Ax(t)+BAu(r) +BW, (1)0p(xp(1)) + Brc(t),  x(0) =xo, (5.7)
where x(1) = [x; (1), x¢ (t)]" €R", n = np+ne, is the augmented state vector, and xo = [xgo, xLIT,
A 1Y Onp Xne nxn
A 2 e R™", (5.8)
Ep Onc><nC
) T
Y X
B 2 g o;cxm] e R, (5.9)
- T
A C
B 2 |of . _InanC:| € R, (5.10)

Next, consider the (augmenting) feedback control law given by

u(t) = un(t) +ua(t), (5.11)

where u,(¢) € R™, and u,(t) € R™ are the nominal and adaptive control laws, respectively. Furthermore, let

the nominal control law be
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un(t) = —Kx(t), (5.12)
such that A, £ A — BK, K € R™*", is Hurwitz. Using (5.11) and (5.12) in (5.7) yields
x(t) = Awx(t)+Bic(t) +BA [ua(t) + W (t)o (x(2))],  x(0) =xo, (5.13)
where
W) 2 [ATWI (@), (A = Luem)K] ' € ROTDX™, (5.14)
is an unknown (aggregated) weight matrix and
o(x(r)) = [GPT (xp(1)), X" (1)]T € R¥T™, (5.15)
is a known (aggregated) basis function. Considering (5.13), let the adaptive control law be
uy(t) = =W (t)o (x(1)), (5.16)

where W (¢) € RO is an estimate of W (r).
Note that the theoretical development of an update law to construct the estimate W (¢) is crucial
in any model reference adaptive control design for achieving desired command following characteristics

captured by the reference model given by
() = Ax(t)+Bic(t), x(0) = x0, (5.17)

with x; (1) € R” being the reference state vector. Following the set-theoretic model reference adaptive control

architecture developed in [1] (see also [93, 101-104, 108]), consider the update law for (5.16) given by
W () = yProjm (W (1), 6a(lle(0)llp) (x(1))T()PB), W (0) = Wo, (5.18)

with Wiax being the projection norm bound. In (5.18), additionally, ¥ € R, is the learning rate (i.e.,

adaptation gain), P € R"*" is a solution of the Lyapunov equation given by
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0 = A'P+PA +R, (5.19)

with R € R, and e(t) = x(t) — x;(¢) is the system error.

Remark 5.1.2 One can write the system error dynamics and the weight estimation error dynamics respec-

tively as

é(t) = Awe(t)—BAW'(t)o(x(1)), e(0)=ep, (5.20)

W) = pProim (W), 0u(lle(t) )0 ()" ()PB) ~W(r), WO =W, (521

where W (t) £ W(t) — W (t), is the weight estimation error. Note that ¢4(||e(t)||p) in (5.18) can be viewed
as an error dependent learning rate and |W (t)||r < w and |W(t)||r < W automatically holds as a direct
consequence of Assumption 5.1.1. From a theoretical standpoint, the update law given by (5.18) for the set-
theoretic model reference adaptive control architecture can be derived by considering the following energy

function
V(e,W) = o(llelle) + v 't[(WA2)T (WAL, (5.22)

where De = {e(t) : |le(t)||p < €} and P € R"" is a solution of the Lyapunov equation in (5.19) with R €

R"". Note that V(0,0) =0, V (e,W) > 0 for (e,W) # (0,0), and
Vie(r),W(r)) < —%aV(e,W) +U, (5.23)

where o0 = inmz((l;)), d 22y W w|Allo, 1 £ Foy 'W?||Al2 +d, and W = Wiax +w. By applying Lemma 1 of

[23, 25], one can now conclude the boundedness of the closed-loop dynamical system given by (5.20) and

(5.21) as well as the strict performance bound on the system error given by (see [1] for details)

le(t)]lp < &. (5.24)
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5.1.3 Set-theoretic Model Reference Adaptive Control Architecture Design for the Generic Trans-
port Model

We consider the NASA GTM 6-DOF rigid aircraft state space model [133] in the form of (5.4) with

x(t) = [h(1), U(1), a(t).q(t), 6(), B(1), p(), r(1), ¢(2), w(r)] € RY, (5.25)
u(t) = [Fr(r), (), &(1), 8-+, 8F, 8K, -+, 68| e R%, (5.26)

being the measurable state vector and control signal vector, respectively. In (5.4), h(z) is the height (in
ft), U(¢) is the speed (in ft/s), o(z) is the angle of attack (in rad), 6(¢) is the pitch angle (in rad), B(¢) is
the sideslip angle (in rad), p(¢),q(r) and r(z) are the angular velocities (in rad/s), ¢(z) is the roll angle (in
rad), and y(r) is the heading angle. In (5.25), Fr(t) is the thrust of the two engines (in 1bs), d.(¢) is the
elevator control input (in rad), &;(¢) is the rudder control input (in rad), Sf% and 5}? correspond to the furthest
inboard Variable Camber Continuous Trailing Edge Flap (VCCTEF) segment on the left and the right wings,
respectively (in rad). For details, we refer interested readers to [133].

In what follows in this section, we design the set-theoretic adaptive control for both longitudinal
and lateral-directional dynamics under the common physical assumption that the longitudinal and lateral-
directional dynamics are not strictly coupled and then we use the resulting control input signals for the

coupled system given by (5.4).

5.1.3.1 Longitudinal Control Design

For the longitudinal dynamics, we consider the state vector denoted as xp,, (1) = [a(t), ¢(¢)]T € R?

and the control input is denoted as u, (1) = 0 (t) € R with the dynamics given by

xplu (t) = Apluxplo (t) + Bplo A]OM]O (t) + Bplo 810 (t7'xplo (t)) ? 'xplu (0) = 'xploo : (527)

To address command following, let ¢jo(t) = c4(t) € R, be a given bounded piecewise continuous command
for the angle of attack and x., (f) € R, be the integrator state satisfying X, () = Ep, xp, () — ca(t), %, (0) =

X0, Where Ep = [1, 0]. Now using Assumption 5.1.1, (5.27) can be written as Xi,(f) = Ajoxio(t) +

Ca

BioAious(t) + BioW,, (1) Oy, (p,, () + Bryca(t),x10(0) = xi100 Where xio() =[x} (1), xi (1)]T € R?, is the
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augmented state vector, and xi00 = ) .7 ol">

4, & | 02 e R (5.28)
Eplo 0
) T

B, = |BT 0] eR’, (5.29)
: T

B, = |0 0 _1} eR3. (5.30)

Now, by taking similar steps as introduced in Section 5.1.2, one can get

Xo(t) = Ao Xio (1) + By, clo (1) +BioAjo [ualo (t) + VV]}; (t)o10 (xlo (t))] , X10(0) = X100, (5.31)

where Ay, £ Ajo — BioKio, Kio € R, Wio (1) £ [AI?WIIO 1), (A — 1)K10}T € R’ is an unknown weight

matrix and 6i, (x10(7)) £ [0 (xp,, (£)) x5, (1)]" € R? is a known basis function.

Therefore, we consider the feedback control law for the longitudinal dynamics given by

Uio(t) = un,, (t) + ta,, (1), (5.32)

with
Uun, (1) = —Kioio(?), (5.33)
Ua,(t) = =W (t)0io (x10(1)), (5.34)

where Wi, (7) € R? is the estimate of W,(¢) satisfying the update law

Wio(t) = HoProim (Wio(1), 9u(etor) I, 010 (310(1)) el (1) FoBto ), Wio(0) = Wico, (5.35)

with Wmaxlo being the projection norm bound. In (5.35), %, € Ry is the learning rate, P, € Riﬁ is a solution

of the Lyapunov equation given by

0 = A;I;oplo +P10Ar10+R107 (536)
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with R, € R33, and ey, (t) £ x10(t) — Xy, (¢) is the system error in longitudinal dynamics with x;, (¢) being

the reference state vector, which satisfies the reference model for the longitudinal dynamics given by
X (1) = Ay X, (t) +Br,Clo(t), X, (0) = x50 (5.37)

Finally, one can write the system error dynamics and weight estimation error dynamics respectively

as

éo(t) = Anseio(t) — BioAWig (1) 010 (x10(t)),  e10(0) = o0, (5.38)

ﬁ/lo(t) = %oProjm(‘/i/lo(t)a(Pd(Helo(t)”P10>Glo(xlo(t))e;[(;(t)PloBlo)_"Vlo(t)a W/lo(o):ﬁ/lom (5.39)

where Wi, (t) = Wio(1) — Wio(t), is the weight estimation error. Based on the result overviewed in Section
5.1.2, one can easily conclude the boundedness of the closed-loop dynamical system given by (5.38) and

(5.39) as well as the strict performance bound on the system error in longitudinal dynamics given by
lewo(t)]| R, < &io- (5.40)

5.1.3.2 Lateral-Directional Control Design

The control design for the lateral-directional dynamics follows similarly. In particular, we consider
the state vector denoted as x,, (t) = [B(t), p(t), r(t), ¢(¢)]T € R* and the control input denoted as u,(t) =

[8:(2), 8¢ (1),-, 6111“6(t), SR (1), 513?6 (t)] € R with the dynamics given by

xpla ([) - Aplaxpla (t) + BPlaAlaula ([) + Bpla 51a(t, XPla (t))a Apia (0) = Xp,0- (5.41)

To address command following, let cg(f) € R and c4(¢) € R be a given bounded piecewise continuous
command for the sideslip angle (in rad) and roll angle (in rad), respectively. In addition, let cj,(¢) =
[cp(1), ¢ (1)]" € R? be the augmented command signal for the lateral-directional dynamics and x.,, (r) € R?,

be the integrator state satisfying

1 0 0O
Xey, (t) = Epla'xpla (t) - Cla(t)’ Xeia (0) = Xcp,05 Ep]a = . (5.42)
0 0 0 1

Now using Assumption 5.1.1, (5.41) can be augmented with (5.42) as
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(5.43)

6a(t) = AwXia(t) + BaAsu(t) + BiaWo, (1), (xp,, (1)) + B, cia(t),  %1a(0) = xia0,
where xi(t) £ [xy, (), xg,, (1)]7 € R, is the augmented state vector, and xia0 = [} o,%¢, o
A . 04x2
A 2 TP T RO, (5.44)
Ep, 0222
T
B, = [Bgla ogm] e RO, (5.45)
T
Brla 2 |:02><4 _12><2:| € R6X2' (5'46)
Now, by taking similar steps as introduced in Section 5.1.2, one can get
Xla (t) Arlaxla (t) + Brla Cla (t) + BlaAla [uala (t) + VV]E (t) Ola (xla (t))] ;X (0) = X1a0; (5.47)
where A, £ Ajy — B1aKia, Kia € R33*6, Wi, (1) & [Al_aleTa (t), (A, — 1)K T € R19%33 is an unknown weight
T (opy (1)), x5 (1)]" € R1? is a known basis function.

matrix and oy, (xla(t)) = [Cps
Therefore, we consider the feedback control law for the lateral-directional dynamics given by
(5.48)

Uia(t) = tny, (1) + thay, (1),

with
Un, (1) = —KiaXia(?), (5.49)
U, (1) = Wiy (1) 01 (x1a (1)), (5.50)
where Wi, (1) € R19%33 is the estimate of Wi, (¢) satisfying the update law
(5.51)

Wia(1) = aProjm (Wha(1). a e1a(r) e, ) 01a (3 1))y () RuBia ). Wia0) = W,

with Wmaxla being the projection norm bound. In (5.51), i, € R is the learning rate, P, € RiX6 is a solution
(5.52)

of the Lyapunov equation given by

0 = A;l;aPla + PlaAr1a + Rla7
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with Ry, € RS, and ey, (1) £ x14(t) — Xy, (¢) is the system error in the lateral-directional dynamics with x;, ()
being the reference state vector, which satisfies the reference model for the lateral-directional dynamics

given by
X, (1) = Apxn,(t) +Br,cla(t),  xn,(0) = xp0. (5.53)

Finally, one can write the system error dynamics and weight estimation error dynamics respectively

as

éla(t) = Arlaela(t) _BlaAlaVV]z(t)Gla (xla(t))7 ela(o) = €1a0, (5.54)

W/la(l) = MaPI"ij (‘;Vla(l>7¢d(”ela<t)HPIa)Gla(xla(t))eil;(t)])laBla> _VVla(t)7 W/la(o) = W/la07 (5.55)

where Wi, (1) £ Wia(t) — Wia(2), is the weight estimation error. Once again, based on the result overviewed in
Section 5.1.2, one can easily conclude the boundedness of the closed-loop dynamical system given by (5.54)
and (5.55) as well as the strict performance bound on the system error in the lateral-directional dynamics

given by
llewa(?)[|p, < €ia- (5.56)

5.1.4 Evaluation of Set-Theoretic Model Reference Adaptive Control Architecture on the Generic

Transport Model

In this section, we evaluate the NASA GTM performance using the set-theoretic adaptive control
architecture that we developed in Section 5.1.3. Specifically, the control signal in (5.32) and (5.48) that are
designed for the longitudinal and the lateral-directional dynamics, respectively, are applied to the coupled
dynamical system of the NASA GTM. The feedback mechanism of the architecture used in this paper is
illustrated in Figure 5.1.

For the configuration with 80% fuel ratio, an altitude of 3600 feet, and a Mach number of 0.797,
a linearized model under nominal conditions is obtained, where for a detailed description and the system
matrices we refer to [133]. Moreover, linear quadratic regulator (LQR) theory is used to design the nominal
controller gain matrices in the longitudinal dynamics with the weighting matrices as Q), = diag([15, 10,50])

to penalize xj,(¢) and Ry, = 10 to penalize u, (), resulting in Kj, = [—1.6958, —1.3820, —2.2361]. Similarly,

139

www.manaraa.com



/ e(t)

— )
'y z(t)
" NASA GTM

(1) | u®) =10 wot), ul®)]"
| wo(t) = —Kiowio
WO ()]
e(t) Ua(t) = —Klaia
L,

T (t)ora (3a(0)
it e (8) = Fiotip (1) — cto(®) | 70 1), 761 (0)
—p] . . " e -
(D) )= 0 =6l s () = Ao () 1 B Lo ()

Reference Model

(with (5.35) and (5.51)) ’_’ dn,, (t) = Av,@r,, () + Bry,cla(t)

Figure 5.1: Set-theoretic model reference adaptive control architecture.

for the lateral-directional dynamics we choose the weighting matrices as Qy, = diag([15,5,5,10,50,50]) to
penalize xj,(¢) and R}, = 1073333 to penalize u,(¢), resulting in the corresponding gain matrix Kj, € R33*¢
that is not presented due to its high dimension. Figures 5.2 and 5.3 show the system response with the
nominal controller in absence of system uncertainties.

In what follows we illustrate the performance of the set-theoretic adaptive control architecture for
several adverse condition scenarios. For the set-theoretic adaptive control design in all of the scenarios,
we set the projection norm bound imposed on each element of the parameter estimate to Wlomax =10 and
Wlamax = 20 and we select Y, = 200 and };, = 100. We use the generalized restricted potential function
given in Remark 5.1.1 with two choices for the performance bound € for each scenario as g, = &, =
0.15 and g, = &, = 0.3 in order to strictly guarantee ||xio(¢) — xr, (¢)]|p, = ||X1a(t) — xx, (¢)||p, < 0.15 and

[0 (#) =26, (1) |y = [1%1a(r) = 2, (1)[| , < 0.3, respectively.

5.1.4.1 Uncertainties in C,,, and G,

We first consider the case when the variation of pitching moment coefficient with angle of attack
Cp, and the variation of rolling moment coefficient with roll rate C;, are both reduced by 360% and we
set Ajo = Ay, = I. Figures 5.4 and 5.5 show the system response with the nominal controller in presence
of these system uncertainties. Figures 5.6 to 5.8 show the system response with the set-theoretic adaptive
control architecture with &, = &, = 0.3 and one can see that the proposed controller is able to recover the

system and enforce the required user-defined performance bounds on the system error trajectories. In order
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to get a closer tracking of the reference dynamics trajectories, we decrease the performance bounds on both

longitudinal and lateral-directional channels to &, = &, = 0.15 as it can be seen from Figures 5.9 to 5.11.
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Figure 5.2: System response with the nominal controller.
Left wing segments (deg)

T\ —

0 10 20 30 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100
Right wing segments (deg)

2 T T T T T T T ™ T

0 10 20

0 10 20

Time (sec)

Figure 5.3: Control signals of the VCCTEF segments on the left and the right wings with the nominal
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Figure 5.6: Set-theoretic controller response with g, = €, = 0.3 under scenario 5.1.4.1.
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Figure 5.7: Control signals of the VCCTEF segments on the left and the right wings for the case where
€o = €, = 0.3 under scenario 5.1.4.1.
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Figure 5.9: Set-theoretic controller response with &, = €, = 0.15 under scenario 5.1.4.1.
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Figure 5.10: Control signals of the VCCTEF segments on the left and the right wings for the case where

€o = &, = 0.15 under scenario 5.1.4.1.
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Figure 5.11: The error norm (top) and the effective error dependent adaptation rate (bottom) for the case

0 seenario 5.1.4.1.
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5.1.4.2 Uncertainties in Cnﬁ and Clﬁ

As the second scenario, we consider the case when the variation of yawing moment coefficient with
sideslip angle C,,, and the variation of rolling moment coefficient with sideslip angle Cj; are both reduced
by 300%, and we set A, = Aj, = 1. Figures 5.12 and 5.13 show the system response with the nominal
controller in presence of these system uncertainties. Figures 5.14 to 5.16 show the system response with the
set-theoretic adaptive control architecture with g, = €, = 0.3 and one can see that the proposed controller
is able to recover the system and strictly enforce the user-defined performance bounds on the system error
trajectories. Once again, to achieve a better tracking performance, we decrease the performance bounds on

both longitudinal and lateral-directional channels to g, = €, = 0.15 as it can be seen from Figures 5.17 to

5.19.

5.1.4.3 Uncertainties in C,,, Clﬁ , Cnﬁ and C;,

Finally, we consider the case when the variation of pitching moment coefficient with angle of attack
G, and the variation of rolling moment coefficient with sideslip angle Cj, are both reduced by 150%, and
also the variation of yawing moment coefficient with sideslip angle C,; and the variation of rolling moment

coefficient with roll rate C;, are reduced by 100%. We further consider that the control effectiveness matrices
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Figure:5:12::Systemresponse with the nominal controller under scenario 5.1.4.2.
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Figure 5.13: Control signals of the VCCTEF segments on the left and the right wings with the nominal
controller under scenario 5.1.4.2.
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Figure 5.14: Set-theoretic controller response with g, = &, = 0.3 under scenario 5.1.4.2.
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Figure 5.15: Control signals of the VCCTEF segments on the left and the right wings for the case where

€o = &, = 0.3 under scenario 5.1.4.2.
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Figure 5.16: The error norm (top) and the effective error dependent adaptation rate (bottom) for the case

where g, = &, = 0.3 under scenario 5.1.4.2.
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Figure 5.17: Set-theoretic controller response with &, = &, = 0.15 under scenario 5.1.4.2.
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Figure 5.19: The error norm (top) and the effective error dependent adaptation rate (bottom) for the case
where &, = &, = 0.15 under scenario 5.1.4.2.

on both longitudinal and lateral-directional channels are given by Aj, = 0.25, A}, = 0.25133433. Figures 5.20
and 5.21 show the system response with the nominal controller in presence of these system uncertainties.
Figures 5.22 to 5.24 show the system response with the set-theoretic adaptive control architecture with
€0 = €a = 0.3 where it can be seen that the proposed controller is able to recover the system and strictly
enforce the required user-defined performance bounds on the system error trajectories. In order to achieve
a closer tracking of the reference dynamics trajectories, once again we decrease the performance bounds on
both longitudinal and lateral-directional channels to g, = &, = 0.15 as it can be seen from Figures 5.25 to

5.27.

5.1.5 Conclusion

A set-theoretic model reference adaptive control architecture was applied to the longitudinal and
lateral-directional dynamics of the NASA generic transport model. The simulation results showed that this
control framework was capable of enforcing user-defined performance guarantees on this model without

knowledge on the upper and lower bounds on the system uncertainties.
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Figure 5.22: Set-theoretic controller response with &, = &, = 0.3. under scenario 5.1.4.3.
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Figure 5.23: Control signals of the VCCTEF segments on the left and the right wings for the case where
€o = €, = 0.3 under scenario 5.1.4.3.
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Figure 5.24: The error norm (top) and the effective error dependent adaptation rate (bottom) for the case
where €&, = &, = 0.3 under scenario 5.1.4.3.
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Figure 5.25: Set-theoretic controller response with g, = €, = 0.15 under scenario 5.1.4.3.
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Figure 5.26: Control signals of the VCCTEF segments on the left and the right wings for the case where
€o = &, = 0.15 under scenario 5.1.4.3.
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Figure 5.27: The error norm (top) and the effective error dependent adaptation rate (bottom) for the case
where g, = €, = 0.15 under scenario 5.1.4.3.
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5.2 Experimental Results with the Set-Theoretic Model Reference Adaptive Control Architecture
on an Aerospace Testbed?

In this paper, we present experimental results of a recently developed set-theoretic model reference
adaptive control architecture on an aerospace testbed, which is configured as a conventional dual-rotor
helicopter. The key feature of this architecture allows the system error bound between the state of an
uncertain dynamical system and the state of a reference model, which captures a desired closed-loop system
performance, to be less than a-priori, user-defined worst-case performance bound. This means that this
proposed architecture is suitable for enforcing strict performance guarantees during the transient and steady-
state response of the adaptation process. Specifically, we first experimentally demonstrate the practical
capabilities of this adaptive control algorithm with constant performance bounds on the considered testbed.
We then consider the time-varying performance bounds, where we highlight how a control designer is
empowered by the set-theoretic model reference adaptive control architecture to control the closed-loop
system performance as desired on different time intervals (e.g. transient time interval and steady-state time

interval) and also how to handle a possible system initialization error that can happen in practice.

5.2.1 Introduction

Although model reference adaptive control architectures are capable of guaranteeing closed-loop
system stability in the presence of exogenous disturbances and system uncertainties, one of the major
drawbacks to adopting these control frameworks is the inability to obtain user-defined performance guar-
antees. For addressing this limitation, we recently proposed set-theoretic model reference adaptive control
architecture in a set of papers [1, 2, 93, 101-106, 108, 119]. The key feature of set-theoretic model reference
adaptive control architecture allows the system error bound between the state of an uncertain dynamical
system and the state of a reference model, which captures a desired closed-loop system performance, to
be less than a-priori, user-defined worst-case performance bound. This means that this architecture is
suitable for enforcing strict performance guarantees during the transient and steady-state response of the
adaptation process. Specifically, [1] presents this control framework for achieving time-invariant perfor-
mance bounds, where in [2, 108] this framework is further extended to guarantee time-varying user-defined
performance bounds. The generalization of the set-theoretic model reference adaptive control architecture

to the unstructured system uncertainties is studied in [93, 102] and also the extension of this architecture

2This section has been submitted to the AIAA Guidance, Navigation, and Control Conference.
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for guaranteeing performance in the presence of actuator failures and actuator dynamics are respectively
presented in [101, 119]. This framework is also recently employed for decentralized control of large-scale
modular systems in [103, 104]. In [105, 106] an application of the set-theoretic model reference adaptive
control architecture are respectively presented on the NASA generic transport model and a rigid body vehicle
on exponential coordinates.

Primarily building on the results of [1, 2, 108], this paper presents experimental results of a recently
developed set-theoretic model reference adaptive control architecture on an aerospace testbed, configured
as a conventional dual-rotor helicopter. Specifically, we first experimentally demonstrate the practical
capabilities of this adaptive control algorithm with constant performance bounds in [1] compared with the
standard model reference adaptive controller. From a practical standpoint, we then show how the extension
of the set-theoretic model reference adaptive control architecture to time-varying performance bounds in
[2, 108] gives the control designer a flexibility to control the closed-loop system performance as desired
on different time intervals (e.g. transient time interval and steady-state time interval). In addition, we
demonstrate the efficacy of this control framework for handling the initialization error that can happen in
practical settings.

The organization of the rest of this paper is as follows. Section 5.2.2 provides the problem for-
mulation. Section 5.2.3 overviews the set-theoretic model reference adaptive control architecture with
constant and time-varying performance bounds. Section 5.2.4 illustrates the efficacy of the set-theoretic
model reference adaptive control architecture applied to the AERO platform. Finally, the conclusions are
drawn in Section 5.2.5. The notation used in this paper is fairly standard as similar to [1, 2, 108]. To be
self-contained, N denotes the set of natural numbers, R denotes the set of real numbers, R" denotes the set
of n x 1 real column vectors, R denotes the set of n x m real matrices, R (respectively, R, ) denotes
the set of positive (respectively, nonnegative-definite) real numbers, R7*" (respectively, @?’6 denotes the
set of n x n positive-definite (respectively, nonnegative-definite) real matrices, D"*" denotes the set of n x n
real matrices with diagonal scalar entries, 0, denotes the n X n zero matrix, and “=” denotes equality by
definition. In addition, we write (-)T for the transpose operator, (-)~! for the inverse operator, || - ||p for
the Frobenius norm, and || - ||, for the Euclidean norm. Furthermore, we write ||A2 £ \/Amax(ATA) for
the induced 2-norm of the matrix A € R, Ain(A) (resp., Amax(A)) for the minimum (resp., maximum)

eigenvalue of the matrix A € R"*", and tr(-) for the trace operator.
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5.2.2 Problem Formulation

Consider the uncertain dynamical system given by
Gp(t) = Apxp(t) +BpAu(t) +BpSp(t,x5(1)),  xp(0) = xp0. (5.57)

In the above expression, x, (1) € R™ denotes the measurable state vector, u(t) € R™ denotes the control input,
A, € R™*™ denotes a known system matrix, B, € R"»*™ denotes a known input matrix, §, : Ry x R — R™
denotes a system uncertainty, and A € R’ NID"*" denotes an unknown control effectiveness matrix. As
standard, it is assumed that the pair (A, Bp) is controllable. Note that the considered uncertain dynamical
system dynamics given in (5.57) fits appropriately to the experimental aerospace testbed (see Section 5.2.4

for details). Here, we also consider that the system uncertainty given by (5.57) is parameterized as
&txp) = Wy ()0p(xp), (5.58)

where W, (1) € R*™ is a bounded unknown weight matrix (i.e., ||W,(¢)||[r < wp) with a bounded time
rate of change (i.e., |W,(¢)|lr < Wp) and o, : R™ — R® is a known basis function of the form o} (xp) =
[0p1 (Xp), Op2(Xp), - - -, Ops(xp)]T that includes locally Lipschitz elements.

To address command following, it is of practice to consider an integral state x.(z) € R satisfying
Xe(t) = Epxp(t) —c(t),  xc(0) = xco. (5.59)

Here, c(t) € R™ is a piecewise continuous command and E, € R"*" is a matrix introduced to select a
subset of xp(r) to follow ¢(¢). Considering this integral state, one can now defined the augmented state
vector as x(t) = [x1(¢), xI(#)]T €R", n = ny, + n, and write

P y e s P Cs

(1) = Ax(t)+BAu(t)+BWY(1)0p(xp(1)) +Bec(t), x(0) = xo, (5.60)

using (5.57) and (5.59), where

a2 | Do) Cguan (5.61)
Ep Onc><nC
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T
B £ [Bg oT } e RV (5.62)

Ne Xm
T
Br é |:0;p><nc IncxnC:| € R”X"c‘ (563)
Next, consider the feedback control law given by
u(t) = un(t) +ua(t). (5.64)
In (5.64), u,(t) € R™ represents the nominal control law of the form given by

un(t) = —Kx(t), (5.65)

such that A, 2 A — BK, K € R™", is Hurwitz and u,(t) € R™ represents the adaptive control law to be

introduced in Section 5.2.3. It is now straightforward to write
X(1t) = Awx(t)+Brc(t) +BA [uy(1) +WT(t)6(x(t))] , x(0) = xo, (5.66)

using (5.64) and (5.65) in (5.60), where W (1) £ [A~'W (1), (A~ —Imxm)K]T e RO+ i an unknown

weight matrix and o (x(z)) £ [GPT (xp(2)),x"(r)]" € R™" is a known basis function.

5.2.3 Set-Theoretic Model Reference Adaptive Control Architecture [1, 2]

As it is well-known, the selection of the adaptive control law and its corresponding update law plays
a crucial role in any model reference adaptive control design for achieving desired command following

characteristics captured by the reference model given by
() = Am(t)+Bec(t), x:(0) = x0, (5.67)

with x;(r) € R” being the reference state vector. In this section, we concisely overview the set-theoretic
model reference adaptive control architecture proposed in [1] and [2, 108] for respectively enforcing constant

and time-varying user-defined performance bound guarantees on the norm of system error vector.
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5.2.3.1 Constant Performance Bound Guarantees

We begin with the set-theoretic model reference adaptive control architecture developed in [1] for

enforcing constant performance bound guarantees. To this end, we let the adaptive control law be given by
uy(t) = =W (t)o (x(t)), (5.68)

where W (r) € RG> is an estimate of W (¢). We now use the well-known projection operator. Based on its
definition (e.g., see [30, 80]), (9 — 9*)T (Proj (6,y)— y) < 0 holds for any vector y, where the vector 0 is the
estimation of the unknown vector 6*. This definition can be further generalized to matrices as Proj,,(0,Y) =
(Proj(col;(®),col;(Y)),...,Proj(col,,(®),col,(Y))), where ® € R, Y € R™™, and col;(-) denotes ith
column operator resulting in tr [(® — ©*)(Proj,,(©,Y) —Y)]| < 0. Now, consider the update law for (5.68)

given by
W (1) = vPrcim (W (1), 0a(le)Ip) & (x(0)) " () PB),  W(0) =i, (5.69)

with Wax being the projection norm bound. In (5.69), y € R, is the learning rate (i.e., adaptation gain),

P € R*" is a solution of the Lyapunov equation given by
0 = A'P+PA+R, (5.70)

with R € R, and e(t) £ x(t) — x,(¢) is the system error. In (5.69), in addition, ¢ (||e(z)||p) is the generalized
restricted potential function defined on the set D = {e(t) : |le(t)||p € [0,€)} with |le(t)||p = /e (¢)Pe(t)

being the weighted system error and € € R, being a-priori, user-defined constant, satisfying
i) If [[e()[|p = O, then ¢([le(z)||p) =0
ii) If e(t) € Dg and ||e(2)||p # 0, then ¢ (||e(z)||p) > O.
iii) If ||e(t)||p — €, then @ (||e()]|p) —
iv) ¢(|le(t)||p) is continuously differentiable on D;.
v) If e(t) € D then gu([le(r)]p) > 0. where da(|le(t)][p) = W

vi) If e(r) € De, then 2¢4(lle(r) [p)[le(t) |5 — 9 (lle(r) [p) >
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Remark 5.2.1 From a theoretical standpoint, the update law given by (5.69) for the set-theoretic model

reference adaptive control architecture can be derived by considering the following energy function [1]
V(e W) =0(|lellp)+7 'u[(WA2)T(WAY)]. (5.71)

where W (t) 2 W (t) — W(t). As shown in [1], the time derivative of this energy function is upper bounded

by

Vie(r),W(r) < —%aV(e,VNV) +U, (5.72)

where ot = i:;i((l;))’ d=2y WA

2 w2 zay WA+ d o = Waax +w, [W(0)][p < w, and |W(1)||r <
w. In particular, (5.72) is sufficient to conclude that V (e,W ) is upper bounded. Hence, one can now conclude
with ||eo||p < € that the pair (e(t),W(t)) is bounded and the system error satisfies the strict bound given by

lle(t)||p < €, > 0. Once again, we refer to Theorem 3.1 of [1] for details.

5.2.3.2 Time-Varying Performance Bound Guarantees

We now overview the results in [2] for enforcing time-varying performance bound guarantees. For

this purpose, we consider the modified reference model given by
G (1) = Ak, () + Bee(1) +8(1), x1, (0) = xi0, (5.73)

where x;, (1) € R” is the modified reference state vector and {(r) € R” is an added term to be defined below.

Letting ey, (¢) = x(t) — x;,, (t), we consider the error transformation given by
ee(t) = G(t)em(r), (5.74)

where £ (1) € Ry is a user-defined scalar transformation function that is used later to enforce a time-varying

performance bound on the system error vector. We also let
) = EME (D)em(). (5.75)

Furthermore, we utilize the generalized restricted potential function introduced in Section 5.2.3.1 and con-
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sider the update law for (5.68) given by
W (1) = yProjim (W (1), £ ()9a(lec ()l|)o (x(1)) el ()PB),  W(0) = Wb, (5.76)

with Wi« being the projection bound and y € R, being the learning rate.

Remark 5.2.2 From a theoretical standpoint, the update law given by (5.76) for the set-theoretic model

reference adaptive control architecture can be derived by considering the following energy function [2]

Vies, W) = ¢(|lecllp) +7 'tr[(WAYHT(WA?)], (5.77)
where W (t) 2 W (t) — W (t). The time derivative on this energy function satisfies the upper bound given by

V(ez(t),W(r) < —%aV(eg,W) +U, (5.78)

holds, where o 2 42, d £ 2y~ 15 v A

2 2 Joy WP Al +d, W = Whax +w, [W()|[F < w, and
W (2)||g < W. In particular, (5.78) is sufficient to conclude boundedness of V (ez,W). Hence, one can now
conclude with ||emo||p < €/&(0) that the closed-loop system state (e (t),W (1)) is bounded and the system
error satisfies the strict performance bound given by |len(t)||p < €/E(t), t > 0. Once again, we refer to
Theorem 3.2 of [2] for details.

To enforce strict time-varying performance guarantees, one can also use Theorem 3.1 of [2] instead
of Theorem 3.2 of [2]. We note here that the former theorem if used requires an extra condition that is
Amin(PBABTP) # 0. However, if Amin(PBABTP) = 0 and Apyin(R) — 2€Amax (P) > 0 both hold at the same

time with € £ max ?, then it readily follows from Theorem 3.1 of [2] that it can be utilized without this

teR, ®
extra condition.
5.2.4 Experimental Study with an Aerospace Testbed

In this section, we experimentally demonstrate the practical capabilities of the set-theoretic model
reference adaptive control architecture with constant and time-varying performance bounds on the Quanser
AERO platform in dual-rotor helicopter configuration [3]. For this purpose, we follow the presented control

algorithms in Section 5.2.3 as illustrated in Figure 5.28.
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Figure 5.28: Set-theoretic model reference adaptive control architecture.

5.2.4.1 Physical Setup
For the control design, we consider the linearized model of the considered aerospace testbed given

by

Jp0(t)+Dp0(t) +Kyp0(t) = 1,(t), 6(0) =6y, (5.79)

JyW () +Dyy(t) = 1y(t), w(0)=wp, (5.80)

where 6(¢) is the pitch angle (in radians), y(¢) is the yaw angle (in radians), J,, (respectively, Jy) is the total
moment of inertia about the pitch (respectively, yaw) axis, D, (respectively, Dy) is the damping about the
pitch (respectively, yaw) axis, and K, is the stiffness about the pitch axis. The control torques acting on the

pitch and yaw axes are given by

T(1) = KupVp(t) + KpyVy(0), (5.81)

T(1) = KypVp(r) +KyyVy(1). (5.82)

where V,,(¢) and Vi () are respectively the motor voltages applied to the pitch and yaw rotors, K, (respec-
tively, Kyy) is the torque thrust gain from the pitch (respectively, yaw) rotor, and K,y (respectively, Ky;) is
the cross-torque thrust gain acting on the pitch (respectively, yaw) from the yaw (respectively, pitch) rotor.
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Table 5.1: The Quanser AERO platform parameters.

Jp [kgm?] | 0.0219 Dy [kgm?s™!] 0.0220 || Kpp [kgm?s™2V~!1] | 0.0011
Jy [kgm?] | 0.0220 Ksp [kgm?s~2] 0.0375 || Kyy [kgm?s~2V~!] | 0.0022
D, [kgm?s7!] | 0.0071 || Ky, [kgm?s™2V~1] | -0.0027 || Kpy [kgm?s~2V~1] | 0.0021

Using (5.79) to (5.82), one can equivalently write the system dynamics in the form

ip(t) = Apxp(t)+Bpu(t), xp(0) = xp0, (5.83)
with
0 0 1 0 0 0
0 0 0 1 0 0
Ap = , Bp= , (5.84)
—Kep/Jp 0 —Dp/Jp 0 Kop/ Ty Kpy/Jp
L 0 0 0 _Dy/Jy_ _Kyp/Jy Kyy/Jy_

where x, (1) = [0(t), y(t),0(t), y(1)]T € R* denotes the measurable state vector and u(t) = [V, (1), Vy(1)]T €
R? denotes the control input. The system parameters are obtained from the Quanser AERO user manual
[3] as shown in Table 5.1. Note that (5.83) is derived based on the ideal system conditions. However, in
practical application scenarios where system uncertainties are present, one can alternatively consider the

uncertain system dynamics in the form given by
ip(0) = Apxp(t) T BpA(u(t) + W (0)0p(5p(1))). 3p(0) =0, (5.85)

where A denotes an uncertain control effectiveness matrix, W, (¢) denotes a bounded unknown weight matrix,
and o, (x, (1)) denotes a known basis function.

Linear quadratic regulator theory is used to design the nominal controller gain matrix with the
weighting matrices as Q = diag([2,2,0,0,50,50]) to penalize x(t) and R = 0.001L> to penalize u(r)

resulting in

82.85 —124.21 29.70 —32.29 125.18 —185.28
K= , (5.86)

117.26  78.55 3895 19.04 18528 125.18
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for (5.65). In this experiment, a 30 degree yaw maneuver is considered as the control objective; hence,
from a practical point of view, we pass the desired command through a low-pass filter to generate a smooth
yaw command. In addition, note that the pitch and yaw motor voltages saturate at 24 V and we consider
W) () = 0 and the uncertain control effectiveness matrix to be assumed as A = 0.1 (i.e., 90% reduction

in control channel efforts) resulting in W = 95 5.

5.2.4.2 Experimental Results with Constant Performance Bound Guarantees

In this subsection, we illustrate the efficacy of the set-theoretic model reference adaptive controller
for enforcing constant strict performance guarantees. For this purpose, we start with the implementation of
the nominal and standard adaptive control laws to the AERO platform.

Figure 5.29 shows the performance of the nominal controller for command following. Introducing
the uncertain control effectiveness matrix, it is evident from Figure 5.30 that the nominal controller yields
to instability. As it is well-known [30], the standard adaptive control architecture can be implemented by
setting @, (||e(?)|lp) = 1 in (5.69) for all time. Furthermore, we use rectangular projection operator and set the
upper and lower projection bounds imposed on each element of the parameter estimate as Wupper = 16bLy»
and Wiower = 2 2. Moreover, we use R = 1.5I6«¢ to calculate P from (5.70) for the resulting A, matrix.
Figure 5.31 presents the command following performance of the adaptive controller with ¥y = 5, where the
evolution of norm of the system error and the weight estimation are shown in Figure 5.32. Assuming that
we need a close tracking of the reference system such that the norm of the system error (i.e., ||e()||p)
be less than 0.4, this adaptive controller is not able to achieve this requirement. In order to improve the
performance, a control designer can increase the adaptation rate as well-known. Figure 5.33 presents the
command following performance of the adaptive controller with ¥ = 30, where the evolution of norm of the
system error and the weight estimation are shown in Figure 5.34. Although, the performance is improved
in this setting, the control objective (i.e., ||e(f)||p < 0.4) is not yet achieved. By further increasing the
adaptation rate to y = 70, one can eventually obtain satisfactory results as it can be seen from Figures 5.35
and 5.36. Note that, even though the desired performance is obtained using y = 70, this performance is
not guaranteed and is subject to change if the system uncertainties vary. In addition, one needs to perform
ad-hoc process to come up with this adaptation rate, which should be avoided in real-world safety-critical

scenarios.
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Next, in order to demonstrate the efficacy of the set-theoretic model reference adaptive controller

for enforcing constant strict performance guarantees by utilization of the error-dependent learning rate

40 T
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Figure 5.29: Command following performance with the nominal controller in the absence of the system

uncertainty.
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Figure 5.30: Command following performance with the nominal controller in the presence of the system
uncertainty.
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da(||e(t)||p), we use the generalized restricted potential function of the form ¢ (|le(t)||p) = ||e(t)||3/(€*—

le(t)||2), e(t) € D¢ [2, 108], with € = 0.4, and we set the constant learning rate to y = 5. Figure 5.37 shows

the closed-loop dynamical system performance with the set-theoretic adaptive controller in Section 5.2.3.1,

t (sec)

Figure 5.31: Command following performance with the adaptive controller using y = 5.

0.8

0.6

0.4

0.2

0

T
—lle®llr |
--c¢
1 1 1 1 1 1 1
0 5 10 15 20 25 30 35
—
e
|l
L L L L L L L
5 10 15 20 25 30 35
1 1 1 1 1 1 1
5 10 15 20 25 30 35
t (sec)

Figure 5.32: Norm of the system error trajectories and the evolution of the weight estimation W (¢) with the
adaptive controller using y = 5.
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where Figure 5.38 shows the norm of the system error trajectories, the evolution of the weight estimate
W (t), and the evolution of the effective learning rate. One can see from these figures that the expected

performance is achieved and the norm of the system error is guaranteed to be less than € = 0.4. Note that,
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Figure 5.33: Command following performance with the adaptive controller using y = 30.
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Figure 5.34: Norm of the system error trajectories and the evolution of the weight estimation W (¢) with the
adaptive controller using ¥ = 30.
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any other values for learning rate 7y can be used alternatively in this control architecture without violating

the desired user-defined performance guarantee (e.g., see [1]). In addition, unlike the standard adaptive

controller with y = 70, this performance is obtained independent of the bound on the system uncertainties

o(t)

Figure 5.35: Command following performance with the adaptive controller using y = 70.
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Figure 5.36: Norm of the system error trajectories and the evolution of the weight estimation W (¢) with the
adaptive controller using y = 70.
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and, more importantly, it does not require an ad-hoc tuning process — in fact, it tunes “y@,(||e(¢)||p)" in

response to the system error to ensure the desired user-defined performance, automatically. This subsection
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Figure 5.37: Command following performance with the set-theoretic model reference adaptive controller in
Section 5.2.3.1.
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Figure 5.38: Norm of the system error trajectories, the evolution of the weight estimation W (¢), and the
effective learning rate y¢,(-) with the set-theoretic model reference adaptive controller in Section 5.2.3.1.
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highlighted how the set-theoretic model reference adaptive control architecture empowers a control designer
for enforcing desirable system performance requirements, without concerning about the selection of the

adaptation rate and requiring the knowledge of the upper bound on the system uncertainty.

5.2.4.3 Experimental Results with Time-Varying Performance Bound Guarantees

In this subsection, we now demonstrate the efficacy of the set-theoretic model reference adaptive
controller for enforcing time-varying strict performance guarantees. In particular, we utilize the generalized
restricted potential function of the form ¢ (||ez (¢)[|p) = |lez (1)[|3/(€* — [lez (1) ||3), ez (t) € De [2, 108], with
€ =1, and we set the constant learning rate to Y = 5. Furthermore, we choose the user-defined function
&(t) such that its inverse (§~!(¢)) changes smoothly from 0.4 to 0.2 such that it allows more deviation at

-1

the transient time interval (&,

= 0.4) and then it enforces more restricted bound for the steady-state time
interval (§ ! = 0.2) in order to obtain a closer tracking performance by guaranteeing ||x(t) — x;,, (¢)||p <
£ (0).

Figure 5.39 shows the closed-loop dynamical system performance with the set-theoretic adaptive
controller with time-varying performance bound, where Figure 5.40 shows the norm of the system error
trajectories, the evolution of the weight estimate W (), and the evolution of the effective learning rate. One
can see from these figures that the set-theoretic control architecture in Section 5.2.3.2 enables the designer to
control the closed-loop system performance as desired on different time intervals (e.g. transient time interval
and steady-state time interval). Once again, we note that, any other values for learning rate y can be used
alternatively in this control architecture without violating the desired user-defined performance guarantee.

As mentioned in Remark 5.2.1, to implement the set-theoretic control architecture in Section 5.2.3.1,
the initial error has to satisfy ||eg||p < €. From a practical standpoint, and due to the possible initialization
error, this requirement may be restrictive. In what follows, we demonstrate the efficacy of the set-theoretic
model reference adaptive controller in Section 5.2.3.2 for addressing this limitation by enforcing time-
varying strict performance guarantees. To this end, we consider 10 degrees initialization error in the yaw
angle. We now utilize the error-dependent learning rate ¢4(||e(¢)||p) and we set the constant learning rate
to ¥ = 5. Furthermore, we choose the user-defined function & (¢) such that the resulting bound on the system
error behaves exponentially. This allows more deviation at the initial stage (£ ~'(0) = 2), and then gradually
enforces more restriction (én:ih = 0.4) in order to obtain a closer tracking performance by guaranteeing

llx(¢) — xg, (¢)]lp < E'(). Figure 5.41 shows the command following performance of the set-theoretic
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model reference adaptive controller in Section 5.2.3.2, where satisfactory result is obtained for tracking the

desired command. Once again, the key feature of the proposed control algorithm in practical applications

40 F T B
1 A N R cw(t) i
20
= —u(t) ||
= - - Q/”r(t)
1 1 1 1 1 1 1 |
5 10 15 20 25 30 35
10 T
T ce(t) B
= Ll Y ~ —0) | |
I R IR --0,(¢)
5+ -
-10 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35
T
1 1 1 1 1 1 1

t (sec)

Figure 5.39: Command following performance with the set-theoretic model reference adaptive controller in

Section 5.2.3.2.
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Figure 5.40: Norm of the system error trajectories, the evolution of the weight estimation W(t), and the
effective learning rate ¥ (¢)@,(-) with the set-theoretic model reference adaptive controller in Section
5.2.3.2.
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is evident from Figure 5.42. Specifically, one can see from this figure that due to the initialization error,

the system error norm is large initially, therefore a time-varying performance bound is needed such that it
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Figure 5.41: Command following performance with the set-theoretic model reference adaptive controller in
Section 5.2.3.2.
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Figure 5.42: Norm of the system error trajectories, the evolution of the weight estimation W (¢), and the
effective learning rate Y& (¢)¢,(-) with the set-theoretic model reference adaptive controller in Section
5.2.3.2.
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decreases from a large initial value to a small final value in order to handle the initial large system error

norm and eventually obtain the desired tracking performance.

5.2.5 Conclusion

In this paper, set-theoretic model reference adaptive control architectures with constant and time-
varying performance bounds were tested on an aerospace testbed, configured as a conventional dual-rotor
helicopter. The experimental results demonstrated that this control framework was capable of enforcing
user-defined performance guarantees without requiring strict knowledge of the upper and lower bounds
on the system uncertainties. Furthermore, the set-theoretic model reference adaptive control architecture
with time-varying performance bounds enhanced the overall system performance by not only controlling
the closed-loop system performance as desired on different time intervals (e.g. transient time interval and

steady-state time interval), but also by handling the initialization error.

5.3 A Set-Theoretic Model Reference Adaptive Control Architecture with Dead-Zone Effect

In contrast to standard model reference adaptive control architectures with fixed learning rates, set-
theoretic model reference adaptive control architectures predicated on system error-dependent learning rates
have the capability to enforce user-defined worst-case performance bounds on the closed-loop uncertain
dynamical system trajectories. When learning is not needed (e.g., in the presence of small system errors
that often contain high-frequency residual signal contents), however, it is not theoretically straightforward
to stop the adaptation process with set-theoretic architectures using the common dead-zone function — a
practice that is widely-adopted in applications of standard model reference adaptive control architectures.
Motivated from this standpoint, the contribution of this paper is a set-theoretic model reference adaptive
control architecture with dead-zone effect. Specifically, the key feature of our framework utilizes a new
and continuous generalized restricted potential function, where it not only stops the adaptation process
inside the dead-zone but also allows the norm of the system error to be less than a user-defined performance
bound. The stability of the proposed technique is rigorously analyzed through several steps by showing the
boundedness of an energy function in all possible variations in the system error trajectories, which goes
well beyond the analyses of standard adaptive control schemes with the common dead-zone function. For

cases when this performance bound is time-varying, in addition, we show that this dead-zone also scales its

3This section has been submitted to the IFAC Journal Control Engineering Practice.
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size automatically to give the designer a flexibility to control the closed-loop system performance as desired
on different time intervals. Finally, we also experimentally validate the efficacy of the proposed technique

through an aerospace testbed.

5.3.1 Introduction

5.3.1.1 Literature Review and Contribution

In any model reference adaptive control algorithm, the system error between an uncertain dynamical
system and a reference model, which captures a desired closed-loop dynamical system response, is critical.
In particular, this error drives the update law and then the update law adjusts the feedback control gains
online in order to suppress this system error, and therefore, to make the uncertain dynamical system behave
close to the desired closed-loop dynamical system response. The update laws of standard model reference
adaptive control architectures utilize fixed learning rates and their resulting upper bounds on the norm of
the system error can be calculated based on Lyapunov arguments (see, for example, [16, 17, 28-30]). Yet,
as it is well-known (see, for example, [1]), these calculated upper bounds are usually conservative. As
a consequence, they may not give tight practical insights to a control designer for correctly assessing a
worst-case performance in the implementation process of these standard algorithms.

In contrast to standard model reference adaptive control algorithms, set-theoretic model reference
adaptive control architectures (see, for example, [1]), which are predicated on system error-dependent
learning rates, have a capability to directly enforce user-defined worst-case performance bounds on the
system errors, and therefore, on the closed-loop uncertain dynamical system trajectories (see also [1, Section
1] on how this architecture compares with other relevant literature works). When learning is not needed (e.g.,
in the presence of small system errors), however, it is not theoretically straightforward to stop the adaptation
process with set-theoretic architectures using the common dead-zone function due to their generalized
restricted potential function-based constructions. In particular, the use of the common dead-zone functions
is a widely-adopted practice (see, for example, [30, 134, 135]) in applications of standard model reference
adaptive control algorithms. This is motivated from the observation that small system errors generally
contain, for example, high-frequency residual content of exogenous disturbances and/or measurement noise.
Specifically, a model reference adaptive control algorithm with dead-zone is originally proposed by the
authors of [134] to stop the adaptation process when the system error is less than a prescribed value. The

authors of [135] also propose a smooth dead-zone version to the literature (see also [30, Section 11.2] for
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details). Yet, these contributions also utilize standard fixed learning rates and, once again, it is a challenge
to correctly assess a worst-case performance in a non-conservative way in the implementation process of
these algorithms.

The contribution of this paper is a set-theoretic model reference adaptive control architecture with
a dead-zone effect. The key feature of our framework utilizes a new and continuous generalized restricted
potential function. Instead of directly using the common dead-zone function, in particular, this potential
function is theoretically constructed in order not only to stop the adaptation process inside the dead-zone but
also to allow the norm of the system error to be less than a user-defined performance bound for achieving
strict closed-loop dynamical system response guarantees. Specifically, Section 5.3.3.1 first presents the
proposed approach with a user-defined constant performance bound on the system error, where dead-zone
effect is also treated as a constant region. We next address in Section 5.3.3.2 the case when this performance
bound is desired to be time-varying and show that this dead-zone also scales its size automatically to give the
designer a flexibility to control the closed-loop system performance as desired on different time intervals.
We refer to Section 5.3.1.2 for a motivational example.

We note here that the provided new stability analysis of the proposed architecture goes well beyond
the analyses of standard model reference adaptive control schemes with the common dead-zone function. In
particular, the stability of the proposed technique is rigorously analyzed through several steps by showing
the boundedness of an energy function in all possible variations in the system error trajectories, and hence,
it does not trivially follow from, for example, [1]. Finally, we also show the efficacy of the proposed
architecture through two illustrative numerical examples and, more importantly, through an aerospace

testbed experimentation in Section 5.3.4.

5.3.1.2 A Motivational Example

To elucidate the motivation behind the proposed model reference adaptive control architecture,
consider a simple-yet-representative scenario. Specifically, let x(¢) be the scalar state of an uncertain
dynamical system and let x.(7) be the scalar state of a reference model. If we only focus on the problem
where the system error e(f) = x(¢) — x.(f) needs to stay on the fixed set S capturing a constant worst-case
performance as depicted in Figure 5.43(a), then the original set-theoretic model reference adaptive control
architecture [1] can be utilized to address this problem. In addition to enforcing a worst-case performance

to the adaptation process through constraining the system error to stay in the set S, a control designer may
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(a) Constant performance bound. (b) Time-varying performance bound.

Figure 5.43: Graphical representations for the motivational example in Section 5.3.1.2.

also want to stop the adaptation when this system error belongs to a smaller set R C S (dead-zone) as also
shown in this figure. As discussed above, this expectation is common in practice since small system errors
often contain high-frequency residual signal contents that the update laws should not take into account.
This problem is addressed in Section 5.3.3.1 through a new and continuous generalized restricted potential
function in the set-theoretic model reference adaptive control law.

Next, consider the case when a control designer wants to enforce a time-varying worst-case perfor-
mance to the adaptation process in order to shape the closed-loop system performance as desired on different
time intervals; that is, e(¢) needs to obey to the time-varying set S as shown in Figure 5.43(b). For example,
while deviation from an ideal reference model trajectory can be tolerated within the transient time interval
(i.e., a larger user-defined performance bound), it is usually required to have a close command following
performance after this transition period (i.e., a tighter user-defined performance bound). This example also
motivates the smaller set R (dead-zone) to be time-varying. Specifically, the dead-zone is expected to
become smaller after the aforementioned transition period in order to incorporate more information from
the system error signal in to the update law. This problem is addressed in Section 5.3.3.2 through expanding
the results in Section 5.3.3.1, which allows the dead-zone to automatically scale its size based on the time-

varying changes on the assigned worst-case performance.

5.3.2 Mathematical Preliminaries

Before presenting the theoretical contributions of this paper in Sections 5.3.3.1 and 5.3.3.2 followed

by an experimental validation in Section 5.3.4, we first cover the notation used in this paper (Section 5.3.2.1),
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the considered problem formulation (Section 5.3.2.2), and a concise overview of the original set-theoretic

model reference adaptive control approach (Section 5.3.2.3).

5.3.2.1 Notation

In this paper, R denotes the set of real numbers, R" denotes the set of n x 1 real column vectors,
R™™ denotes the set of n x m real matrices, R, (respectively, R ) denotes the set of positive (respectively,
nonnegative) real numbers, R’" (respectively, RT") denotes the set of positive-definite (respectively,
nonnegative-definite) n x n real matrices, D"*" denotes the set of n x n real matrices with diagonal scalar
entries, 0,,, denotes the n x n zero matrix, and “£” denotes equality by definition. In addition, we write ()T

for the transpose, (-) ! for the inverse, tr(-) for the trace, || - |, for the Euclidean norm, || - | for the Frobenius

x||a £ VxTAx for the weighted Euclidean norm with x € R” and A € R, and [|A[|2 £ v/ Amax (ATA)

norm,

for the induced two-norm with A € R™*™,

5.3.2.2 Problem Formulation

This paper focuses on a class of uncertain dynamical systems given by

x(1t) = Ax(t)+BA(u(t)+68(t,x(r)), x(0)=xo, ¢>0. (5.87)

In (5.87), x(t) € R", r > 0, denotes the measurable state vector, u(t) € R™, t > 0, denotes the control input,
A € R™" denotes a known system matrix, B € R denotes a known input matrix, & : R, x R" — R™
denotes a system uncertainty, and A € R N DD denotes an unknown control effectiveness matrix.
Here, the pair (A, B) is considered to be controllable. We now introduce a standard assumption [28-30] on

the system uncertainty parameterization.

Assumption 5.3.1 The system uncertainty (5.87) is parameterized as

8(t,x(z)) = Wg(t)oo(x(r)), x(r)€R", (5.88)

where Wy(t) € R*™, ¢ > 0, is a bounded unknown weight matrix (i.e., ||[Wo(t)||g < wo, t > 0) with a bounded

time rate of change (i.e., |[Wo(t)||r < Wo, t > 0) and oy : R" — R is a known basis function of the form

oo(x(t)) = [001(x(t)), 002(x(1)), . . . ,00s(x(¢))] that includes locally Lipschitz elements.
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We consider that a desired closed-loop dynamical system performance is captured by the reference

model dynamics given by

X(t) = Ax(t)+Bic(t), x(0)=x0, t>0. (5.89)

In (5.89), x:(t) € R", t > 0, denotes the reference state vector, ¢(z) € R" denotes the uniformly continuous
bounded command, A, € R"*" denotes the Hurwitz reference model matrix, and B, € R"*" denotes the

command input matrix. Using Assumption 5.3.1 in (5.87), one can write
X(t) = Ax(t)+BA(u(t) + Wy (1)oo(x(t)), x(0)=x9, t>0. (5.90)

In what follows, without loss of any generality, we consider a nominal control law with feedback
and feedforward terms (see Section 5.3.4 for a different type of nominal control law selection using an

integrator state). Specifically, let the feedback control law be given by

u(t) = —Kix(t) + Kac(t) =W (t)o (x(t),c(t)), t>0, (5.91)

un (1) uy (1)

where u, (f) € R, t >0, and u,(r) € R™, ¢ > 0, are the nominal and adaptive control laws, respectively. Here,
the feedback K| € R™*" and the feedforward K, € R™*" gains in (5.91) are selected such that A, = A — BK)

and B; = BK5 hold. Using (5.91) in (5.90) now results in

x(t) = Awx(t)+Bec(t)— BAW' (t)o (x(t),c(t)), x(0)=xp, >0, (5.92)

A

where 6 (x(t),c(t)) £ [0 (x(2)), x (1), cT(t)]T € Rt >0, and W(t) £ W(t) — W(r) € RUtntne)xm
is the weight estimation error with W(r) £ [Wi (1), (A™" —Inxm)K1, —(A™' — Imxm)Kz}T € Rlstntne)xm
t > 0, being an unknown weight matrix and W(t) € Rbtntn)xm ¢~ being an estimate of W (t), t > 0.

Considering Assumption 5.3.1, note that ||W (¢)||p < w, > 0, and ||W (¢)||r < W, > 0, automatically hold.

5.3.2.3 Set-Theoretic Model Reference Adaptive Control Overview

Based on the problem formulation introduced above, we now overview the standard set-theoretic

model reference adaptive control architecture [1]. We begin with the following definitions.
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¢a(llzllg) == o(lzllg) ——

A

Fo-—o=

Figure 5.44: Graphical representation of ¢ (||z||u) and ¢, (||z||u) in Remark 5.3.1.

>[Izl
€

Definition 5.3.1 Forz€ RP and H € R, ¢(||z|ln), ¢ : R — R, is called a generalized restricted potential

function (generalized barrier Lyapunov function) on the set
De={z:|lzllu € [0,)}, (5.93)

with € € R, being a-priori, user-defined constant, when the following statements hold [1]: i) If ||z||u = 0,
then ¢(||zlln) = 0. ii) If z € De and ||z||ln # O, then ¢(||zlln) > 0. iii) If ||z]|ln — €, then ¢(|lz]|ua) — .
a

v) ¢(||zlln) is continuously differentiable on De. v) If z € Dy, then ¢§4(||z||n) > 0, where ¢4(||z||n)

Ao ([|zllw)/dllzllfy- vi) If z € De, then 2¢4(||zlln) l2llf — ¢ ([l2][1w) > 0.

Remark 5.3.1 As discussed in [2], a candidate generalized restricted potential function satisfying all the
conditions given in Definition 5.3.1 has the form ¢(||z||ln) = ||z||fi/ (€* — ||z||}). z € De. Figure 5.44 shows

a graphical representation of this generalized restricted potential function.

Definition 5.3.2 Let Q= {9 ER": (BMN < 6, < 0" ) ,-:172,...7,,} be a convex hypercube in R", where (/™™

0/"**) represent the minimum and maximum bounds for the i" component of the n-dimensional parameter

vector 0. Moreover, for a sufficiently small positive constant v, define a second hypercube as Q., =

{9 cR": (Gimi“ +v<6 <M — V)i:I,Z,--»,n}r where Q. C Q. The projection operator Proj : R” x R* —
o —6;

R" is then defined componentwise by Proj(6,y) = (- )yi if 6; > 6™ —v and y; > 0, Proj(6,y)

\4

(eiffimm)yi if 6; < Gimi“ + Vv and y; < 0, and Proj(0,y) £ y; otherwise. Based on the above definition,

note that (9 — 9*)T(Proj(9,y) fy) <0, holds [30, 80]. This definition can be further generalized to
matrices as Proj,(0,Y) = (Proj(col;(®), col;(Y)),..., Proj(col,,(®),col,(Y))), where ® € R™™, Y €
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R™™ and col;(-) denotes ith column operator. In this case, for a given matrix ®, it follows that tr [(G) —
©*)1 (Proj,(©,Y) —Y)|= Y7, [coli(® — )T (Proj(col;(®),col;(Y)) — col;(Y))] < 0.

Following the theory presented in [1], consider next the update law for (5.91) given by
W(t) = YProjm, (W(t), ¢d(||e(t)||p)6(x(t),c(t))eT(t)PB), W) =Wy, >0, (5.94)

with Wiax being the projection norm bound. In (5.94), ¥ € R, denotes the adaptation gain, e(t) = x(¢) —

x:(t), 1 > 0, denotes the system error, and P € R’.*" denotes a solution of the Lyapunov equation given by
0 = A'P+PA +R, (5.95)

with R € R*". Since A; is Hurwitz, it follows from converse Lyapunov theory [109, 136] that there exists a
unique positive-definite P satisfying (5.95) for a given positive-definite R. The system error dynamics and

the weight estimation error dynamics can now be written as

éet) = Are(t)—BAWT(t)G(x(t),c(t)), e(0)=ey, t>0, (5.96)

W) = yProjm<W(t),¢d(\|e(t)||p)6(x(t),c(t))eT(t)PB)—W(t), W(0)=Wo, 1>0. (597

Remark 5.3.2 The update law (5.94) for the set-theoretic model reference adaptive control approach can be
derived using the energy function of the form V(e,W) = ¢(|le||p) + v 'tr[(WAV2)T(WAY?)] with

|e(0)||p < & where De = {e(1) : |le(t)||p < €} . From this energy function, one can calculate V (e(t),W (1)) <

—1aV(e,W)+u [1], where o0 = ﬁ;’;%ﬁ; d=2y WA

One can now conclude the boundedness of V (e,W) and the closed-loop dynamical system given by (5.96)

2 W= Lay WAl +d, and W = Wiax +w.

and (5.97) as well as the strict performance bound on the system error given by ||e(t)||p < €, t > 0.

Note that the original set-theoretic model reference adaptive control architecture overviewed in this
section provides a strict performance guarantee by utilizing the error-dependent adaptation rate ¢y (||e()||p),
t > 0. Since small system errors often contain high-frequency residual signal contents as discussed in
Section 5.3.1, it is practically desired to stop the adaptation process in the presence of such small errors.
This problem is addressed in the next section with a new set-theoretic model reference adaptive control

synthesis and analysis.
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5.3.3 Set-Theoretic Model Reference Adaptive Control with Dead-Zone Effect

In this section, we first utilize a new and continuous generalized restricted potential function with
a constant user-defined bound in the adaptation process such that this potential function not only stops the
adaptation process inside the dead-zone when the system error is small but also it allows the norm of the
system error to be less than a-priori, user-defined worst-case performance bound (Section 5.3.3.1). Next, we
address the case when this performance bound is desired to be time-varying and show that this dead-zone
scales its size automatically to give the designer a flexibility to control the closed-loop system performance

as desired on different time intervals (Section 5.3.3.2).

5.3.3.1 Constant User-Defined Performance Guarantees

We begin with the following new definition, which embeds a user-defined dead-zone effect into the

generalized restricted potential function in Definition 5.3.1.

Definition 5.3.3 Forz € R? and H € R, y(||z||n), w: R? — R, is called a shifted generalized restricted
potential function on the set Dg = Dg, UDg,, where De, = {7z ||z|ln € 10,€1)} and De, = {z: ||z||lu € [€1,€2)},
0<¢g < & with €,& € Ry being a-priori, user-defined constants, if the following statements hold: i) If

Il < en, then w(

|z|lg) = 0. ii) If z € Dg, and ||z||lu # O, then y(||z||u) > 0. iii) If ||z]lu — &, then
V(|lzlla) — oo iv) w(||z||n) is continuously differentiable on De,. v) If z € De,, then Wy (||z||lu) > 0, where

Va(llzllw) = dw(l[zlln) /dllzlf- vi) If 2 € De,, then 2yia(l|zlln) Il — w(llzllu) > 0.

Remark 5.3.3 A candidate shifted generalized restricted potential function satisfying the conditions given

in Definition 5.3.3 has the form

2
(HZHH—Sl) if 7€D
s ) el N
y(llzlln) = (5.98)
0, if 7€ Dy,
where D, 2 {z: ||z|lu € [0,€1)} and De, = {z: ||z||u € [€1,&2)} with the partial derivative
J— 2_
ds-oé ol .o,
Z|lu(& — ||z
va(lllu) £ e (5.99)
0, l‘f Z S Dé’]
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Yallzlly) == D(lzllg) —

A

€1 €2

Figure 5.45: Graphical representation of y(||z||x) and yy(]|z||a) in Remark 5.3.3. Here, D, denotes the
dead-zone.

with respect to ||z||?. Based on this new potential function, one can readily verify that 2y, (||z||lu)||z||% —
v (||zllu) > 0 for z € Ds,. A graphical representation of Y(||z|lu) is shown in Figure 5.45, where the region
D, represents a dead-zone. Note that setting € = 0 reduces this shifted generalized restricted potential
function y(||z|lu) to ¢(||z||u) in Remark 5.3.1.

Consider next the proposed update law for (5.91) given by

W) = }/Projm<W(t), y/d(He(t)Hp)c(x(t),c(t))eT(t)PB), W(0) =W, >0, (5.100)

with Wiax being the projection bound. In (5.100), y € R, denotes the adaptation gain and P € R7*" denotes
a solution of the Lyapunov equation given in (5.95) with R € R, One can now write the system error

dynamics and the weight estimation error dynamics respectively as

é(t) = Awe(t)—BAW(t)o (x(t),c(t)), e(0)=ey, t>0, (5.101)

W) = yProjm<W(t),l,l/d(He(t)Hp)G(x(t),c(t))eT(t)PB>—W(t), W0)=Wy, £>0. (5.102)

The following theorem presents the main result of this section.

Theorem 5.3.1 Consider the uncertain dynamical system given by (5.87) subject to Assumption 5.3.1, the
reference model given by (5.89), and the feedback control law given by (5.91) with (5.100). If ||eo|lp < &,
then the closed-loop dynamical system given by (5.101) and (5.102) are bounded, where the bound on the

system error satisfies a-priori given, user-defined worst-case performance given by
lle(t)|lp < &, t>0. (5.103)
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Figure 5.46: Graphical representation of the energy function in (5.104) and the transitions between the sets
Deg, and Dg,. Here, D, denotes the dead-zone.

Proof. To show boundedness of the closed-loop dynamical system given by (5.101) and (5.102),

consider the energy function V : D x R+ 7)xm _ R | oiven by

Vie,W)=w(lle]lp) +7 't [(WAYH)T (WA, (5.104)

where Dg £ Dg, UD, with Dg, = {e(t) : |le(t)||p € [0,€1)} and De, £ {e(t) : [le(t)||p € [€1,€)} (a graph-
ical representation of this energy function is shown in Figure 5.46). To analyze the closed-loop system
trajectories (5.101) and (5.102), we now consider two cases.

In Case 1, we first focus on the case where the initial error ||eo||p starts at the set Dg,, i.e. ||eo]|p < €.
We assume without loss of any generality that the weight estimation is initialized at zero, i.e., Wy = 0. From
(5.98), we know that y(|le(t)||p) = 0, > 0, for e(t) € D, ,t > 0; hence, the energy function V (e, W) in the

set Dg, can be written as

V() =7 u[(WAYHT(WA?)]. (5.105)

We now consider two subcases:
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i) Starting from ||eo||p € Dg,, as long as the system error trajectory stays within the set Dg,, the

energy function V (-) remains bounded by
Vie,W) <V, (5.106)

where Vi £ y~'w?||A||>. Note that in this subcase, while there can be some variations in the energy function
resulting from the time-varying unknown weight matrix W (¢),# > 0, the key point is that V (e, W) remains

bounded, as it is also depicted in Figure 5.46.

ii) Next, assume that the error trajectory leaves from the set D, to the set Dy, at some f = t¢,. Then

right before leaving the set D, at7 =1, -, we have
V()= Ve 27 e [(W (e )AYD)T (W (1 )AY2)] (5.107)

In addition, from continuity of y(||z[|n) in (5.98), we have y(g; ) = y(g) = w(&1) = 0. Now, one can

write the expression for the energy function V(-) atz = e+ as

V() =Ver 29w [(W(tgr )NV T (W (15)A'?)]. (5.108)

€

From (5.107), (5.108), and the continuity of the system uncertainty, W (z),7 > 0, we conclude that the energy
function V(+) is continuous in the whole set D;.

Now that the error trajectory is in the set Dg,, we have
V(e,W) =vy(|lellp) +7 'r[(WAYHT(WA?)]. (5.109)

Note that

dy(llellr) _ dw(lle®)llp) dlle@? _ .
dt - d||e(t)||% d[ £ - le/d(He(t)||P)eT(t)Pe(t)7 IZIE]' (5110)

Following the proof of Theorem 3.1 in [1], the time derivative of (5.109) along the closed-loop system

trajectories (5.101) and (5.102) is given by
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V(e ) = 2eUeWlr)

= 2vu(lle(t)l|p)e (r)Pe(r)

2y W T(1) (vProjm (W (1), yalle(r) 1) (1)) ™ (1)PB ) = W (1)) A

+2y W T ()W (1) A

1 - 1
< — 5oV (e). W(1) — o[ yallle(t) Ip)eT(O)Pelo) — Sy Clle(t) )] + 1, 121,
(5.111)
and it follows from Definition 5.3.3 that
V(e W) < —sav(e() W) +u, 1316 (5.112)

- 2

where @ £ %, d =2y " w|| A, and u £ Loy 1W?||Al|2 +d. Ttnow follows from (5.112) that V (e, W)
is upper bounded by V, £ max{ Vg, %“ }, where Vi, £V (e(te,), W (te,)).

Thus, in both subcases i) and ii), the energy function V (e, W) is upper bounded by Viax £ max{Vl,
V»} and using (5.109) one can write y(le(t)||p) + 7 'tr(W () AY2)T(W(£)AY/2) < Vax, t > 0; hence,
y(|le(t)]|p) < Vinax, t > 0, which proves that the ||e(t)||p,t > 0, never leaves the set D, or equivalently,
(5.103) holds.

In Case 2, next consider that the initial error ||ep||p starts at the set De,, i.e., & < |leg|lp < &.
Similar to the discussion in subcase ii) of Case 1, one can obtain the time derivative of V (e, W) in (5.104)
to conclude the boundedness of the energy function and the shifted generalized restricted potential function
y(|le(?)]|p),t > 0, resulting in ||e(z)||p < &2,7 > 0. Thus, the proof is now complete. [ |

To demonstrate the performance of the proposed adaptive control algorithm in Theorem 5.3.1, we
now present an illustrative numerical example. Consider the second-order uncertain dynamical system given

by
i(t) = x(t)+ (Au(t) + 50(t,x(t))>, x(0)=0, ¢>0, (5.113)
where x(t) = [x(t) x2(1)] T In(5.113), Op(t,x(t)) represents an uncertainty of the form
8o(,x(1)) = ay sin(t) + apx; + 033, (5.114)
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with o = 0.5, op = 1, a3 = 0.25, and A = 0.75 represents an uncertain control effectiveness matrix. The
linear quadratic regulator theory is used to design the nominal feedback gain matrices as K; = [2.2, 2.5]
and K> = 2.2 in (5.91). We now apply the proposed set-theoretic model reference adaptive control with
dead-zone effect in Theorem 5.3.1, where we use the shifted generalized restricted potential function given
in Remark 5.3.3 with & = 0.25 to strictly guarantee ||x(¢) —x:(¢)||p < 0.25, > 0. In addition, we set the
projection norm bound imposed on each element of the parameter estimate to Wp,ax = 2, the learning rate to
Y= 1, and we use R = 5/ to calculate P from (5.95) for the resulting A; matrix. Figures 5.47 and 5.48 show
the effects of utilizing different user-defined parameter €; € [0,0.1] on the proposed set-theoretic model
reference adaptive control with dead-zone effect in Theorem 5.3.1. One can see from these figures that the

adaptation process stops for small system errors and the average effective adaptation rate is decreased. A

5.3.3.2 Time-Varying User-Defined Performance Guarantees

We now generalize the results in Section 5.3.3.1 to the case of time-varying user-defined perfor-
mance bounds using [2, Section 3.2]. This generalization also allows the dead-zone to automatically scale
its size on different time intervals in the light of the changes on the user-defined performance bound. To
begin with, let {(7) € R",¢ > 0, be a signal (see below) that modifies the reference model given by (5.89) to
allow the enforcement of user-defined time-varying performance bounds. Specifically, consider the modified

reference model given by

er(t) = Arxrm(t)+BrC(t)+C(t)a xrm(o):xr07 t>0, (5.115)

where x;, (1) € R",r > 0, is the modified reference state vector. Next, consider the modified system error
em(r) 2 x(t) — %, (1), > 0, and the error transformation eg (1) = & (t)em(t),r > 0, where &(t) € Ry, > 0,
is a user-defined scalar for adjusting the worst-case performance bound (see Theorem 5.3.2) such that both
&(¢) and its time-derivative are smooth and bounded.

Using the shifted generalized restricted potential function candidate given in Remark 5.3.3, we now

propose the update law for (5.91) given by

A

W (1) = yProjm (W(0), yalllee (1)12)0 (x(0), () E ()L (PB), W(O)=Wo, 120,  (5.116)
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with Wiax being the projection bound. Using (5.92) and (5.115), one can write the modified system error

dynamics as

1 (1), xi(t)

Tro (t), T (t)

u(t)

0 5 10 15 20 25 30 35 40 45 50
t (sec)

Figure 5.47: Closed-loop system performance with the set-theoretic model reference adaptive control
architecture in Theorem 5.3.1 when €; € [0,0.1] (blue to red) and & = 0.25.

—lle@®Ilr

[le(®)Ilr
o o
2 o %
(4,1 N w
T T

o
o
T

0.05

20 T T T T T T T T T

7 dallle(®)]lp)

Figure 5.48: History of the system error trajectories and the effective learning rates with the set-theoretic
model reference adaptive control architecture in Theorem 5.3.1 when €; € [0,0.1] (blue to red) and & =0.25.
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ém(t) = Arem(t) —BAWT(1)o (x(t),c(t)) — (1), em(0) =emo, >0, (5.117)
where it follows from the considered error transformation given by e (¢) = &()em(t),t > 0, that
ée (1) = &(1)em(r) + Aveg (1) — BAWT (1) (x(1),¢(1))E(1) — E()E (1), ec(0) =egg, 12>0.  (5.118)
Next, let £ (1) 2 E(1)E " (t)em(t), > 0, which puts (5.118) into the form given by
ee(t) = Awec(t)—E@)BAWT (1)o (x(1),c(r)), ec(0)=egy, >0. (5.119)

Finally the weight estimation error dynamics can be also written as

W(t) = yProjm, (W(z‘), Va(llee (t)||p)0'(x(t),c(t))§(t)eg(t)PB) —W(t), W(O0)=W,, t>0. (5.120)

The following theorem presents the main result of this section.

Theorem 5.3.2 Consider the uncertain dynamical system given by (5.87) subject to Assumption 5.3.1, the
modified reference model given by (5.115), and the feedback control law given by (5.91) with (5.116). If
llemol|p < %, then the closed-loop dynamical system given by (5.119) and (5.120) are bounded, where the

bound on the system error satisfies a-priori given, user-defined worst-case performance given by

lem(t)|lp < 7=, t>0. (5.121)

Proof. The error dynamics given by (5.119) and (5.120) is similar to the error dynamics given by
(5.96) and (5.97). Since the condition given by ||emol|p < % can be equivalently written as [eg||p < &,

(s+n+nc)xm

then based on the energy function V : Dy x R — R, given by

Vies. W) = w(|lec|lp) +7 e [(WAY2T (WA, (5.122)

where Dg = Dg UDg, with De, = {ez(t) : [lez(1)||lp € [0,1)} and De, = {ez (1) : |lez(1)||p € [e1,82)}, it
identically follows from the proof of Theorem 5.3.1 that |le¢ (¢) | p < &. Clearly, this yields to (5.121) using

the error transformation e (1) = & ()em(t). Hence, the proof is now complete. [
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Remark 5.3.4 Based on the results shown in Theorem 5.3.2, the user-defined function & (t),t > 0, can be

chosen such that the adaptation process stops when ||em(t)||p < %, while enforcing the worst-case time-

varying performance bound |ley(t)||p < % Furthermore, we also note that if the time rate of change
of E(t),t > 0, is small, then the modified reference model approximately behaves as the ideal, unmodified

reference model. We refer to Remarks 3.2 and 3.3 of [2] for more details on how the modified reference

model in (5.115) can behave close to the ideal, unmodified reference model in (5.89) with proper selection

of E(1),t > 0.

Remark 5.3.5 The proposed adaptive control architecture of this section for enforcing time-varying perfor-
mance guarantees with dead-zone effect can also be viewed as an extension of [2, Theorem 3.2] that does
not consider dead-zone. In addition, one can also utilize the approach in [2, Theorem 3.1] for enforcing
the time-varying bound €(t),t > 0, with the required additional assumption that Amin(PBABTP) is nonzero.
Yet, for the case where Amin(PBABTP) is zero, one can readily show that if Amin(R) — 2€Amax (P) > 0 holds
with € & ?EI%X %, then the result of [2, Theorem 3.1] still holds and the user-defined time-varying system
performanc;bound €(t) can be enforced on the system error trajectories (i.e.,

e(t)l[p < (1))

Consider the same numerical example in Section 5.3.3.1 with the same nominal feedback gain
matrices. We now apply the proposed set-theoretic model reference adaptive control with dead-zone effect in
Theorem 5.3.2, where we use the candidate shifted generalized restricted potential function given in Remark
5.3.3 with & = 1. We also select the user-defined function &(¢),# > 0, such that its inverse (§~!(¢),z > 0)
changes smoothly from 0.25 to 0.15. This selection allows more deviation at the beginning of the applied

command signal (£} = 0.25) and then it enforces a tighter bound (& !

. min = 0-15) in order to obtain a closer

tracking performance by guaranteeing [|x(¢) — x;,, (t)||p < E71(¢), t > 0. In addition, we set the projection
norm bound imposed on each element of the parameter estimate to Win.x = 2, the learning rate to y = 1, and
we use R = 51 to calculate P from (5.95) for the resulting A; matrix. Figures 5.49 and 5.50 show the effects of
utilizing different user-defined parameter &; € [0, 0.4] on the proposed set-theoretic model reference adaptive
control with dead-zone effect in Theorem 5.3.2. One can see from these figures that the adaptation process

stops for small system errors and, once again, the average effective adaptation rate is decreased. A

Remark 5.3.6 The proposed set-theoretic model reference adaptive control architectures with dead-zone
effect presented in Sections 5.3.3.1 and 5.3.3.2 utilize user-defined performance bounds €, and & such that

the adaptation process stops when the system error is small. Furthermore, the continuous nature of the
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proposed shifted generalized restricted potential function avoids, for example, chattering during transitions

to/from the dead-zone. We should also note that while the system error trajectory can go between the sets

1‘T1(t), :l?l(t)
S 6o w B

= 1
(=]

Tro (t), T (t)

u(t)

t (sec)

Figure 5.49: Closed-loop system performance with the set-theoretic model reference adaptive control
architecture in Theorem 5.3.2 when €; € [0,0.4] (blue to red) and & = 1.
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Figure 5.50: History of the system error trajectories and the effective learning rates with the set-theoretic
model reference adaptive control architecture in Theorem 5.3.2 when €; € [0,0.4] (blue to red) and & = 1.
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De, and D¢, multiple times, the above arguments hold for all these transitions and the energy functions
given by (5.104) and (5.122) are guaranteed to be bounded for all time. A graphical representation of these

transitions is also depicted in Figure 5.46.

5.3.4 Experimental Verification

We now present an experimental study on the Quanser AERO platform in dual-rotor helicopter
configuration' [3] (see Figure 5.51). To begin with the control design, consider the (linearized) model of the

this testbed given by

Lp0(t)+Dp0(t) +Kyp0(t) = 1,(t), 6(0)=86p, t>0, (5.123)

KU +DW() = 7). w(0)=w, 1>0. (5.124)

In (5.123) and (5.124), 0(t),r > 0, is the pitch angle (in radians), y(t),z > 0, is the yaw angle (in radians),
Jp (respectively, Jy) is the total moment of inertia about the pitch (respectively, yaw) axis, D, (respectively,
Dy) is the damping about the pitch (respectively, yaw) axis, and K, is the stiffness about the pitch axis. The

control torques acting on the pitch and yaw axes satisfy

() = KpVp(t) +KyVy(t), t>0, (5.125)

(5.126)

Figure 5.51: Quanser AERO platform [3].

'We have previously evaluated the set-theoretic model reference adaptive control architecture on this aerospace platform in
[137] without the dead-zone effect.
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In (5.125) and (5.126), V, (), > 0, and Vi (¢), > 0, are the motor voltages applied to the pitch and yaw
rotors, respectively, K, (respectively, Kyy) is the torque thrust gain from the pitch (respectively, yaw) rotor,
and Ky (respectively, Ky,) is the cross-torque thrust gain acting on the pitch (respectively, yaw) from the
yaw (respectively, pitch) rotor.

Using (5.123), (5.124), (5.125) and (5.126), one can write the system dynamics in the state space

form given by

B(1) = Apxp(t) +BpAu(t), xp(0)=xp, >0, (5.127)

with the corresponding matrices

0 0 1 0 0 0
0 0 0 1 0 0
A, = . By = , (5.128)
- SP/JP 0 _DP/JP 0 KPP/‘]P KPY/JP
L 0 0 0 _Dy/Jy_ _Kyp/Jy Kyy/Jy_

where x,(t) = [0(¢), w(t),0(t), ¥(t)]T € R*, ¢ > 0, denotes the measurable state vector, A denotes an
introduced uncertain control effectiveness matrix, and u(¢) = [V, (¢),V,(¢)]T € R?, ¢ > 0, denotes the control
input. The system parameters are obtained from the Quanser AERO user manual as J, = 0.0219 (kg m?),
Jy = 0.0220 (kgm?), D, = 0.0071 (kgm?s™'), Dy = 0.0220 (kgm?s™'), Kpp = 0.0011 (kgm?s—2V 1),
Ky, = 0.0375 (kgm?s™2), Kyy = 0.0022 (kgm?*s—>V 1), Ky, = —0.0027 (kgm?s V1), and Ky = 0.0021
(kgm?s~2v—1),

To address command following for the pitch and yaw angles, let c(t) = [cg(t),cy(?)]T € R%, 1 >0,
be given bounded piecewise continuous commands and x.(¢) € R?, ¢ > 0, be the integrator state that satisfies

the dynamics given by

1 0 0O
Xe(t) = Epxp(t) —c(t), xc(0) =xc0, t>0, with Ep= . (5.129)
01 00
Next, (5.127) can be augmented with (5.129) as
x(t) = Ax(t)+BAu(t)+Bic(t), x(0)=xp, t>0, (5.130)
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where x(r) 2 [x} (1), x¢ (1)]T € R®, 1 > 0, is the augmented state vector, xo = [xy),x¢] ", and

P c

Ap Ogx2

A2 |77 T erSxe, (5.131)
Ey, 02x2
- T

B £ (BT of | €R%?, (5.132)
- i T

By £ |07, —h.| €R™ (5.133)

We now consider the feedback control law given by
u(t) = un(t) +ua(t), 120, (5.134)

where u,(t) € R?, ¢t > 0, and u,(t) € R?, t > 0, are the nominal and adaptive control laws, respectively.
Moreover, linear quadratic regulator theory is used to design the nominal controller gain matrix with the
weighting matrices as Q = diag([2,2,0,0,50,50]) to penalize x(¢) and R = 0.001/> to penalize u(),

resulting in

un(t) = —Kx(t), t>0, (5.135)

with

82.85 —124.21 29.70 —-32.29 125.18 —185.28
K= , (5.136)

117.26  78.55 3895 19.04 18528 125.18

such that A, £ A — BK is Hurwitz, K € R?*%. Using (5.134) and (5.135) in (5.130) yields
x(t) = Awx(t)+Bec(t) +BA[u(t) + W0 (x(2))], x(0)=xp, >0, (5.137)

where W £ (A™! — h,) € R**? is an unknown weight matrix and o (x(r)) = Kx(t) € R?, 1 > 0, is a known
basis function. In this experimental study, a 30 degree yaw maneuver is considered as the control objective?,
the pitch and yaw motor voltages saturate at 24 V, and the uncertain control effectiveness matrix is set to

A =0.154» (that yields W = 91, 4»).

2From a practical point of view, we pass the desired command through a low-pass filter to generate a smooth yaw command.
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Figure 5.52 shows the performance of the nominal controller for command following in the ab-
sence of the system uncertainty (i.e., A = x> that yields W = 0,4»). Introducing the uncertain control
effectiveness matrix, it is evident from Figure 5.53 that the nominal controller alone yields to an unstable
closed-loop dynamical system performance. For all the adaptive controllers discussed below, we use a
rectangular projection operator and set the upper and lower projection bounds imposed on each element of
the parameter estimate respectively to Wupper = 1652 and Wigwer = 2b> 2. Moreover, we use R = 1.5g¢ to

calculate P from (5.95) for the resulting A, matrix.

5.3.4.1 Evaluation of Standard Model Reference Adaptive Control Method

We begin with evaluating the performance of a standard model reference adaptive control method
(i.e., ¢4(|le®)]lp) =1 in (5.94)); see, for example, [16, 17, 28-30]. Figure 5.54 present the command
following performance of the adaptive controller with ¥ = 1, where the evolution of norm of the system
error and the weight estimation are shown in Figures 5.55. Considering that one designs to achieve a
close tracking of the reference system such that the norm of the system error be less than 0.5, this adaptive
controller is not able to achieve this requirement with ¥ = 1. In order to obtain a better performance, a control

designer can increase the adaptation gain. Figures 5.56 and 5.57 show the command following performance

40 |

""""" Czs‘r'(t) =
—(t)
- ()

— V0]
- - V)

MR Y

t (sec)

Figure 5.52: Command following performance with the nominal controller in the absence of the system
uncertainty.
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of the adaptive controller with ¥y = 5, where the desired requirement is still not met. By increasing the

adaptation rate further to Yy = 40 one can obtain the desired tracking performance as it can be seen from

500 [ J T B

0 S e N Q) B
/5 -500 - _d}(t) h
= - - %(t)
-1000 - N
-1500 [ | | | | | | ]
5 10 15 20 25 30 35

]

-10
-20

o(t)
]

<
&

o A\ L il
VN

5 10 15 20 25 30 35

Vy(t)

Va(®),

t (sec)

Figure 5.53: Command following performance with the nominal controller in the presence of the system
uncertainty.
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Figure 5.54: Command following performance with the standard model reference adaptive controller (i.e.,
9a(lle(r)|lp) = 1in (5.94)) using y = 1.
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Figures 5.58 and 5.59. Note that, even though satisfactory results are obtained through an ad-hoc tuning

process that results in Y = 40, this performance is not guaranteed for different system uncertainties.
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Figure 5.55: Norm of the system error trajectories, the evolution of the weight estimation W (¢),¢ > 0, and
the effective learning rate y with the standard model reference adaptive controller (i.e., ¢4(||e(¢)||p) =1 in
(5.94)) using y=1.
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Vu(®),

0 5 10 15 20 25 30 35
t (sec)

Figure 5.56: Command following performance with the standard model reference adaptive controller (i.e.,
9a(lle(r)|lp) = 1in (5.94)) using y = 5.
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Figure 5.57: Norm of the system error trajectories, the evolution of the weight estimation W (¢),7 > 0, and
the effective learning rate y with the standard model reference adaptive controller (i.e., ¢;(|le(z)||p) = 1 in

(5.94)) using y=5.
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Figure 5.58: Command following performance with the standard model reference adaptive controller (i.e.,

d4(|le(?)]|p) = 1 in (5.94)) using y = 40.
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Figure 5.59: Norm of the system error trajectories, the evolution of the weight estimation W (¢),# > 0, and
the effective learning rate y with the standard model reference adaptive controller (i.e., ¢4(||e(z)||p) =1 in
(5.94)) using y = 40.

5.3.4.2 Evaluation of Standard and Proposed Set-Theoretic Model Reference Adaptive Control
Methods with Constant Performance Bounds

We first demonstrate the standard set-theoretic model reference adaptive controller for enforcing
strict performance guarantees by utilization of the system error-dependent learning rate ¢, (||e(z)||p). Specif-
ically, we use the generalized restricted potential function given in Section 5.3.2.3 with € = 0.5 and we set
the constant learning rate to Y = 5. Figure 5.60 shows the closed-loop dynamical system performance
with the standard set-theoretic model reference adaptive controller concisely overviewed in Section 5.3.2.3,
where Figure 5.61 shows the norm of the system error trajectories, the evolution of the weight estimate
W (t),t > 0, and the evolution of the effective learning rate. As expected from these figures, the adaptation
is always active with the standard set-theoretic method.

We next apply the proposed set-theoretic model reference adaptive control with dead-zone effect
in Theorem 5.3.1, where we use the new shifted generalized restricted potential function given in Remark
5.3.3 with & = 0.15 and & = 0.5 to guarantee ||x(¢) —x:(7)||p < 0.5,7 > 0. It can be seen in Figure 5.62 that
desired performance is obtained and the evolution of the norm of the system error trajectories, the evolution

of the weight estimate W (¢),z > 0, and the effective learning rate are depicted in Figure 5.63. The key
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feature of the proposed control algorithm in practical applications is evident from Figure 5.63. Specifically,
the proposed set-theoretic model reference adaptive control with dead-zone effect stops the adaptation in the

set De,.
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Figure 5.60: Command following performance with the standard set-theoretic model reference adaptive
controller [1].
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Figure 5.61: Norm of the system error trajectories, the evolution of the weight estimation W(t),t >0, and
the effective learning rate y¢,(-) with the standard set-theoretic model reference adaptive controller [1].
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Figure 5.62: Command following performance with the proposed controller in Theorem 5.3.1.
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Figure 5.63: Norm of the system error trajectories, the evolution of the weight estimation W (¢),¢ > 0, and
the effective learning rate yy,(-) with the proposed controller in Theorem 5.3.1.
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5.3.4.3 Evaluation of Standard and Proposed Set-Theoretic Model Reference Adaptive Control
Methods with Time-Varying Performance Bounds

We first demonstrate the performance of the standard set-theoretic model reference adaptive con-

troller with time-varying performance bound in [2, Theorem 3.2], we use the shifted generalized restricted

potential function given in Remark 5.3.3 with € = 0 and we set the constant learning rate to y = 5.

Furthermore, we set & = 1 and choose the user-defined function & (¢),7 > 0, such that its inverse (§ ~!(¢),¢ >

0) changes smoothly from 0.5 to 0.25 to allow larger deviation at the beginning of the applied command

-1
min

signal (.}, = 0.5) and then it enforces a tighter bound ({1 = 0.25) to obtain a closer tracking performance
thorough ||x(¢) —x;, (t)||p < E~(t), t > 0. Figure 5.64 shows the closed-loop dynamical system performance
with the standard set-theoretic adaptive controller with time-varying performance bound, where Figure 5.65
shows the norm of the system error trajectories, the evolution of the weight estimate W (¢),# > 0, and the
evolution of the effective learning rate. Once again, the adaptation is always active as it can be seen from
these figures.

We finally apply the proposed set-theoretic model reference adaptive control with dead-zone effect

in Theorem 5.3.2, where we use the new shifted generalized restricted potential function given in Remark

5.3.3 with & =1 and & = 0.3 such that there is always 30% dead-zone effect in the adaptation process. We
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Figure 5.64: Command following performance with the standard set-theoretic model reference adaptive
controller with time-varying bound [2].
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also select the user-defined function & (¢),# > 0, such that its inverse (§ ! (¢),# > 0) changes smoothly from
0.5 to 0.25 as explained above to enforce the performance guarantee through ||x(¢) —x;, (¢)]|p < E71(2),

t > 0. It can be seen in Figure 5.66 that desired performance is obtained and the evolution of the norm
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Figure 5.65: Norm of the system error trajectories, the evolution of the weight estimation W(t),t >0, and
the effective learning rate Y& (7)yy(+) with the standard set-theoretic model reference adaptive controller
with time-varying bound [2].
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Figure 5.66: Command following performance with the proposed controller in Theorem 5.3.2.

202

www.manharaa.com




Figure 5.67: Norm of the system error trajectories, the evolution of the weight estimation W (¢),# > 0, and
the effective learning rate ¥& (¢)w,(-) with the proposed controller in Theorem 5.3.2.

of the system error trajectories, the evolution of the weight estimate W (¢),# > 0, and the effective learning
rate are depicted in Figure 5.67. Once again, the key feature of the proposed control algorithm in practical
applications is evident from Figure 5.67, where the proposed set-theoretic model reference adaptive control

with dead-zone effect stops the adaptation in the set Dg,.

5.3.5 Conclusion

In the presence of small system errors, which often contain high-frequency residual content of
exogenous disturbances and/or measurement noise, it is a widely-adopted practice to sfop the adaptation
process in applications of model reference adaptive control algorithms. Specifically, standard model refer-
ence adaptive control architectures with fixed learning rates generally use the common dead-zone function
to stop their adaptation in a straightforward fashion; however, they cannot enforce user-defined worst-
case performance bounds on the closed-loop uncertain dynamical system trajectories, which is necessary
for safety-critical applications. While set-theoretic adaptive control architectures have the capability to
enforce such bounds, stopping their adaptation process without still violating these worst-case bounds is

not a theoretically trivial task. To this end, we presented a set-theoretic model reference adaptive control
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architecture with dead-zone effect. Based on a continuous shifted generalized restricted potential function,
in particular, we analytically showed that the proposed architecture not only stops the learning process
inside the dead-zone but also allows the norm of the system error to be less than a user-defined constant
or time-varying performance bound. In addition to the provided new theoretical findings, we efficacy of
the proposed technique was also demonstrated through illustrative numerical examples and, importantly,

through an aerospace testbed experimentation.

5.4 Human-in-the-Loop Systems with Inner and Outer Feedback Control Loops: Adaptation, Sta-
bility Conditions, and Performance Constraints*

In this paper, we focus on human-in-the-loop physical systems with inner and outer feedback control
loops. Specifically, our problem formulation considers that inner loop control laws use a model reference
adaptive control approach to suppress the effect of system uncertainties such that the overall physical system
operates close to its ideal behavior as desired in the presence of adverse conditions due to failures and/or
modeling inaccuracies. Moreover, we consider that the outer loop control laws exist owing to employing
either sequential loop closure and/or high-level guidance methods. As it is true in practice, in addition,
humans are considered to inject commands directly to the outer loop dynamics in response to the changes
in the physical system, where the outer loop commands affect inner loop dynamics in response to the
commands received from the humans as well as in response to the changes in the physical system.

The presence of humans can result in system instability, even when the resulting physical system
augmented with inner and outer feedback control loops yield to stable trajectories in the absence of humans.
This paper addresses this problem by proving a sufficient stability condition for the overall physical system
with human dynamics modeled as a linear time-invariant system with human reaction time-delay, where this
condition does not depend on system uncertainties similar to our recent theoretical results. Furthermore,
inner loop system errors during the transient phase of adaptively suppressing system uncertainties can
severely affect the human-outer loop interactions. We also address this issue by utilizing a recently pro-
posed set-theoretic model reference adaptive control approach at the inner loop for enforcing a user-defined
performance constraint on the norm of the system error trajectories, where we show how the selection of this
constraint affects the overall physical system. Finally, the efficacy of our results is demonstrated through an

illustrative numerical example for an adaptive flight control application with a Neal-Smith pilot model.

4This section has been submitted to the AIAA Guidance, Navigation, and Control Conference.
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5.4.1 Introduction

This paper focuses on human-in-the-loop physical systems with inner and outer feedback control
loops. Building on our recent results documented in [138], our problem formulation considers that inner
loop control laws use a model reference adaptive control approach to suppress the effect of system uncer-
tainties such that the overall physical system operates close to its ideal behavior in the presence of adverse
conditions due to failures and/or modeling inaccuracies (we refer to [138] and references therein for relevant
literature). Specifically, the model reference adaptive control approach of this paper has the capability to
enforce performance constraints on the transient system performance (see below), unlike the results in [138].
Moreover, it theoretically augments a general nominal dynamic compensator structure; that is, the nominal
control law utilized in [138] becomes a special case of the nominal dynamic compensator considered in this
paper. Here, we also explicitly consider outer loop control laws within our problem formulation. From an
application standpoint, these outer loop control laws can exist owing to employing either sequential loop
closure and/or high-level guidance methods. While the results in [138] can consider entire system dynamics
to enforce objectives achieved by such methods, it is well-known that sequential loop closure approaches
can ease the control design task through several low-order control laws (see, for example, [139, 140] and
references therein) and/or one would like to simply add a guidance algorithm to an existing inner loop
feedback control architecture.

As it is true in practice, humans are considered to inject commands directly to the outer loop
dynamics in response to the changes in the physical system within our problem formulation, where the
outer loop commands affect inner loop dynamics in response to the commands received from the humans
as well as in response to the changes in the physical system. In particular, the presence of humans can
result in system instability especially due to human reaction time-delays (see, for example, [138, 141-145]
and references therein), even when the resulting physical system augmented with inner and outer feedback
control loops yield to stable trajectories in the absence of humans. In this paper, we address this problem
by proving a sufficient stability condition for the overall physical system with human dynamics modeled
as a linear time-invariant system with human reaction time-delay, where this condition does not depend
on system uncertainties similar to the results in [138]. Furthermore, inner loop system errors during the

transient phase of adaptively suppressing system uncertainties can severely affect the human-outer loop
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interactions. This paper also addresses this issue by utilizing a recent model reference adaptive control
approach discussed next.

Specifically, with conventional model reference adaptive control algorithms like the one adopted in
[138], only a conservative bound on the system errors can be theoretically developed that depends on the
bound on the system uncertainties. Thus, without a complete knowledge of the upper bound on the system
uncertainties, the adaptively controlled overall system may exhibit unsatisfactory performance (i.e., large
system error signal) resulting in poor human-physical system interaction, unless a high adaptation gain is
used for all time that may not be practically desirable. To overcome this limitation of conventional model
reference adaptive control laws, the authors recently proposed the set-theoretic model reference adaptive
control architecture in [1] for achieving time-invariant user-defined performance bounds, where in [2, 108]
this framework was further extended to guarantee time-varying user-defined performance bounds. The
generalizations of the set-theoretic model reference adaptive control architecture to the unstructured system
uncertainties, actuator failures, actuator dynamics were then studied in [1, 93, 101, 102]. Within the scope
of this paper, we use this new architecture in [1] for enforcing a user-defined performance constraint on
the norm of the system error trajectories, where we explicitly show how the selection of this constraint
affects the overall physical system. Finally, the efficacy of the overall human-in-the-loop physical system
architecture of this paper with inner and outer feedback control loops is demonstrated through an illustrative
numerical example for an adaptive flight control application with a Neal-Smith pilot model.

The organization of this paper is as follows. Section 5.4.2 provides the mathematical preliminaries.
Section 5.4.3 presents the problem formulation, where Section 5.4.4 shows the stability and performance
guarantees analysis for the overall human-in-the-loop physical system architecture. Section 5.4.5 presents

the aforementioned illustrative numerical example, where the conclusions are finally drawn in Section 5.4.6.

5.4.2 Mathematical Preliminaries

5.4.2.1 Notation

The notation used throughout this paper is consistent with our prior work [138]. Specifically, R
denotes the set of real numbers, C denotes the set of complex numbers, R"” denotes the set of n x 1 real
column vectors, R denotes the set of n x m real matrices, R, denotes the set of positive real numbers,
R’ denotes the set of n x n positive definite matrices, D"*" denotes the set of n x n real matrices with

diagonal scalar entries, 0,., denotes the n x n zero matrix, and “2” denotes equality by definition. In
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addition, we write ()T for the transpose, (-) ! for the inverse, tr(+) for the trace,

- ||2 for the Euclidean norm,

|| - || for the Frobenius norm, and ||A]|2 = \/Amax(ATA) for the induced 2-norm of the matrix A € R"™ "™,

5.4.2.2 Necessary Definitions

The following definitions are used in the main results of this paper.

Definition 5.4.1 ([30, 80]) Let Q = {9 cR": (Ol-min <6< Glmax)izlvgv..‘,n} be a convex hypercube in R",

where (0™, 0/"**) represent the minimum and maximum bounds for the i component of the n-dimensional

parameter vector 0. In addition, for a sufficiently small positive constant v, a second hypercube is defined

by Q, = {9 eR": (Gl-mi“+ v <6 <M — v),-:1_,2’..._yn}, where Q, C Q. The projection operator Proj :
gmax g,

R" x R" — R" is then defined componentwise by Proj(0,y) = ( : ) Vi, if 6; > 0 —v and y; > 0,

1%

Proj(8,y) = (Gi_fimm)y,-, if 6; < Ol-mi“ +Vv and y; < 0, and Proj(0,y) = y;, otherwise, where y € R" [30].

Based on this definition and 6* € Q,, note that

(6—6%)" (Proj(6,y) —y) <0, (5.138)

holds for 6 € Q andy € R"[30, 80]. This definition can be further generalized to matrices as Proj,,(0,Y) =
(Proj(col;(®), coly(Y)),..., Proj(col,(®),col,(Y))), where ® € R™™, Y € R™™ and col;(-) denotes ith
column operator. In this case, for a given matrix ©* it follows from (5.138) that tr [(® — ©*) T (Proj,,(©,Y) —

Y)]= X, [coli(® — ©*)T(Proj(col;(®),col;(Y)) — col;(¥))] < 0.

Definition 5.4.2 ([1]) Let ||z||z = VzVHz be a weighted Euclidean norm, where z € RP is a real column
vector and H € RYP. We define ¢(||z|lu), ¢ : R — R, to be a generalized restricted potential function

(generalized barrier Lyapunov function) on the set

De £ {z:||z|ln € [0,€)}, (5.139)

with € € R being a-priori, user-defined constant, if the following statements hold [1]: i) If ||z||u = O, then
¢(|lzlln) = 0. ii) If z € De and ||z|[u # O, then ¢(|[z[|w) > 0. iii) If |z||n — &, then @ ({[z[ln) — o=. iv) §(l|z[|1)
is continuously differentiable on Dg. v) If z € D, then ¢4(||z||ln) > 0, where ¢4(||z|u) = do(||z]|lu)/d|z]|%-

vi) If 2 € De, then 204 (|12l|n)|z[f — ¢ (l1zllw) > 0.
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5.4.3 Problem Formulation

In this paper, we consider a human-machine system in which the machine behavior y(t) is observed
by the human. Based on this observation, the human then generates a decision and commands the actuator
for tracking purposes. To improve the overall tracking performance with the human, instead of direct
interaction of the human with the machine, we consider outer and inner control loops with which human
commands are properly delegated to the machine to stabilize the error dynamics. To start the control design,
consider the block diagram representation of the human-in-the-loop physical systems with inner and outer
feedback control loops as given in Figure 5.68. Note that in this setting, the human input (i.e., the reference
command) is what the human aims to achieve in a given task and the uncertain dynamical system is the
physical system on which this task is being performed. The outer loop architecture then uses the initial
command constructed by the human loop and generates the command signal that is fed into the inner loop.
The inner loop architecture includes the uncertain dynamical system as well as the model reference adaptive
controller components (i.e., the reference model, the parameter adjustment mechanism, and the controller).

In what follows, we provide detailed discussion for each of these three loops. Specifically, we

consider the uncertain dynamics representing a physical system given by

* AP O”pxnrp * By
() = P |t (e) + (Au(t)+5p(xp(t))), (5.140)
G, F O

where A, € R"*", B, € R™*™ F, € R" " and G, € R" ™ are the system matrices, u(r) € R" is the
control input, d, : R"™ — R™ is a system uncertainty, A € R N> is an unknown control effectiveness
matrix, and we assume that the overall system is controllable. Letting x*(r) = [x} (t), @, ()T € R™*",
where x,(t) € R™ is the primary measurable state vector and ¢, € R"® is the secondary measurable state

vector, one can equivalently write (5.140) as

ip(t) = Apxp(t) +BpAu(t) + Bpop(xp(1)), xp(0) = xp0, (5.141)
¢p(t> = Fp¢p(t)+prp([)a ¢p(0) = Ppo- (5.142)
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Adjustment Mech.

Outer Loop Inner Loop

Figure 5.68: Block diagram of the human-in-the-loop model reference adaptive control architecture.

Specifically, we design the controller at the inner loop based on the structure given by (5.141). We then
utilize (5.142) to design an outer loop dynamic compensator for generating the command signal that is fed

to the inner loop.

5.4.3.1 Inner Loop Architecture

At the inner loop architecture, we consider the uncertain dynamical system given in (5.141) and

assume that the system uncertainty &, (xp(¢)) is parameterized as
Bxp(r)) = W, (0p(xp(1)), (5.143)

where W,,(¢) € R**™ is a bounded unknown weight matrix (i.e., |Wo(¢)||r < wo) with a bounded time rate

of change (i.e., |[Wo(t)|lr < Wo) and o, : R — R® is a known basis function of the form o, (x,(¢)) =

[0p1 (xp(1)), Op2(xp(1)), - - -, Ops (3 (1))]™
To address command following at the inner loop architecture, let x.(z) € R, be the dynamic

compensator state satisfying

xe(t) = Acxc(t)+Beep(t), xc(0) =xc, (5.144)

z2(t) = Cexc(t)+Deep(t), (5.145)

where A, € R, B, € R"*™ C. € R"*" D, € R"™*" z(t) € R is the output of the dynamic compen-
sator, e, (1) = y(t) — c(t), and y(t) = Cpx,(t) with C, € R™»*™. We now consider the inner loop control law

given by
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u(t) =un(t) +ua(t), (5.146)

where up (1) € R™ and u,(1) € R™ are the nominal and adaptive control laws, respectively. Furthermore, let

the nominal control law be
un(t) = —Kpxp(t) — Keze(t), (5.147)
with K, € R™ and K. € R"*"=. Now, (5.141) can be augmented with (5.144) as
X(t) = Awx(t)+Bic(t) + BA(ua(t) + W (t)o (x(t),c(2))), x(0) =xo, (5.148)

where x(1) £ [x; (1), x¢(1)]" € R", n = np +ne, is the augmented state vector, W(z) = [W, (), (A~

C
~Lnsem) (Kp + KeDeCp)y (A1 — Lysm)KeCe, — (A1 —Ime)KCDC]T e RE+ntm)xm js an unknown (aggre-

gated) weight matrix, & (x(1),c(r)) £ [0, (xp(2)) x5 (1),x2 (1),¢(1)]T € R+ is a known (aggregated) basis

- AT TIT
function, xo = [xy9, %] >

A, — B.K, — BK.D.Cy —B.K.C
A, & TP TRTR TREETERR Rl g (5.149)
B.C, A
B.K.D
B, 2 | P ermm (5.150)
—B.
) T
B £ |gT T e R, (5.151)
p neXm

Considering (5.148), let the adaptive control law be in the form given by
uy(t) = =W (t)o (x(t),c(t)), (5.152)

where W (1) € RU+m)xm is the estimate of W (z). Following the set-theoretic model reference adaptive

control architecture presented in [1] (see also [1, 2, 93, 101, 102, 108]), let the update law for (5.152) be

given by

W (1) = yProjm (W (1), 0a(le(r) 1) (x(1)) € (1)PB ), W (0) =Wy (5.153)
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with Wyax being the projection norm bound. In (5.153), y € R is the learning rate (i.e., adaptation gain),

P € R"*" is a solution of the Lyapunov equation given by

0 = A'P+PA+R, (5.154)

with R € R"*", and e(t) £ x(t) —x,(t), is the system error with x;(t) € R" being the reference state vector of a
reference model dynamics at the inner loop that captures a desired inner loop dynamical system performance

given by

X(t) = Ax(t) +Bec(t), x:(0) = x0. (5.155)

Using (5.152), (5.153), and (5.155), the inner loop system error dynamics is given by

é(t) = Ace(t)—BAW (t)o (x(t),c(t)), e(0)= ey, (5.156)

W(e) = 7Proin (W), 0a(lle)llr)o (x(0), () ()PB) ~W(1), W(O)=Wo, (5157

A

where W (1) £ W () — W (r) € RE+m)xm i the weight estimation error and ey 2 xy — x9. Once again, we
note that the unknown weight matrix W (¢) and its derivative have unknown upper bounds (i.e., |[W ()| <w

and ||W ()||r < with unknown w and w).

Comment 5.4.1 The update law given by (5.153) for the set-theoretic model reference adaptive control

architecture can be derived by considering the following energy function
V(e,W)=¢(|lellp) +7 'tr[(WAVHT(WA?)]. (5.158)

As shown in [1], the time derivative of this energy function is upper bounded by

Vie(r),W(r)) < —%Otl‘/(e,W)—l-OCz, (5.159)

where 0 = t“)‘;‘;((l;)) d=2y ww|A

), O 2 %Oﬂ] Y Y2 ||A|l2 +d, and W = Wiax +w. In particular; (5.159)

is sufficient to conclude that V (e,W) is upper bounded. Hence, one can now conclude with ||eg||p < € that
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the pair (e(t),W(t)) is bounded and the system error satisfies the strict bound given by

le(r)|lp <&, t>0. (5.160)

5.4.3.2 Outer Loop Architecture

We now construct the outer loop control law for (5.142). Specifically, consider the dymanic com-

pensator given by

Oe(t) = Fee(t)+Gemp(t),  9p(0) = dpo, (5.161)
c(t) = Hee(t) —Jnp(t), (5.162)
Mp(t) = Mp@p(t) —co(?), (5.163)

where F, € R, G, € R0, n,(t) € R™, My, € R™"  H, € R, J, € R0, ¢ (r) € R™ is the
outer loop state vector, co(t) € R"0 is the initial command signal produced by the human, which is the input
to the outer loop architecture, and ¢(¢) € R™ is the generated command at the outer loop as shown in Figure
5.68. As discussed earlier, these outer loop dynamics can exist owing to employing either sequential loop
closure and/or high-level guidance methods.

Now by letting ¢(z) =[x/ (z), ¢, (t), ¢/ (1)]" € R™, ny = n+ ngy, +ny, one can write (5.142),

(5.155), and (5.161) in a compact form as
¢(t) = Fo(t)+Greo(t)+Gel(r), ¢(0) =g, (5.164)

where

A, —BJ.M, BH,
Fp 0 c R(n+n¢p+ny)><(n+n¢p+ny), (5.165)

F. 2 |G,N

Gr

0 GM, F

B.J. 0
0 | eRUmtmIme - GA |G | e ROt (5.166)

(1>

0
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with N = [I, xn,;On, xn.|- Note that F; should be made a Hurwitz matrix by design to capture stability when

¢o(t) is bounded a-priori in the absence of uncertainties; this is discussed in the next comment.

Comment 5.4.2 If c¢y(t) is bounded, then it follows from F. being Hurwitz and e(t) being bounded (see
Comment 5.4.1) that the solution ¢(t) to (5.164) is bounded. Yet, since humans make decisions in response
to the system states received from the dynamical system as shown in the human loop part of Figure 5.68,
co(t) cannot be assumed to be a-priori bounded signal. We refer to the next subsection and Section 5.4.4 for

more details concerning this point.

5.4.3.3 Human Loop Architecture

For the human loop, we consider a general class of linear human models with constant time-delay

[138]

E(t) = AE()+Bn0(t—1), &£(0)=& (5.167)

colt) = Ghl(1)+DnB(t—1), (5.168)

where & (1) € R" is the internal human state vector, T € R is the human reaction time-delay, A, € R"¢*"%,

Bh € R C € R"™0*% and Dy, € R"*"_ Here, the input to the human dynamics is given by

0(r) = r(t)—Endp(t), (5.169)

where 0(r) € R™, and r(t) € R™ is the bounded reference signal. In (5.169), E, € R™*" selects the
appropriate states to be compared with r(¢). Note that the dynamics given by (5.167), (5.168) and (5.169)
captures a wide range of linear time-invariant human models with time-delay including Neal-Smith model

and its extensions [146—150] and is also utilized as-is by the authors of [138] in their analysis.

5.4.4 Stability and Performance Guarantee Analysis

Based on the structure of the inner, outer, and human loops presented in the previous section,
we now analyze the closed-loop system performance and show how the system error at the inner loop
affects the human loop. We then demonstrate the effectiveness of the set-theoretic model reference adaptive

control architecture at the inner loop for guaranteeing a user-defined performance constraint on the norm
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of system error trajectory without any knowledge of the upper bound on the system uncertainties, which

results in an acceptable human performance in accomplishing a given task. For this purpose, letting xo(¢) =

[0T(2), ET(1)]" € R™, ng £ ng + ng, one can write the dynamics in (5.164) and (5.167) as
X()(l‘) = A()X()(I)‘i‘A]XQ(I-T)+BQF(I—T)+81€<Z), X()(l> = l,l/()(l) for t € [—T, 0], (5.170)

where yy(7) € R™ is the initial condition and

Ay 2 fr GG cRM™*m AL ~CeluFalp O € RM*mo, (5.171)
0 A —BwExNy O
G.Dy, G

By 2 | | erwm | B2 c RN, (5.172)
By 0

with No = [0, op X1 1, op XNy 0, o X,,y]. Now, we consider the overall nominal system performance as the case
where there is no uncertainty in the system at the inner loop. In other words, the overall performance of the
human interacting with the physical system in absence of any uncertainties is viewed as the ideal behavior

represented by
fo(t) = Aoko(t) +A1Ro(t —T)+Bor(t—71), Xo(t)=Po(t) for t€[-1,0]. (5.173)
Now letting (¢) = xo(t) — %(¢) and using (5.170) and (5.173), the error dynamics can be written as
Yo(t) = Aofo(t) +A1%(t—7)+Bie(t), Xo(t)=wy(t) for re[-1, 0], (5.174)

where y(r) £ yo(r) — o).

Comment 5.4.3 Setting e(t) = 0 in (5.174), the nominal system is obtained as
fo(l‘) = A()f()(l)-f-Alf()(l‘—T). (5.175)

Notice here that the delay term appears only in the state but not in the derivative of the state. This
class of dynamics are known as retarded type [151-153], which exhibits certain continuity properties in

their spectrum useful for assessing their stability characteristics. To elaborate on this, let us write the
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characteristic function of the system as

f(s,e™T) = det[s] —Ag —Are 7], (5.176)

where I is the identity matrix, s is the Laplace variable, and the delay term T appears in exponentials in the
Laplace sense. The zeros of (5.176), which are called the characteristic roots, determine the stability of the
nominal system as follows. The nominal system is asymptotically stable for a given delay © > 0 and system
matrices Ay, A1, if and only if the characteristic roots all lie on the left-half complex plane s € C [151].

Stability of (5.175) can be assessed with respect to T by observing certain features of the system
characteristic roots. The real part of these roots is continuous with respect to T and hence as T is varied,
the only way the system can switch from stable to unstable behavior; or vice versa, is that a root touches the
imaginary axis at s = F j* for some critical delays T = t* [154]. In general, as the critical delay is slightly
increased, a pair of complex conjugate roots cross over the imaginary axis. Depending on the direction of
crossing, the system will have two more, or two less, unstable roots.

Considering all the delays causing crossings over the imaginary axis, starting with T = 0, one
can decompose the delay axis into countably many intervals, where the upper/lower boundaries of each
interval is determined by T*, and neighboring intervals have two or more less unstable roots depending on
the direction of crossing of the respective root s = Fjw*. Ultimately, the intervals for which the number of
unstable roots is zero are labeled as stable, otherwise unstable. The principle behind this approach is known
as the t-decomposition property [155, 156].

For stability assessment, it is crucial to detect all T for which system characteristic roots touch the
imaginary axis s = F j@. Notice however that this is not a trivial task mainly because the exponential terms
in (5.176) make the system infinite dimensional. That is, there exist infinitely many roots of the system,
and accurate and exhaustive detection of those touching the imaginary axis is a challenge. This very likely
explains more than six decades of research on this particular problem, see a review in [157]. Without getting
into details, here we mention that we will utilize the approach in [158] to compute the imaginary crossings
and their corresponding delay values. To compute the rightmost (dominant) roots of the system, we will

utilize the TRACE-DDE toolbox [159].
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Comment 5.4.4 (Section 5.6.2, [160]) Consider a system with single time-delay given by
(1) = Aoz(t)+Aiz(t—7), z(t)=wy(t) for te]-r, 0], (5.177)
where z(t) € R" is the system state, Ag € R"™" and A € R"*" are constant matrices, and T is a positive

time-delay. Then, its solution satisfies

0
2(t,y) = ¥Y()y(0)+ | P(r—1t—-0)Ay(0)do, >0, (5.178)

-7

where ¥(t) € R"*" is the fundamental solution satisfying
W) = AgP(t)+A¥(t—1), t>0, (5.179)

and the initial condition ¥(0) = I and ¥(t) = 0 for t < 0. Furthermore, assuming that the system given by

(5.177) is asymptotically stable, then there exist an o > 0 such that
[P ()]l < Ke™™, 12>0, (5.180)

for some K > 1.

Let us now apply Comment 5.4.4 to bound the error dynamics in (5.174). For this, one first needs
to guarantee that the nominal system (e(z) = 0) must be asymptotically stable. This can be assessed from
Comment 5.4.3. Under asymptotic stability assumption, notice that the fundamental solution ¥(¢) of the

nominal system respects (5.180). Therefore, the solution of the error dynamics in (5.174)

i(t,y) = ¥()y(0)+ 0‘P(t—T—9)A1111(9)d9—i—/ot‘l‘(t—r)B]e(r)dr, t>0, (5.181)

-7

can be bounded by

0 t
lfew)le < Ke y(0) K [ e DAy (o) d6+ K /0 ¢~ )||Bye(r) |,
-7

0
< Ke ™|y (0)[2+Kl|Ai[l2( sup 1,/(9))/ e @mm0dg
—1<6<0 -7
t
+K||B1]}2( sup e(r))/ e~ dr, (5.182)
0<r<t 0
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Solving the integrals in (5.182) now results in

K
ISl < Ke Ol g [IAile (1) sup w(6)+[Bil(1 ~e ) sup r)]

—7<6<0 0<r<t

(5.183)
We now evaluate (5.183) in a worst-case setting. That is, one can write

K
[%(t, W)l < KIIW(0)|!z+[IlAle(e“’—l) sup y(6)+|Bil2 sup e(r)], (5.184)
a —7<6<0

0<r<t
from (5.183). Finally, it also follows from (5.160) that

le(®)l2 < ;(m. (5.185)

Thus, (5.184) can be further simplified as

K _
5yl < KO+ [l (e — 1) + 1] (5.186)

- }
2'min(P) ’
where ¥ £ sup_,g-o¥(6).

Comment 5.4.5 Without loss of generality, we assume that the the initial condition of the system in (5.170)
is equal to that of the ideal behavior of the system in (5.173) (i.e. yo(t) = () for t € [—7, 0]) o,

equivalently, y(t) =0 fort € [—7, 0] and Yy = 0. Therefore, one can rewrite (5.186) as

¥l < eu, u (5.187)

The upper bound on the error signal X(t, y) obtained in (5.187) implies that the user-defined performance

parameter € can be utilized to control the deviation of the system from the ideal behavior in (5.173).

5.4.5 Illustrative Numerical Example

In this section, we demonstrate the efficacy of the presented architecture for an adaptive flight
control application with a Neal-Smith pilot model. For this purpose, consider the linearized longitudinal

flight dynamics of a generic hypersonic vehicle [140, 161] given by
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Xg = AgXxy + Bglg,

(5.188)

where x, = [v(t), a(t), q(t), 6(¢)]T € R*, with v(t) being the velocity in feet per second, a(t) being the

angle of attack in radians, ¢() being the pitch rate in radians per second, and 6(¢) being the pitch angle

in radians. In addition, ug = [umn(), ue(t)]T, where un(t) denotes the throttle equivalence ratio, and ue(t)

denotes the elevator deflection angle in degrees. The system matrices in (5.188) for steady level flight

condition of Mach 6 and an altitude of 80,000 feet are given by

—0.0037 —0.7169 0 —31.818 27.262 0.06525
0 —0.2398 1 0 0 —0.0001
Ag = ; Bg=
0 45689 —0.1189 0 0 —0.18561
0 0 1 0 0 0

One can simplify this dynamics [140] and obtain the decoupled velocity dynamics given by
v(t) = ayv(t) + byug,

with @, = —0.0037 and b, = 27.262, and the decoupled longitudinal dynamics given by

Ay 0242 B
0 = |7 T v+ "
Gp Fp 021

(Are() + 85(x5(4)))
where x*(1) = [x} (t), ¢, (1)]" € R? with x, (1) = [a(r), q(t)]" € R%, ¢p(t) = 6(¢) € R, and

—0.2398 1 —0.0001
’ Bp 7Gp:|:0 1:|) Fp:()

4.5689 —0.1189 —0.18561

In (5.191), &p(xp(¢)) represents an uncertainty of the form given in (5.143) with

Wo(r) = [20sin(0.051), =5, 20", Gp(xy(1)) = [x(t). q(r). (r)g(0)]",

and A = 0.25 represents the uncertain control effectiveness.
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Based on the model simplifications mentioned above, the control loop for the velocity dynamics
can be designed independent from the longitudinal dynamics. For this purpose, we consider the velocity

dynamics in (5.190) and we let x,.(7) € R to be a velocity integrator state satisfying
Aev(t) = v(t)—cy(t), xv(0)=0, (5.194)

such that the velocity can track the desired command c,(¢). Considering this integral state, one can now

defined the augmented state vector as x,(¢) = [v(t), xey(¢)]7, and write
x,(1) = x, (1) + um (1) + cv(t), x(0)=0. (5.195)

Linear quadratic regulator theory is used to design the nominal controller gain matrix for the velocity
dynamics with the weighting matrices as Q, = diag([10, 1]) to penalize x,(¢) and R, = 10 to penalize

ug, (1) resulting in uy, (1) = —K,x, (1) with

K, = {1.0114 0.3162] . (5.196)

In what follows, we design the controller for u(¢) and provide the necessary details. Specifically,
the control objective considered in this simulation is for the generic hypersonic vehicle to track the pitch
angle Ocya(f) as commanded by the human. Therefore, the human is generating a pitch angle command
(i.e., co(t) = Ocmd(?)), where the outer loop utilizes this command to generate the pitch rate command (i.e.,
¢(t) = gemd(?)). Then, using this pitch rate command, the inner loop generates the elevator command signal

so that the system can track the desired pitch angle.

5.4.5.1 Inner Loop Control Design

For command following at the inner loop using the pitch rate command g.mq(#) generated by the
outer loop, we consider the dynamic compensator in (5.144) and (5.145) with A, =0, B, =1, C. =1,
D. =0, and C, = [0 1]. We next use linear quadratic regulator theory to design the nominal controller
gain matrix with the weighting matrices as Q; = diag([5, 5, 10]) to penalize x(¢) and R; = 0.01 to penalize

ue(t) resulting in K, = [—36.3125, —34.4585], and K. = —31.6228 in (5.147). For the set-theoretic model
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reference adaptive control architecture at the inner loop, we use the generalized restricted potential func-
tion given by ¢ (||e(r)||p) = ||e(t)]|3/(€ — |le(t)||p), e(t) € De, having the partial derivative ¢4(|le(t)|p) =
(e—3lle)|lp)/ (e — He(t)||p)2, e(t) € De, that satisfies all of the conditions given in Definition 5.4.2 [1].
Furthermore, we choose y = 1, set the projection norm bound imposed on each element of the parameter
estimate to Wiax = 80, use R = I to calculate P from (5.154) for the resulting A; matrix, and set € = 0.1 such

that the set-theoretic model reference adaptive control guarantees ||e(7)||p < 0.1.

5.4.5.2 Outer Loop Control Design

The outer loop utilizes the pitch command 6.mq(7) from the human loop to generate the pitch rate

command gcmd(?) that is fed to the inner loop. For this purpose, we consider the feedback controller from

Ocmd (t) tO gema(?) given by [140]

(5.197)
For this numerical example, we set kg, = 5, zg4 = 1, and pg, = 4.

5.4.5.3 Human Loop Transfer Function

To generate the pith command 6mq(2) at the human loop, we assume that the considered generic

hypersonic vehicle is operated by a pilot whose Neal-Smith model is given by [146]

T,s+1

Gho :kas—l—le
Z

- (5.198)

where k), is the positive scalar pilot gain, 7, and T, are positive scalar time constants, and 7 is the pilot

reaction time-delay. For the sake of this numerical example we setk, =0.5,7, =1, T, =5 and 7 =0.5.

5.4.5.4 Simulation Results

We first construct the matrices Ag and A; in Comment 5.4.3 to assess asymptotic stability with
respect to delay 7. To start with, it is easy to show that the delay-free system (7 = 0) is asymptotically stable
since Ag + A is a Hurwitz matrix. Next, we investigate following from [158] whether or not a characteristic

root s = Fj® can touch the imaginary axis for some delay 7 > 0. Suppressing the details, we find out that
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there exists no 7 > 0 that can cause a root on the imaginary axis. This implies that system stability will never
be lost. That is, we have delay-independent stability. Consequently, the theoretical results for obtaining the
upper bound on the error signal %(z, ) in Section 5.4.4 can be validated in simulations for any delay.

Figures 5.69 and 5.70 show the pitch command following performance with the nominal controller
in the absence of any system uncertainties, where it is clear from Figures 5.71 and 5.72 that once the uncer-
tainties are introduced to the system, the nominal controller is not able to achieve the desired performance
and the system becomes unstable. Next, we show the command following performance with the standard
adaptive control architecture at the inner loop. As mentioned earlier, without the knowledge of the upper
bound on the system uncertainties, an appropriate adaptation gain cannot be set a priori. Therefore, as one
can see from Figures 5.73 to 5.75, while the standard model reference adaptive control architecture can
stabilize the system, the desired level of system performance (i.e., ||e(f)||p < 0.1) cannot be guaranteed.
Specifically, since a low adaptation gain y = 1 is utilized, the standard model reference adaptive controller
exhibits poor transient performance as the angle of attack reaches to over 20 degrees, pitch angle reaches
to over 30 degrees, and the pitch rate reaches to over 40 degrees per second during the transient time.
Furthermore, Figures 5.76 to 5.78 illustrate the effect of having different human reaction time-delays on the
command following performance using this architecture. Once again, we note that, although increasing the
adaptation gain can improve the transient performance in this setting, one can not set a suitable adaptation
gain at the pre-design stage without a complete knowledge of the upper bound on the system uncertainties.
Alternatively, if a very large adaptation gain is used for all time, the adaptive control system can excite the
high-frequency content of the system.

Next, we utilize the set-theoretic model reference adaptive control at the inner loop to enforce
the desired system performance ||e(t)||p < 0.1. Figures 5.79 to 5.81 present the command following
performance with this controller. It can be seen from these figures that the transient performance is greatly
improved compared to Figures 5.73 to 5.75. In particular, the set-theoretic model reference architecture at
the inner loop is now enabling the overall control system to achieve the desired level of system performance
(i.e., ||e(r)||p < 0.1) through increasing the effective adaptation gain based on the norm of system error.
Finally, Figures 5.82 to 5.84 present the effect of having different human reaction time-delays on the
command following performance using the set-theoretic model reference adaptive control at the inner loop.
It is evident from these figures that the proposed control architecture can guarantee a desired level of system

performance even in the presence of large human reaction time-delays.
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Figure 5.69: Command following performance with the nominal
uncertainty.
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Figure 5.70: Velocity, altitude, and the control signals with the nominal controller in the absence of the
system uncertainty.
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Figure 5.71: Command following performance with the nominal controller in the presence of the system
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Figure 5.73: Command following performance with the standard model reference adaptive controller at the
inner loop.
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altitude, and the control signals with the standard model reference adaptive controller at the inner loop.
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Figure 5.80: Velocity, altitude, and the control signals with the proposed set-theoretic model reference
adaptive controller at the inner loop.

227

www.manharaa.com




=]

-

ml
%

=

5

|

lle@®)llr
o o
8 8
I T
1 1

©

o

i
I

I

[
o
]

o

0 50 100 150 200 250
400
“2 300 H .
=
= 200 ] i
=
<
& 100 H .
0 50 100 150 200 250
t [sec]

Figure 5.81: Norm of the system error trajectories and the evolution of the effective learning rate y¢,(-) with
the proposed set-theoretic model reference adaptive controller at the inner loop.
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command following performance with the proposed set-theoretic model reference adaptive controller at the
inner loop.
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Figure 5.83: The effect of increase in the human reaction time-delay 7 from 0 to 5 (blue to red) on velocity,
altitude, and the control signals with the proposed set-theoretic model reference adaptive controller at the
inner loop.
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5.4.6 Conclusion

We studied human-in-the-loop physical systems with uncertainties due to failures and/or modeling
inaccuracies, a set-theoretic model reference adaptive control law at the inner loop that augments a general
nominal dynamic compensator structure, and a dynamic outer loop compensator to capture either sequential
loop closure methods and/or high-level guidance algorithms. Specifically, to complement and extend our
recent studies, we first provided a sufficient stability condition for the overall physical system; that is,
asymptotic stability of the system given by (5.177) with Ap and A; in (5.171). We then showed how to
constrain the system error trajectories in order to minimally affect the performance of the overall human-in-
the-loop physical system; that is, the upper bound given by (5.187) with € denoting a user-defined constraint.

Finally, we demonstrated the efficacy of our theoretical results through an illustrative numerical example.
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CHAPTER 6: FINITE-TIME DISTRIBUTED CONTROL ARCHITECTURE WITH TIME
TRANSFORMATION

This chapter presents a novel distributed control architecture with a-priori given, user-defined finite-
time convergence guarantees using a time transformation technique. In particular, Section 6.1 presents this
architecture for networked multiagent systems having first-order dynamics, where Section 6.2 extent this

result to second-order multiagent systems.

6.1 Robustness of Finite-Time Distributed Control Algorithm with Time Transformation'

The focus of this paper is distributed control of multiagent systems in a-priori given, user-defined
finite-time interval using a recently developed time transformation approach, where our contribution is
twofold. First, a generalized time transformation function is proposed that converts the user-defined finite-
time interval to a stretched infinite-time interval, where one can design a distributed control algorithm on
this stretched interval and then transform it back to the original finite-time interval for achieving a given
multiagent system objective. Second, for a specific time transformation function, we analytically establish
the robustness properties of the resulting finite-time distributed control algorithms against vanishing and
non-vanishing system uncertainties. In contrast to existing finite-time approaches, it is shown that the
proposed algorithms can preserve a-priori given, user-defined finite-time convergence regardless of the
initial conditions of the multiagent system and without requiring a knowledge of the upper bounds of
the considered class of system uncertainties. An illustrative numerical example is further included to

demonstrate the presented results.

6.1.1 Introduction

Distributed control algorithms for multiagent systems can be broadly classified as the algorithms
that guarantee asymptotic convergence (see, for example, [162-167] and references therein) and the algo-

rithms that guarantee finite-time convergence (see, for example, [53-58, 168—170] and references therein).

I This section has been submitted to the American Control Conference.
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Depending on the application of interest, one class of these algorithms can be preferred versus the other.
Building on our recent results [72, 73, 171], this paper studies finite-time distributed control algorithms
motivated by the time-critical multiagent systems applications.

Specifically, utilizing and generalizing the non-Lipschitz control methods proposed in, for example,
[10, 11], the algorithms presented by the authors of [53-58, 168—170] can achieve finite-time convergence.
However, this convergence depends on the initial conditions of agents. The authors of [12, 13, 61-65]
partially address this problem by proposing algorithms with fixed-time convergence properties. While
these algorithms provide an upper bound on the convergence time independent of the initial conditions,
the calculated bounds do not necessarily hold globally for all initial conditions and/or they can be (overly)
conservative [12]. This implies that it may not be possible to assign a-priori, user-defined finite-time with
these algorithms. Furthermore, the finite-time convergence can depend on the bound of system uncertainties
in fixed-time algorithms. Notable contributions that can achieve a-priori, user-defined finite-time conver-
gence (also referred to as predefined-time) are documented by the authors of [14, 15, 69, 70]. In particular,
the authors of [14] and [15] propose a sliding mode approach; however, their algorithm applies only to single
systems and it does require a knowledge of the upper bounds of the considered class of system uncertainties
in order to achieve system robustness. The method proposed in [69] similarly applies to single systems
and the authors do not account for any system uncertainties. In addition, the algorithm proposed in [70] is
predicated on an optimal control framework; however, it is also in the context of single systems.

A novel idea, namely the time transformation method, is proposed in our recent results documented
in [72, 73, 171] for achieving a-priori, user-defined smooth finite-time convergence, where these results
consider distributed control algorithms for multiagent systems. The key feature of this method is to perform
analysis of a given finite-time distributed control algorithm in a stretched infinite-time interval, where one
can readily utilize tools from, for example, standard Lyapunov stability theory, to conclude stability and
convergence guarantees on the original user-defined finite-time interval. While the authors of [67, 68, 71,
172] use similar distributed control algorithms to the ones presented in [72, 73, 171] (note that the studies in
[67, 68, 172] can be considered as a multiagent systems generalization of the idea documented in [66]), the
results documented in [72] are not limited to time-invariant graph topologies and the results documented in

[73, 171] are not limited to multiagent systems with static equilibrium points'. More importantly, due to a

IThe authors of [173] and [174] provide extensions of [67, 68, 172]; however, the boundedness of their proposed control
signals are not discussed.
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lack of complete systematic design and analysis framework, the results in [67, 68, 172] may not readily be
extendable and system-theoretic robustness tradeoffs of these algorithms are completely unknown.

The focus of this paper is distributed control of multiagent systems in a-priori given, user-defined
finite-time interval using the recently developed time transformation approach [72, 73, 171] discussed above.
Specifically, our contribution is twofold. First, a generalized time transformation function is proposed that
converts the user-defined finite-time interval to a stretched infinite-time interval, where one can design a
distributed control algorithm on this stretched interval and then transform it back to the original finite-
time interval for achieving a given multiagent system objective. Second, for a specific time transformation
function, we analytically establish the complete robustness properties of the resulting finite-time distributed
control algorithms against vanishing (i.e., state-dependent) and non-vanishing (i.e., state-independent) sys-
tem uncertainties in our systematic time transformation framework?. In contrast to existing finite-time
approaches, it is shown that the proposed algorithms can preserve a-priori given, user-defined finite-time
convergence regardless of the initial conditions of the multiagent system and without requiring a knowledge
of the upper bounds of the considered class of system uncertainties. An illustrative numerical example is
further included to demonstrate the presented results. For the notation used throughout this paper and related

mathematical preliminaries we refer to Appendix G.

6.1.2 Problem Formulation

In this section, we introduce the leader-follower problem also considered in [73]. While we consider
this benchmark problem, this is without loss of generality in the sense that the presented distributed control
architecture can be extended to other multiagent control problems. In particular, consider a multiagent
system that consists of N agents exchanging information based on a connected and undirected graph .
Furthermore, assume that a subset of the agents have access to the position of a time-varying leader given

by

p(t) = /Olv(r)d'H—p(O), p()ER", ne{1,2,3}, ©.1)

2While the analysis performed in [73, 171] can also be utilized for non-vanishing system uncertainties, these prior works do
not make any attempts in showing robustness against state-dependent vanishing system uncertainties. Note that such vanishing
system uncertainties can destabilize dynamical systems unlike the non-vanishing ones; hence, they are more critical to the overall
system stability and convergence.
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where v(t) € R",n € {1,2,3}, denotes the bounded and piecewise continuous velocity (with unknown
bound) of the leader. For the sake of simplicity and without loss of generality, we let 7 = 1 in what follows?.

Next, we consider that dynamics of the agents are in the form given by
X,’(l‘) = ui(t)+a)ixi(t)+pi(t), xi(O) = X0, iE{l,Z,...,N}, (6.2)

where x;(¢) € R,i € {1,2,...,N} and u;(t) € R,i € {1,2,...,N} are the position and the control signal
of each agent, respectively. In (6.2), @; € R,i € {1,2,...,N}, and p;(t) € R,i € {1,2,...,N}, represent
vanishing and non-vanishing uncertainties in each agent’s dynamics. Here, while we assume that the
unknown term @; is bounded and the unknown term p;(f) is bounded and piecewise continuous for the
well-posedness of the considered problem, we do not require the knowledge of their upper bound. In the
next section, we propose a generalized time transformation function for finite-time distributed control with
a-priori given, user-defined finite-time convergence; that is,

lim (x;(t) — p(t)) =0, i€{1,2,...,N}, (6.3)

t—T

where 7' € R is this user-defined finite time.

6.1.3 Finite-Time Distributed Control with a Generalized Time Transformation

This section presents the first contribution of this paper. In particular, we propose a generalized time
transformation function that converts the user-defined finite-time interval to a stretched infinite-time interval,
where one can design a distributed control algorithm on this stretched interval. Specifically, let t = 0(s)
denote this generalized time transformation function. Here, 6(s) is strictly increasing and continuously
differentiable with respect to s, which transforms the infinite time interval s € [0, o) to the finite time interval
t € ]0,T) with T € R, being the user-defined finite time*. To this end, we propose the distributed control

algorithm given by

u(t) = —06(9'(91(1‘)))1<Z(x[(t)—xj(t))-|—k,-(x,-(t)—p(t))>, i€{l,2,....,N}, (64)

i~j

3The presented results can be applied as they are to the cases when n > 1 (see Section 6.1.5).
“It is considered that s = 8~ (r) exists for the results of this paper, where this is clearly possible by properly selecting the
generalized time transformation function in the control design process.
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defined ont € [0,7) with a € R... Note that in (6.4), k; = 1 for the subset of the agents having access to the
position of a time-varying leader in (6.1) and k; = O for other agents.

Let %;(¢) = x;(t) — p(t),i € {1,2,...,N}, be the error between the position of each agent and that
of the leader. Based on the proposed distributed control signal given by (6.4), the resulting error dynamics
becomes
%) = —a(e'(e! (t)))_l <Z (%i(r) — %(2)) —I—kp?,-(t)) + @i (%i(1) + p(1)) + pi(r) —v(r), %:(0) = %o,

i~y
ie{l,2,....,N}. (6.5)

Defining now the augmented error state as %(¢) = [%(¢),%2(t),...,%n(¢)]T € RV, the error dynamics in (6.5)

can be written in the compact form given by

-1

() = —a(@’(@‘l(t)))
= (—a(0'(67'(r)))

F(®)5() + Q1) + yp(t)) +p () — Ly (1), (6.6)

“LF(6) +Q)x(t) +h(t), %(0) = o, (6.7)
where h(t) £ Qlyp(t) + p(t) — Iyv(t), Q £ diag(oy, m,,...,0x) € RVN and p(t) £ [p1(t),p2(2),.. .,
py(t)]T € RV,

Considering the time transformation function ¢ = 6 (s), let £ (¢) € RN,z € [0,T), be a solution to the
dynamical system given by (6.7) such that %(s) = & (), s € [0,00). It now follows from Remark G.1 (see the

appendix) that

B(s) = (—aF(6)+Q6'(s))5(s) + 6'(s)hs(s), %(67'(0)) =, (6.8)

where hy(s) = h(6(s)) based on Remark G.2. Note that A(s) consists of bounded terms; hence, it is a

bounded function. Using 6'(s) = d6(s)/ds = dt/ds in (6.8) yields

)ix(s) + %hx(s)v X‘S(O) = Xo. (6.9

dr

Zs) = <— aF () + Q5

As noted in Remark G.1, the solution of (6.7) and (6.9) are equivalent with different argument domains; that

is, X5(s) = X(r). We now write the introduced control signal (6.4) in the compact form given by

u(t) = —a%]—"((ﬁ)f{t}, (6.10)
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which has the following time derivative with respect to ¢

. d%s . ds .
u(t) = —a@}"((ﬁ)x(t) — aa}“((ﬁ)x(t)’
. dzs dr dsJ___ " ofx . ’
- @&M(t) — OCE ( )(u(t) + (x(t) + NP(I)) +p(1)— Nv(t)),
2
_ %%u(r) - a%f(@) (ult) + Q) +h(1)),  u(0) = uo. 61

Similar to how we obtain (6.9) from (6.7), one can rewrite (6.11) in the infinite time interval s € [0,o0) as

d%s (dt

-2 lg

uy(s) = —a}"((ﬁ)ms(s)—(a}"((ﬁ) P

)ZIN) y(s) — A F ()hy(s),  us(0) = up. (6.12)

One can now augment the state error dynamics in (6.9) and control signal dynamics in (6.12) as

o _ dr ~ t

7(s) _ OC./T((Y))-FQdS 0 () N %IN ha(s).

(s) —aF()Q  —aF(®)+ L (L)y | |usls)| | -aF()
(0 N
BO_ %o (6.13)
us(0) uo

Remark 6.1.1 The time transformation function t = 6(s) should be chosen by the control user such that (i)
the state error dynamics and control signal dynamics given by (6.13) are stable, which results in bounded
error state %(s) and control signal uy(s), and (ii) the asymptotic stability for the error state X(s) is achieved
(ie., }Lr?o %5(s) =0). By Remark G.1, the above discussion implies that the error state X(t) and control signal
u(t) are bounded in the original time interval t € [0,T) and tlgr% (xi(r) = p(t)) = 0. The latter result implies
that the agents converge to the position of the time-varying leader at the user-defined finite time T.

As discussed in Remark 6.1.1, the selection of the time transformation function r = 6(s) plays a
crucial role on the stability of the closed-loop system dynamics given in (6.13). Adopted from the previous
work of the authors in [72, 73], a candidate time transformation function satisfying the conditions in Remark

6.1.1, along with rigorous and detailed analysis on stability of the closed-loop system dynamics, is presented

in the next section.
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6.1.4 Robustness to Vanishing and Non-Vanishing System Uncertainties

This section presents the second contribution of this paper. Specifically, using the time transfor-
mation function candidate proposed in [72, 73], we now analytically analyze the robustness properties of
the overall multiagent system with the time transformation-based finite-time distributed control algorithm
in (6.4) in presence of vanishing and non-vanishing system uncertainties (i.e., ; € R,i € {1,2,...,N}, and
pi(t) eR,ie {1,2,...,N},in (6.2)). To this end, consider the time transformation candidate function given

by
t = 0(s)2T(1—e), (6.14)

where T € R is the a-priori given, user-defined finite time. Note that this time transformation function has

the derivative with respect to s € [0, ) given by

% =0'(s)=Te* =T —1. (6.15)

Introducing (6.15) in (6.4) results in the control signal given by

w(t) = —a<Z(x,-(t)—xj(t))—i—k,-(x,-(t)—p(t))), ie{1,2,...,N}, (6.16)

T—1\/=
or in the compact form

ut) = —Ti_tf(@)x(z). 6.17)

Furthermore, using (6.15) in the error dynamics given by (6.5) yields

i) = <—%]—"((ﬁ)+9)i(r)+h(r), (0) = %. 6.18)

Similar to the steps shown in the previous section, one can now write (6.18) in the infinite-time interval

s €[0,00) as

A(s) = ( — aF(6)+ QTe’S))FS(s) FTe"hy(s), %(0) = %. (6.19)
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The augmented form of the state error and the control signal dynamics can also be obtained similar to (6.13)

as
() —aF(®)+QTe™™ 0 | |5(s) Te Sy %(0) %
_ + hy(s), = . (6.20)
(s) —0F(6)Q —S| [us(s) —aF () us(0) o
where
S £ aF(6) Iy e RVN, (6.21)

Remark 6.1.2 Letting A(t) = — 7= F(®) +Q, the error dynamics given in (6.18) can be rewritten in the

form

x(r) = A()x(t)+h(r), %(0)=%. (6.22)

Now, since A(t) and h(t) are integrable functions of t over the finite-time interval t € [0,T — 8] for every
small positive constant 0, it follows from [175, p. 97] that the error dynamics given in (6.18) has a unique
solution on the finite-time interval [0,T). Alternatively, by analyzing the transferred error dynamics in the
infinite-time interval given in (6.19), one can conclude the existence and uniqueness of the solution %(s)
over the infinite-time interval s € [0,0). Hence, there exist a unique solution for the error dynamics given

in (6.18) over the finite-time interval [0,T).

Theorem 6.1.1 Consider the multiagent system that consists of N agents on a connected, undirected graph
®, where the uncertain dynamics of agent i € {1,...,N} is given by (6.2). In addition, assume that there
exists at least one agent sensing the position of the time-varying leader given by (6.1), which has bounded
but unknown velocity. Considering the local control algorithm u;(t), i = 1,...,N, for each agent given by
(6.16), let the design parameter o, be chosen to make S = o.F (®) — Iy positive definite®. Then, the closed-
loop system signals including the control signals remain bounded and all agents converge to the position of
the leader in the a-priori given, user-defined finite time T (i.e., lim,_,7 X(t) = 0) for all initial conditions of

agents and for all finite pairs (@;, p;(t)),i € {1,...,N}.

SWhile the design parameter o needs to be chosen to make S in (6.21) positive definite, the proposed control signal in (6.16)
is still implemented in a distributed fashion.
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Proof. To show boundedness of the closed-loop system signals and convergence of all agents to the
position of the leader at the user-defined finite time 7', we consider the closed-loop system dynamics after
applying the time transformation function as given in (6.20). We first consider the system error dynamics in

the infinite time interval s € [0,0) and let V(%,(s)) € R, be an energy function given by
V(E(s) = % (5)%(s) = [%(s)]13- (6.23)

The derivative of (6.23) with respect to the stretched time s € [0,0) along the trajectories of (6.19) is given

by

V' (%5(s)) = 28 ()%(s),
= 287(5) ((— aF(6) + QTe ™) (s) + Te hi(s) ),
= 20} (5) F(®)%(s) 4+ 2Te 51 (5) Q% (5) + 2Te %L (5)hs(s),

< 20 F(O)) 15 ()] + 2Te O 155 (5) 3+ 2Te |5 () ol s()]2s (6.24)

where ®max = max{@,...,0y}. Using 2||%(s)||2]1s(s)|l2 < [|%(s)]|3 + ||As(s)]|3 on the last term and

replacing || %,(s)||3 with V(%(s)) in (6.24) results in

V' (%(s)) < V(E(5)) (= 20Amin (F(6)) +2Te " Oax) + Te ™ (V(E5(s)) + [|5(s)[13),

< V(E(5)) (= 20 Amin(F(6)) + Te ™ (20max + 1)) + Te || hy(s) 3. (6.25)

For the sake of simplicity of the rest of the analysis, we define ag £ 20t Anin(F(6)) € R, by Lemma G.1,
by = max{0, T (20max + 1)} € Ry and ¢ € Ry to be the upper bound on T'||hs(s)|3, i.e., T||As(s)||3 < co.
This simplifies (6.25) to

V' (%(s)) + (ap — boe *)V(%(s)) < e co. (6.26)

Defining the integrating factor (s) = exp(aos +boe*) € R, and multiplying both sides of (6.26) with this

factor, one would get

H()V(%(5)) + (5 (a0 — boe )V(E(s)) < p(s)e e, (6.27)
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or equivalently,

S V) < ue (6.28)

Next, we integrate both sides of (6.28) over the s domain that yields

1()V(%s(s)) < co/ e "exp(apT + boe” )dT + ), (6.29)
0

where Vy £ u(0)V(%(0)) = €[ %(0)||3. We now set v(7) = e~ % € R, with the derivative dv(7) = —e*d7
to get

—S

w(s)V(E(s)) < —co /1 " exp(—ao In(v (1)) +bov(7))dv(z) + W,

-5

1
< co/ (v(7)) “ebov@Ddv(t) 4V,

< alo/1 (v(7)) “dv(t)+ W, (6.30)

e—S

where dy £ coe? € R, is the upper bound on coe?¥(®). Note that since T € [0,s) with s € [0,0), we have
v(7) € (0, 1] showing the existence of dj.
We now solve the integral in (6.30) for two possible ag cases. In particular, if ay = 1, we have
1
REVER) < do [ (v(E) dv(m+ 2,

1
< d()lIlV(T) N +W,

e

< dos+W. 6.31)

Introducing the integral factor p(s) = exp(s -+ boe *) in (6.31), the bound on the energy function is now

given by
o d()s —s—bpe™*
V(xs(s)) < W + Voe . (632)
We are interested in the limit of this bound when s — oo given by
lim V(% (s)) < lim _dos_ + lim Vge s b0
§—ro0 s T s esThoe™ T e 0 ’
d
— lim 0 =0, (6.33)

§—yo0 (1 — boe_s)€s+b0675‘
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where we applied the L’Hospital’s Rule to the first limit term. Next, since V(%;(s)) is a positive definite

function we can conclude

li_>m V(%s(s)) =0. (6.34)
For the case when ag # 1, one can write
1
w(sVE(Gs) < do / C(v(r) dv(z)+ W,
(1—ap)
v(T 1
< d()—( ( )) +VO7
1-— ao e’

< (1—e@0=D%) 1. (6.35)

1—ag

Introducing the integral factor pt(s) in (6.35), the bound on the energy function is now given by

do
1—ag

s s

_efsfboeﬂ) —|—V()€7”037b087 . (636)

(efaosfboe’

Once again, we take the limit on the bound on the energy function in (6.36) when s — o as

s )

lim V(%(s)) < hmi(e—“os—boe‘ —e—s—bOE”)+1Lmvoe—aos—b°e‘ = 0. (6.37)
S—yo0

s—>o0 s—oo 1 —qg

Therefore in all cases we have lim,_,., V(%;(s)) = O resulting in

lim %(s) = 0. (6.38)

§—ro0

Since %;(s) = X(¢) by Remark G.1 and t — T as s — oo, one can obtain

lim (¢) = 0. (6.39)

t—T

Furthermore, it follows from (6.32) and (6.36) that the energy function V(%(s)), and consequently the
state error vector %(s), remain bounded for all s € [0,0). Equivalently, the state error vector %(¢), remains
bounded in the finite time interval for all # € [0,T).

Finally, to show the boundedness of the control signal u,(s), consider the second equation in (6.20)

given by

241

www.manharaa.com




U (s) = —Suy(s) — aF (6)QF,(s) — 0 F (®)hs(s), u(0) = up. (6.40)

As noted earlier, from the boundedness of the position and velocity of the leader as well as the boundedness
of the system uncertainties, it follows that /,(s) is a bounded function. Now, since the last two terms in (6.40)
are bounded, and —S is Hurwitz by the assumption of the theorem, then u;(s) is bounded. Equivalently, u(r)

remains bounded in the finite interval 7 € [0,7) which concludes the proof. n

Remark 6.1.3 The notable feature of the proposed distributed control algorithm in this section for han-
dling system uncertainties while achieving an a-priori given, user-defined finite-time multiagent system
performance arises mainly from the utilization of the time transformation function in (6.14). Specifically,
the aforementioned time transformation method converts the problem under study from its finite interval
t € [0,T) to the infinite-time interval s € [0,00). This then enables a control user to exploit any standard (i.e.,
over infinite horizon) system-theoretic tools for synthesis and analysis purposes. The finite-time stability and

convergence guarantees are then immediate by transforming the time to the original interval.

6.1.5 Illustrative Numerical Example

In this section, we present an illustrative numerical example to demonstrate the efficacy of the
presented results of this paper. To this end, consider a multiagent systems that consists of N = 8 agents
exchanging information based on an undirected, connected circle graph ® as shown in Figure 6.1, where the
first two agents have access to the position of the time-varying leader given by p(z) = 2.5+ 5sin(0.5¢) +
0.5sin(5¢7) (i.e., ki =1forie {1,2},and k; =0 fori € {3,4,...,8} in (6.16)). Furthermore, the vanishing and
non-vanishing system uncertainties are selected for this numerical example respectively as w; = —0.3,i €
{1,...,8}, and p;(r) = sin(2t),i € {1,...,8}. Finally, we note that the initial positions of the agents are
selected randomly using the randn function in MATLAB.

For the proposed distributed control algorithm, we use the time transformation function given in
(6.14) with T = 4 in order to enforce the finite-time convergence value equal to 4 seconds and we set & = 10
that results in a positive definite matrix S in (6.21). Figure 6.2 shows the performance of the proposed
distributed control algorithm in presence of vanishing and non-vanishing system uncertainties. As expected
from Theorem 6.1.1, the position of each agent converges to that of the leader at the chosen user-defined

finite time with bounded agent states and control signals. Moreover, for further illustrating the robustness
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Leader
°

Graph ® 5

Figure 6.1: An example multiagent system on an undirected, connected circle graph ©.

of the proposed distributed control algorithm to different vanishing and non-vanishing system uncertainties,

consider four additional uncertainty scenarios as

Wi = 0 Wi = —0.1
A { . B { , (6.41)
pi(t) =0 pi(t) :2sin(4t)
w; = —-0.5 w; = 0.5
c { D { . (6.42)
pi(t) = —4sin(0.5¢) pi(t) = —65in(2¢)

The initial condition of the agents are selected randomly in the interval [14, 16] for scenario A, [8,10] for
scenario B, [—1,1] for scenario C, and [—6,—4] for scenario D. Figure 6.4 shows that in all cases the
proposed algorithm can preserve the user-defined finite-time convergence, regardless of the initial conditions
of the agents and without requiring the knowledge of the upper bounds of the system uncertainties.

As discussed in Section 6.1.2, the proposed algorithm can also be utilized for a-priori given, user-
defined finite-time convergence in higher dimensions (i.e., n>1). For demonstrating this fact in a two
dimensional case (i.e., n = 2), we next consider the same multiagent system having the same vanishing
and non-vanishing system uncertainties for both dimensions, where the first two agents have access to
the position of the time-varying leader given by p(t) = [4sin(1.5¢), 4cos(1.5¢)]T. Figure 6.5 shows the
performance of the proposed distributed control algorithm applied to both dimensions simultaneously. Once

again, the position of each agent converges to that of the leader at the user-defined finite time.
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Figure 6.2: Leader-follower performance with the proposed finite-time control algorithm (7 =4 and a = 10)
in the presence of vanishing and non-vanishing uncertainties (dashed line shows the position of the leader
and solid lines show the position of agents).

05 1 15 2
t (sec)

25 3 35 4

Figure 6.3: Control signal of each agent with the proposed finite-time control algorithm (7 =4 and o = 10)
in the presence of vanishing and non-vanishing uncertainties (dashed line shows the position of the leader
and solid lines show the position of agents).
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15 2
t (sec)

Figure 6.4: Leader-follower performance with the proposed finite-time control algorithm (7 =4 and @ = 10)
in the presence of different system uncertainty scenarios (dashed line shows the position of the leader and

25 3

solid lines show the position of agents).

vi(t)

3 2 -

i(t)
Figure 6.5: Two dimensional leader-follower performance with the proposed finite-time control algorithm
(T =4 and o = 10) in the presence of vanishing and non-vanishing uncertainties (dashed line shows the

position of the leader and solid lines show the position of agents).
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6.1.6 Conclusion

To contribute to the previous studies in multiagent systems, we proposed a distributed control
algorithm for achieving a-priori given, user-defined finite-time convergence using the time transformation
approach. Specifically, we first introduced a generalized time transformation function that converts the user-
defined finite-time interval 7 € [0, T) to a stretched infinite-time interval s € [0, ), where one can construct a
distributed control algorithm for achieving a given multiagent system objective. Based on the structure of a
time transformation function candidate, we then established the robustness properties of the resulting finite-
time distributed control algorithms against vanishing and non-vanishing system uncertainties. Furthermore,
we showed that, in contrast to the existing finite-time approaches, the proposed distributed control algorithm
can preserve a-priori given, user-defined finite-time convergence regardless of the initial conditions of
the multiagent system and without requiring a knowledge of the upper bounds of the considered class of
system uncertainties. Finally, the efficacy of the presented results was demonstrated through an illustrative

numerical example.

6.2 Further Results on Finite-Time Distributed Control of Multiagent Systems with Time
Transformation’

In previous work, a (smooth) finite-time distributed control algorithm with time transformation was
introduced for first-order multiagent systems, which guarantees convergence of the single state of agents to a
time-varying leader at a-priori given, user-defined time 7 from any arbitrary initial conditions with bounded
local control signals. In this paper, we present an extension of this previous work to second-order multiagent
systems. Specifically, utilizing a user-defined finite-time interval of interest ¢ € [0, T'), we time transform this
class of multiagent systems subject to the considered (smooth) distributed control algorithm to an infinite-
time interval s € [0,0) with s being the stretched time. Based on a property of this time transformation, this
results in finite-time convergence as the regular time ¢ approaches to 7' from any arbitrary initial conditions
with bounded local control and internal signals. Finally, two numerical examples illustrate the efficacy of

the proposed algorithm.

2This section is previously published in [171]. Permission is included in Appendix H.
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6.2.1 Introduction

Finite-time distributed control algorithms have paramount importance to time-critical applications
of multiagent systems such as simultaneous strike and multiagent automation. Yet, a drawback of standard
finite-time algorithms is that their convergence time depends on the initial conditions of agents; hence, a user
cannot assign a desired convergence time with these algorithms. Motivated from this standpoint, [12, 13, 61—
65] study control algorithms with fixed-time convergence ability. While these algorithms can upper bound
the convergence time independently from the initial conditions, the calculated bounds do not necessarily hold
globally and/or can be conservative, or some of these results considering system uncertainties can require
a knowledge of uncertainty upper bounds for stability. To address this problem, [14, 15, 66-71] study
control algorithms that can guarantee convergence at a user-defined finite-time. However, these algorithms
are proposed in the context of either sole systems or first-order multiagent systems, or some of these results
considering system uncertainties can require, once again, a knowledge of uncertainty upper bounds for
stability. We refer to [4, 72, 73] for more details.

Recently, we introduce (smooth) finite-time distributed control algorithm with time transformation
for first-order multiagent systems subject to time-varying graph topologies [72], time-invariant graph topolo-
gies with dynamic equilibrium points [73], and time-invariant graph topologies with dynamic equilibrium
points and system uncertainties [4]. In particular, closely related prior studies to the results of this paper
are documented in [4, 73], which guarantee convergence of the single state of agents to a time-varying
leader at a-priori given, user-defined time 7 from any arbitrary initial conditions with bounded local control
signals. The former study achieves the convergence without requiring an upper bound on the velocity of this
time-varying leader and the latter study achieves the convergence with structured but otherwise completely
unknown uncertainties (i.e., without resorting to a knowledge of uncertainty upper bounds). In contrast
to the references cited in the first paragraph, [4, 72, 73] utilize a novel time transformation method along
with results from infinite horizon stability theory in their respective finite-time convergence analyses (see
[4, 72, 73] for details).

Building on our previous studies highlighted above, this paper presents further results for second-
order multiagent systems. Specifically, utilizing a user-defined finite-time interval of interest ¢ € [0,7),
we time transform this class of multiagent systems subject to the considered (smooth) distributed control

algorithm to an infinite-time interval s € [0,00) with s being the stretched time. Based on a property of this
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time transformation, this results in finite-time convergence as the regular time ¢ approaches to T from any
arbitrary initial conditions with bounded local control and internal signals. Finally, two numerical examples
illustrate the efficacy of the proposed algorithm. We note here that [15, 172—174] consider studies with user-
defined finite-time convergence guarantees for systems beyond first-order dynamics. However, the results
in [15] can be sensitive to system initial conditions and these results are outside the context of multiagent
systems. Moreover, while the results in [172—-174] consider second-order multiagent systems and utilize
a time-varying control gain, they neither discuss boundedness of their local control signals nor consider
system uncertainties.

The notation used in this paper is fairly standard. Specifically, R denotes the set of real numbers,
R" denotes the set of n x 1 real column vectors, R"*"” denotes the set of n x m real matrices, R, denotes the
set of positive real numbers, R’,*" (resp., R’f") denotes the set of n x n positive-definite (resp., nonnegative-
definite) real matrices, Z, (resp., Z, ) denotes the set of positive (resp., nonnegative) integers, 0, denotes
the n x 1 zero vector, 1, denotes the n x 1 ones vector, 0,,x,, denotes the n x m zero matrix, and “£” denotes
equality by definition. In addition, we write (-) for the transpose function, (-)~! for the inverse function,
det(-) for the determinant function, and || - ||, for the Euclidean norm. Furthermore, we write A;(A) for the
ith eigenvalue of the square matrix A (with eigenvalues ordered from minimum to maximum value), and

[A];j for the (i, j)th entry of the matrix A.

6.2.2 Problem Formulation

In this section, we first present the problem formulation of this paper. Specifically, we focus on the
leader-follower problem in a multiagent system with N agents exchanging information based on a connected,
undirected graph ® (see below for graph-theoretic notions). Note that considering this benchmark problem
is without loss of much generality and the proposed distributed control algorithm can be extended to other
multiagent control problems. Mathematically speaking, we consider that the agents have second-order

dynamics given by

X (l) = vi(t), X,‘(O) = X0, (6.43)
vi(t) = wi(t), vi(0)=vip, (6.44)
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where x;(7) € R and v;(r) € R respectively denote the position and velocity of agent i, i € {1,2,...,N}, and
u;(t) € R, is the corresponding control signal.

Next, we consider a leader with second-order dynamics

Xo(t) = wo(t), x0(0) = xo0, (6.45)

vo(t) = ao(t), vo(0)=voo, (6.46)

where xo(t) € R and vy(z) € R respectively denote the position and velocity of the leader. In addition,
ap(t) € R in (6.46) stands for a time-varying, bounded, and piecewise continuous acceleration signal of
the leader (with unknown bound) under the assumption that this signal results in bounded position and
velocity of the leader. Our objective here is to design a distributed control algorithm for achieving finite-
time convergence with a-priori given, user-defined finite time 7" € R ; that is,

lim (x;(r) —xo(r)) =0, i€{1,2,...,N}. (6.47)

t—T

We now overview some basic notions from graph theory (see, e.g., [176, 177] for details). In
particular, graphs are broadly adopted in the multiagent systems literature for encoding interactions between
networked systems. An undirected graph ® is defined by a set Vis = {1,...,N} of nodes and a set & C
Vi X Vs of edges. If (i, j) € &z, then nodes i and j are neighbors and the neighboring relation is indicated
by i ~ j. The degree of a node is given by the number of its neighbors. Letting d; denote the degree
of node i, then the degree matrix of a graph ®, denoted by D(6) € RV*V is given by D(6) = diag|[d],
where d = [dy,...,dy]T. A path igiy---if, of a graph G is a finite sequence of nodes such that i, | ~ iy,
k=1,...,L, and if every pair of distinct nodes has a path, then the graph ® is connected. We write A(®) €
RY*N for the adjacency matrix of a graph ® defined by [A(®)];; = 1, if (i, j) € &, and [A(0)];; £ 0,
otherwise, and B(®) € R¥*M for the (node-edge) incidence matrix of a graph & defined by [B(6)];; £ 1,
if node i is the head of edge j, [B(®)];; £ —1, if node i is the tail of edge j, and [B(6)];; £ 0, otherwise,
where M is the number of edges, i is an index for the node set, and j is an index for the edge set. The
graph Laplacian matrix, denoted by L(®) € @ﬁXN, is defined by £(6) £ D(®) — A(®) or, equivalently,
L(6) = B(6)B()", and the spectrum of the graph Laplacian of a connected, undirected graph ® can be
ordered as 0 = A, (L(6)) < L(L(®)) < --- < A (L(®)), with 1y being the eigenvector corresponding to
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the zero eigenvalue A;(£(®)), and £(®)1y = Oy and e“(®) 1y = 1y. Throughout this paper, we model a
given multiagent system by a connected, undirected graph ® (nodes and edges respectively represent agents
and inter-agent communication links).

In addition to the above notions from graph theory, the following lemma and remarks are used in

this paper.

Lemma 6.2.1 (Lemma 3.3, [178)]) Let K = diag(k), k = [k,k, ..., ky)', ki €Z,,i=1,...,N, and assume
that at least one element of k is nonzero. Then, F(6) £ L(6)+ K € RY*N and det(F(®)) # 0 for the

Laplacian of a connected, undirected graph.

Remark 6.2.1 From Lemma 6.2.1, —F (®) is clearly a symmetric and Hurwitz matrix. As a consequence,

. . . NxN
—F(®) satisfies the Lyapunov equation R = F(®)P + PF(®) for a given R € R,

Remark 6.2.2 We use a notion from Section 1.1.1.4 of [179]. Specifically, let & () denote a solution to the

dynamical system
X(1) = f(t,x(1)),  x(0) = xo. (6.48)

In addition, let t = 0(s) denote a time transformation, where 0(s) is a strictly increasing and continuously
differentiable function, and define x(s) = &(t). Then,

() =0'(5)f(0(5),x(5)),  2(67'(0)) = xo, (6.49)
where '(s) = dy(s)/ds, and ' (s) = dO(s)/ds.

6.2.3 Finite-Time Distributed Control of Second-Order Multiagent Systems with Time Transforma-

tion

In this section, we propose a time transformation-based finite-time distributed control algorithm
for addressing the leader-follower problem stated in Section 6.2.2. To this end, we consider the time

transformation function [72, 73] given by

t = 0(s)2T(1—e™), (6.50)
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where 7' € R, is the a-priori given, user-defined finite time (see Figure 6.6). Note that this function converts
the infinite-time interval s € [0, o) to the finite-time interval of interest # € [0,7") (vice versa), and it has the
derivative with respect to s € [0, )

dr

i 0'(s)=Te *=T—t. (6.51)

For addressing (6.47), we next introduce the distributed control signal of the form given by

w(t) = —a (’;8 _+,1)z < ¥ (6(0) = xj(0)) + K (xi(0) —xo(t))>
_Ta_t(Z(vi(t)—vj(t))+ki(vi(t)—vo(z))> ~ ), e (12N, 65
i~ ]

where k; € R, and @ € R are design parameters. Note that in (6.52), k; = 1 for the subset of the agents
having access to the states of the a time-varying leader in (6.45) and (6.46), and k; = O for other agents.
Now, let %(t) = x;(t) —x0(t),i € {1,2,...,N}, and 9;(t) 2 v;(t) —vo(t),i € {1,2,...,N}, be the position and
the velocity error states, respectively. Furthermore, define an auxiliary state of the form

g(t) 2 vilt)+ (Y (xile) = x;()) + kil (6) — x0(1))

T—t\~
o

= Vi(t)—Fﬁ(Z(fl’(l)—fj(l‘))+kifi(l‘)), iE{l,z,...,N}. (6.53)
i~j

One can now use (6.53) to write the position error dynamics as

xi(t) = vi(t) —wo(r),
o

- *ﬁ(z (%i(r) — ;1)) + ki%i(r)) + &(1) —wo(t), %(0) = Fio. (6.54)
i

The derivative of the auxiliary state in (6.53) satisfies

éi(l) = — 8,'(1‘), 8[(0) = &, (6.55)

where (6.52) is used.
We now define the augmented position error state, velocity error state, and the auxiliary state respec-
tively as ¥(¢) = [%1(t),%2(t), ..., Zn(2)]T € RN, 5(¢) £ [7)(2),%2(2), ..., on(t)]T € RN, and () £ [g,(t), &2(1),

..,&y(t)]T € RY. One can then write the system dynamics in (6.54) and (6.55) in the compact form
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s (stretched time) ¥

0 | t (time) | T

Figure 6.6: The time transformation function in (6.50).

i) = —%f((ﬁ)i(t)—i—s(t)—l;vvo(t), (0) = %, (6.56)

&) = — e(r), €(0)=g. (6.57)

Remark 6.2.3 Considering the time transformation t = 0(s) and any signal 1n(t), we write 1(s) to denote
the transformed signal in the interval s for notational simplicity in what follows; that is, Ny(s) = 1(0(s)).
Based on the time transformation function in (6.50), let £(¢) € RN, ¢ € [0,T), be a solution to the

dynamical system in (6.56) and define %,(s) = & (), s € [0,00). It follows from Remark 6.2.2 that
F(s) = —aF(®)%(s)+0'(s)&(s) — 0'(s)Iyvo,(s), %(0) = %o, (6.58)

where the subscript s is used; see Remark 6.2.3. As noted in Remark 6.2.2, the solution of (6.56) and (6.58)

are equivalent with different argument domains. Introducing (6.51) in (6.58) yields

Ti(s) = —aF(6)%(s)+Te *(e(s) —1yvo,(5)), £(0) =, (6.59)

Similarly, one can use the time transformation function in (6.50) to convert (6.57) into the infinite-time

interval given by

els) = —keg&l(s), &(0)=g. (6.60)
As a consequence, the solution of the auxiliary state in the infinite-time horizon can be written as
g(s) = ge ks, (6.61)
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Using (6.61) in (6.59) yields

#(s) = —aF(®)i(s)+e*B(s), x(0) =%, (6.62)

where B(s) £ T (gye *e* — 1yv,(s)) is a bounded function (i.e., ||B(s)||2 < B). For the following result, we

also define

R & aF(6)—2Iy € RNV, (6.63)

Theorem 6.2.1 Consider the multiagent system that consists of N agents on a connected, undirected graph
®, where the agents have the second-order dynamics given by (6.43) and (6.44). Furthermore, assume that
there exists at least one agent exchanging information with the leader with bounded position and velocity
given by (6.45) and (6.46), where this leader is subject to a bounded but otherwise unknown acceleration
signal. Based on the distributed control algorithm u;(t), i = 1,...,N, for each agent given by (6.52), let
the design parameter o be chosen to make R in (6.63) positive definite and ke > 1. Then, the closed-loop
system signals including the control and internal signals remain bounded and all agents’ positions converge
to the position of the leader in the a-priori given, user-defined finite time T (i.e., lim,_,7 X(t) = 0) for all
initial conditions of agents.

Next, we discuss robustness of the proposed distributed control algorithm against non-vanishing,
time-dependent system uncertainties (i.e., external disturbances). To this end, consider the second-order

agent dynamics given by

X,’(Z‘) = Vi(l), xi(O):xio, (6.64)

Vi(l‘) = ui(t) +pi(l‘), Vl‘(()) =V, (665)

where p;(t) € R represents external disturbances in the dynamics of each agent. For well-posedness of the
considered problem, we here assume that p;(7) and p;(¢) are bounded but we do not require a knowledge of
their upper bounds.

One can write the derivative of the auxiliary state in (6.53) as

ke
é,’([) = —T_t&'(l‘)-‘rpi(l‘), 81'(0)28,'0, (6.66)
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where (6.52) is used. Here, (6.66) can also be compactly written as

et) = —Tkite(t)—i-p(t), £(0) = &, (6.67)

with p(¢) = [p1(¢),2(t),-..,pn(t)]T € RN, Using the time transformation function (6.50), one can convert

(6.67) to the infinite-time interval as

el(s) = —ke&(s)+Te  ps(s), &(0)=¢&. (6.68)

We can now augment the system dynamics in (6.59) and (6.68) as

(s —aF Te "Iy (s —1yvo. (s Xs(0 X
()] _ 5(s) T nVvo,(8) | SO _ | 669

&(s) Onsy  —kely | | &) ps(s) &(0) €

Theorem 6.2.2 Consider the multiagent system that consists of N agents on a connected, undirected graph
®, where the agents have the second-order dynamics as given by (6.64) and (6.65) having non-vanishing
external disturbances. Furthermore, assume that there exists at least one agent exchanging information
with the leader with bounded position and velocity given by (6.45) and (6.46), where this leader is subject
to a bounded but otherwise unknown acceleration signal. Based on the distributed control algorithm u;(t),
i=1,...,N, for each agent given by (6.52), let the design parameter & be chosen to make R in (6.63)
positive definite and kg > 1. Then, the closed-loop system signals including the control signals remain
bounded and all agents’ positions converge to the position of the leader in the a-priori given, user-defined
finite time T (i.e., lim,_,7 %(t) = 0) for all initial conditions of agents and for all finite p;(t),i € {1,...,N}.

The proof of the above results will be reported elsewhere.

6.2.4 Illustrative Numerical Examples

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

proposed distributed control algorithm for achieving user-defined finite-time convergence guarantees.

254

www.manaraa.com



Leader

1 8

Figure 6.7: An example multiagent system on an undirected, connected line graph ®;.

6.2.5 Example 1

Consider a multiagent systems that consists of N = 8 agents exchanging information based on an
undirected, connected line graph ®; as shown in Figure 6.7, where agents 4 and 5 have access to the position
and velocity of the leader given by xo(f) = vo(2),vo(t) = —2x0(¢) (i.e., k; = 1 fori € {4,5} and k; = O for the
rest of the agents in (6.52)). We note that the initial positions and velocities of the agents are respectively
selected randomly in the intervals [0,2] and [-2,0].

For the proposed distributed control algorithm, we use the time transformation function given in
(6.50) with T =5 in order to enforce the finite-time convergence value equal to 5 seconds and we set ke = 10
and o = 20 that results in a positive definite matrix R in (6.63). Figures 6.8 and 6.9 show the performance
of the proposed distributed control algorithm in the absence of external disturbances. As expected from
Theorem 6.2.1, the position of each agent converges to that of the leader at the chosen user-defined finite
time with bounded agent states and control signals.

In order to demonstrate the robustness of the proposed algorithm to external disturbances, we now
consider that the non-vanishing external disturbances satisfy p;(¢) = 0.5sin(2¢),i € {1,...,8}. Figures 6.10
and 6.11 show the performance of the proposed distributed control algorithm in the presence of external
disturbances. As expected from Theorem 6.2.2, the position of each agent once again converges to that of
the leader at the chosen user-defined finite time with bounded agent states and control signals.

Finally, for illustrating the robustness of the proposed distributed control algorithm to different
initial conditions and different non-vanishing external disturbances, consider four additional external distur-

bance scenarios as
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Figure 6.8: Leader-follower performance with the proposed finite-time control algorithm (T =5, ke = 10
and o = 20) in the absence of external disturbances in Example 1 (dashed line shows the position and
velocity of the leader and solid lines show those of the agents).
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Figure 6.9: Control signal of each agent with the proposed finite-time control algorithm in Example 1 (T =5,
ke = 10 and o = 20) in the absence of external disturbances.
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Figure 6.10: Leader-follower performance with the proposed finite-time control algorithm (T =5, k, = 10
and o = 20) in the presence of non-vanishing uncertainties in Example 1 (dashed line shows the position
and velocity of the leader and solid lines show those of the agents).
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Figure 6.11: Control signal of each agent with the proposed finite-time control algorithm in Example 1
(T =5, ke =10 and o = 20) in the presence of non-vanishing uncertainties.
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A: pi(t) = 0, B: pi(t) = 2sin(4), (6.70)

C: pi(t) = 3sin(0.51), D: pi(t) = —5sin(2s). (6.71)

Furthermore, the initial position and velocity of the agents are selected randomly respectively in the intervals
[6,8] and [—8, —6] for scenario A, [2,4] and [—4, —2] for scenario B, [—4,—2] and [2,4] for scenario C, and
[—8,—6] and [6, 8] for scenario D. Figures 6.13 and 6.14 show that in all of these scenarios the proposed
algorithm can preserve the user-defined finite-time convergence, regardless of the initial conditions of the

agents and without requiring the knowledge of the upper bounds of the external disturbances.

6.2.6 Example 2

In this example, we analyze the proposed control algorithm on a different graph topology by con-
sidering a multiagent systems that consists of N = 8 agents exchanging information based on an undirected,
connected line graph &, as shown in Figure 6.12, where agents 4 and 5 have access to the position and
velocity of the leader given by xo(1) = vo(1),vo(t) = —2x0(¢) (i.e., k; = 1 for i € {4,5}, and k; = O for the
rest of the agents in (6.52)). Similar to the Example 1, the initial positions and velocities of the agents are
respectively selected randomly in the intervals [0,2] and [-2,0].

For the proposed distributed control algorithm, we use the time transformation function given in
(6.50) with 7" =5 in order to enforce the finite-time convergence value equal to 5 seconds and we similarly

set ke = 10 and o = 20 that results in a positive definite matrix R in (6.63). Figures 6.15 and 6.16 show

Leader

) Graph ®, 7

1 8

Figure 6.12: An example multiagent system on an undirected, connected line graph ®,.
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Figure 6.13: Leader-follower performance with the proposed finite-time control algorithm (T =5, k, = 10
and o = 20) in the presence of different external disturbance scenarios in Example 1 (dashed line shows the

position and velocity of the leader and solid lines show those of the agents).
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Figure 6.14: Control signal of each agent with the proposed finite-time control algorithm in Example 1
(T =5, ke =10 and o = 20) in the presence of different external disturbance scenarios.
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the performance of the proposed distributed control algorithm in the absence of external disturbances. Once
again, as expected from Theorem 6.2.1, the position of each agent converges to that of the leader at the
chosen user-defined finite time with bounded agent states and control signals.

Similar to the Example 1, in order to demonstrate the robustness of the proposed algorithm to exter-
nal disturbances, we now consider that the non-vanishing external disturbances satisfy p;(¢#) = 0.5sin(27),i €
{1,...,8}. Figures 6.17 and 6.18 show the performance of the proposed distributed control algorithm in the
presence of external disturbances. As expected from Theorem 6.2.2, the position of each agent once again
converges to that of the leader at the chosen user-defined finite time with bounded agent states and control
signals.

Finally, for illustrating the robustness of the proposed distributed control algorithm to different
initial conditions and different non-vanishing external disturbances, we consider four additional external
disturbance scenarios as given in (6.70) and (6.71) in Example 1. Figures 6.19 and 6.20 show that in all of

these scenarios the proposed algorithm can preserve the user-defined finite-time convergence, regardless of

0.5 1 1.5 2 25 3 35 4 45 5
t (sec)

Figure 6.15: Leader-follower performance with the proposed finite-time control algorithm (7' =5, k. = 10
and o = 20) in the absence of external disturbances in Example 2 (dashed line shows the position and
velocity of the leader and solid lines show those of the agents).
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Figure 6.16: Control signal of each agent with the proposed finite-time control algorithm in Example 2
(T =5, ke = 10 and o = 20) in the absence of external disturbances.
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Figure 6.17: Leader-follower performance with the proposed finite-time control algorithm (7" = 5, k; = 10
and o = 20) in the presence of non-vanishing uncertainties in Example 2 (dashed line shows the position
and velocity of the leader and solid lines show those of the agents).
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Figure 6.18: Control signal of each agent with the proposed finite-time control algorithm in Example 2

(T =5, ke =10 and o = 20) in the presence of non-vanishing uncertainties.
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Figure 6.19: Leader-follower performance with the proposed finite-time control algorithm (7" = 5, k, = 10
and a = 20) in the presence of different external disturbance scenarios in Example 2 (dashed line shows the

position and velocity of the leader and solid lines show those of the agents).
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Figure 6.20: Control signal of each agent with the proposed finite-time control algorithm in Example 2
(T =5, ke =10 and o = 20) in the presence of different external disturbance scenarios.

the initial conditions of the agents and without requiring the knowledge of the upper bounds of the external

disturbances.

6.2.7 Conclusion

Further results on finite-time distributed control of multiagent systems with time transformation
were reported. In particular, second-order multiagent systems with a (smooth) finite-time distributed control
algorithm were considered and it was discussed through time transformation-based methods that the position
state of agents converge to the position of a time-varying leader at a-priori-given, user-defined time from
any arbitrary initial conditions with bounded local control and internal signals. Two illustrative numerical
examples were also presented in order to demonstrate the efficacy of our results. Building on the contribution

of this paper, future research can include generalizations to directed graph topologies as well as agents

having higher state dynamics.
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CHAPTER 7: MITIGATING THE EFFECTS OF SENSOR UNCERTAINTIES IN NETWORKED
MULTIAGENT SYSTEMS'!

Networked multiagent systems consist of interacting agents that locally exchange information,
energy, or matter. Since these systems do not in general have a centralized architecture to monitor the activity
of each agent, resilient distributed control system design for networked multiagent systems is essential in
providing high system performance, reliability, and operation in the presence of system uncertainties. An
important class of such system uncertainties that can significantly deteriorate the achievable closed-loop
system performance is sensor uncertainties, which can arise due to low sensor quality, sensor failure,
sensor bias, or detrimental environmental conditions. This paper presents a novel distributed adaptive
control architecture for networked multiagent systems with undirected communication graph topologies to
mitigate the effect of sensor uncertainties. Specifically, we consider agents having identical high-order,
linear dynamics with agent interactions corrupted by unknown exogenous disturbances. We show that
the proposed adaptive control architecture guarantees asymptotic stability of the closed-loop dynamical
system when the exogenous disturbances are time-invariant and uniform ultimate boundedness when the
exogenous disturbances are time-varying. Two numerical examples are provided to illustrate the efficacy of

the proposed distributed adaptive control architecture.

7.1 Introduction

Networked multiagent systems (e.g., communication networks, power systems, and process control
systems) consist of interacting agents that locally exchange information, energy, or matter [162, 176, 181,
182]. These systems require a resilient distributed control system design architecture for providing high sys-
tem performance, reliability, and operation in the presence of system uncertainties [183—187]. An important
class of such system uncertainties that can significantly deteriorate achievable closed-loop dynamical system

performance is sensor uncertainties, which can arise due to low sensor quality, sensor failure, sensor bias, or

! This chapter is previously published in [180]. Permission is included in Appendix H.
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detrimental environmental conditions [74—77]. If relatively cheap sensor suites are used for low-cost, small-
scale unmanned vehicle applications, then this can result in inaccurate sensor measurements. Alternatively,
sensor measurements can be corrupted by malicious attacks if these dynamical systems are controlled
through large-scale, multilayered communication networks as in the case of cyber-physical systems.

Early approaches that deal with sensor uncertainties focus on classical fault detection, isolation, and
recovery schemes (see, for example, [188, 189]). In these approaches sensor measurements are compared
with an analytical model of the dynamical system by forming a residual signal and analyzing this signal
to determine if a fault has occurred. However, in practice it is difficult to identify a single residual signal
per failure mode, and as the number of failure modes increase this becomes prohibitive. In addition, a
common underlying assumption of the classical fault detection, isolation, and recovery schemes is that all
dynamical system signals remain bounded during the fault detection process, which may not always be a
valid assumption.

More recently, the authors of [190] consider the fundamental limitations of attack detection and
identification methods for linear systems. However, their approach is not only computationally expensive
but also it is not linked to the controller design. In [191], adversarial attacks on actuator and sensors are
modeled as exogenous disturbances. However, the presented control methodology cannot address situations
where more than half of the sensors are compromised and the set of attacked nodes change over time.
Finally, the authors in [192] analyze a case where the interaction between networked agents are corrupted
by exogenous disturbances. However, their approach is limited to agents having scalar dynamics and is not
linked to the controller design in order to mitigate the effect of such sensor uncertainties.

In this paper, we present a novel distributed adaptive control architecture for networked multiagent
systems with undirected communication graph topologies to mitigate the effect of sensor uncertainties.
Specifically, we consider multiagent systems having identical high-order, linear dynamics with agent interac-
tions corrupted by unknown exogenous disturbances. We show that the proposed adaptive control architec-
ture guarantees asymptotic stability of the closed-loop dynamical system when the exogenous disturbances
are time-invariant and uniform ultimate boundedness when the exogenous disturbances are time-varying. A
preliminary conference version of this paper appeared in [193]. The present paper considerably expands on
[193] by providing detailed proofs of all the results along with additional examples and motivation.

The contents of the paper are as follows. In Section 7.1, we present mathematical preliminaries and

give the problem formulation. In Section 7.2.2, we develop a distributed adaptive control architecture for
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the case of time-invariant sensor uncertainties, whereas Section 7.2.2 extends this architecture to the case
of time-varying sensor uncertainties. Two illustrative examples are provided in Section 7.5 and conclusions

are drawn in Section 7.6.

7.2 Mathematical Preliminaries and Problem Formulation

7.2.1 Mathematical Preliminaries

The notation used in this paper is fairly standard. Specifically, R denotes the set of real numbers, R"
denotes the set of n x 1 real column vectors, R"*™ denotes the set of n x m real matrices, R, denotes the set
of positive real numbers, P (resp., N") denotes the set of n x n positive definite (resp., nonnegative definite)
real matrices, 0,, denotes the n x 1 zero vector, 1, denotes the n x 1 ones vector, 0,,»,, denotes the n X m
zero matrix, and “2” denotes equality by definition. In addition, we write (-)T for the transpose operator,
(-)~! for the inverse operator, det(-) for the determinant operator, (-)’ for the Frechet derivative, | - ||, for
the Euclidean norm, and ® for the Kronecker product. Furthermore, we write Apin(A) (resp., Amax(A)) for
the minimum (resp., maximum) eigenvalue of the square matrix A, A;(A) for the ith eigenvalue of the square
matrix A (with eigenvalues ordered from minimum to maximum value), spec(A) for the spectrum of the
square matrix A including multiplicity, [A];; for the (i, j)th entry of the matrix A, and x (resp., X) for the
lower bound (resp., upper bound) of a bounded signal x(¢) € R", t > 0, that is, x < ||x(¢)||2, £ > O (resp.,
Ix(@)]2 <%, 12 0).

Next, we recall some basic notions from graph theory, where we refer the reader to [176, 177]
for further details. Specifically, graphs are broadly adopted in the multiagent systems literature to encode
interactions between networked systems. An undirected graph ® is defined by a set Vi = {1,...,N} of
nodes and a set &g C Vis X Vi, of edges. If (i, j) € &g, then nodes i and j are neighbors and the neighboring
relation is indicated by i ~ j. The degree of a node is given by the number of its neighbors. Letting d;
denote the degree of node i, then the degree matrix of a graph &, denoted by D(®) € RV is given by
D(6) = diag[d], where d = [d,...,dy|T. A path igiy---iz of a graph ® is a finite sequence of nodes such
that ip_; ~ iy, k =1,...,L, and if every pair of distinct nodes has a path, then the graph ® is connected. We
write A(®) € RV*N for the adjacency matrix of a graph & defined by

it ess,
[A(®)];; = (7.1)

0, otherwise,
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and B(6) € RV*M for the (node-edge) incidence matrix of a graph 6 defined by

1, if node i is the head of edge j,
[B(6)];; = —1, if node i is the tail of edge j, (7.2)

0, otherwise,

where M is the number of edges, i is an index for the node set, and j is an index for the edge set.

The graph Laplacian matrix, denoted by L(®) € NV, is defined by L(®) = D(6) — A(6) or, equiv-
alently, £(®) = B(6)B(®)", and the spectrum of the graph Laplacian of a connected, undirected graph & can
be ordered as 0 = 4, (L(®)) < L(L(6)) < -+ < A (L(6)), with 1y being the eigenvector corresponding
to the zero eigenvalue A;(£(®)), and £(6)1y = Oy and ¢“® 1y = 1. Finally, we partition the incidence
matrix B(6) = [BL(6)", Be(6)"]", where By (6) € RMM, Be(65) € R¥*M, Ni + Np = N, and Ny, and N,
respectively denote the cardinalities of the leader and follower groups [176]. Furthermore, without loss of
generality, we assume that the leader agents are indexed first and the follower agents are indexed last in the

graph 6 so that £(6) = B(®)B(6)" is given by

L(6) = o, (7.3)

where L(6) £ B (6)BL(6)", G(6) £ Bp(6)BL(6)", and F(6) £ Be(®)Br(6)". Note that F(6) e PYF for
a connected, undirected graph ® and satisfies F(®)1y, = —G(®)1y,. This implies that each row sum of

—F(6)"'G(®) is equal to 1.

7.2.2 Problem Formulation

Consider a networked multiagent system consisting of N agents with the dynamics of agent i, i €

{1,...,N}, given by

xi(l‘) = Ax,-(t) —I-Bu,-(t), x,-(O) =Xj, t>0, (7.4)

where x;(t) € R", t > 0, is the state vector of agent i, u;(t) € R™, t > 0, is the control input of agent 7, and

A € R and B € R are system matrices. We assume that the pair (A, B) is controllable and the control
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input u;(-), i = 1,...,N, is restricted to the class of admissible controls consisting of measurable functions
such that u;(t) € R™, r > 0. In addition, we assume that the agents can measure their own state and can
locally exchange information via a connected, undirected graph ® with nodes and edges representing agents
and interagent information exchange links, respectively, resulting in a static network topology; that is, the
time evolution of the agents do not result in edges appearing or disappearing in the network.

Here, we consider a networked multiagent system, where the agents lie on an agent layer and their
local controllers lie on a control layer as depicted in Figure 7.1. Furthermore, we assume that the graph
for the controller structure is the same as the graph for the agents’ communication. Specifically, agent
i €{1,...,N} sends its state measurement to its corresponding local controller at a given control layer and
this controller sends its control input to agent i lying on the agent layer. In addition, we assume that the

compromised state measurement

)Zi(t):xi(t)—i—&(t), i=1,...,N, (7.5)

is available to the local controller and the neighboring agents of agent i € {1,...,N}, where %;(r) € R",
t >0, and §;(r) € R", t > 0, captures sensor uncertainties. In particular, if ;(-) is nonzero, then the state
vector x;(¢),t > 0, of agent i € {1,...,N} is corrupted with a faulty or malicious signal &;(-). Alternatively,
if &;(-) is zero, then X;(r) = x;(¢), t > 0, and the uncompromised state measurement is available to the local

controller of agent i € {1,...,N}.

Agent Layer,

Control Layer

Figure 7.1: A networked multiagent system with agents lying on an agent layer and their local controllers
lying on a control layer.
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Given the two-layer networked multiagent system hierarchy, we are interested in the problem of
asymptotically (or approximately) driving the state vector of each agent x;(¢), i =1,...,N,t > 0, to the state

vector of a (virtual) leader xo(¢) € R", ¢ > 0, that lies on the control layer with dynamics

Xo(t) =Aoxo(t), x0(0) =x00, >0, (7.6)

where Ay € R is Lyapunov stable and is given by Ag = A — BK,, with K, € R"™*",
For the case where the uncompromised state measurement is available to the local controller of

agenti € {1,...,N}, that is, 6(¢) = 0, then the controller

ui(t) :—KQX,'(Z>—CK li(x,‘(l)—)c()(l))+Z(X,'(l)—x]'(t)) R (7.7)
i~
guarantees that lim,_,..x;(t) = xo(¢) for all i = 1,...,N, where /; = 1 for a set of N, agents that have access

to the state of the leader x¢(z), ¢t > 0, and /; = O for the remaining N agents with N = N + N, and where
K € R™" and ¢ € R denote an appropriate feedback gain matrix and coupling strength, respectively, such
that Az = Ag — 1;cBK is Hurwitz for all 1; € spec(F(6)). To see this, let &(t) = x;(r) —xo(f) and note that
using (7.4), (7.6), and (7.7),

&i(t) = Aoki(t) — cBK | L&) + Y (&) = &;(1)) | &(0) =&o, >0, (7.8)

i~
with & = xi0 — Xo. In addition, defining the augmented state & (1) = [E[(2),..., &L (#)]T, (7.8) can be written
in compact form as

E(t) = [Iv®A) — cF(6)®BK|E(1), E(0)=&, t>0. (7.9)

Now, using the results in [187, 194, 195], it can be shown that Iy ® Ag — ¢F (®) ® BK is Hurwitz when Ag is
Hurwitz for all 1; € spec(F(®)). Hence, lim,_,. & (t) = 0, that is, lim;_ex; (1) = xo(¢) forall i = 1,...,N.

For &(-) # 0, our objective is to design a local controller for each agent i € {1,...,N} of the form

ui(t) = —K())Zi(l‘) —cK ll-(i,-(t) —XO(I)) —I—Z ()Zi(l) —fj(l)) +v,~(t), (7.10)

i~j
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where v;(t) € R™, t > 0, is a local corrective signal that suppresses or counteracts the effect of (¢), r > 0,
to asymptotically (or approximately) recover the ideal system performance (i.e., lim;_. x;(f) = xo(¢) for all
i =1,...,N) that is achieved when the state vector is available for feedback. Thus, assuming that A¢ is
Hurwitz for all n; € spec(F (®)) implies that there exists an ideal system performance that can be recovered
by designing the local corrective signals v;(r) € R™, r > 0, for each agent i € {1,...,N}. Although we
consider this specific problem in this paper, the proposed approach dealing with sensor uncertainties can be

used in many other problems that exist in the networked multiagent systems literature [176, 182].

7.3 Adaptive Leader Following with Time-Invariant Sensor Uncertainties

In this section, we design the local corrective signal v;(¢), i =1,...,N, t > 0, in (7.10) to achieve

asymptotic adaptive leader following in the presence of time-invariant sensor uncertainties, that is, 6;(¢) = 9;,

i=1,...,N,t > 0. For this problem, we propose the corrective signal
vi(r) = Kodi(t) + K |1:6:(1) + Y (8i(t) — Sj(r))] : (7.11)
i~ j
where
Si(t) = —yATP(%(t) —%() - 8(1)), 8(0)=80, >0, (7.12)
Xi(1) = Aoki(t) — eBK |Li(%i(t) —x0(2)) + Y (£i(t) = %;(1)) | + (YATP + ul,) (%:(t) — (1) — Si(f))7
i~

)2,(0) = xA,‘o, t> O, (7.13)

Si(t) € R", 1 > 0, is the estimate of the sensor uncertainty &;(¢), t > 0, £;(z) € R", ¢ > 0, is the state estimate
of the uncompromised state vector x;(¢), ¢ >0, y € R} and u € R are design gains, and P € P" is a solution

to the linear matrix inequality (LMI) given by
Iy ® (ASP+PAy —2uP) — cF(6) @ (K"B"P+ PBK) < 0. (7.14)

For the statement of next result, we note from (7.4) and (7.10) that

X,’(l) = Axi(t)—BKox,'(t)—CBK li(xl-(t)—xo(t))+Z(x,~(t)—xj(t))

i~
—cBK Y (8;— 8;) — B(cliK + Ko) & +Bvi(t), x/(0)=xp, 1>0. (7.15)
i~
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Now, define x(¢) £ [xT(¢),...,x5(®)]T, 8 £ [8],...,85]T, and v(¢) £ [v1(¢),...,vn(¢)]T, and note that (7.15)

can be written in a compact form as

X(1t) = [Iv®Ao—cF(6)®BK|x(t) + (¢G(®) ® BK )xo(t) — (cF (®) ® BK + Iy ® BKy) &

+(Iy®B)v(t), x(0)=x, t>0. (7.16)

Using (7.5) and (7.16), the dynamics for %(t), t > 0, with %(¢) = [£] (¢),...,%5(¢)]T, can also be written in

compact form as

() = [Iv®Ag—cF(6)®BK]i(t)+ (cG(®) @ BK)xo(t) — (Iy®A)S

H(Iy®B)(t), (0)=%, t>0. (7.17)
Next, letting £(t) = [£] (¢),...,£5(¢)]", a compact form for the dynamics of £(¢), # > 0, is given by

(1) = [Iv®Ag—cF(6)®BK|i(t) + (cG(®) ® BK)xo(t) — (cF(®) ® BK + Iy © BKo) § (1)

+(IN@BW() +0(1), £0)=%, >0, (7.18)

where ¢ () £ [¢f(t),..., 08 (1)]T with ¢(r) = —S,-(t) + we;(r). Finally, define e;(t) £ %(t) — £(t) — &(t) and

8i(1) £ &;— &i(¢), and note that

e(t) = (Ar—uhw)e(t) - (Iy®A)S(t), e(0)=eo, >0, (7.19)

5(1) = (v©yATP)e(t), §(0)=&, 1>0, (7.20)

where A, 2 Iy ® Ag — cF (6) @ BK, e(t) 2 [T (1), ..., ex(2)]T, and §(r) £ [8](¢),..., 60 (1)]".

Theorem 7.3.1 Consider the networked multiagent system consisting of N agents on a connected, undi-
rected graph ®, where the dynamics of agent i € {1,... N} is given by (7.4). In addition, assume that the
local controller u;(t), i =1,...,N, t >0, for each agent is given by (7.10) with the corrective signal v;(t),
i=1,....,N, t >0, given by (7.11). Moreover, assume that 5;(t) = &;, t > 0, and det(A) # 0. Then, the zero
solution (e(t), 5 (t))E (0,0) of the closed-loop system given by (7.19) and (7.20) is Lyapunov stable and
lim; e e(t) = 0 and lim;_, o S(I) =0 for all (eo, 30) € R x R"™N,
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Proof. To show Lyapunov stability of the zero solution (e(r),5(z))= (0,0) of the closed-loop

system given by (7.19) and (7.20), consider the Lyapunov function candidate given by
~ N ~ ~ ~ ~
V(e 8) = Z(elTPei +y1816) = el (Iy @ P)e+y 1874, (7.21)
i=1

where P is a solution to the LMI given by (7.14). Note that V(0,0) = 0, V (e,8) > 0 for all (e,8) # (0,0),
and V(e, 5 ) is radially unbounded. The time derivative of (7.21) along the trajectories of (7.19) and (7.20)

is given by
V(e(r),5(t) =" (1) <1N @ (AJP+ PAg —2Pu) — cF(6) ® (KTBTP—i—PBK)) e(t) <0, 1>0. (7.22)

Hence, the zero solution (e(t), S(t))z (0,0) of the closed-loop system given by (7.19) and (7.20) is Lya-
punov stable for all (eo, 50) € R™N x RN,

To show lim,_,e(t) = 0, note that V (e(t),8()) = 2¢"(t)[Iv ® (AJP + PAg — 2Pu) — cF(6) ®
(KTBTP+ PBK)|¢é(). Now, it follows from the Lyapunov stability of the zero solution (e(r), S(t)) = (0,0)
of (19) and (20), and the boundedness of é(¢),r > 0, that V(e(t),g(t)) is bounded for all # > 0. Thus,
V(e(t),S(t)), t > 0, is uniformly continuous in ¢. Now, it follows from Barbalat’s lemma [109] that
limy o V (e(t), 3(1‘)) =0, and hence, lim, . ¢(¢) = 0. Finally, to show lim, . () =0, define R 2 {(e,5) :
V(e, 5 ) =0} and let M be the largest invariant set contained in R. In this case, it follows from (7.19) that

(Iv®A)d =0, and hence, § = 0 since det(A) # 0. Thus, (e(t),8(r))— M = {(0,0)} as t — oo. [ |

Remark 7.3.1 It follows from (7.4), (7.10), and (7.11) that

Xl'(l‘) = oni(l)—CBK l,-(x,-(t)—xo(t))—l—z.(x,-(t)—xj(t)) —BK()S,'(I‘)
—cBK lisi(t)—l—Z(Si(t)—Sj(I))], x,-(O):x,-o, t >0, (7.23)

which, using the boundedness of S,-(t), i=1,...,N, t >0, and the assumption that Ag is Hurwitz for all
i € spec(F(®)), implies that x;(t) is bounded for allt > 0 and i € {1,...,N}. Hence, using (7.5), %i(t) is
bounded for allt > 0 and i € {1,...,N}. Furthermore, since ¢;(t), t > 0, %;(t), t > 0, and Si(t), t >0, are

bounded for all i € {1,...,N}, it follows that %;(t) is bounded for allt > 0 and i € {1,...,N}.
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Remark 7.3.2 Since, by Theorem 7.3.1, lim;_,c ) (t) = 0 it follows from (7.23) that each agent subject to the
dynamics given by (7.4) asymptotically recovers the ideal system performance (i.e., lim;_,. x;(t) = xo(t) for
alli=1,...,N), which is a direct consequence of the discussion given in Section 7.2.2 and the assumption
that Ag is Hurwitz for all n; € spec(F(®)), i = 1,...,N. In addition, lim; ,.e(t) = 0 and limy 00 6(1) =
0 imply that lim,_,.(x(t) — £(t))= 0, which shows that the state estimate £(t), t > 0, converges to the

uncompromised state measurement x(t), t > 0.

Remark 7.3.3 It is important to note that the local controller u;(t) and corrective signal v;(t), i =1,...,N,
t > 0, are independent of the system initial conditions. The same remark holds for Theorem 7.4.1 below.
Let O € P, set K = Q" 'BP, and assume that A¢ is Hurwitz for all n; € spec(F(®)), i=1,...,N

for the given selection of K. Substituting K = Q~'BTP in (7.14) yields
Iy ® (ALP+ PA) — 2uP) — 2¢F (6) @ (PBQ™'BTP) < 0. (7.24)

Let T be such that TF($)T ! = J, where J is the Jordan form of F(®). Multiplying (7.24) by T ® Iy from

the left and by 7~!' ® Iy from the right yields
(TRIy)(Iv® (ALP+PAG —2uP)) (T @ Iy) —2(T @ Iy) (cF (®) ® (PBQ™'BTP)) (T ' @ Iy) < 0, (7.25)
which can be equivalently written as
Iv® (AgP+PAy —2uP) —2¢J ® (PBQ'BTP) < 0. (7.26)

Note that since F(®) is symmetric, F(®) is real diagonalizable. Hence, the diagonal form of J allows one

to rewrite (7.26) as

ASP+PAy—2uP —2cn;PBQ'BTP <0, (7.27)

where 7n; € spec(F(®)), i = 1,...,N. Now, letting the coupling strength be such that ¢ > m, i =
l

1,...,N, it follows from (7.27), using the results in [196], that
ASP++PAg—2uP —2¢n;PBQ'BTP < AJP+ PAg —2uP —2PBQ'BTP, (7.28)
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since —cn; < —1,i=1,...,N, and hence, one can equivalently solve the LMI

(Ao — ul,)"P+P(Ag — ul,) —2PBQ'B"P < 0 (7.29)

to obtain P € P" rather than the LMI given by (7.14).

Remark 7.3.4 By setting S = P~ [197], the LMI given by (7.29) can be further simplified to

(Ao — ul,)S+S(Ag — ul,)" —2BQ'BT < 0. (7.30)

Thus, one can alternatively solve (7.30) for S € P" and then set P = S~ to obtain P € P" for (7.12) and
(7.13). Note that since one can solve (7.30) instead of (7.14), the computational complexity does not
increase as the number of agents gets large.

Finally, note that in this paper we consider the case where each agent is subject to sensor uncer-
tainties. If, however, only a fraction of the agents are subject to sensor uncertainties, then the proposed
corrective signal in (7.11) can be applied to only those agents subject to sensor uncertainty and not to all the

agents.

7.4 Adaptive Leader Following with Time-Varying Sensor Uncertainties

In this section, we generalize the results of the previous section by designing the local corrective
signal v;(¢),i=1,...,N, t > 0, in (7.10) to achieve approximate adaptive leader following in the presence
of time-varying sensor uncertainties ;(z), i = 1,...,N, t > 0. We assume that the time-varying sensor
uncertainties are bounded and have bounded time rates of change; that is, ||&;(r)||2 < 8,7 >0, and || §(¢)]|» <
S5.t>0, foralli=1,....N.

For the statement of our next result, it is necessary to introduce the projection operator [80]. Specif-

2 (eo+1)0TO-07,

ically, let ¢ : R" — R be a continuously differentiable convex function given by ¢(6) e 02 ,

where Onax € R is a projection norm bound imposed on 6 € R" and €y > 0 is a projection tolerance bound.

Then, the projection operator Proj : R" x R" — R" is defined by

Y, if (6) <0,
Proj(6,y) = ¢ y, if $(6) > 0and ¢'(6)y <0, (7.31)

/T ! .
y— %me), if $(6) > 0and ¢'(6)y >0,
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where y € R” and ¢'(8) = %. Note that it follows from the definition of the projection operator that

(6~ 0)" [ Proj(0.3) | 20

Next, for the controller given by (7.10), we use the local corrective signal

vi(t) = Ko&i(1) +cK |1:6;(r) + ) (8i(t) — Sj(t))] : (7.32)
i~
where
5.(1) = 7Proj (&(z), —ATP(%i(t) — £:(1) — 1(:))) , 8i(0)=80, >0, (7.33)
£i(t) = Aoki(t) — cBK |1;(%:(t) —xo(t)) + ,NZJ (%:(1) = 2;(0)) | + 1y (%) — :(2) — &i(0))
—yProj (3,-(;), —ATP(%(t) — #i(r) — &(;))), £(0)=%0, >0, (7.34)
and P € P" is the solution to the LMI given by
Iy ® (ASP+ PAg — 2uP) — cF (%) ® (K"B"P+ PBK) < 0. (7.35)

(See Remark 7.3.4 for solving the LMI given by (7.35).)

For the statement of the next theorem, define
—R2Iy® (AJP+PAy—2uP) —cF(6)® (KTBTP+ PBK) < 0, (7.36)

where R € PV, and note that, using similar steps as given in the previous section, the dynamics for e(t) =

%(t) — £(t) — 8(r) and §(r) = 8(r) — 6(¢) are given by

é() = (A —uly)e(t) — (Iy@A)S(t)+8(), e(0)=ey, >0, (7.37)

5(t) = 8(t)—vde(r), ()2 [65(1),....501)]", 8(0)=&, t>0, (7.38)

where &p;(1) £ Proj <3i(t), —ATPe,-(t)> ,i=1,...,N,t >0.
Theorem 7.4.1 Consider the networked multiagent system consisting of N agents on a connected, undi-

rected graph ®, where the dynamics of agent i € {1,...,N} is given by (7.4). In addition, assume that the
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local controller u;(t), i =1,...,N, t >0, for each agent is given by (7.10) with the corrective signal v;(t),
i=1,....N, t >0, given by (7.32). Moreover, assume that the sensor uncertainties are time-varying and
det(A) # 0. Then, the closed-loop system dynamics given by (7.37) and (7.38) are uniformly bounded for

all (eo, 30) € R™ x R™ with the ultimate bounds

Poax(P) o L ’
le(@)ll2 < [/lmm(P)” o] 2T (7.39)
18O < [VAna(Pni+n3]’, =T, (7.40)

where 11 = \} [ N <4d1 +d3) } M 2 Smax + 0, di 2 Ain(R), dao 2 ZNAmaX(P)g, and d; £ 2N}F15T
(Smax + )

Proof. To show uniform boundedness of the system dynamics given by (7.37) and (7.38), consider
the Lyapunov-like function given by (7.21), where P satisfies (7.35). Note that V (0,0) =0, V (e,8) > 0 for
all (e, S) # (0,0), and V(e7 3) is radially unbounded. The time derivative of (7.21) along the closed-loop

system trajectories of (7.37) and (7.38) is given by

N

V(e(t), S(t)) = Z [26T( )PAge;i(t) — 2¢] (1) PBKZ (ei(r) —ej(r)) — 2el (1) PAS;(1)

i~
+2e] (1)P;(1) — 2e} (t)PBKle;(t) — 2¢} (1) Pue;(r)

+2y7' 87 () ( 8i(e) — yProj( (%ATPei(f)))]

= —e"(t)Re(t) + i [—ZeiT(t)PASi(t) +2ef (1) P&;(1) +2y 15X (1) i)

i=1

287 (1)Proj(§(1) —ATP“@)] |

N A
+2¢] (1) P& (1) + 2y15,-T(t)3i(t)] ;
< +i 1) +2y '8 (1)&(1)],
i=1
< —dille()]5 +dalle(®)]2+d3,
2
- [f le@ll~ 5 \} +i2+d3, £ 20, (741
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and hence, V (e(r), S(t)) < 0 outside the compact set Q = {(e, 5): lell2 < my and || < 712}- This proves
the uniform boundedness of the solution (e(t), B (t)) of the system dynamics given by (7.37) and (7.38) for
all (eg, 8p)€ R™ x R™N [136].

To show the ultimate bounds for e(¢), 7 > T, and (¢), 1 > T, given by (7.39) and (7.40), respectively,
note that Auia(P)]le(t) |3 + 7 I8(1)1 < Amax(PY0? +7"1m,1 > T, or. equivalently, Aun(P)]le(t)3 <
Amax(P)NE+7'm3,6 > T, and ¥ (|5 (1) |3 < Amax (P)N? + ¥~ 'n3,¢ > T, which proves (7.39) and (7.40). B

Remark 7.4.1 A similar remark to Remark 7.3.1 holds for Theorem 7.4.1. Namely, all signals used to
construct the local controller u;(t), i=1,...,N, t >0, for each agent given by (7.10) with the local corrective
signal vi(t),i=1,...,N,t >0, given by (7.32), (7.33), and (7.34) are bounded.

Note that the projection operator is used in order to guarantee a bounded estimate of the unknown
parameter, since otherwise one cannot conclude uniform ultimate boundedness from (7.41). The ultimate
bounds given by (7.39) and (7.40) characterize the controller design parameters that need to be chosen in
order to achieve small excursions of ||e(r)||> and ||8(¢)||» for # > T. This is particularly important to obtain
accurate estimates for £;(¢), i =1,...,N,t > T, and Si(t), i=1,...,N,t > T, as well as suppress the effect

of &(t),i=1,...,N,t > T. To elucidate the effect of the controller design parameters on (7.39) and (7.40),

Ol
T T \

Figure 7.2: Effect of u and 7y on the ultimate bounds given by (7.39) and (7.40) (arrow directions denote the
increase of ¥ from 0.1 to 100).
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letA=1,B=1,K=1,A0=0,Kp=1,N=1,c=1, Smax = l,g: 1, and§:2. In this case, it follows
from (7.36) that P = 0.5(1 + u) 'R, where we set R = 1. Figure 7.2 shows the effect of u € [0,5] and
v € [0.1,100] on the ultimate bounds given by (7.39) and (7.40). Specifically, as expected, increasing both

u and y yields smaller ultimate bounds for ||e(¢)||, and ||5(z)||, forz > T.

7.5 Illustrative Numerical Examples

In this section, we present two numerical examples to demonstrate the utility and efficacy of the
proposed distributed control architectures for networked multiagent systems to mitigate the effect of time-

invariant and time-varying sensor uncertainties.

7.5.1 Example 1: Time-Invariant Sensor Uncertainties Case

To illustrate the key ideas presented in Section 7.2.2, consider a group of N = 4 agents subject to a

connected, undirected graph ® given in Figure 7.1, where the dynamics of agent i satisfy

il (1) 0 1 0] |x() 0
2@ = [0 0 1| |20+ |ojul), i=1,....4 >0, (7.42)
(1) —4 —4 —1| |xX() 1

with initial conditions x;(0) = [0,0,0]T, x2(0) = [1,2, 1], x3(0) = [3,1,0]T, and x4(0) = [2,2,2]T. Note
that det(A) # 0, where A is the system matrix of (7.42). For this example, we are interested in the problem
of asymptotically driving the state vector of each agent x;(7), i = 1,...,4, t > 0, to the state vector of a leader

x0(t), t > 0, having dynamics given by v

0 0
20 = [0 0o 1|20, %0)=|1], >0 (7.43)
3(t) -4 —4 —1||x

For this problem, Ao = A — BK) holds with Ky = [0,0,0] as a direct consequence of (7.42) and (7.43).
To design the proposed local controllers, let K = Q~'BTP and set 0 = 0.1/3, u = 0.2, and ¢ = 6 >

m,i =1,...,4, so that the LMI given by (7.30) for P = S~! (see Remark 7.3.4) is satisfied with
1
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0.0850 0.0316 0.0224
P=10.0316 0.0467 0.0090] , (7.44)
0.0224 0.0090 0.0187

and hence, K = [0.22, 0.09, 0.19]. Note that with this selection for K, A is Hurwitz for all 1; € spec(F (6)),
i=1,...,4. The nominal system performance for the case when the uncompromised state measurement is
available to the local controller of agent i, i € {1,...,4}, (i.e., §(-) = 0), is shown in Figure 7.3 using (7.7).

Next, consider a time-invariant sensor uncertainty given by (7.5) with

5 4 6 4
or=1|-7|, &=|-5|, &=|3|, &=|1]|. (7.45)
-3 4 =5 2

The system performance for the case when the compromised state measurement is available to the local
controller of agent i € {1,...,4} (i.e., §;(-) # 0), is shown in Figure 7.4 using (7.7) (i.e., vi(t) =0, i =
1,...,4). Now, to illustrate the results of Theorem 7.3.1, we use the proposed local controller u;(¢), i =

1,...,4,1 >0, for each agent given by (7.10) and the local corrective signal v;(¢), i =1,...,4,¢ > 0, given

t (sec)

Figure 7.3: Nominal system performance for a group of agents in Example 1 with the local controller given
by (7.7) (i.e., vi(t) =0, i = 1,...,4) when the uncompromised state measurement is available for feedback.
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t (sec)
Figure 7.4: System performance for a group of agents in Example 1 with the local controller given by (7.7)
(i.e., vi(t) =0,i=1,...,4) when the compromised state measurement is available for feedback.

by (7.11) with y = 100. For this case, the system performance in the presence of time-invariant sensor
uncertainties is shown in Figure 7.5. As expected, the proposed distributed control architecture of Theorem
7.3.1 allows the state vector of each agent x;(r),i=1,...,4,1 > 0, to asymptotically track the state vector of
the leader xo(r), £ > 0. Finally, the time evolution of the error signals given by e(r),# >0, and §(¢),t > 0, are
shown respectively in Figures 7.6 and 7.7 for the closed-loop system with the proposed distributed control
architecture. The values of the design gains y and u are chosen to obtain acceptable system performance

without excessive control oscillations.

7.5.2 Example 2: Time-Varying Sensor Uncertainties Case

To illustrate the key ideas presented in Section 7.2.2, consider the same group of agents as in

Example 1 given in Figure 7.1, where the dynamics of agent i satisfy

= + | fult), i=1,....4, t>0, (7.46)

with initial conditions x1(0) = [0,0]T, x,(0) = [1,2], x3(0) = [3,1]T, and x4(0) = [2,2]T. Note that det(A) #

0, where A is the system matrix of (7.46). For this example, we are interested in the problem of approxi-
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t (sec)

12 14

16

20

Figure 7.5: System performance for a group of agents in Example 1 with the proposed local controller
given by (7.10) and the local corrective signal given by (7.11) when the compromised state measurement is

available for feedback.

(1) — &(t) — 8(1)

X

e(t)

10
t (sec)

12

14

16

18

20

Figure 7.6: Time evolution of e(¢),r > 0, in Example 1 with the proposed local controller given by (7.10)
and the local corrective signal given by (7.11) when the compromised state measurement is available for

feedback.
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5(t) and 4(t)

A VN LSRN
V had

-10 -

&

1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
t (sec)

Figure 7.7: Time evolution of S(t),t > 0, in Example 1 with the proposed local controller given by (7.10)
and the local corrective signal given by (7.11) when the compromised state measurement is available for

feedback.

mately driving the state vector of each agent x;(¢), i = 1,...,4, t > 0, to the state vector of a leader xo(t),

t > 0, having dynamics given by

- ‘ . x0)=| |, >0 (7.47)

For this problem, Ao = A — BKj holds with Ky = [0,0] as a direct consequence of (7.46) and (7.47).
To design the proposed local controllers, let K = Q~'BTP and set Q = 0.1, u =1, and ¢ = 6 >
W,i =1,...,4, so that the LMI given by (7.30) for P = S~ (see Remark 7.3.4) is satisfied with
4

0.0398 0.0037
P= : (7.48)

0.0037 0.0360
and hence, K = [0.04, 0.36]. Note that with this selection for K, A is Hurwitz for all ; € spec(F(6)),
i=1,...,4. The nominal system performance for the case when the uncompromised state measurement is
available to the local controller of agent i, i € {1,...,4}, (i.e., 6(-) = 0), is shown in Figures 7.8 and 7.9

using (7.7).
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Next, consider the time-varying sensor uncertainty given by (7.5) with

81 (t) =2 +sin(0.6¢) 01 , &(t) = —1+sin(0.85¢) 0'2] , (7.49)
0.2 0.4
. 0.3 . 0.4
03(t) = —4+sin(0.25¢) ,  04(t) = 14sin(0.25¢) . (7.50)
0.6 0.8]

-6 L
5 10 15
t (sec)
Figure 7.8: Nominal system performance for a group of agents in Example 2 with the local controller given

by (7.7) (i.e., vi(t) =0, i = 1,...,4) when the uncompromised state measurement is available for feedback.

15

10

Figure. 7:9: System trajectories of each agent in Figure 7.8.
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The system performance for the case when the compromised state measurement is available to the local
controller of agent i € {1,...,4} (i.e., §;(t) # 0), is shown in Figures 7.10 and 7.11 using (7.7) (i.e., v;(t) =0,
i=1,...,4). Now, to illustrate the results of Theorem 7.4.1, we use the proposed local controller u;(t),
i=1,...,4,¢t >0, for each agent given by (7.10) and the local corrective signal v;(¢), i =1,...,4, ¢t >0,
given by (7.32) with ¥y = 100, and Smax = 100. For this case, the system performance in the presence of
time-varying sensor uncertainties is shown in Figures 7.12 and 7.13. As expected, the proposed distributed
control architecture of Theorem 7.4.1 allows the state vector of each agent x;(r), i = 1,...,4, t >0, to
approximately track the state vector of the leader xo(), ¢ > 0. Finally, the time evolution of the error signals
given by (7.37) and (7.38) are, respectively, shown in Figures 7.14 and 7.15. As for the previous example,
the values of the design gains 7 and u are chosen to obtain acceptable system performance with minimal
control oscillations. In particular, after choosing ¥ = 100 to achieve an acceptable small ultimate bound on

|le(t)]|2, we chose it = 1 to achieve an acceptable small ultimate bound on ||5(¢)]|,.

7.6 Conclusion

Sensor uncertainties in networked multiagent systems, which may result from low sensor quality,

sensor failure, sensor bias, or detrimental environmental conditions, can significantly deteriorate achievable

t (sec)
Figure 7.10: System performance for a group of agents in Example 2 with the local controller given by (7.7)
(i.e.,vi(t)=0,i=1,...,4) when the compromised state measurement is available for feedback.
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closed-loop system performance. In this paper, we presented two distributed adaptive control architectures
to mitigate the effect of time-invariant and time-varying sensor uncertainties in networked multiagent sys-

tems with agents having high-order, linear dynamics. Specifically, we modeled agent uncertainty between

20§ -

1 1
0 5 10 15
t (sec)

Figure 7.12: System performance for a group of agents in Example 2 with the proposed local controller
given by (7.10) and the local corrective signal given by (7.32) when the compromised state measurement is
available for feedback.
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networked agents using unknown exogenous disturbances and showed that the proposed adaptive control
architectures guarantee asymptotic stability of the closed-loop dynamical system when the exogenous dis-

turbances are time-invariant and uniform ultimate boundedness when the exogenous disturbances are time-

1 1
0 5 10 15
t (sec)

Figure 7.14: Time evolution of (7.37) in Example 2 with the proposed local controller given by (7.10)
and the local corrective signal given by (7.32) when the compromised state measurement is available for
feedback.
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o(t) and 4(¢)

= pmr g '_'—'—:====-..,~___“!__ |

1 1
0 5 10 15
t (sec)

Figure 7.15: Time evolution of (7.38) in Example 2 with the proposed local controller given by (7.10)
and the local corrective signal given by (7.32) when the compromised state measurement is available for

feedback.

varying. Future extensions will focus on output feedback distributed adaptive control strategies that can
suppress the effect of simultaneous sensor and actuator uncertainties. Generalizations to agents having
nonlinear and uncertain dynamics, as well as time-varying communication graph topologies will also be

developed.
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CHAPTER 8: CONTROL OF UNCERTAIN MULTIAGENT SYSTEMS WITH
SPATIOTEMPORAL CONSTRAINTS'

This paper focuses on control of uncertain multiagent systems with spatial and temporal constraints.
Specifically, we propose a new distributed control algorithm to simultaneously guarantee i) a user-defined
performance by limiting the distance between the state trajectories of agents and their reference state trajec-
tories to be less than given bounds (spatial constraints) and ii) a finite-time convergence to the position of a
time-varying leader at a user-defined time (temporal constraint). The key feature of the proposed distributed
control architecture is to address these spatiotemporal constraints regardless of the initial conditions of
agents and without requiring a strict knowledge of the upper bounds of the considered class of system
uncertainties. In particular, based on a distributed adaptive control law, which utilizes an error-dependent
learning rate derived from a (generalized) restricted potential function, the proposed algorithm is capable of
enforcing user-defined performance bounds on the distance between the state trajectories of agents and their
distributed reference models. In addition, a user-defined finite-time convergence is achieved using a time
transformation approach that links a prescribed time interval and a stretched infinite-time interval, where we
perform the stability analysis on the latter interval. The efficacy of the proposed control architecture is also

demonstrated through a numerical example.

8.1 Introduction

Multiagent systems consist of a group of networked agents that exchange local information within
each other in order to address given global objectives. In many practical applications, these systems are
subject to spatial and temporal constraints. However, it is not a trivial task to satisfy these constraints

especially when agents operate under system uncertainties.

! This chapter has been submitted to the American Control Conference.
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8.1.1 Spatial Constraints

Spatial constraints often arise from the structural and operational limitations in critical control
systems applications. Specifically, severely or unpredictably deviating from an ideal agent response, which
is characterized to obey certain spatial limits on the states of agents, is not desired and needs to be avoided in
practice. Therefore, a feedback control algorithm must have the ability to keep the trajectories of each agent
close enough to the trajectories of a reference model, which denotes ideal responses for agents forming the
multiagent system.

To this end, model reference adaptive control architectures can be effective system-theoretical
methods in dealing with system uncertainties. However, their derived worst-case performance bounds based
on Lyapunov or Lyapunov-like functions are usually (overly) conservative and not user-defined due to their
dependence on system uncertainties [1]. Hence, these bounds are not always practical in establishing precise
performance bounds on the system errors denoting the distance between uncertain system dynamics and
given reference models. The authors of, for example, [1, 2, 18-20, 181] (also see references therein as
well as introduction section of [1] for additional details) develop adaptive control algorithms that provide
remedies to this problem for achieving performance guarantees defined by user-defined bounds. Yet, these

results do not consider any temporal constraints in the control system development.

8.1.2 Temporal Constraints

Temporal constraints are generally related with time-critical applications (e.g., engagement of a
vehicle with another one), where it is necessary to perform and complete a given task over a desired time
interval. As it is well-known, however, the convergence time achieved through classical finite-time control
architectures depends on the initial conditions of considered physical systems [10, 11, 53—-60]. To address
this drawback in time-critical applications, control algorithms with fixed-time convergence properties are
proposed (see, for example, [12, 13, 61-65]) and control algorithms with predefined-time convergence
properties are developed (see, for example, [14, 15]).

Yet, in these notable approaches, either the calculated upper bound on the convergence time do not
necessarily hold globally for all initial conditions and they can be conservative [12] or they can require
a strict knowledge of the upper bounds of the considered class of system uncertainties in their design

(also see introduction sections of [4, 171] for additional details). Recently, the authors of [4, 72, 73, 171]
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develop distributed control algorithms based on the time transformation approach in order to guarantee the
completion of a given control task at 7" seconds, where 7" denotes a user-defined finite time convergence
parameter that does not depend on the initial conditions of agents or knowledge of the upper bounds of
system uncertainties. However, these results do not take spatial constraints into account; hence, system
uncertainties can significantly deviate agents from their ideal responses during transient time (see Section

8.5 of this paper for an example illustrating this transient performance problem).

8.1.3 Contribution

In this paper, we focus on control of uncertain multiagent systems with spatiotemporal constraints.
Specifically, we propose a new distributed control algorithm to simultaneously guarantee i) a user-defined
performance by limiting a distance between the state trajectories of agents and their reference state trajec-
tories to be less than given bounds (spatial constraints) and /i) a finite-time convergence to the position of a
time-varying leader at a user-defined time (temporal constraint). The key feature of the proposed distributed
control architecture is to address these spatiotemporal constraints regardless of the initial conditions of
agents and without requiring a strict knowledge of the upper bounds of the considered class of system
uncertainties.

In particular, with a distributed adaptive control law, which utilizes a set-theoretic error-dependent
learning rate derived from a (generalized) restricted potential function based on the results documented in
[1,2, 181], the proposed algorithm is capable of enforcing user-defined performance bounds on the distance
between the state trajectories of agents and their distributed reference models. In addition, a user-defined
finite-time convergence is achieved using the time transformation approach [4, 72, 73, 171] that links a
prescribed time interval ¢ € [0,7) and a stretched infinite-time interval s € [0,0), where we perform the
stability analysis on the latter interval. The efficacy of the proposed control architecture is also demonstrated

through a numerical example.

8.2 Mathematical Preliminaries

We begin with the notation used in this paper. Specifically, R, R”, and R"*™ respectively denote the
set of real numbers, the set of n x 1 real column vectors, and the set of n x m real matrices; R, and Rf’ﬁ"
(resp., @T") denote the set of positive real numbers and the set of n X n positive-definite (resp., nonnegative-

definite) real matrices; Z. (resp., Z,) denotes the set of positive (resp., nonnegative) integers; 0, and 1,,
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respectively denote the n x 1 zero vector and the n x 1 ones vector; and “2” denotes equality by definition.
In addition, we use ()T to denote the transpose operator, (-) ! to denote the inverse operator, det(-) to denote
the determinant operator, || - ||> to denote the Euclidean norm, and || - |5 to denote the weighted Euclidean

norm (i.e., ||x[|4 = VxTAx for x € R" and A € R"*"). We also write Amin(A) (resp., Amax(A)) for the minimum

(resp., maximum) eigenvalue of the square matrix A, A;(A) for the ith eigenvalue of the square matrix A, and
[A];; for the (i, j)th entry of the matrix A.

Next, we overview several basic notions from graph theory (see [176, 177] for further reading).
In particular, an undirected graph ® is defined by a set Vs = {1,...,N} of nodes and a set & C Vs X Vs
of edges. When (i, ) € &z, we say that nodes i and j are neighbors and i ~ j indicates the neighboring
relation. The degree of a node is given by the number of its neighbors; that is, if we let d; to stand for the
degree of node i, then the degree matrix of a graph ®, D(®) € RV*V is given by D(6) = diag [d] where
d=1di,...,dy)". A pathiyi;---ip of a graph  is a finite sequence of nodes such that iy | ~ir,k=1,...,L.
Specifically, when every pair of distinct nodes has a path, then we say that the graph ® is connected. We
write A(®) € RV*N for the adjacency matrix of a graph 6, which is defined by [A(®)];; = 1 when (i, j) € &g
and [A(6)];; £ 0 otherwise. We also write B(®) € RM*M for the (node-edge) incidence matrix of a graph
®, which is defined by [B(®)];; £ 1 when node i is the head of edge j, [B(®)];; £ —1 when node i is the
tail of edge j, and [B(®)];; £ 0 otherwise. Above, M is the number of edges, i is an index for the node
set, and j is an index for the edge set. Finally, the graph Laplacian matrix, L(®) € @iXN, is defined by
L(6) £ D(6) — A(6) or, equivalently, £(®) = B(6)B(®)". In what follows, a given multiagent system
is modeled as a connected, undirected graph ® with nodes and edges respectively representing agents and
interagent communication links.

The following results and definitions are needed for the theoretical content of this paper.

Remark 8.2.1 As in [4, 72, 73], we use a key notion from Section 1.1.1.4 of [179]. Let &(t) denote the

solution to the dynamical system given by

x(t) = f(t,x(r)), x(0)=xo. (8.1)

where f: Ry x R" — R". Furthermore, lett = 0(s) denote a time transformation with 0(s) being a strictly

increasing and continuously differentiable function. In addition, define y(s) = &(t). Then, we have
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v (s) = 0'(s)f(6(s),w(s)), w(6'(0))=xo, (8.2)

with W' (s) 2 dy(s)/ds and 0'(s) = dO(s)/ds.

Remark 8.2.2 Let 1(t) be a given signal. Following the time transformation concept discussed in Remark

8.2.1, we write Ny(s) to denote the corresponding transformed signal in the sense that Ny(s) = 1(6(s)).

Lemma 8.2.1 ((Lemma 3.3, 178)]) Let K = diag(k), k= [ki,ka,...,kny]", ki € Z., i=1,...,N. Inaddition,
consider that at least one entry of k is nonzero. Then, F(®) = L(6)+K € RﬁXN for a connected, undirected

graph ©.

Lemma 8.2.2 Consider a dynamical system given by

V' (s) =Ary(s)+n(s),  w(0) =, (8.3)

with A, € R"™" being a Hurwitz system matrix and y(s) € R" being the system state. For any bounded input
N(s), w(s) is then bounded. If, in addition lim,_,. 1 (s) = 0, then limy_,.. y(s) = 0.
Proof. The result follows from Chapter 4.9 and Exercise 4.58 in [136]. |

Definition 8.2.1 Ler a convex hypercube in R" be defined as Q = {9 ceR": (Gl-mi“ <g < 9}““"),‘:1_’2_,...7,!},
where (Gl-mi“, 0/"**) denote the minimum and maximum bounds for the i" component of the n-dimensional
parameter vector 0. Furthermore, for a sufficiently small positive constant v, let the second hypercube be
Q, = {9 ceR": (GI-min +v <6 <o — v)izl,z,‘.._r,,}, where Q, C Q. With y € R", the projection operator
Proj : R" x R" — R" is then defined (componentwise) as Proj(0,y) = ([6/" — 6,]/v)y; when 6; > 6/ —v
and y; > 0, Proj(0,y) = ([6; — 6™"]/Vv)y; when 6; < 6™+ Vv and y; < 0, and Proj(0,y) £ y; otherwise. It
then follows that (9 — 9*)T(Pr0j (0,y) —y) <0/30, 80].

Definition 8.2.2 For z € R? and H € R?, we define ¢(||z|lu), ¢ : R — R, to be a generalized restricted

potential function (generalized barrier Lyapunov function) on the set given by
De = {z: |zlln € [0,2)}, (8.4)
where € € R is a user-defined constant, when the following statements hold [1]:
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i) If ||zllu = O, then ¢([|z]|u) = 0.

ii) If 7 € De and ||z||u # O, then ¢(||z]|g) > O.
iii) If ||z|lu — & then ¢(||z||n) — .
v) ¢(||z|ln) is continuously differentiable on De.

v) If 2 € De, then ¢4(|[zllw) > 0, where ¢a(||z]|w) 2 2Uln),

dllzflf

vi) If 2 € De, then 24(zl|n)I2ll — @ (llz]l) > 0.

8.3 Problem Formulation

In this paper, we focus on a leader-follower problem in a multiagent system, where this system has
N agents that exchange information over a connected, undirected graph ®. Specifically, we consider that a

subset of these agents has access to the position of a time-varying leader given by

p(t) = /Olv(r)d'H—p(O), p(t) €R, (8.5)

where v(f) € R is the bounded (with unknown bound) and piecewise continuous velocity of the leader. In

addition, we consider that the dynamics of each agent satisfies
x,-(t):ui(t)—l—wixi(t), Xl'(O) = X0, i€{1,2,...,N}, (8.6)

where x;(t) € R, i€ {1,2,...,N}and u;(t) € R, i € {1,2,...,N} are respectively the position and the control
signal of an agent and w; € R, i € {1,2,...,N} represents an agentwise system uncertainty. In a compact

form, (8.6) can be equivalently written as
x(t) = u(t)+Qx(r), x(0)=xo, (8.7)

where x(¢) £ [x1(¢),...,xn(t)]T € RY represents the aggregated state vector and Q = diag([w;,...,my]) €

RN XN .
In order to theoretically discuss the performance guarantees on the above multiagent system in
the presence of system uncertainties, we introduce the reference model capturing an ideal leader-follower
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Leader

Figure 8.1: Illustration of the considered leader-follower problem over a prescribed time interval 7 € [0,7),
where uncertain agents exchange information over a connected, undirected graph ®.

behavior given by

Fi(t) = OM(t)(Z(ri(t)rj(t))+ki(ri(t)p(t))>, ri(0)=rp, i€{l,2,....,N}, (8.8)

i~j

with r;(¢) €R, i € {1,2,...,N} being the ideal reference model state. From [4] with A (¢) = 1 /(T —t), which
is also utilized here, it now follows that the reference model given by (8.8) generates a bounded trajectory
that converges to the time-varying leader given by (8.5) at the user-defined finite time 7'; that is,

lim (ri(r) — p(1)) =0, ie€{l1,2,....N}. (8.9)

t—T

In (8.8), each state of the reference model needs to communicate with its neighbor on the graph ®. In order

to remove this dependence and motivated by the results in [198], we introduce the reference model given by

Xr,'(t) = —OCA(Z‘)(Z(XH'(I)—X]'(Z‘))—I—ki(xri(t)—p(t))>, xri(O):xrio, iE{l,Z,...,N}, (810)

i~j

where x;;(t) € R, i € {1,2,...,N} denotes the reference model state. We refer to Remark 8.4.2 for a
discussion on how the proposed distributed control algorithm considered in this paper can drive the reference
model arbitrarily close the ideal one. Furthermore, as a byproduct, the reference model given in (8.10) also
avoids a possible centralized control design (see Section 8.4).

The objective of this paper is to present a distributed control algorithm to drive the position of each
agent to that of the leader in a user-defined finite time 7 € R, (see Figure 8.1), while guaranteeing user-

defined performance bounds g, i € {1,2,...,N}, on the system error trajectories (i.e., the error between the
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agent’s position x;(¢) and an ideal system trajectory x;(¢)); that is,

}Ln;(xi(t)—p(t)):O, i€{l1,2,...,N}, (8.11)
|xl-(t)—xr,-(t)]<8,~, iG{l,Z,...,N}. (8.12)

8.4 Proposed Control Architecture

This section presents the proposed distributed control algorithm for simultaneously achieving user-
defined performance guarantees as well as user-defined finite-time convergence to the position of the time-
varying leader. Mathematically speaking, consider the distributed control algorithm given by

wi(t) = —aﬁ.(t)(Z(xi(t)—xj(l‘))—|—k,~(x,'(t)—p(t))>—(f)i(t)x,'(t), ic{1,2,....,N}, (8.13)

i~j

where @;(¢) is an estimation of the system uncertainty @;, i € {1,2,...,N}. In (8.13), k; = 1 for the subset
of the agents having access to the position of a time-varying leader in (8.5) and k; = O for other agents.

Furthermore, the update law for @;(¢), i € {1,2,...,N} in (8.13) is given by
@;(t) = yProj (@(t), 0ua;(|e:(t))xi(t)ei(t)),  @i(0) = dyo, i€ {1,2,...,N}, (8.14)

where e;(t) = x;(t) — xi(t), i € {1,2,...,N}, is the error between the position of an agent and its cor-
responding reference model state from (8.10) and @, is the projection bound. Note that the proposed
control algorithm given by (8.13) along with (8.14) can be executed distributively when a user-defined finite
time 7 is selected for A(z) and when « is fixed according to Theorem 8.4.1 below. Here, (8.13) can be

expressed in the compact form as

A

u(t) = —aA(t)F(®)i() - O)x(r). (8.15)

where %(¢) £ x(¢t) — 1yp(t) € RY denotes the aggregated error vector between the position of each agent and

that of the leader with the dynamics

= u(t) +Qx(r) — Iyv(r), %(0) = o, (8.16)

295

www.manaraa.com



We now rewrite the reference model given by (8.10) as

(1) = —oA(t )(Z (i (1) — o (£) + 52 (1) — (1)) + ki (i (1) —P(’)))

= —aA(r) (Z (xei () — xej(2)) + ki (i (1) — p(2 ) + oA (t Zel , X%:i(0) = xpi0, i€ {1,2,...,N},

i~j i~j

(8.17)

and define %;(¢) = x,(¢) — p(t), i € {1,2,...,N}, to capture the error between the reference trajectory and

the position of the time-varying leader. To this end, the error dynamics for %;(#) can now be written as

)LCH'(I) = —OCA(I)(X()?U'(I)—)er(l‘))—{—kifri(t)) —I—OC)« Ze] , xr, —xri(), iE{l,Z,...,N},

i~j i~j
(8.18)
In the compact form, (8.18) can be equivalently written as
%5(1) = —ad(t) F(O)% () + ar () A(®)e(t) —v(t)ly, x:(0) = xp, (8.19)

where %.(t) = [%1(t),...,%n(#)]T € RV and e(t) £ [e1(t),...,en(t)]T € RV denote the aggregated error

vectors. Consider now the time transformation function given by

t = 0(s)2T(1—e). (8.20)

This time transformation links a prescribed finite-time interval of interest ¢ € [0,7) to the stretched infinite-
time interval s € [0,o0) and vice versa. Based on this time transformation function, let &(¢) € RY, ¢ € [0,T),
be a solution to the dynamical system given by (8.19) and define X5(s) = %:(¢),s € [0,00). It follows from

Remark 8.2.1 that

F.(s) = —0F(0)Fs(s) +M(s)  x5(0) = xi0, (8.21)

where M;(s) = aA(6)es(s) — Te Svy(s)ly € RV,
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Using (8.6), (8.10), and (8.13), we next write the error dynamics for ¢;(z) as

é,‘(l) = Xi(l)_xri(t)7
= —aA(t) (Z (xi(t) —xri(t)) —i—kiei(t)) — @;(1)xi(t),

= —aA(t)(di+ki)ei(t) — @ (t)xi(r), ei(0)=ep, i€{l,2,...,N}, (8.22)

where @;(t) = @;(t) — @;, i € {1,2,...,N} and ejo = x;0 — X0, i € {1,2,...,N}. Similar to how (8.21) is
derived from (8.19) using the time transformation function given by (8.20) according to Remark 8.2.1, one

can also rewrite (8.22) as
el (s) = —Ot(d,' —|—k,~)e,~s(s) —Te  @s(s)xis(s), eis(0)=ep, i€{l,2,....N}, (8.23)

where the subscript s is used; see Remark 8.2.2. Using (8.14), the weight estimation error dynamics can be

also expressed in the infinite-time interval as
@; (s) = viTe *Proj (c?),-s(s),¢d,~(\ei(s)\)x,-s(s)eis(s)), @;5(0) = —w;, i€{1,2,....,N}. (8.24)

The following theorem presents the main contribution of this paper that addresses our objective stated in the

last paragraph of Section 8.3.

Theorem 8.4.1 Consider the multiagent system consisting of N agents on a connected, undirected graph
®, where the uncertain dynamics of an agent i € {1,...,N} is given by (8.6). Consider, in addition, that
there exists at least one agent sensing the position of the time-varying leader given by (8.5), which has
bounded (but unknown) velocity. For the distributed control algorithm u;(t) given by (8.13) along with its
update law given by (8.14), let the design parameter o be chosen such that S = oF(®) — Iy is positive-
definite. If |e;(0)| < &, i € {1,2,...,N}, then the closed-loop system signals (including all the distributed
control signals) remain bounded and all agents converge to the position of the leader at the user-defined
finite time T (i.e., lim,_,7 %;(t) =0, i € {1,2,...,N}) for all initial conditions of agents, while guaranteeing
user-defined performance bounds |e;(t)| < &, i € {1,2,...,N}.

Proof. Considering the error dynamics in (8.23) and (8.24), let V; : D x R — @+ be an energy

function given by
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Vi(eis, @) = 0i(leis|) + v @2, i€{1,2,...,N}, (8.25)

where Dg £ {|ejs(s)| : |eis(s)| < &}, i € {1,2,...,N}. The derivative of (8.25) with respect to s along the

closed-loop system trajectories of (8.23) and (8.24) is given by

Vi (eis(s), a")is(s)) = (W‘Zi;(s)‘) —|—2}/l~_1(bis(s)d),-’s(s)

= 20u;(leis(s)])eis(s)eiy (s) +20is(s) (Te_“'PrOj (@is(5), 9ai(leis(s) )xis(s)eis(s)) . (8.26)

Using (8.23) in (8.26) now yields

Vi (eis(s), @is(s)) = —20t04;(leis(s)]) (di + ki)ejs(s) — 2Te ™ (@is(s) — i) (¢di(!€is(s) [)xis (s)eis(s)
—Proj (@ (), dus(leis(5) xis()eis(s)) ). (8.27)

Now, using the property of projection operator from Definition 8.2.1, one can write

Vi (eis(s), @is(s)) < —Bida;(|eis(s)|)er(s),
< ~Biduilens))é)
F13B0(eis)) ~ 5B en())] + [ GE(s) — 3 B @3],

1
—5BVi (eis(s), @is(s))+1t, (8.28)

IN

with B; £ 200(d;+k;) € Ry, 4 2 3By (D2 x + 0Py ), and Opax = max{y, ..., @y}, where we also utilized
the last property of Definition 8.2.2 for the generalized restricted potential function. It now follows from
(8.28) that V;(ei(s), @is(s)) is upper bounded by V;max = max{Vio, %‘f} where Vjg £ V;(e;5(0), @;(0)).
From (8.25), the boundedness of the energy function results in ¢;(|e;s(s)|) + 7' ®2(s) < Vi max» and hence,
¢ (|eis(s)]) < Vimax that proves |e;s(s)| < &;, s € [0,00). From Remark 8.2.1, one can now conclude that |e;(7)|
stays in the set D, within the finite-time interval of interest for all agents; that is,

{1,2,...,N}.

ei(t)| < &,t€1[0,T), i€

Since e,(s) is bounded based on the above arguments, M,(s) in (8.21) also remains bounded.
Considering (8.21), it now follows from Lemma 8.2.2 that %s(s) is bounded. This implies the boundedness

of the reference system trajectories x(s) (or equivalently, x;(¢)) and consequently the position of the agents
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x5(s) (and x(1)). Hence, from V/(e;s(s), @is(s)) < —Bida;(|eis(s)|)eZ (s) given as the first inequality in (8.28),
it follows from and the steps in the proof of Theorem 5.3 of [21] (based on [199, 200]) that lim;_,. e5(s) = 0.

Since e(s) = e(t) by definition (see Remark 8.2.1) and r — T as s — o, one obtains

lime(t) = 0. (8.29)

t—T

Turning back to (8.21), now that lim,_,. e,(s) = 0, one can conclude lim,_,.. M;(s) = 0. Once again, using

Lemma 8.2.2, it follows that lim,_,. % (s) = 0, that is,

lim %(¢) = 0. (8.30)

t—T

Using the sum law for the well-defined limits in (8.29) and (8.30) now results in lim, 7 (x(t) —1y p(t)) =0
(see Section 1.6 of [201]).
Finally, we show that the control signal u(t),t € [0,7), remains bounded. For this purpose, letting

Z(t) & —aA(t) F(®)%(t), we rewrite (8.15) as

u(t) = z(t)—Q)x(r). (8.31)

Since Q(r) and x(¢) are both bounded from the above part of the proof, we need to ensure that z() remains
bounded to conclude the boundedness of u(z). Motivated from this standpoint, we take the time derivative

of z(t) as

(1) = —ald(t) F(6)x(t) — alz(t)f((ﬁ)i(t), z(0) = zp. (8.32)
Substituting (8.16) in (8.32) then yields

2(t) = —aA () F(6) (u(t) + Qx(t) — Iyv()) +2(6) A (1)
= —aA (1) F(®) (2(r) — Q(t)x(t) — Iyv()) +2()A (1),

= —SA(0)2(1) + OA () F () (Q(1)x(1) + 1nv(1), 2(0) =20, (8:33)

where S = aF(®) — Iy. Similar to how (8.21) is derived from (8.19) using the time transformation function

given by (8.20) according to Remark 8.2.1, one can also rewrite (8.33) as
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7(s) = —Szs(s) + aF(G)Ny(s), z5(0) = zo, (8.34)

where Ny (s) £ Q(5)x5(s) + 1yvs(s) € RY. From the boundedness of the velocity of the leader as well as the
boundedness of Q(s)x,(s), it follows that Ny (s) is a bounded function. Therefore, from —S being Hurwitz
by the assumption given in the theorem, it follows from Lemma 8.2.2 that z,(s) is bounded. Hence, z(¢) and

therefore () remain bounded for all # € [0,T). n

Remark 8.4.1 The proposed distributed control algorithm given by (8.13) along with (8.14) simultaneously
addresses the spatial and temporal constraints problem discussed in Section 8.3 for multiagent systems
regardless of the initial conditions of agents and without requiring a strict knowledge of the upper bounds of
the considered class of system uncertainties. Specifically, by using a time transformation function in (8.20),
this framework provides user-defined finite-time convergence properties for a given multiagent system with
uncertain agents in the sense that is lim;_r (x;(t) — p(t)) =0, i € {1,2,...,N}. The generalized restricted
potential functions utilized in the update law (8.14) also enforces each agent to stay close to the reference

trajectories during this user-defined interval, that is,

x,-(t)—xri(t)| < g, i€ {1,2,...,N}.

Remark 8.4.2 As mentioned earlier, the reference model given by (8.10) is utilized to avoid a possible
centralized control design. Comparing (8.10) or, equivalently, (8.17) with (8.8), one can directly see that
when the error signal of the neighboring agents e;(t) are small, then (8.10) evolves close to the ideal

reference model given by (8.8). Now, it results from Theorem 8.4.1 that each error signal is bounded by a

user-defined parameter, i.e., |e;(t)| < &; hence, the reference model given by (8.10) can be made arbitrarily
close by design to the ideal reference model given by (8.8) (i.e., by judicious selection of the user-defined

bounds €;, i € {1,2,...,N} and x;;(0) = r;(0), i € {1,2,...,N} without loss of any generality).

Remark 8.4.3 For applications in which the system uncertainties are small, the result in [4] can be used
alternatively for achieving a user-defined finite-time convergence. However, as discussed in Section 8.1,
the proposed distributed control algorithm in this paper considerably goes beyond those results in that
here the system performance during the transient time is also enforced by user-defined parameters €, i €
{1,2,...,N}. Hence, the proposed algorithm can provide additional level of performance freedom for the

critical control systems.
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Figure 8.2: A multiagent system consisting of four agents on an undirected, connected circle graph ®.

8.5 Illustrative Numerical Example

This section presents an illustrative numerical example to demonstrate the efficacy of the proposed
distributed control algorithm. Specifically, we consider a multiagent system consisting of four agents on an
undirected, connected circle graph ® as depicted in Figure 8.2. The agent 2 has access to the position of a
time-varying leader given by p(r) = —1.5 —0.5sin(0.15¢) +0.5co0s(0.37). We let the system uncertainties
in (8.6) be w; = -1, = —1,mw3 = 1,4 = 1, and set the initial positions of the agents randomly over the
interval [—0.5,0.5].

Considering a desired finite-time convergence of 7 = 10 seconds, one can implement the results

€6 AN

given in [4] (i.e., (8.13) without the term “®;(¢)x;(¢)”) with & = 6 for addressing this temporal constraint
problem. However, as mentioned in Section 8.1, this framework is not able to enforce a (transient) perfor-
mance guarantee on the system error vector. Figures 8.3 and 8.4 show the finite-time convergence of the
agents using the control algorithm in [4]. The dashed line shows the position of the leader, solid lines show
the position of agents, and dotted lines show the ideal reference trajectories. We note that, although the
agents converge to the position of the leader in 7 = 10 seconds, they are deviating from their ideal reference
trajectories during the transient time. In particular, Figure 8.5 presents the evolution of ¢;(¢) that is the
distance between the agent’s position and their corresponding reference position. It is clear from this figure
that if a performance constraint of & =€ =0.15, i € {1,2,...,N}, is required such that the agents stay close
to the position of their reference model, the presented method in [4] is not able to meet such requirement.

We now implement the proposed distributed control algorithm in this paper (i.e., (8.13) along with

(8.14)). We use the time transformation function given in (8.20) with 7 = 10 in order to enforce the finite-
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time convergence of 10 seconds and, once again, set o = 6 that results in a positive-definite matrix S. In

addition, we set the projection bound imposed on each element of the parameter estimate to Wnx = 2 and

the adaptation rate to 7, = 1, i € {1,2,...,N}. We also select the generalized restricted potential function

fﬂm"(t)

ZT; (t),

t (sec)

Figure 8.3: Leader-follower performance with the finite-time control algorithm in [4] (T = 10 and & = 6).

t (sec)

Figure 8.4: Control signals of agents with the finite-time control algorithm in [4] (T = 10 and o = 6).
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in Definition 8.2.2 as ¢i(|e;()]) = |e:(t)[2/ (€ — |e(t)]), ei(t) € De with & = = 0.15, i € {1,

guarantee |x;(¢) —x:(7)| <0.15, i € {1,2,...,N}.

€; (t)

-15F

7 8 9 10
t (sec)

Figure 8.5: The evolution of ¢;(¢) with the finite-time control algorithm in [4] (T =

05
---p(t)

.....

Tpi (t)

ZT; (t),

t (sec)

2,...,N} to

10 and a = 6).

Figure 8.6: Leader-follower performance with the proposed finite-time control algorithm proposed in

Theorem 8.4.1 (T' =10 and o = 6).
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0 1 2 3 4 5 6 7 8 9 10
t (sec)

Figure 8.7: Control signals of agents with the proposed finite-time control algorithm in Theorem 8.4.1
(T =10 and x = 6).

Figures 8.6 and 8.7 present the performance of the proposed distributed control algorithm for ad-
dressing spatial and temporal constraints simultaneously. Specifically, these figures show that the finite-time
convergence is obtained at the user-defined finite time of 7 = 10 seconds. In addition, Figure 8.8 shows that
the position of each agent is kept within a close neighborhood of the position of their corresponding reference
trajectories by guaranteeing user-defined performance bounds |x;(¢) — xi(¢)| < 0.15, i € {1,2,...,N}. The
effective learning rate %4, (|e;(t)|), i € {1,2,...,N} and the estimation of the agentwise system uncertainty
@;(t), i € {1,2,...,N} are also depicted in Figures 8.9 and 8.10, respectively. Finally, comparing Figure
8.7 with Figure 8.4, we note that the proposed distributed control algorithm results in less control effort in

accomplishing the considered task.

8.6 Conclusion

To simultaneously guarantee user-defined spatial performance and temporal convergence at a user-
defined time for uncertain multiagent systems, we presented a new distributed control algorithm. Specif-
ically, based on a distributed adaptive control law, which utilizes an error-dependent learning rate, the
proposed algorithm was shown to enforce user-defined performance bounds on the distance between the

uncertain state trajectories of agents and their distributed reference models. Furthermore, based on a
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time transformation approach, the proposed algorithm was shown to achieve a user-defined finite-time

convergence. These spatiotemporal constraints were addressed regardless of the initial conditions of agents

0.15 — (1) |

01 b

0.05 4

-0.05 - b

01 b

-0.15

1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
t (sec)

Figure 8.8: The evolution of ¢;(¢) with the proposed finite-time control algorithm in Theorem 8.4.1 (T = 10
and o = 6).

60

50 [ b

40 .

v Gai(lei(t)])

10 b

—
0 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
t (sec)

Figure 8.9: The effective learning rate ;¢4 (|e;(z)|) with the proposed finite-time control algorithm in
Theorem 8.4.1 (T = 10 and a = 6).
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Figure 8.10: The estimation of the system uncertainty @;(¢) with the proposed finite-time control algorithm
in Theorem 8.4.1 (T = 10 and = 6).

and without requiring a strict knowledge of the upper bounds of the considered class of system uncertainties.
A future research direction can include extensions of the results presented in this paper to high-order

multiagent systems as well as application of our theoretical findings to real-world experiments.
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CHAPTER 9: CONCLUDING REMARKS AND FUTURE RESEARCH

9.1 Concluding Remarks

The research reported in this dissertation has investigated new model reference adaptive control
architectures for uncertain dynamical systems that are subject to spatiotemporal constraints, where the
presented control developments were rigorously established through system-theoretic methods to improve
the overall system stability, robustness, and performance characteristics.

Specifically, a set-theoretic model reference adaptive control architecture was proposed in Chapter
2 to address the challenge of enforcing user-defined spatial performance constraints. The proposed control
architecture was predicated on a generalized restricted potential function to auto-tune the adaptive control
design. The key characteristic of this new adaptation mechanism is to increase the effective learning rate
when the system error trajectories get close to the boundaries of a prescribed user-defined compact set that
represents the spatial constraint. Therefore, the system trajectories were enforced to evolve within this
compact set for all time, and importantly, without requiring a strict knowledge of the upper bounds of the
system uncertainties. As a byproduct, it was shown that an upper bound for the adaptive control signals
can be directly calculated without inducing (excessive) conservatism, which only depends on user-defined
design parameters.

The set-theoretic model reference adaptive control architecture for enforcing spatial constraints was
then generalized in Chapter 3 for uncertain dynamical systems having unstructured system uncertainties,
where these uncertainties are usually estimated by utilizing the universal function approximations within
a compact set. It was shown that the proposed controller was capable of keeping the system trajectories
within this compact set; hence, the universal function approximation property was always valid and the
overall system stability was achieved.

The results obtained for generalizing the set-theoretic model reference adaptive control architecture
reported in Chapter 4 provided several essential advances to this control framework. In particular, the

proposed control algorithms for enforcing time-varying performance bounds on the system error trajectories,
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enable a designer to control the closed-loop system performance as desired on different time intervals,
namely, the transient time interval and the steady-state time interval. In addition, for the case where
a subset of system states is more critical than the rest (especially when the number of system states is
large), a new extension to the set-theoretic model reference adaptive control architecture was proposed,
where it allows a control designer to weigh each system error vector elements independently for enforcing
componentwise performance guarantees. Moreover, for control of uncertain dynamical systems in the
presence of actuator dynamics, the ideal reference model was modified using the hedging method, resulting
in separation of the actuator dynamics and the adaptation process. A set-theoretic model reference adaptive
control architecture then ensured user-defined performance bounds on the system error, and importantly,
it was shown that the deviation of the uncertain dynamical system trajectories from the ideal reference
model trajectories can be controlled using this user-defined bound and the actuator bandwidth limit. In
addition to the exogenous disturbances and system uncertainties, actuator failures can also significantly
deteriorate the closed-loop system performance. To this end, a set-theoretic model reference adaptive control
architecture was introduced that not only compensates for these actuator failures but also it preserves user-
defined performance guarantees in the presence of finite number of actuator failures.

The efficacy of the proposed set-theoretic model reference adaptive control architecture was then
investigated through several applications in Chapter 5. In particular, this framework was applied to the
longitudinal and lateral-directional dynamics of the NASA generic transport model. The set-theoretic
model reference adaptive control architectures with constant and time-varying performance bounds were
then experimentally verified on an aerospace testbed configured as a conventional dual-rotor helicopter.
Through several rigorous analyses, our study also concluded that a dead-zone effect can be augmented
into the set-theoretic model reference adaptive control architecture to stop the adaptation process when the
system errors are small, while guaranteeing a user-defined performance bound. This was motivated by the
fact that small system errors generally contain high-frequency residual content of exogenous disturbances
and/or measurement noise. In the view of human-in-the-loop control architectures, the set-theoretic model
reference adaptive control was implemented at the inner loop system, where its error can propagate to the
outer-human loop. As aresult, a sufficient stability condition was established for the overall physical system,
where this condition does not depend on the system uncertainties and can be assigned with user-defined

parameters.
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As described in the review of the classical finite-time control literature in Chapter 6, the convergence
time of these controllers varies by changing the initial conditions of the system, or a strict knowledge of
the upper bounds of the system uncertainties is required for the design. To address these challenges in
enforcing temporal constraint, a new distributed control algorithm was proposed for first-order and second-
order uncertain multiagent systems. This control architecture utilized a time transformation technique to
link a user-defined finite-time interval of interest to a stretched infinite-time interval. As a result, standard
system-theoretic tools were used for synthesis and analysis purposes in this infinite horizon, and eventually
the convergence guarantee was transferred back to the original finite-time interval. More importantly,
deviating from other approaches in the literature, this convergence guarantee was obtained regardless of
the initial conditions of the multiagent system and without requiring a knowledge of the upper bounds of the
system uncertainties. In addition, another type of system uncertainties known as sensor uncertainties was
investigated in the context of multiagent systems in Chapter 7. The proposed distributed control architecture
was capable of mitigating the effects of these sensor uncertainties, and achieving a desired leader-follower
objective.

Finally, a unified and novel control scheme was presented in Chapter 8 to simultaneously address the
spatial and temporal problem. While enforcing user-defined performance bounds on the distance between
the state trajectories of agents and the corresponding reference state trajectories, this distributed control
algorithm ensured that the agents converge to a time-varying leader within a user-defined finite time of
interest. Specifically, the term “user-defined” emphasis on key feature of this control design, that is the
achieved spatiotemporal guarantee was independent of the initial conditions of agents, and a strict knowledge

of the upper bounds of the considered class of system uncertainties was not required.

9.2 Future Research

As the results of this dissertation have highlighted, the user-defined system performance guarantees
incorporated within adaptive control architectures make these controllers unique candidates for control of
uncertain physical systems that are subject to spatial and temporal constraints. Yet, other considerations
can further improve these control architectures for real-world applications. In this section, some research
directions and suggestions for future work are presented to conclude this dissertation.

For the proposed set-theoretic model reference adaptive control, if the user-defined performance

bound is not assigned reasonably, the controller may fail due to system structural limits (i.e., the expected
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performance characteristics from the user are not practical). To this end, for example, a hybrid performance
enforcement technique can be investigated such that it can overrule the user-defined bound (temporarily)
to avoid failure of the control architecture in such extreme performance bound assignments. In addition,
actuator saturation can be a limiting factor in this framework. Although the actuator rate saturation was
indirectly addressed in Section 4.3, actuator amplitude saturation still needs to be investigated thoroughly in
this context.

While the results in Chapters 6 and 8 consider first-order and second-order multiagent systems,
these control algorithms can be generalized for higher order cases to capture a wider class of uncertain
multiagent systems.

Full-state feedback control was considered as a baseline control scheme throughout this dissertation,
extending these developments to output feedback control is another possible research direction. Further-
more, other than the presented experimental results, more experimentation can be conducted to further show
the efficacy of the proposed control architectures. Specifically, the author is in the process of implementing
the set-theoretic model reference adaptive control architecture in human-in-the-loop physical systems that
is presented in Section 5.4. Applications of the distributed control architectures presented in Sections 6 and

8 applied to the Khepera IV ground robots are also in progress.
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APPENDIX A: PROOF OF THEOREM 3.5.1

To show boundedness of the closed-loop dynamical system given by (3.14), (3.15), and (3.16),

consider the energy function V : D, x R 7+s)xm » R 5 R, given by

V(e,W.q)=o(llellp) + 7 a(WAY2)T(WA2) 495 ¢ Anin (A), (A.D)

where D £ {e(t) : |le(t)||p < €} is chosen as described in Remark 3.3.1, and P € R">" is a solution of the
Lyapunov equation in (3.11) with R € R’*". Note that V(0,0,0) =0 and V (e,W,§) > 0 for all (e,W,§) #
(0,0,0). Specifically, the time derivative of (A.1) along the closed-loop system trajectories (3.14), (3.15)
and (3.16) is given by
v (e(t),W(0).q())
= 20u([le(r) )" (6)Pe(e) + 25 ' wW (1) (1 Projm (W (1), 0a(lle(0) )& (x(1) )™ () PB ) — W (1) ) A
+295 1 4(0)4(1) Ammin ()
= 204(le(t)llp)e™ (1) PAre(r) — 26,(lle(r) | )e™ () PBAW (1) (x(1))
20 ()Projin (W (1), u([le(t) 1) (x(1)) " () PB ) A — 205"t T ()W (1) 4295 G(0)3H (1) i ()
+20,(|le(t)l|p)e™ (1) PBAbig(en(x(1)) — v(1))
= 29u([le(t)llp)e" (1)PAe(t) 2t (W" (1) =W (1)) (0u(le(t) |)o (x(0)) e (1) PB
—Projm (W (1), 9u(le(t) |} o (x(1)) €T (1) PB) ) A — 297 "W T (1) (1) A
205 ()30 dmin (A) + 26(lel1) )™ (1) PBA e (x(1)) = v(1)
~9a(llet) [ P)e™ (r)Re(r) +d +26,(lle(t) || )e™ (1) PBA (en (x()) — v(1)) + 295 G(1)i(r) in(A)
~9u(lle(®)llp)e" (1)Re(r) +d +20u(le(t)]| )e™ (1) PBAE (x(1))

—204(/le(t)||p)e" (t)PBAV(t) +2%5 ' G(1)G(1) Amin(A), (A2)

IN

IN

where d & 2}/1_1%/ Ww||All2 and W = Winax + w.
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Using v(t) from (3.12) and Apin (¥)xT tanh(x) < xTWtanh(x) < Amax (P)xT - tanh(x) for any diagonal

matrix ¥ € D™ and any vector x € R™ yields

Tanax (A" =26, le(t)[p)e™ (1) PBtanh (64 (le(1)]|)
B Pe(t)) i (A)4(1) + 27, G(1)4(1) Anin (A). (A3)
From the property given in Remark 3.2.2 with 1 = ¢4(||e(t)||p)BTPe(z), (A.3) can be further written as
v (e0),W(0),(0))
< —9a(lle(t) lp)e (O)Re(t) +d+2( L+ gae(r) [ p)e" (1) PBranh (gs([e(r) )
BTPe(1)) ) Anar (A)e” = 20,([e(r)[p)e™ (1) P tanh (6 e(1)]) B Pe(1))
Aunin (A)4() + 295 G(1)G (1) Aumin (A)
< —9a([le(t) [p)eT (1)Re(t) +d+ 2L Amax (\)E" = 204(|le(0) |)e™ (1) PB
tanh (9 ([|e(0)1|)BTPe()) (1) Amin (A) + 275 G(1)d) i (A)
< —9ullle(t) )" (1)Re(r) +da+2(q(r) — a) (Proj (a(r), a(le(1) | )e" (1)PB
tanh (94 ([le(0) |)B"Pe(1)) — Ea(0)) — Gulle(r) 12)e" (1) PB
tanh (9 ([le(0)l|)B"Pe(t)) + Ea(0)) Amin(A) — 260(6)3 (1) Min(A)
< —Qullle(t)l1p)e" (1)Re(t) + da ~ 28 (d(r) + 4) (1) Amin (A)
—9ule(r)1p)e™(1)Re(1) +ds — 268%(1) i (A) — 26431) Ain(A)
—9a(lle(t)lp)e™ (O)Re(r) +d> — 24%(1) Ain (A) + E (4% + 32 (1)) Amin (A)

< —Gu([le(t)|p)e" (1)Re(r) + ds, (A4)

IN

IN

where dy 2 d + 2L Anax (A)€* and d3 2 dy + E ¢ Amin(A).

Next, we rewrite (A.4) as

V (e(t),W(1),q(1))
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< V(e W.0) — | ullle()]lp)e" () Pele) ~ 56 (o) )] +1. (A5)

and it now follows from vi) in Definition 3.2.2 that V (e(t), W (¢),4(¢)) < —3 oV (e(t), W(t),G(t)) + 1, where
ot in‘“‘“(( )) and £ Ta (7 "W |All2 4+ % ' (GRax + 4%) Amin(A)) + d3. The boundedness of the closed-loop
dynamical system given by (3.14), (3.15) and (3.16) as well as the strict performance bound on the system

error given by (3.17) is now immediate by applying Lemma 1 of [25] and [23]. |
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APPENDIX B: PROOF OF COROLLARY 3.5.1

From the proof of Theorem 3.5.1, it follows that V (e, W, §) is upper bounded by Viax = max{Vo, 27“ }
Now, using (A.1), it follows that ¢ (||e(t)||p) + ¥, 'tr(W () A/2)T(W(1)AY?) + %7 @ (1) Amin(A) < Vinaxs
t >0, and hence, ¢(||e(7)||p) < Vimax, t > 0. Utilizing the structure of the candidate generalized restricted
potential function given in the statement of this corollary, one can write |le(¢)||p € {||e(t)|lp €R : 0 <
lle(r)||p < &}, t > 0, and it can be readily shown that &€ < &, where € = (—Viax + \/V2ax + 4Vinax €)/2.
Using the fact that ¢,(||e()||p), t > 0, is a strictly increasing function, one can calculate its lower and upper

bound as ¢;(0) < @4(|le(t)]|p) < @q(€),t > 0, which yields to the result. [ |
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APPENDIX C: PROOF OF COROLLARY 3.5.2

To show boundedness of the closed-loop dynamical system (3.14) and (3.15), consider the energy

function V : Dg x RU7e+9)xm _ R given by

V(e W)=o(lellr) + 77 ' w(WAZ)T(WAY2). (C.1)

Note that V(0,0) =0 and V (e, W) > 0 for all (e,W) % (0,0). The time derivative of (C.1) along the closed-

loop system trajectories (3.14) and (3.15) is

V (e(),W (1))
=29u(lle(t)llp)e" (1)Pe(e) + 27 W (2) (1 Projm (W (1), 0a([le() )
0 (x(0)) €T (1)PB) = W (1) ) A
=294 ([le(t)llp)e” (1) PAre(t) = 2t (W (1) =W (1)) (9u(le(t)]| ) (x(1)) " ()
-PB —Projm (W (1), 0a(e(1) 1) (x(1)) " (£)PB) ) A — 27 W™ ()W (1) A
+20u([le(0)]|p)e (1)PBA (e (x(r)) —v(1))
< —Gu(llellp)e" (1)Re(r) +d +29u(ell)e” () PBA(en (x(1)) — v(1) (€2)
where d = 297 1% || A||2 and 1 = Winax +w. Now, substituting v(z) from (3.20) and using Amis (¥)x" tanh(x)
< X" tanh(x) < Amax (¥)xT tanh(x) for any diagonal matrix ¥ € ™ and any vector x € R”, and the
bounds given in (3.18) and (3.19), one can obtain
V(e(r), W (1)) < = ga(lle(t)ll)e” ()Re(t) +d + 20,(lle(r) )l (1)PBl c1cs

—204(|le(2)||p)e" (r)PBtanh (¢d(||e(t) ||p)BTPe(t))c103. (C.3)
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Next, from the property stated in Remark 3.2.2 with 1 = ¢,(||e(¢)||p)BT Pe(t), one can write
V(e(r),W(1)) < —gallle(t)l|p)e’ (r)Re (1) +d+2(/3+ 9a(lle(t)l|p)e’ (r)PBtanh (‘Pd(lle(f)||P)BTP€(1))>01€3
~294([le(r) [p)e" (r)PBtanh (94(lle(t)||p) B Pe(r)) c1c3

<—9u(lle(r)]|p)e" (1)Re(t) +d. (C4)
where d. £ d 4+ 2Lc|c3. Now, (C.4) can be rewritten as

V (elo). W(0)) < ~u(efo) )¢ (1)Pelt) +de+ 59 (e(0llp) — 59 (1))

<~ aV (W)~ | dallell )" ()Pe(t) — 5 0 el | + ke )

and it follows from vi) in Definition 3.2.2 that V (e(t), W (t)) < —3aV (e,W) + U, where o = % and

= %ayl_ 4%2||A||2 4 d.. Similar to the proof of Theorem 3.5.1, the boundedness of the closed-loop

e

dynamical system given by (3.14) and (3.15) as well as the strict performance bound on the system error

given by (3.21) is now immediate by applying Lemma 1 of [25] and [23]. |
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APPENDIX D: OBTAINING (4.2) FROM (4.1)

This appendix summarizes details on how (4.2) is rewritten from (4.1). For this purpose, we first

introduce a widely-adopted system uncertainty parameterization [28-30].

Assumption D.1 The system uncertainty 8,(t,x,(t)) appearing in the uncertain dynamical system given by

(4.1) is parameterized as

& (t,xp) = W, (1)op(xp), (D.1)

where Wy (t) € R, t > 0, is a bounded unknown weight matrix (i.e.,

Wo (1) |lE < wp, t > 0) with a bounded

time rate of change (i.e., |Wp(t)||[r < Wp, t > 0) and o, : R" — R® is a known basis function of the form

p(xp) = [0p1 (xp), Op2 (xp) - -, Gps (xp)] -

Remark D.1 As it is often done in model reference adaptive control applications (see, for example, [1] and
[32]), it is of practice to let the first element of the basis function be a constant (i.e., Op1(xp) =1, N €R)
in order to capture the effects of exogenous disturbances in the parameterization given by (D.1). Thus, this
parameterization is sufficient to capture not only system uncertainties but also exogenous disturbances.

For addressing command following, we next let c(¢) € R, r > 0, be a given command and x(¢) €

R", t > 0, be the integrator state that satisfies

Xe(t) = Epxp(t) —c(t), xc(0) =xc0, t>0. (D.2)

In (D.2), E, € R"*" allows the selection of a subset of x,(), t > 0, to follow ¢(¢), > 0. Moreover, as
standard, we assume that ¢(¢) is bounded and piecewise continuous. Now, denoting the augmented state

vector as x(1) £ [xy (1), x¢ (1)]T €R", £ > 0, and defining
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Ay 0 xn,

A A TP TR g (D.3)
Ep OnanC
- T

B = Bg or Xm] € R™" (D.4)
- T

B; 2 Osznc _Incxnc:| € ]R"xnc7 (D.5)

where n=ny, + nc, it follows from (4.1) and (D.2) that
x(t) = Ax(t)+BAu(r) -|—BWpT(t)Gp(xp(t)) +Bc(t), x(0)=xp, t>0. (D.6)

For the augmented system dynamics given by (D.6), consider the feedback control law given by

u(t) =un(t) +ua(t), t>0, (D.7)

where u, () € R™, t > 0, is the nominal control signal and u, () € R™, ¢ > 0, is the adaptive control signal.

Now, let the nominal control signal be given by

un(t) = —Kx(t), t>0, (D.8)

such that A, £ A — BK, K € R™*", is Hurwitz. As a consequence, for a given R € R7*", there exists P € R'*"

that satisfies the Lyapunov equation given by

0 = A'P+PA +R. (D.9)

Now using (D.7) and (D.8) in (D.6), one can readily write (4.2).
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APPENDIX E: FURTHER REMARKS ON SECTIONS 4.1.3.1 AND 4.1.3.2

We note that Theorem 4.1.1 requires the additional assumption that Ay;,(PBABTP) is nonzero.
However, for the case where Amin (PBABTP) is zero, one can readily show that if Ayin(R) — 28 Amax (P) > 0
holds with€ £ g%x % , then the result of Theorem 4.1.1 still holds and the user-defined time-varying system
performance bounZi £(t) can be enforced on the system error trajectories (i.e., |le(f)||p < €(¢)). For the case

where neither Apin(PBABTP) # 0 nor Amin(R) — 2€Amax (P) > 0 holds, one can alternatively use Theorem

4.1.2 for enforcing a user-defined time-varying bound without any of the aforementioned assumptions.
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APPENDIX F: NECESSARY DEFINITIONS

In this appendix, we state the necessary definitions used in this paper. We start with the definition
of the projection operator. For this propose, let Q = {9 cR": (gMin < g, < Gl.max),-:l,gf..,,,} be a convex
hypercube in R", where (™", ™) represent the minimum and maximum bounds for the i component of
the n-dimensional parameter vector 0. In addition, define a second hypercube by Q, = {0 € R": (Gl-min +v<
0; < 0™ —V);_12... n}, for a sufficiently small positive constant v, such that Q, C Q. The projection
operator Proj : R” x R” — R" is then componentwise defined by Proj(6,y) £ (6™ — 6;)/v)y; if 6; >
6/ — v and y; > 0; Proj(6,y) = ((6;— 6™")/v)y; if 6; < 6™+ v and y; < 0; and Proj(6,y) = y; otherwise;

where y € R" [30]. Building on this definition, it follows that
(6—67)" (Proj(6,y) —y) <0, 6" €Q,, (E.1)

holds [30, 80]. Note that the definition of the projection operator can also be extended to matrices as
Proj,,(®,Y) = (Proj(col; (®),col; (Y)), ..., Proj(col,,(®), col,(Y))), where ® € R, Y € R"*™ and col;(-)
denotes ith column operator. Now, for a given matrix ®%, tr [(@ —0*)T(Proj,,(©,Y) — Y)] =y", [col,-(@ —
©*)T(Proj(col;(®), col;(Y)) — col;(Y)) | < 0 follows from (F.1).
Next, we state the definition of the generalized restricted potential functions. For a given z € R? and
H € RY*P et ||z||y = v/zZTHz be a weighted Euclidean norm. We say ¢ (||z||u), ¢ : R — R, is a generalized
restricted potential function (generalized barrier Lyapunov function) on the set De £ {z: ||z||u € [0,€) } with
€ € R, being a user-defined parameter, if the following statements hold:
i) If ||z]lu = 0, then ¢ (||z|lz) = O.
ii) If z € D¢ and ||zl # 0, then ¢ (||z||lu) > 0.
iii) If ||z||lu — €, then ¢ (||z]|n) — .

v) ¢(||z|ln) is continuously differentiable on D,.
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v) If z € D, then ¢y (||z||n) > 0, where

2 d9(llzlln)
Pa(|lz]ln) = FTE (F2)
vi) If z € D, then
204(||2l|n) l|zllE — ¢ (|Izl[1) > 0. (F.3)

As noted in [1], this definition generalizes the definition of the restricted potential functions (barrier Lya-

punov functions) used by, for example, the authors of [21-26, 107].
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APPENDIX G: MATHEMATICAL PRELIMINARIES

The notation used in this paper is fairly standard. Specifically, R denotes the set of real numbers,
R" denotes the set of n x 1 real column vectors, R"*" denotes the set of n x m real matrices, R, denotes the
set of positive real numbers, R’,*" (resp., Rixn) denotes the set of n x n positive-definite (resp., nonnegative-
definite) real matrices, Z, (resp., Z.) denotes the set of positive (resp., nonnegative) integers, 0, denotes
the n x 1 zero vector, 1, denotes the n x 1 ones vector, 0,5, denotes the n x m zero matrix, and “£” denotes
equality by definition. In addition, we write ()T for the transpose operator, (-)~! for the inverse operator,

and det(+) for the determinant operator,

-||2 for the Euclidean norm. Furthermore, we write Amin(A) (resp.,
Amax (A)) for the minimum (resp., maximum) eigenvalue of the square matrix A, A;(A) for the ith eigenvalue
of the square matrix A (with eigenvalues ordered from minimum to maximum value), [A];; for the (i, j)th
entry of the matrix A, and x (resp., X) for the lower bound (resp., upper bound) of a bounded signal x(z) € R”,
that is, x < ||x(7) ]2 (resp., ||x(7)]|2 < X).

Next, we recall some basic notions from graph theory, where we refer the reader to [176, 177]
for further details. Specifically, graphs are broadly adopted in the multiagent systems literature to encode
interactions between networked systems. An undirected graph ® is defined by a set Vi = {1,...,N} of
nodes and a set &g C Vig X Vi, of edges. If (i, j) € &g, then nodes i and j are neighbors and the neighboring
relation is indicated by i ~ j. The degree of a node is given by the number of its neighbors. Letting d;
denote the degree of node i, then the degree matrix of a graph ®, denoted by D(6) € R¥*V is given by
D(6) £ diag|[d], where d = [d,...,dn]|T. A path iyi; ---ir of a graph G is a finite sequence of nodes such
that i, ~ iy, k =1,...,L, and if every pair of distinct nodes has a path, then the graph ® is connected.
We write A(6) € RV*N for the adjacency matrix of a graph ® defined by [A(®)];; = 1, if (i, j) € &g, and
[A(®)];; £ 0, otherwise, and B(®) € RM*M for the (node-edge) incidence matrix of a graph 6 defined by
[B(®)];; = 1, if node i is the head of edge j, [B(®)];; = —1, if node i is the tail of edge j, and [B(®)];; =0,

otherwise, where M is the number of edges, i is an index for the node set, and j is an index for the edge set.
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The graph Laplacian matrix, denoted by £(®) € R ", is defined by £(6) 2 D(®) — A(®) or,
equivalently, £(®) = B(6)B(6)", and the spectrum of the graph Laplacian of a connected, undirected
graph ® can be ordered as 0 = A4, (L(6)) < L(L(®)) < --- < Ay (L(6)), with 1y being the eigenvector
corresponding to the zero eigenvalue A, (£(®)), and £(®)1y = Oy and e“(®) 1y = 1y.

In this paper, we model a given multiagent system as a connected, undirected graph ®, where nodes
and edges respectively represent agents and inter-agent communication links. The following results are

needed in this paper.

Remark G.1 We use the notion from Section 1.1.1.4 of [179]. Specifically, let &(t) denote a solution to the

dynamical system
(1) = f(t,x(1)),  x(0) = xo. (G.1)

In addition, let t = O(s) denote a time transformation, where 0(s) is a strictly increasing and continuously

differentiable function, and define y(s) = &(t). Then,
Y'(s) = 0'(s)£(8(s), ¥(s)),  w(67'(0)) =, (G2)

where W' (s) £ dy(s)/ds, and 0'(s) = dO(s) /ds.
Remark G.2 For the sake of simplicity, considering the time transformation t = 6(s) and any signal 1(t),

we write 1(s) to denote the transformed signal in the infinite interval s; that is N5(s) 2 1(8(s)).

Lemma G.1 (Lemma 3.3, [178]) Let K = diag(k),k = [ki,ka,..., ky|', ki € Zy,i=1,...,N, and assume
that at least one element of k is nonzero. Then, F(6) £ L(6) + K € RY*N and det(F(®)) # 0 for the

Laplacian of a connected and undirected graph'.

It follows from Lemma G.1 that —F(®) is a symmetric and Hurwitz matrix and it satisfies R = JF(®)P + PF(®), for a given
ReRYN,
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