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Series Editors’ Foreword

The Advanced Textbooks in Control and Signal Processing series is designed as a
vehicle for the systematic textbook presentation of both fundamental and innovative
topics in the control and signal processing disciplines. It is hoped that prospective
authors will welcome the opportunity to publish a more rounded and structured
presentation of some of the newer emerging control and signal processing tech-
nologies in this textbook series. However, it is useful to note that there will always
be a place in the series for contemporary presentations of foundational material in
these important engineering areas.

The science of adaptive control design and implementation, as presented in this
textbook, is motivated by some very practical problems found in real-world control
applications. Probably the most important issue is maintaining the desired perfor-
mance specifications and closed-loop system stability in the presence of changing
process dynamics. The way a real system can change is an interesting topic in itself.
A system may operate for long periods with unchanging parameters or character-
istics and then change both significantly and rapidly when, for example, a new
operating regime begins. Alternatively, a system may be changing all the time,
sometimes slowly, as in the case of long-term component wear and degradation,
and sometimes more rapidly as a product evolves or new operating regimes are
entered.

When system change is predictable, the most widely applied forms of adaptive
control are probably the controller gain schedule and the controller schedule per se.
These technologies have the advantages of application transparency and, in
safety-critical situations, verifiability. This approach has links to the methods of
multimodel control design.

Another approach to adaptive control is that of online updates and improvements
to linear parameter varying control designs when the underlying system is non-
linear, partially uncertain, or slowly changing. A technique that found much favor
was that of self-tuning control. Although this technique has a very transparent
architecture, it was soon realized that, even when plants were linear, these types of
adaptive control problems are nonlinear systems that need nonlinear systems
analysis for their study.
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viii Series Editors’ Foreword

The other theme in this textbook is the use of a model-reference control
framework. In the literature of deterministic control designs, such schemes are more
likely to be termed “model-following” control systems. This class of techniques is
an interesting field in its own right. Quite a few contributions focus on the use of
classical PID controllers in the model-following framework to achieve additional
robustness and performance gains in the presence of process uncertainty.
A fundamental purpose of the model in these schemes is to instil the desired control
system performance specifications such as overshoot, rise time, zero steady-state
error, and prescribed stability margins. An important art in this method is to specify
the model so that the closed-loop process can actually achieve the desired perfor-
mance specifications.

Combining adaptive control with model-following design yields the class of
methods known as model-reference adaptive control (MRAC). To understand such
methods requires a good grounding in nonlinear systems methods and Lyapunov
stability theory. This is where the text Model-Reference Adaptive Control: A Primer
by Nhan T. Nguyen begins. Dr. Nguyen has distilled his many years of experience
into this textbook for which the material has been tested on lecture courses given by
the author. The material is presented in sharply focussed sections with examples,
chapter exercises, and supporting references. Dr. Nguyen is a leading research
scientist at the NASA Ames Research Center at Moffett Field, California, USA, and
his extensive research has included an exploration of the potential of MRAC in
aerospace applications. This experience is reflected in the textbook through the
discussions he presents on the certification and validation of adaptive control
methods in safety-critical systems and high-risk human aerospace applications.
Outcomes from Dr. Nguyen’s experiences are also evident in the final chapter of the
textbook that contains the details of a number of case studies mostly drawn from the
aerospace field. The Series Editors are pleased to welcome this application-
orientated textbook to the Advanced Textbooks in Control and Signal Processing
series and believe it will find a wide readership in the control and aerospace
communities.

January 2017 M. J. Grimble
M. A. Johnson

Industrial Control Centre

Glasgow, Scotland, UK



Preface

This textbook is developed from a series of lecture notes for graduate courses that the
author has taught. The textbook includes new research materials that the author
developed during his research at NASA Ames Research Center. The intended readers
of this book are masters-level graduate students and beginning doctoral students. The
author notes that there exist many excellent advanced adaptive control textbooks that
provide in-depth rigorous mathematical control theory aimed at doctoral and post-
doctoral researchers. This textbook is aimed at applied control theory and applica-
tions intended to provide the readers a sufficient working understanding of adaptive
control theory through applications. Examples and problem sets are used to reinforce
the materials and aid the understanding through applications of adaptive control
techniques. A solutions manual for many of the problems, available free of charge to
instructors who adopt this textbook for use in teaching their courses, can be
downloaded from http://www.springer.com/book/9783319563923. During the
course of teaching, the author feels that such a textbook could help beginning
graduate students to better understand and appreciate the richness of adaptive control
without feeling being overwhelmed by the mathematics of real analysis required in
adaptive control theory. It is with this objective in mind that the author decided to
compose this manuscript.

Adaptive control is a well-researched subject, and as such, the subject is enriched
by a voluminous body of research literature. Many new advancements in adaptive
control theory are still being developed in the present time. The textbook does not
attempt to incorporate all of the latest developments in adaptive control theory, for
this would require an extensive endeavor which would be exceedingly beyond the
scope of this textbook. Rather, the book tries to provide a foundation in the
model-reference adaptive control with basic well-accepted adaptive control tech-
niques. Parameter estimation by least-squares techniques and uncertainty approxi-
mation by neural networks are covered. The second half of the book is devoted to
the subject of robust adaptive control. Robustness issues with model-reference
adaptive control are discussed. Standard methods to improve robustness are covered
in the remainder of the second half of the textbook. These include well-established
methods, such as the dead zone, projection, ¢ modification, and e modification.

ix


http://www.springer.com/book/9783319563923

X Preface

More recent robust adaptive control methods are also covered. These include the
author’s work in optimal control modification and bi-objective optimal control
modification, as well as two recent well-known adaptive control methods: the
adaptive loop recovery and £; adaptive control. The author well recognizes that this
is by no means a complete exposition of all the latest advancements in robust
adaptive control theory. The readers will be referred to a list of references provided
in the bibliography for other adaptive control methods. Finally, this book includes a
chapter on applications. In particular, the applications on adaptive flight control are
exhibited from the author’s body of research in this field.
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Chapter 1
Introduction

Abstract This chapter provides a brief summary of the recent advancements made in
model-reference adaptive control theory. Adaptive control is a promising technology
that can improve the performance of control systems in the presence of uncertainty
due to a variety of factors such as degradation and modeling uncertainty. During the
past decade, the adaptive control research community has produced several advance-
ments in adaptive control theory along with many novel adaptive control methods
as a result of the increased government research funding. Many of these new adap-
tive control methods have added new capabilities in terms of improved performance
and robustness that further increase the viability of model-reference adaptive control
as a future technology. Flight test validation of adaptive control on full-scale air-
craft and unmanned arial vehicles has increased the confidence in model-reference
adaptive control as a possible new flight control technology for aerospace vehicles
in the near future. In spite of the five decades of research in adaptive control, the
fact still remains that currently no adaptive control system has ever been deployed
on any safety-critical or human-rated production systems. Many technical problems
remain unresolved. As a nonlinear control method, the lack of well-accepted met-
rics for adaptive control system design presents a major hurdle for certification. The
development of certifiable adaptive control systems is viewed as a major techni-
cal challenge for the adaptive control research community to address in the current
research.

Adaptive control is a well-researched topic in control theory that spans several
decades. Many adaptive control applications can be found in aerospace and other
settings, but very few or none have been deployed on safety-critical production
systems. In this chapter, the learning objectives are:

e To understand a brief history of adaptive control research and the extensive
on-going research in this topic;

© Springer International Publishing AG 2018 1
N.T. Nguyen, Model-Reference Adaptive Control, Advanced Textbooks
in Control and Signal Processing, https://doi.org/10.1007/978-3-319-56393-0_1



2 1 Introduction

e To recognize the fact that, in spite of the many advancements in the field, adoption
of adaptive control technologies is not widespread and its applications are limited
in scope; and

e Torecognize that verification, validation, and certification are viewed as significant
technical barriers that need to be further researched in order to increase the con-
fidence in and the trustworthiness of adaptive control technologies, which would
enable future adoption.

1.1 Overview

Adaptive control is a study of a class of nonlinear control methods that deal with
systems with uncertainty. The uncertainty can be due to unforeseen internal changes
in system dynamics or external disturbances. An adaptive control system can be
broadly described as any control system that has the ability to adjust control design
parameters such as control gains online based on inputs received by the plant in
order to accommodate system uncertainty as illustrated in Fig. 1.1. The adjustable
parameters are called adaptive parameters, and the adjusting mechanism, which is
described by a set of mathematical equations, is called an adaptive law. In most
cases, a typical adaptive law is nonlinear. This nonlinearity makes adaptive control
inherently difficult to design and analyze since many traditional design and analysis
methods for linear time-invariant (LTT) control systems such as bode plot, phase and
gain margins, eigenvalue analysis are not applicable.

Adaptive control has a long history dated back to the early 1950s when there was
an extensive research interest in designing advanced autopilots for high-performance
aircraft that operated over a wide range of flight conditions [1]. After a significant
research and development effort, gain-scheduling control was gaining acceptance
over adaptive control due to the inherent difficulty associated with nonlinearity of
adaptive control. On the other hand, gain-scheduling control can take advantage of
classical control techniques in the design selection of suitable control gains that are
scheduled as a function of aircraft operating conditions.

The 1960s saw the emergence of the modern control theory and Lyapunov stabil-
ity theory that also contributed to adaptive control theory. Whitaker et al. developed
model-reference adaptive control with the sensitivity method and MIT rule. During
this development phase, there was a lack of stability proofs and good understand-
ing of the properties of adaptive control. In 1967, an adaptive flight controller was
flight-tested by NASA on one of the three X-15 experimental hypersonic aircrafts
[2, 3]. Several successful test flights were made before an ill-fated test flight occurred
that resulted in a fatal crash of one of these vehicles. This event and the technical
difficulties led to a diminished interest in adaptive control.
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Plant Dynamics

Uncertain Certain Systems

Systems
Uncertainty Uncertainty Time Time
Accommodated Tolerated Invariant Warying
Adaptive Control Robust Control Constant Gain Gain-Scheduling
Control Control

Fig. 1.1 Classes of automatic control for dynamical systems

In the 1970s, the Lyapunov stability theory was established as a foundation for
model-reference adaptive control. This represented a breakthrough in adaptive con-
trol as it led to the development of improved model-reference adaptive control
schemes with the accompanied Lyapunov stability theory. The excitements soon
gave way to a realization in the 1980s that, in spite of the Lyapunov stability theory,
adaptive control can exhibit unstable behaviors in the presence of small disturbances
or unmodeled dynamics [4]. This led to the recognition that model-reference adap-
tive control was sensitive to system modeling accuracy and the resultant mismatch
between a real system and a plant model of the system. This lack of robustness
led to the development of the ¢ modification [5] and e modification to improve the
stability properties of adaptive control [6]. These robust modification schemes rep-
resent a new class of “robust adaptive control.”

In the 1990s and up to the present time, research in adaptive control remains
highly active. Neural networks were introduced as a mechanism for adaptation
[7-12]. This led to the development of a class of adaptive control called “intelli-
gent control” or “neural network adaptive control” which utilizes neural networks to
approximate model uncertainties, but the basic framework remains to be the same as
model-reference adaptive control [13-21].

The following decade saw a resurgence of interest in adaptive control research.
This also coincided with a period of increased research funding made possible by
NASA [22] and other US government agencies. In particular, NASA has been an
active key player in adaptive control technology development as illustrated on the
time line in Fig. 1.2. During this period, the adaptive control research community
produced several advancements in adaptive control theory along with many novel
adaptive control methods as a result of the increased research funding. The list of
these new advancements is long, and it would not do justice to include all of these
new methods in this limited space. The reader is referred to a subset of this list from
which those novel adaptive control methods that were funded by NASA during this
decade can be found. These methods include: adaptive control based on retrospective
cost optimization by Santillo and Bernstein [23, 24], adaptive control with reference
model modification by Stepanyan and Krishnakumar [25, 26], adaptive loop recov-
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ery by Calise and Yucelen [27, 28], bounded linear stability analysis metric-driven
adaptive control by Nguyen [29, 30], combined/composite model-reference adaptive
control by Lavretsky [31, 32], derivative-free model-reference adaptive control by
Yucelen and Calise [33, 34], hybrid adaptive control by Nguyen [35-37], K modifica-
tion by Kim et al. [38], Kalman filter modification by Yucelen and Calise [39, 40], £;
adaptive control by Hovakimyan and Cao [41—43], least-squares adaptive control by
Nguyen [44, 45], concurrent learning least-squares adaptive control by Chowdhary
and Johnson [46, 47], modified state observer adaptive control by Balaskrishnan [48],
multivariable model-reference adaptive control by Guo and Tao [49], optimal control
modification [50, 51] and multiobjective optimal control modification by Nguyen
[52, 53], Q modification by Volyanskyy et al. [54, 55], and parameter-dependent
Riccati equation adaptive control by Kim et al. [56]. Many of these new adaptive
control methods have added new capabilities in terms of improved performance and
robustness that further increase the viability of model-reference adaptive control as
a future technology.

NASA X-15

Fig. 1.2 Adaptive control research time line

In terms of flight validation, an intelligent flight control system based on the
sigma-pi neural network adaptive control by Calise and Rysdyk [13] was developed
and flight-tested by NASA on a F-15 aircraft at NASA Armstrong (former Dryden)
Flight Research Center in the early 2000s to demonstrate the capability of neural
network adaptive control [57, 58]. In 2010, another flight test program was conducted
on a F/A-18 aircraft at NASA Armstrong Flight Research Center to demonstrate a
new simplified adaptive flight controller based on the optimal control modification
[59-62]. A pilot-in-the-loop high-fidelity flight simulation study of several adaptive
control methods was conducted at NASA Ames Research Center in 2009 [63, 64].
A flight experiment of the £; adaptive control was conducted on NASA AirSTAR
flight test vehicle at NASA Langley Research Center in 2009 [65]. Another flight
experiment of the £ adaptive control was conducted on a UAV (unmanned arial
vehicle) at the Naval Postgraduate School in 2009 [66]. Model-reference adaptive
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control was also evaluated for fight testing on a Beechcraft Bonanza fly-by-wire
testbed in 2010 [67]. These flight experiments and many others that followed have
increased the confidence in model-reference adaptive control as a possible new flight
control technology for aerospace vehicles in the near future. They also revealed that
further flight validation for adaptive control is still needed to mature this technology.

Research in adaptive control continues at the present time. It would be well beyond
the scope of this book to include all current research activities. The interested reader is
referred to the references for more information on numerous applications for aircraft
[68-79], spacecraft [21, 80-83], UAVs [15, 47, 65, 66, 84], aerospace structures
[85, 86], robotic systems [18, 87], munition systems [88], fluid systems [89], and
many others.

The current research in adaptive control generally lacks the ability to deal with
integrated effects that exist in many different system designs and operations. These
include but are not limited to: complex uncertainties due to unmodeled dynamics
[4, 90], gross changes in system dynamics resulting from unintended operations and
structural damage [36, 76, 91], unknown component failures and anomalies [80,
92-941], high degree of design complexity [59], novel actuators and sensors [79, 95],
multiphysics interactions [85, 86, 96-98], and many other effects.

Adaptive control plays a major role in the aerospace domain. In aerospace vehicles
with damaged structures or failed flight control surfaces or operating in off-nominal
flight events, the vehicles can exhibit numerous coupled effects such as aerodynam-
ics, vehicle dynamics, structural dynamics, and propulsion. These coupled effects
can impose a wide range of uncertainties on the performance of a flight control sys-
tem. Thus, even though an adaptive control system may be shown to be stable in a
nominal flight condition, it may fail to provide enough stability in the presence of
these uncertainties [99, 100]. For example, conventional aircraft flight control sys-
tems incorporate aeroservoelastic (ASE) notch filters to prevent control signals from
exciting aeroelastic wing modes. However, if changes in aircraft dynamics are signif-
icant, the frequencies of the aeroelastic modes may change enough to render the ASE
notch filters ineffective. This could cause the control signals to excite wing modes
which could lead to problems for a pilot to control an aircraft. Another problem
faced by adaptive control is the ability of adaptive control systems to accommodate
slow or degraded flight control actuators such an impaired flight control surface or
engine as a flight control effector [79, 101]. The dissimilar actuator rates due to slow
actuator dynamics can cause problems with adaptive control and can potentially lead
to pilot-induced oscillations (PIO) [102].

To adequately deal with these coupled effects, integrated approaches in adaptive
control research need to be developed. These integrated approaches will be required to
develop new fundamental multidisciplinary methods in adaptive control and system
modeling. Unmodeled dynamics are a significant source of uncertainty and a causal
factor of instability of adaptive control systems in high-gain adaptation situations.
Future research in adaptive control should leverage fundamental understanding of the
structures of these secondary dynamics by incorporating multidisciplinary methods
into the design of an adaptive control system. With a better understanding of the
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system uncertainties, more effective adaptive control methods may be developed to
achieve improved robustness in the presence of uncertainties.

1.2 Verification and Validation Challenges for Adaptive
Flight Control Systems

In spite of the five decades of research in adaptive control, the fact still remains that
currently no adaptive control system has ever been deployed on any safety-critical
or human-rated production systems such as passenger transport aircraft [99, 103—
106]. It should be noted that adaptive control has been successfully developed and
deployed in munition production systems [88]. The problem lies in the difficulty
with the certification of adaptive control systems since existing certification methods
for linear time-invariant (LTT) control systems cannot readily be used for nonlinear
adaptive control systems. Research to address the notion of metrics for adaptive
control began to appear during the first decade of the twenty-first century [14, 107—
115]. The goal of this research is to develop performance and stability metrics for
adaptive control similar to overshoot, settling time, phase and gain margins for LTI
control systems. These metrics, if accepted, could pave a path toward certification
that would potentially lead to the adoption of adaptive control as a future control
technology for safety-critical and human-rated production systems.

Development of certifiable adaptive control systems represents a major challenge
to overcome. Adaptive control systems with learning algorithms will never become
part of the future unless it can be proven that they are highly safe and reliable.
Rigorous methods for adaptive control software verification and validation must
therefore be developed to ensure that adaptive control system software failures will
not occur to verify that the adaptive control system functions as required, to eliminate
unintended functionality, and to demonstrate that certification requirements imposed
by regulatory bodies such as the Federal Aviation Administration (FAA) can be
satisfied [104, 105].

The ability of an adaptive control system to modify a pre-designed flight control
system is a strength and a weakness at the same time. On the one hand, the abil-
ity of adaptive control systems to accommodate system degradation is considered
as a major advantage since traditional gain-scheduling control methods tend to be
less capable of handling off-nominal flight conditions outside their design operating
envelopes. On the other hand, serious problems with adaptive control can still ex-
ist with regard to unmodeled dynamics and high-gain adaptation. Adaptive control
systems are sensitive to these potential problems as well as many others including
actuator dynamics and exogenous disturbances. To be certifiable, an adaptive flight
control system must be able to prove that these effects as well as other factors such
as time delay, system constraints, and measurement noise are handled in a globally
satisfactory manner.
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1.2.1 Verification by Simulation of Adaptive Flight Control
Systems

Simulation is an integral part of the verification of adaptive control systems [104, 105,
116, 117]. Many aspects of adaptive control systems, in particular convergence and
stability, can only be analyzed with simulations that provide enough detail and fidelity
to model significant nonlinear dynamics. For example, stall upset of an aircraft cannot
be expressed as a linear model since this effect is highly nonlinear and unsteady.
Simulation provides a fairly rapid way to accomplish the following tasks:

Evaluation and comparison of different adaptive control algorithms;

Tuning control gains and weight update laws;

Determination of progress of adaptation at each step;

Evaluation of the effects of process and measurement noise on convergence of
adaptive parameters;

Determination of stability boundaries;

Validation with actual flight computer hardware;

Conducting piloted evaluation of adaptive control in a flight simulator;
Simulating ad hoc techniques of improving the adaptation process, such as adding
persistent excitation to improve identification and convergence, or stopping the
adaptation process after the tracking error converges to within a specified tolerance
or after a specified number of iterations.

Simulations differ primarily in the fidelity with which the plant is modeled. Higher
fidelity simulations require more complicated mathematical models of the adaptive
control system and also a greater use of actual (and expensive) controller hardware.
The behavior of simple linear models is compared to that of higher fidelity nonlinear
models when they are available to ensure that analyses performed using the linear
models still apply. In order to be cost effective, the lowest fidelity testbed is usually
used as much as possible.

The lowest fidelity simulations are usually run on a desktop computer. This simu-
lation typically includes the control laws and a linear or nonlinear plant of the system
dynamics. A linear model is most often used in early control law design and analysis
or to calculate linear gain and phase margins. Changes to the plant model can be
simulated by changing the system transfer function from one matrix to another with
varying frequency. By varying the amount of change, the stability boundaries of the
system can be determined. Concomitant with this process is an evaluation of the sys-
tem tuning parameters that are used in the adaptive control algorithms. The desktop
simulation environment provides a quick way to compare different adaptive control
algorithms and controller architectures. Only the most promising designs need to be
simulated using higher fidelity simulations.

Higher fidelity simulation testbeds use actual flight hardware (or even aircraft) in
the simulation of the control loop and are often run in dedicated computing environ-
ments with a cockpit and out-the-window graphics [117, 118]. These simulations
may include a cockpit to interface with the pilot and can either be fixed-base or
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motion-base. Motion-base simulators additionally provide the pilot with simulations
of physical (motion and visual) cues of the actual flight [63]. Typically, they contain
software models of nonlinear aircraft dynamics, actuator models, and sensor models.
Using the actual aircraft flight computer is a particularly important advantage of this
simulation, since all computers tend to handle exceptions differently and may have
differences in their computational processes. Either an actual or iron-bird aircraft
may be used in a higher fidelity simulation to provide realistic actuator dynamics,
sensor noise, actual flight wiring, and some structural interactions. These testbeds
allow for a complete check out of all interfaces to the flight hardware, timing tests,
and various failure modes and effects analysis (FMEA) testing, which is not possible
in a low fidelity simulation.

1.2.2 Adaptive Control Metrics

In spite of the many advancements made in adaptive control research and the poten-
tial benefits of adaptive control systems, the absence of verification and validation
methods for adaptive control systems remains a major hurdle to the implementation
of adaptive control in safety-critical or human-rated production systems. This hurdle
can be traced to the lack of performance and stability metrics for adaptive control.
The development of verifiable metrics for adaptive control is an important aspect
of adaptive control research in order to mature adaptive control technology for use
in future safety-critical and human-rated production systems. Stability metrics of
adaptive control are an important consideration for assessing system robustness to
unmodeled dynamics, time delay, high-gain learning, and exogenous disturbances.
Therefore, it is imperative to define a proper set of stability and performance metrics
for adaptive systems as a first step in the development of reliable verification and
validation methods that could lead to the certification of adaptive control software.

Another potential benefit of metrics for adaptive control is the consideration for
metrics-driven adaptive control. Metrics-driven adaptive control is the notion that
adaptation in certain cases should be driven by the need to trade off between stability
and performance to maintain operational safety of a control system [30]. Research in
this area has resulted in some initial analysis methods for computing stability metrics
online that could be used to adjust the adaptive parameters of an adaptive control
system to improve stability margins of the closed-loop system [29].

Generally, the classical gain and phase margins for LTI systems are not applicable
to adaptive control systems which are nonlinear. Some results began to appear in the
literature on the definition and evaluation of candidate metrics for adaptive control
systems [14, 109, 110, 112, 115]. The use of a parameter sensitivity as a metric for
the output of neural networks has been investigated [103]. Stability metrics based
on the Lyapunov analysis and passivity theory have been studied [108]. Metrics for
evaluation of stability and robustness of adaptive control systems can also be obtained
from optimization frameworks [107, 119]. The notion of time-delay margin as a
stability metric has been studied by many authors [120, 121].
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There are several unaddressed issues related to the implementation of adaptive
control technology in aerospace vehicles to accommodate uncertainty in adverse
events. These issues include but are not limited to: (1) achievable stability metrics of
adaptive control as related to uncertainty bounds; (2) adaptation in the presence of
static and dynamic saturation of actuators; (3) cross-coupling between longitudinal
and lateral-directional axes due to failures, damage, and different rates of adaptation
in each axis; (4) online reconfiguration and control reallocation using nontraditional
control effectors such as engines; and (5) timescale separation in actuator systems
with different time latencies such as conventional control surfaces and engines.

1.3 Summary

Adaptive control is a well-researched subject over the past several decades. Adap-
tive control is a promising technology that could provide improved performance of
control systems in the presence of uncertainty due to a variety of factors such as degra-
dation and modeling uncertainty. During the past decade, advancements in adaptive
control theory along with many novel adaptive control methods have been made by
researchers in the field. Many of these new adaptive control methods have added new
capabilities in terms of improved performance and robustness that further increase
the viability of model-reference adaptive control as a future technology. Flight test
validation of adaptive control on full-scale aircraft and unmanned arial vehicles has
increased the confidence in model-reference adaptive control as a possible new flight
control technology for aerospace vehicles in the near future.

In spite of this, adaptive control is not well-accepted for applications in safety-
critical or human-rated production systems. Many technical problems remain unre-
solved. As a nonlinear control method, the lack of well-accepted metrics for adaptive
control system design as opposed to linear control systems presents a major hurdle
for certification.
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Chapter 2
Nonlinear Systems

Abstract A brief overview of nonlinear systems is presented in this chapter. Non-
linear systems are inherently more complex to study than linear systems. Nonlinear
systems possess many complex behaviors that are not observed in linear systems.
Multiple equilibrium points, limit cycle, finite escape time, and chaos are illustrative
of some of the complex behaviors of nonlinear systems. Global stability of a nonlin-
ear system over its entire solution domain is difficult to analyze. Linearization can
provide information on the local stability of a region about an equilibrium point. The
phase plane analysis of a nonlinear system is related to that of its linearized systems
because the local behaviors of the nonlinear system can be approximated by the
behaviors of its linearized systems in the vicinity of the equilibrium points. Because
nonlinear systems can have multiple equilibrium points, one important fact to note
is that the trajectories of a nonlinear system can exhibit unpredictable behaviors.

Nonlinear systems are abundant in nature. In fact, most real-world systems are inher-
ently nonlinear. Linear systems in some regards are viewed as idealization of non-
linear systems in subspaces of nonlinear solutions. Nonlinear systems possess many
complex behaviors that are not observed in linear systems. Multiple equilibrium
points, limit cycle, finite escape time are illustrative of some of the complex behav-
iors of nonlinear systems. The learning objectives of this chapter are the following:

e To develop an understanding of equilibrium concepts and linearization; and
e To be able to assess local stability of equilibrium points.

|
Consider a typical control block diagram as shown in Fig.2.1.
Input [ 1 [ Output
—={_——= Controller Actuator  —— Plant
'
Fig. 2.1 Typical control block diagram
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The objective of a controller is to enable the output of a system, called a plant, to
track or follow a command input. A system generally can be described by a nonlinear
plant

xX=f(x,u,t) (2.1)

subject to an initial condition x (f9) = xo, where x (t) = [ x1 (£) x2 () ... x, (1) ]T €
R" is called a state vector, u (t) = [uy (t) uz (t) ... un (1) ]T e R” is a control

o T . .
vector, t € RY is time, and f () = [fl O f£L0... fa ()] € R”" is a nonlinear
transition function.

The output, or response, of the system can generally be written as

y=h(x,u,t) 2.2)

where y (1) = [y1 )y (t) ...y (t)]T e R’ is the system output and /() =

[h1 OhyO... 10O ]T € R! is a nonlinear output function.

Equations (2.1) and (2.2) together form the system state-space representation.

Whenm =1 = 1, the system is said to be a single-input, single-output (SISO) sys-
tem. Whenm # 1and![ # 1, the system is said to be a multiple-input, multiple-output
(MIMO) system. The system can also be single-input, multiple-output (SIMO); or
multiple-input, single-output (MISO).

When the system is explicitly dependent on time ¢ as in Egs. (2.1) and (2.2), the
system is said to be non-autonomous or time-varying. When the explicit dependency
on time is not present, then the system is said to be autonomous or time-invariant.

A special case of nonlinear systems is a linear affine-in-control form which is
given by

X=f@tH+gx,Hu (2.3)

y="h(x,1) 24
In contrast to nonlinear systems, a linear time-varying (LTV) state-space system
is expressed by
X=A@W)x+B@)u (2.5)
y=C@®)x+D@)u (2.6)
where the matrices A (¢), B (t), C (t), and D (t) are functions of .
When these matrices are constant matrices, then the following system is linear
time-invariant (LTI):

X = Ax + Bu 2.7

y=Cx+ Du (2.8)
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LTT systems are much easier to analyze since there are a wealth of design and
analysis tools for such systems. As a result, many control system designs are still
based on a LTI representation.

The general solution for a LTI state-space system is given by

t
x = et x4 / e’ Bu (t)dt (2.9)
1o
t
y=Cetxo 4+ C / e Bu (1) dt + Du (1) (2.10)
fo
where e is a matrix exponential function which is defined by the inverse Laplace
transform
eV =27 (s - A7 2.11)
Example 2.1:

e The following second-order spring-mass-damper system
mxX +cx +k(x)x =bu

where m, ¢, and b are constant, k (x) is a nonlinear spring function, and u (x, x) =
f (x, x) is a nonlinear state feedback control is classified as an autonomous and
nonlinear time-invariant system.

e The following spring-mass-damper system

mx +cx +k(x)x = bu

where u (x, x,1) = f (x, x, t) is a nonlinear state feedback command-following
control is classified as an non-autonomous and nonlinear time-varying system.
e The following spring-mass-damper system

mxX +cx +k(t)x = bu

where k (¢) is a time-varying spring function is classified as a non-autonomous
and nonlinear time-varying system if u (x, X, ¢) is a nonlinear state feedback
command-following control or as a non-autonomous and linear time-varying sys-
tem if u (x, x, t) is a linear state feedback command-following control.

|

In the block diagram in Fig. 2.1, the controller block represents a feedback control
action such as a proportional-integral-derivative (PID) control. The output of the
controller is a command to an actuator or servo system that actually controls the
plant. A typical actuator system employed in many control systems is a servomotor
that translates an actuator command signal into either a rotational or translational
motion. The actuator system can be a source of nonlinearity due to such behaviors as



20 2 Nonlinear Systems

amplitude saturation and rate limiting when the actuator command exceeds certain
limits. These nonlinear sources can make even a LTI control system to become
nonlinear. Generally, actuator saturation should be avoided in order for a linear
system to retain its linearity. Thus, actuators are sized appropriately to provide a
bandwidth much larger than the control bandwidth of the system and the control
gains are designed so as not to result in an actuator amplitude saturation or rate
limiting. When properly designed, the actuator command will follow closely the
actuator output. In an ideal case, the effect of the actuator system may be neglected
during an initial design process.

Example 2.2: Consider a second-order plant

X(s) b

G = =
) U(s) s2420wys + o

whose actuator is subject to amplitude saturation and rate limiting described by

Umin Uc (t) < Umin
u(t) = sat(uc (1)) = ue () Umin < ue (1) < Upmax

umax uC (t) > umax

u (t - At) + )‘minAt ".tc (t) < )Lmin
u (1) = rate (uc (1)) = Y uc (t) Amin < tte () < Apax
u (t - At) + )\maxAt I/‘lc (t) >=< Amax

where sat () is called a saturation function, rate () is called a rate limiter function,
and u, (¢) is the actuator slew rate which is computed as

ue (t) —ue (t — At)
At

l'.ic (t ) =
The saturation and rate limiter functions are nonlinear discontinuous functions
since the input does not map linearly with the output when the amplitude or rate
limit is exceeded.
The actuator command u. (¢) is the output of the feedback controller. In this
example, the goal is to enable x (¢) to track a sinusoidal input

r(t) = asinwt

The controller is designed to be a proportional-integral-derivative type
ki
Uec(s) = |kp + " + kgs ) E (s)

where E (s) = R (s) — X ().
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Note that the system closed-loop transfer function for an ideal case with no actu-
ator amplitude saturation is

X(s) bkys® + bk s + bk;
R(s) s+ (2w, + bky) 52 + (w2 + bk,) s + bk;

Even though the controller is linear, the response with the actuator saturation
becomes quite nonlinear. Figure2.2 shows the closed-loop response for G (s) =

ﬁ, U (s) = (15 + & + 55) E (5) with the amplitude limit at +1 for r () = sinz.

Fig. 2.2 Response due to amplitude saturation

2.1 Equilibrium and Linearization

All nonlinear autonomous systems possess a set of equilibrium points about which
the systems exhibit certain stability properties. Denoting x* as an equilibrium point,
then for an autonomous system, the equilibrium points are the real roots of

f{x*) =0 (2.12)

A system that is initially at an equilibrium point will remain there at all times
since an equilibrium is a constant solution of an autonomous nonlinear system.

Unlike linear systems which can have only one equilibrium point, nonlinear sys-
tems can have multiple isolated equilibrium points. Under certain conditions, the
behavior of a nonlinear system can be studied by linearization which can reveal
some important local stability properties of the system at these equilibrium points.
Linearization generally cannot predict the behavior of a nonlinear system far from
an equilibrium point about which the linearization is performed.
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Consider an autonomous system
= f(x) (2.13)
The solution can be expressed as
x =x*4+% (2.14)

where X (¢) is a small perturbation in the solution of x (¢) about the equilibrium x*.
Then, Eq. (2.13) can be written as

PR = f (x4 F) (2.15)

But, by the definition of an equilibrium point, x* = 0, and applying the Taylor

series expansion yields the linearization of the nonlinear system (2.13) about the
equilibrium point x* as

L E NS B O EERE N (S ERCAT)

where J (x*) is the Jacobian matrix of f (x) evaluated at the equilibrium point x*
computed by

dx; 0xp ax,
J( *) 3f dx; 0xp 0xo (2 17)
x*) = — = .
0x |, _, ool
dx; 0xy 0x, < y=x*

Example 2.3 Consider a rotating pendulum without friction in Fig. 2.3. The equa-
tion of motion is given by

0+ %sin@ — w’sinfcosf =0
This can be cast in a state-space form by setting x; (#) = 0 (¢) and x; (t) = 6 (t) as

X1 _ X2
X2 | —Tsinx1+wzsinxlcosx1

The equilibrium points can be found by setting x; () = 0 and x; (¢) = 0. This gives
the following solution:
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X =
0, 7 LW <

x5 =0

-

r/

ey

l >

Fig. 2.3 Rotating pendulum

Physically, this means that one of the equilibrium points occurs when the angular
speed w exceeds a certain value and the pendulum will be suspended by an angle
as the centrifugal force exerted on the pendulum is in balance with its weight. The
other two equilibrium points occur when the angular speed w is low enough and the
pendulum is at either the bottom or the top in the vertical plane. Thus, this nonlinear
system has three equilibrium points.

The equation of motion can be linearized by computing its Jacobian matrix as

,_ 0 1
| =% cosx; + @? (cos? x; —sin®x;) O

Evaluating the Jacobian matrix at the equilibrium points yields

J(cos—' (%),O):[ e O_wz(l)]

Pw?

0 1
oo 2]

0 1
J(n,0>=[§+w20]
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The solutions of both the nonlinear and linearized equations of motion are in good
agreement for w < \/% as shown in Fig.2.4. At a higher value of 6(¢), clearly the

accuracy of the linearized solution tends to suffer as shown in Fig.2.4. This is one of
the drawbacks of the linearization in that the small perturbation assumption typically
breaks down when the solution is not close enough to an equilibrium. The validity
of a linearized solution therefore must be verified to ensure that the predicted linear
behavior is a good approximation of the nonlinear behavior in the proximity to an
equilibrium point.

T
—— Nonlinear EOM

T
_ 05
o = 0.8(g/l) == =Linear EOM

—— Nonlinear EOM
- - =Linear EOM

6, deg

5 10 15 20
t, sec

Fig. 2.4 Comparison between nonlinear and linear solutions, § =1

2.2 Local Stability and Phase Plane Analysis

Global stability of a nonlinear system over its entire solution domain is difficult to
analyze. Linearization can provide information on the local stability in a region about
an equilibrium point. For a LTI system, there is only one equilibrium point which
is the origin. For a linearized system, the origin corresponds to an equilibrium point
of the nonlinear system about which the linearization is performed. Recall that a
LTI system is absolutely stable if the eigenvalues of the transition matrix A all have
negative real part. That is,

R (A (A) <0 (2.18)

A is then said to be a Hurwitz matrix. Notationally, it can also be written as
A (A) € C~ where C™ is a space of complex numbers having negative real part.

Phase portraits are plots of trajectories of the solution which can be useful for
studying the behaviors of second-order nonlinear systems. Phase portraits can also
be used to study the behaviors of linearized systems from which local stability of
the nonlinear systems can be learned. For a second-order LTI system, there are two
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eigenvalues, denoted by A; and X,. The trajectories in the vicinity of the equilibrium
point can exhibit different characteristics depending on the values of A; and A,.

1. Stable or unstable node occurs when both A; and A, are real and have the same

sign. When A; < 0 and A, < 0, the node is a stable node and all trajectories
converge to the node. When A; > 0 and A, > 0, the node is an unstable node
and the trajectories diverge from the node. The behaviors of a stable node and an
unstable node are illustrated in Fig.2.5.

Unstable Node

XZ

5

Fig. 2.5 Phase portrait of a node

Stable Node

J

7]

\Ja

2. Saddle point occurs when both A and A, are real and have opposite signs. Because

one of the eigenvalue corresponds to

an unstable pole, half of the trajectories

diverge from the center of a saddle point as shown in Fig.2.6. The system is

always on the verge of instability.

Saddle Point

X2

\\\\

<

%

Fig. 2.6 Phase portrait of a saddle point

3. Stable or unstable focus occurs when

///Z

/

both A, and A, are a complex conjugate

pair. When Re (1;) < 0 and Re (1) < 0, the focus is a stable focus and the
trajectories spiral toward the focus as illustrated in Fig.2.7. When Re (1) > 0
and Re (1,) > 0, the focus is an unstable focus and the trajectories spiral outward
from the focus as shown in Fig.2.7.
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Unstable Focus Stable Focus

X2 X2

N /A

Fig. 2.7 Phase portrait of a focus

it
<

4. Center occurs when both A and A, are purely imaginary. All trajectories encircle
the center point at the origin with concentric-level curves as illustrated in Fig. 2.8.

Center

Fig. 2.8 Phase portrait of a center

The phase plane analysis of a nonlinear system is related to that of its linearized
system because the local behaviors of the nonlinear system can be approximated
by the behaviors of its linearized systems in the vicinity of the equilibrium points.
Because a nonlinear system can have multiple equilibrium points, one important fact
to note is that the trajectories of the nonlinear solution can exhibit unpredictable
behaviors. For example, if the solution starts with an initial condition near a stable
equilibrium point, it does not necessarily guarantee that the ensuing trajectories will
converge to a stable node or focus if there exists an unstable equilibrium point in the
solution set.

Example 2.4: From Example 2.3, the eigenvalues of the linearized systems are

pao ot = ()] = o =
nals (i =0) =1, o
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)»1’2 [J ()Cik :TL')] = :t,¢§+a)2

The first two equilibrium points are centers, and the last equilibrium point is a
saddle point. The phase portrait is shown in Fig.2.9.

Fig. 2.9 Phase portrait of § + § sin® — w?sinf cosh = 0, § =1, =038 §

2.3 Other Nonlinear Behaviors

Nonlinear systems differ from linear systems in that they can exhibit many complex
behaviors [1]. One feature which has been discussed is the existence of multiple
isolated equilibrium points. There are many other complex behaviors that are unique
to nonlinear systems, such as finite escape time, limit cycle, chaos.

1. Finite escape time: An unstable linear system becomes unbounded as time
approaches to infinity. For nonlinear systems, an interesting phenomenon exists.
It is possible for a nonlinear system to become unbounded in a finite interval of
time. The solution then exhibits a finite escape time.

Example 2.5: The nonlinear system

subject to x (0) = 1 has a solution

1
TO=-r

which is defined only for ¢z € [0, 1). The solution has a finite escape time att = 1.
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2. Limit cycle: For some nonlinear systems, a limit cycle is a periodic nonlinear
solution represented by a closed trajectory in the phase plane such that all tra-
jectories in its vicinity either converge to it or diverge from it. A limit cycle can
be classified as stable, unstable, or neutrally stable depending on the behaviors
of the trajectories of the solution in its vicinity. A stable limit cycle and a stable
equilibrium point are the only two types of “regular” attractors.

Example 2.6: The Van der Pol oscillator described by
F—p(l—x)i+x=0

has a stable limit cycle as shown in Fig.2.10.

|
o
xol
o

Fig. 2.10 Stable limit cycle of Van der Pol oscillator, © = 0.5

2.4 Summary

Nonlinear systems can have multiple isolated equilibrium points. Under certain con-
ditions, the behavior of a nonlinear system can be studied by linearization which
can reveal some important local stability properties of the nonlinear system at these
equilibrium points. Linearization generally cannot predict the behavior of a nonlin-
ear system far from an equilibrium point about which the linearization is performed.
Nonlinear systems differ from linear systems in that they can exhibit many complex
behaviors, such as finite escape time, limit cycle, chaos. Global stability of a nonlin-
ear system over its entire solution domain is difficult to analyze. Linearization can
provide information on the local stability in a region about an equilibrium point. The
phase plane analysis of a nonlinear system is related to that of its linearized system
because the local behaviors of the nonlinear system can be approximated by the
behaviors of its linearized systems in the vicinity of the equilibrium points. Because
a nonlinear system can have multiple equilibrium points, one important fact to note
is that the trajectories of the nonlinear system can exhibit unpredictable behaviors.
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2.5 Exercises

1. Consider the following PID control system with the actuator amplitude saturation
and rate limiting:

—-("“)_ Y PID Y3 o G(s) ol
Amplitude Rate
Saturation Limiter
5
G(s) = 57—
(s) s24+55+6

with k, = 15, k; = 8, and k; = 5 as the control gains. The actuator has both
amplitude and rate limits between —1 and 1.

a. Compute the characteristic roots of the ideal closed-loop system without con-
sideration for actuator amplitude saturation and rate limiting.

b. Construct a Simulink model for a sinusoidal input  (#) = sin ¢. Plot the input,
the ideal output without the actuator amplitude saturation and rate limiting,
and the actual output for a simulation time ¢t = 10 sec. Also plot the actuator
command signal u. () and the control input signal to the plant u (¢).

c. Comment on the effect of rate limiting.

2. Given
6+co+2sinf—1=0
a. Find all the equilibrium points of the system for —7 < 6 () < «.
b. Linearize the system and compute the eigenvalues about all the equilibrium
points.

c. Classify the types of the equilibrium points on a phase plane and plot the phase
portrait of the nonlinear system.

X | | —x1+xix
)'Cz X2 — X1X2

4. Analytically determine the solution of the following nonlinear system:

3. Repeat Exercise 2 for

X = |x|x?
with a general initial condition x (0) = xj.

a. Let xo = 1. Does the solution have a finite escape time? If so, determine it.
b. Repeat part (a) with xo = —1.
c. Comment on the effect of initial condition on the stability of the system.
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Chapter 3
Mathematical Preliminaries

Abstract This chapter presents some basic mathematical fundamentals for adaptive
control theory. Vector and matrix norms are defined. The existence and uniqueness of
a solution of a nonlinear differential equation are stated by the Cauchy theorem and
the Lipschitz condition. Positive-valued functions are an important class of functions
in adaptive control theory. Positive definiteness of a real-valued function is defined.
The properties of a positive-definite matrix are given.

To be able to develop basic working knowledge of adaptive control, some mathe-
matical fundamental concepts need to be understood. In this chapter, the learning
objectives are to develop a basic understanding of:

e Norms as metric measures of vectors and matrices;

e Existence and uniqueness of ordinary differential equations in connection with the
Lipschitz condition; and

e Positive-definite functions which are an important class of functions that are fre-
quently used to establish stability of adaptive control.

3.1 Vector and Matrix Norms

3.1.1 Vector Norms

The state vector x = [x1 X2 ... Xy, ]T belongs to a set of real numbers in an n-
dimensional Euclidean space R". The Euclidean space is a metric space endowed
with a notion of “distance” measure or norm. A real-valued quantity ||x|| defined on
R is said to be a norm of x if it satisfies the following conditions:

1. Positivity
lx]| > 0Vx e R" (3.1)
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2. Positive definiteness

llxll =0 (3.2
if and only if x = 0.
3. Homogeneity
lloex || = leel {lx ]| (3.3)
for any scalar «.
4. Triangle inequality
e+ vl < llxl + Nyl G4
|

|lx || is said to be a semi-norm if it satisfies all the above conditions except the positive
definiteness condition.
A p-norm of a vector x € C", where C" is a complex number space that general-

izes R", is defined as
n 1/p
Ixll, = (Z |x,-|") (3.5)
i=1
forp=1,2,...,00.

In special cases when p = 1, 2, oo, the 1-, 2-, and infinity norms of x are defined
as

bxlly =D 1l (3.6)
i=1

Ixll, = | D Il (3.7)
i=1
xlloo = max |x; | (3.8)

The 2-norm is also called the Euclidean norm which is a “distance” measure of
the vector x from the origin.
The inner product in the Euclidean space R” is defined as

(x,y) = > xiyi (3.9)
i=1

In R? and R? spaces, the inner product is also known as the dot product. The inner
product is also a measure in the Euclidean space since

(x,x) = [IxI3 (3.10)
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A Euclidean space with a dot product is called an inner product space.
Let x and y be any two vectors, then the Cauchy-Schwartz inequality for the inner
product is given by

(x, y) = llxll2 Lyl .11

Example 3.1 Verify that ||x||,, where x € R", satisfies the norm conditions.
Firstly, ||x||, can be expressed as

Il = yx? o 4o a2

It is obvious that || x|, > 0 and ||x||, = Oifandonly ifx; =0Vi =1,2,...,n.
Thus, ||x||, satisfies the positivity and positive definiteness conditions.
Since

loxlly = /(@) + @)% + -+ (@x)? = lal /33 + 33 + -+ x2 = lat] xll

then ||x ||, satisfies the homogeneity condition.
Let y € R". Then,

x4+ Y13 = (1 4+ 30 + (2 + )% + -+ (o + )
=X X3t X2+ 200y2 A 2y VDV A Y
= [IxI13 + 2 (x, y) + lIyl3

Using the Cauchy-Schwartz inequality, one can write
I + Y13 < 103 + 2 1l Iyl + 113 = (el + y1l)?
Taking the square root of both sides yields the triangle inequality
X+ ylly < llxlly + NIyl

Thus, ||x||, satisfies all the norm conditions.

When x (¢) is a function of ¢, then the %}, norm is defined as

o N 1/p
||x||p=( /0 S (r)|Pdt) (3.12)
i=1

provided the integral exists, in which case x € .Z),, the space with the .Z}, norm.
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In particular, the %}, %, and %, norms are defined as

||x||1=/ > ki ()l dt (3.13)
o =1

xll, = / PRGN (3.14)
=1

Il = sup max |x; ()] (3.15)

>t ==

where the notation sup denotes the supremum over all ¢ that yields the largest value

of the argument.
Example 3.2 Let
2¢7!
X=1_ o2

forall ¢+ > 0.

\)(21 I+\2x2I
45 X{HX5
4} I max(x1 X,)

Integrand of Hxll1, IIxI2, 1IxI1

Fig. 3.1 Integrands of .Z}, norms

The integrands of the %}, %, and £, norms of x (¢) are shown in Fig.3.1.
The .2, %, and £, norms of x () can be evaluated analytically as

* 5
Il =/ (e +e ) dt = 3

0
— Qo2 4’dt:\/j=—
lx]» \//0 (e +e ) 1=7
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Ixlleo =2

Example 3.3 The function x () = sin ¢ does not have a .%] or .4 norm because the
integral of sinz for ¢ € [0, co) does not exist. However, the %, norm of x () exists
and is equal to 1. Thus, x (7) € L.

3.1.2 Matrix Norms

Let A € C" x C" be an m-by n complex-valued matrix, then the induced p-norm
of A is defined as

| Ax]|
IAll, = sup ——=

(3.16)
w20 X,

In special cases when p = 1, 2, oo, then the 1-, 2-, and infinity norms of A are
defined as

Al = max > [a] (3.17)
=1

[All2 = v/ Amax (A*A) (3.18)

1Al = max > |a;] (3.19)
1

1<i<m

j=

where g;; is an element of the matrix A and A* is the complex conjugate transpose
of A.If A € R” x R" is a real-valued matrix, then A* = A.

Another type of matrix norm is the Frobenius norm, which is not an induced norm
and is defined as

m n

ST ayl? (3.20)

i=1 j=1

Al 5 = /trace (A*A) =

where the trace operator is the sum of the diagonal elements of a square matrix, that
is,
n

trace (A) = Z aii (3.21)

i=1
The matrix norm has the following properties:

p (A) < |IA] (3.22)
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A+ Bl <Al + Bl (3.23)
IABI < Al I B (3.24)

where A and B are any matrices of appropriate dimensions and p is the spectral
radius operator of a square matrix which is defined as

p (A) = max |4 (3.25)

where A; is the ith eigenvalue of A.

Example 3.4 The norms of the following matrix A are to be computed:
1+i 0
=[]
The 1-norm of A is computed as
2
Al = max > Jay;| = max (11 +i] +2, |~1]) = max (ﬁ+ 2, 1) — 34142
Sj=24=
The 2-norm of A is computed as
« | 1—7 2
=[]
1—i 2 14+i 0 6 —2
* — —
O it | Rt B el
A2 (A*A) =0.2984, 6.7016

The infinity norm of A is computed as

1<i<2 4

2
IAlle = max > |ay;| = max (11 +i], 2 +[~1]) = max (ﬁ, 3) =3
j=1

The Frobenius norm of A is computed as

Al » = /trace (A*A) = V6 + 1 = 2.6458
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The spectral radius of A is computed as
A2 (A)=—1,141
p(A) =max (|—1|, [1+i]) = V2 = 1.4142

Thus,
p(A) < |A]

3.2 Compact Set

A compact set is a mathematical representation of a region that contains a collection
of mathematical objects. A compact set in a Euclidean space R” is a closed and
bounded set. In studying the Lyapunov stability theory, it is convenient to use the
notion of a compact set to represent the collection of all the trajectories of a closed-
loop adaptive control system.

Example 3.5 The set . C R? given by
S ={xeR:|x)| <a,|x <ba>00b>0}

is a compact set that represents a closed rectangular region in R? as shown in Fig. 3.2.

b

-b

Fig. 3.2 A compact set

On the other hand, the complementary set .7 such that . U .#¢ = R? (the union
of . and .7¢ is R?)

ycz{xeR2:|x1|>a,|xz|>b}

is an open set and therefore is not a compact set.
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3.3 Existence and Uniqueness

A nonlinear differential equation may or may not have a unique solution that is
dependent continuously on an initial condition. Certain requirements are imposed
on a nonlinear differential equation to ensure the existence of a unique solution. The
existence and uniqueness are fundamental requirements for any nonlinear differential
equations.

3.3.1 Cauchy Theorem

The existence of a solution of a nonlinear differential equation can be stated by the
Cauchy theorem as follows:

Theorem 3.1 Given
X = f(x,0) (3.26)

with an initial condition x (ty) = xo, if f (x,t) is at least piecewise continuous in
the closed region such that

lt =1l =T, llx —xoll =R (3.27)

where T > 0 and R > 0 are some positive constants, then there exists t; > to such
that at least one solution of Eq. (3.26) exists and is continuous over the time interval
[t07 I ]

[ |

Geometrically, this simply means that continuity of f (x, ) in a closed region
that contains the initial condition ensures that there exists at least one continuous
solution that lies therein. This is illustrated in Fig. 3.3. The gradient of a continuous
solution of x (t; to,xo) starting from an initial condition x (#y) = xo is the value of
the function f (x, t) at any point on the trajectory of x (¢). For the gradient to exist,
f (x, t) must be a continuous function.

xgtR

Xo

o h to+T

Fig. 3.3 Continuity of f (x, t) in closed region
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Example 3.6 Consider the differential equation

with x (0) = 1. It is obvious that f (x) is discontinuous for x = 1 since f (x) is
defined for x (f) > 1 and x (#) < 1 for all 7. So there is no solution for the equation
with this initial condition. Now, suppose x (0) = —1. Then, f (x) is defined in a
region x (t) < 1 and ¢ > 0 which includes xo = —1. Therefore, a solution exists for
allx (t) < —landt > 0.

Note that the existence of a solution does not imply that the solution is unique.
The requirement of uniqueness is imposed by the Lipschitz condition which is stated
in the following theorem.

3.3.2 Global Lipschitz Condition

The uniqueness of a solution of a nonlinear differential equation can be stated by the
following theorem:

Theorem 3.2 If f (x,t) is piecewise continuous in t and there exists a positive
constant L such that

ILf (2, 0) = f (i, Ol = Lllxz — x| (3.28)

for all x;,x, € R" and t € [ty, 1], then Eq. (3.26) has a unique solution for all
t € [to, 1]
[ |

Inequality (3.28) is called the Lipschitz condition and the constant L is called a
Lipschitz constant. When x; and x, are any two points in the Euclidean space R”,
then f (x, t) is said to be globally Lipschitz. Geometrically, the Lipschitz condition
essentially imposes the continuity and boundedness of the partial derivative or the
Jacobian of f (x, t) with respect to x (¢) as illustrated in Fig.3.4.

gy 22D

Fig. 3.4 Lipschitz condition
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Example 3.7 The differential equation

Wi

X =3x

subject to x (0) = 0, not only has a solution x (¢) = ¢> but also has a zero solution
x (t) = 0. Thus, this equation does not have a unique solution.

The function f (x) = 3x3 does not satisfy the global Lipschitz condition since
the derivative of f (x)

f ) =2x"5
is not bounded at x = 0.

Example 3.8

e The function f (x) = x is globally Lipschitz since it has continuous and bounded
derivative for all x (#) € R. The Lipschitz constant L is equal to 1.

e The function f (x) = sinx is globally Lipschitz since its derivative is continuous
and bounded with a Lipschitz constant L = 1 for all x (¢) € R.

e The function f (x) = xis not globally Lipschitz since its derivative, f (x) = 2x,
is unbounded for x (¢) € R as x () — Fo0.

Note that the global Lipschitz condition is very restrictive since a function with this
condition must have abounded derivative for all values of x (r) € R" asx (f) — Fo0.
Many nonlinear physical models fail to satisfy this condition since physically there
are usually upper and lower limits placed on variables of most if not all physical
models. These limits thus does not require x () to be in a domain that occupies
the entire Euclidean space R”, but rather in a subset of it. This leads to a notion of
local Lipschitz condition, which is less restrictive and can be easily satisfied by any
nonlinear differential equations.

3.3.3 Local Lipschitz Condition

The uniqueness of a solution of a nonlinear differential equation in a finite neighbor-
hood can be stated by the following theorem:

Theorem 3.3 If f (x,t) is piecewise continuous in t and there exists a positive
constant L such that

ILf (2, 0) = f (xi, Ol = Lllxz — x| (3.29)
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for some x| and x in a finite neighborhood of xo and t € [ty, t1], then Eq. (3.26) has
a unique solution in a finite time interval t € [ty, ty + §], where ty + & < t;.

|

The local Lipschitz condition now only imposes the continuity and boundedness

of the partial derivative of f (x, t) with respect to x (¢) over a finite neighborhood of

Xo as a subset of R” instead of over all x (¢) € R". Therefore, it is a less restrictive

condition that can easily be met. In most cases, the local Lipschitz condition is a
reasonable assumption for many continuous nonlinear functions.

Example 3.9 The differential equation

Wi

X =3x

subject to x (0) = 1 has a unique solution x (t) = (¢ + 1)? for a finite neighborhood
of xg, for example, x () € [1, 2]. f (x) satisfies the local Lipschitz condition since
the derivative of f (x) is now continuous and bounded for all x (¢) € [1, 2].

Example 3.10 The function f (x) = x? is locally Lipschitz for any finite neighbor-
hood of x (t) € [x;, x2], where x; and x; are finite-valued.

3.4 Positive Definite, Symmetric and Anti-Symmetric
Matrices

3.4.1 Positive-Definite Matrix and Function

The Lyapunov stability theory for nonlinear systems often invokes a class of functions
called positive-definite functions. One such function is a quadratic function

V(x)=x'Px (3.30)
where V (x) € R is a scalar function, x € R” is a vector, and P € R” x R” is an
n-by n matrix.

Definition 3.1 The quadratic scalar function V (x) is said to be positive definite if
V (x) > 0 or positive semi-definite if V (x) > 0 for all x # 0. Conversely, V (x) is
said to be negative definite if V (x) < 0 and negative semi-definite if V (x) < O for
all x # 0.

Definition 3.2 The matrix P is said to be a positive-definite matrix, denoted as
P > 0, if there exists a function V (x) such that

Vx)=x"Px>0 (3.31)
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Thus, P > 0 implies V (x) > 0.

[ |
A positive (negative) (semi)-definite matrix is defined the same way as a positive
(negative) (semi-)definite function.
A positive-definite matrix P has the following properties:

e P is a symmetric matrix, that is,

P=PT (3.32)

All eigenvalues of P are real and positive, that is, A (P) > 0.

e A scalar multiplication with a constant causes the product to have the same sign
definiteness as the constant, thatis, « P > Oifa > OandaP < Oifa < 0.

e Let A be any arbitrary matrix of appropriate dimension, then

ATPA>0 (3.33)

Let Q be a positive-definite matrix of the same dimension as P, then
P+0>0 (3.34)

e The quadratic function V (x) is bounded from below and above by

hamin (P) 1213 <V (0) < Amar (P) X113 (3.35)

which can be illustrated geometrically in Fig.3.5, where A, () and Apqy ()
denote the minimum and maximum eigenvalues of a matrix, respectively.

The above properties apply for a negative definite matrix by reversing the inequality
sign.

Viz)=z"Pz>0

/ Armin {"“) ”:':: =0

Amaz (P) Il > 0

Fig. 3.5 Boundedness of positive-definite quadratic function
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Example 3.11

e The identity matrix [ is a positive-definite matrix.

e The matrix
53
r=[33]

is positive definite since A;, (P) = 0.1459, 6.8541 > 0.

e Let
1-10
Az[o 2 1}

be an arbitrary matrix, then

ATPA = Bg} >0

since Aj 7 (ATPA) =0.1716, 5.8284 > 0.
e The quadratic function V (x) is expressed as

Vix)= x'Px = 5)612 + 6x1x2 + 2x§

43

which, at a first glance, does not seem to be positive definite. By completing the

square, it can be shown that V (x) > 0 as follows:

V(x)—5x2—(ix )2+(ix )2+2(ix
=X «/51 ﬁl ﬁl

1 3 ?
= 5)612 + (ﬁ)ﬂ + \/EJCQ) >0

3.4.2 Anti-Symmetric Matrix

) («/Exz) +2x2

Definition 3.3 A matrix Q € R” x R” is said to be an anti-symmetric (or skew-

symmetric) matrix if

0=-07

The elements of Q are then

(3.36)

(3.37)

(3.38)
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An anti-symmetric matrix Q has the following properties:

e The eigenvalues of Q are purely imaginary if the matrix dimension # is even, and
includes a zero if n is odd.

det (Q) = 0 or Q is singular if n is odd.

e Let A be any arbitrary matrix of appropriate dimension, then the product AT Q A
is also an anti-symmetric matrix.

Let V (x) be a quadratic scalar function that is formed with Q. Then,

VE)=x"0x=0 (3.39)
Example 3.12 The matrix
0—4 -1
0=140 -1
110

is an anti-symmetric matrix. Its eigenvalues are A1, 3 (Q) = 0, £4.2426i. Q is sin-
gular since one of its eigenvalues is zero or equivalently det (Q) = 0.
The quadratic function given by

V)= xTQx =4Ax1Xy + X1X3 + X2X3 — 4X1X2 — X1X3 — X2X3

is identically zero. n

Any arbitrary square matrix A € R" x R" can be decomposed into a symmetric
part and anti-symmetric part as follows:

A=M+N (3.40)

where M is called the symmetric part of A and N is called the anti-symmetric part
of A such that

M = % (A+AT) (3.41)
N = % (A—AT) (3.42)

If V (x) is a quadratic function formed with A, then

1
V(x)=x"Ax = ExT (A+AT)x (3.43)
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3.5 Summary

Adaptive control theory requires a basic understanding of mathematics of matrix
algebra. More advanced adaptive control theory requires a solid foundation in real
analysis which is beyond the scope of this book. Various types of vector and matrix
norms are defined. The existence and uniqueness of a solution of a nonlinear differ-
ential equation require the continuity condition and the Lipschitz condition. Positive-
valued functions are an important class of functions in adaptive control theory. The
positive definiteness of a real-valued function is defined. The properties of a positive-
definite matrix are given.

3.6 Exercises

1. Verify that the 1-norm of x € R”

n

xlly = 1xi]

i=1

satisfies the norm conditions.
2. Compute analytically the 1-, 2-, infinity, and Frobenius norms of

10-2
A=| 4
—1

w o O

2
2
and verify the answers with MATLAB using the function “norm.”

Note: MATLAB may be used to compute the eigenvalues.

3. Decompose A into its symmetric part P and anti-symmetric part Q. Write the
quadratic function V (x) = x " Px. Is V (x) positive (semi-)definite, negative
(semi-)definite, or neither?

4. Given aset ¢ C R?

¢ ={xeR*:x{+4x; —1<0}

Is € a compact set? Write the set notation for the complementary set . Plot
and illustrate the region in R? that represents 4.

5. For each of the following equations, determine if f (x) is locally Lipschitz at
X = xo or globally Lipschitz:
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Chapter 4
Lyapunov Stability Theory

Abstract Stability of nonlinear systems are discussed in this chapter. Lyapunov
stability, asymptotic stability, and exponential stability of an equilibrium point of a
nonlinear system are defined. The Lyapunov’s direct method is introduced as an indis-
pensable tool for analyzing stability of nonlinear systems. The Barbashin—Krasovskii
theorem provides a method for global stability analysis. The LaSalle’s invariant set
theorem provides a method for analyzing autonomous systems with invariant sets.
Stability of non-autonomous systems involves the concepts of uniform stability, uni-
form boundedness, and uniform ultimate boundedness. The Barbalat’s lemma is an
important mathematical tool for analyzing asymptotic stability of adaptive control
systems in connection with the concept of uniform continuity of a real-valued func-
tion.

Stability is an important consideration of any dynamical systems with feedback con-
trol. Stability for LTI systems can be analyzed by many well-established methods
such as eigenvalue analysis, root locus, phase and gain margins, etc. For nonlinear
systems, Lyapunov stability theory provides a powerful technique for stability analy-
sis of such systems. The Lyapunov stability theory is central to the study of nonlinear
adaptive control [1-4]. In this chapter, the learning objectives are to develop a basic
understanding of:

© Springer International Publishing AG 2018 47
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e Various stability concepts for autonomous and non-autonomous systems, such as
local stability, asymptotic stability, exponential stability, uniform stability, and
uniform boundedness;

e Lyapunov’s direct method and LaSalle’s invariant set theorem for analyzing sta-
bility of nonlinear systems; and

e Uniform continuity concept and Barbalat’s lemma for analyzing stability of non-
autonomous systems.

4.1 Stability Concepts

Consider an autonomous system

X =f (4.1)

with an initial condition x (zp) = xo, where f (x) is locally Lipschitz in some
subset 2 of R" and the solution x (t; to,xo) exists and is unique in a region
Br = {x(t) e R": ||x|]| < R} C Z of an equilibrium point x*. The region By
can be thought of as a hypersphere in R” with the origin at x = x*. Colloquially, it
is often referred to in the literature as a ball Bg. Since x* is a constant vector, for
convenience, the autonomous system can be transformed by shifting the equilibrium
point to the origin at x = 0. Let y (f) = x (t) — x*, then

y=f(y+x)2g») 4.2)

whose equilibrium is the origin y* = 0.
Thus, for convenience, the equilibrium point for autonomous systems described
by Eq. (4.1) is understood to be x* = 0.

Example 4.1 The system
x| _ | —xi+xix
|| —xix

has an equilibrium at x{ = 1 and x; = 1.
The system can be transformed by letting y; () = x; (f)—1land y, (¢) = x (¢)—1
which yields

il _ | +D+0i+D e+ | [ yiyz+»
]l +D=i+DOe+D || =y —n
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4.1.1 Stability Definition

Definition 4.1 The equilibrium point x* = 0 of a system starting at an initial con-
dition x (tp) = xo is said to be stable (in the sense of Lyapunov) if, for any R > 0,
there exists some r (R) > 0 such that

lxoll <r = |lxll < R, YVt > 1 4.3)
Otherwise, the equilibrium point is unstable.

Stability concept essentially implies that, given a system with an initial condition
close to the origin, the trajectory of the system can be kept arbitrarily close to it.
Figure 4.1 illustrates the stability concept.

unstable

Fig. 4.1 Stability concept

Note that instability for linear systems means that the solution grows exponentially
as t — oo due to unstable poles in the right half plane, resulting in unbounded
signals. For nonlinear systems, instability of an equilibrium does not always lead to
unbounded signals. For example, the Van der Pol oscillator in Example 2.6 has a
stable limit cycle that encloses an unstable equilibrium point at the origin. So, the
equilibrium point in theory is unstable and the system cannot stay arbitrarily close to
it. If we choose any arbitrary circle Bg to be completely inside the limit cycle, then
no matter how close the initial condition is to the origin, the trajectory of the system
will eventually escape the circle By as illustrated in Fig. 4.2. However, the trajectory
tends to the limit cycle and remains there as 1 — 0.
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Fig. 4.2 Unstable origin of Van der Pol Oscillator

4.1.2 Asymptotic Stability

The stability concept in the Lyapunov sense does not explicitly imply that the tra-
jectory of a nonlinear system will eventually converge to the origin. For example, an
ideal spring-mass system without friction will display a sinusoidal motion forever if
it is subject to a disturbance. So, the system is stable in the Lyapunov sense but does
not converge to the origin. Asymptotic stability is a stronger stability concept than
the Lyapunov stability concept and is defined as follows:

Definition 4.2 The equilibrium point x* = 0 is said to be asymptotically stable if
there exists some r > 0 such that

lxoll <7 = lim [x|| =0 4.4)
—00

All trajectories starting within Bg will eventually converge to the origin. The
origin is then said to be attractive. For a second-order system, both stable focus and
stable node are attractive. The largest such region is called a region of attraction,
defined as

Ry = {x (e : limx (1) = 0} (4.5)

It is noted that the asymptotic stability concept in the definition above is a local
concept for any initial condition that lies within the ball Bg. If an equilibrium point
of a system is asymptotically stable for all initial conditions xo € R”", then the
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equilibrium point is said to be asymptotically stable in the large. This notion is
equivalent to global asymptotic stability.
Example 4.2 The equilibrium point of the system

X =—x

with x (0) = x¢ > 0 is asymptotically stable since the solution

X0

1) =
x(®) xot + 1

tends to zero as t — oo. The region of attraction is

Fy=1xt)eR" :x(t) = ,x0 >0

Xo
xot + 1
Note that the equilibrium point is unstable if xy < 0 and has a finite escape time

att = —1/xp. So, the equilibrium is asymptotically stable for all x (r) € R* but not
asymptotically stable in the large.

4.1.3 Exponential Stability

The rate of convergence of a solution of a nonlinear differential equation can be
estimated by comparing its solution to an exponential decay function [2, 4]. This
gives rise to a notion of exponential stability which is defined as follows:

Definition 4.3 The equilibrium point x* = 0 is said to be exponentially stable if
there exist two strictly positive constants « and 8 such that

Ixll < e llxoll e P4, ¥x € B, 1 = 1 (4.6)

This definition gives a local version of the exponential stability concept for some
initial condition x close to the origin. If the origin is exponentially stable for all
initial conditions xy € R”, then the equilibrium point is said to be exponentially
stable in the large. The constant f is called the rate of convergence.

It is noted that exponential stability implies asymptotic stability, but the converse
is not true.

Example 4.3 The differential equation

i=—x(1+ sin” x)

subject to x (0) = 1 is bounded from below and above by
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—2|x] = |x] = — x|

ifx () > 0.
The solution is bounded from below and above as shown in Fig.4.3 by

e <lx@))<e”

Therefore, the equilibrium is exponentially stable and the rate of convergence
is 1.

1 T T T T T T T
—x=-x(1 +sin2x)
0.9 e X=X 1

—— X=—2X

Fig. 4.3 Exponential stability

4.2 Lyapunov’s Direct Method

4.2.1 Motivation

Consider a spring-mass-damper system with friction as shown in Fig.4.4.
The equation of motion without external forces is described by

mxX+cx +kx =0 4.7)

where m is the mass, ¢ > 0 is the viscous friction coefficient, and k is the spring
constant.
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§
N
.
\
=
Fig. 4.4 Spring-mass system

The system in the state-space form is expressed as

)&1 o X2
R

where x| (1) = x (t) and x, (f) = x (¢). The system has an equilibrium point at
(0, 0), that is, it is at rest with zero displacement and velocity
The spring-mass-damper system possesses two types of energy: (1) kinetic energy
and (2) potential energy. The kinetic energy of any moving point mass is given by
Lo, 1 5 1 5

T = Emv = me = mez 4.9)

The potential energy for a spring is given by

1 1
U=§m¥=-mf

5 (4.10)

The energy of the spring-mass-damper system is the sum of the kinetic energy
and potential energy. Thus, the energy function of the system is defined as

Lo, 1, 5
E=T+U=§mx2+§kx, (4.11)

Note that the energy function is a quadratic positive-definite function.

The friction force also does work on the mass. This type of work is called a
non-conservative work which is usually due to a dissipative force, as opposed to
a conservative work of which potential energy is one form. The work function is
defined in general as

W:%Em 4.12)

where F is a force acting on a mass that displaces it by an infinitesimal distance dx,
and the integral is evaluated over a path that the mass traverses.
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For a viscous friction force, the work done is evaluated as

W= / cxdx = / cxldt = / cxydt (4.13)

The total energy of the system is the sum of the energy and the work done. Thus,
_Loa Lo 2
E+ W= M + ka' + [ cxydt (4.14)

According to the first law of thermodynamics, the total energy of a closed system
is neither created or destroyed. In other words, the total energy is conserved and is
equal to a constant. Thus,

E + W = const 4.15)

or equivalently ] )
E4+W=0 (4.16)

This energy conservation law can be easily verified for the spring-mass-damper
system as

.. d k
E+W =mxoxo+kxix1+— / cx%dt = mx; (—£x2 — —xl) +kx1x2+cx§ =0
dt m m
(4.17)
The time derivative of the energy function is evaluated as

. k
E = mxyxy + kx1X; = mxy (—ixz — —xl) + kx1x, = —cx% <0 (4.18)
m m

forc > 0.

The reason E is only negative semi-definite is because E can be zero for any
X1 75 0.

Thus, for a dissipative system, the time derivative of the positive definite energy
function is a negative semi-definite function. That is,

E <0 (4.19)

The equilibrium point is then stable. Thus, stability of a dynamical system can
be studied by examining the time derivative of the energy function. The Lyapunov
stability theory is motivated by the concept of energy. In fact, the energy function
is a Lyapunov function. Whereas the energy function is unique for a given physical
system, a Lyapunov function can be any positive-definite function that satisfies the
negative (semi-)definiteness of its time derivative.

Lyapunov’s direct method is a powerful tool for assessing stability of an equilib-
rium of a nonlinear system directly without solving the system’s dynamical equation.
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The motivation of the method is based on the energy concept of a mechanical system.
From the spring-mass-damper example, the following observations are made:

e The energy function is positive definite.
e The time rate of the energy function is negative semi-definite in which case the
equilibrium is stable.

Aleksandr Mikhailovich Lyapunov (1857-1918) recognized that stability of a system
can be proven without developing a true knowledge of the system energy using a
class of positive-definite functions, known as Lyapunov functions, provided they can
be found.

Definition 4.4 A function V (x) is said to be a Lyapunov function if it satisfies the
following conditions:

e V (x) is positive definite; i.e.,
Vx)>0 (4.20)

and has a continuous first partial derivative.
e V (x) is at least negative semi-definite; i.e.,

V(x) = ﬂfc = ﬂf (x) <0 4.21)
0x 0x
or .
Vx)<0 (4.22)
[ |

Geometrically, a Lyapunov function may be illustrated by a bowl-shaped surface
as shown in Fig.4.5. The Lyapunov function is a level curve on the bowl starting

T2

T

Fig. 4.5 Illustration of Lyapunov function
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at the top and progressing downward toward the bottom of the bowl. The value of
the Lyapunov function thus decreases toward zero at the bottom of the bowl which
represents a stable equilibrium.

Example 4.4 For the spring-mass-damper system, the energy function is clearly a
Lyapunov function. Suppose one chooses another Lyapunov candidate function

Vx)=xI+x3>0
Then,

. . . c k k c ,
V(x) = 2x1x14+2x0% = 2x1%04+2x | ——x0 — —x1 ) =2x1x0 {1 — — ) —2—x;
m m m m

Note that V (x) is not negative (semi-)definite because of the term with the product
Xx1X3. S0, this candidate function is not a Lyapunov function.

In many systems, finding a Lyapunov function is not trivial. Unfortunately, there
is no straightforward way to obtain a Lyapunov function. Perhaps, the most obvious
Lyapunov function for any system is the energy function, but it is not always easy to
identify such a function for a nonlinear system unless one knows the physics of the
system.

Example 4.5 Consider a pendulum with viscous friction whose motion is described
by .
mi*0 4 c6 + mglsin® = 0

which is expressed in a state-space form as

X1 X2
. = c g o
X2 _WXZ — TSlnxl

with x; (£) = 6 (¢) and x, (7) = 6 (¢).

It is not obvious what a Lyapunov candidate function would look like for this
system. One can try
Vix)= x12 + x%

but that would not yield V (x) < 0 since

1% (x) = 2x1X1 + 2x0Xp = 2x1Xx + 2% (—#XZ - ? sinxl) f 0

The kinetic energy and potential energy for the pendulum are known to be

1
T = zmlzxg
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U =mgl (1 —cosxy)

So, the energy function is
LI
E=T+U= Eml x; +mgl (1 —cosx;) >0

Using this as a Lyapunov function, then evaluating V (x) gives

1% x) = mlzxg)%z + mglsinx|x; = mlzxz (—%xz — %sinxl) +mglsinx|x; = —cx% <0
m

Thus, it is not surprising that the energy function can always be used for a
Lyapunov function, provided such a function can be found.
|

In summary, it can be seen that the Lyapunov’s direct method is a powerful tech-
nique for studying stability of an equilibrium point of a nonlinear system.

4.2.2 Lyapunov Theorem for Local Stability

Theorem 4.1 Let x* = 0 be an equilibrium point and if there exists a Lyapunov
function V (x) > 0 for all x (r) € B such that V (x) < 0 forall x (1) € Bg, then
the equilibrium is locally stable in a Lyapunov sense. Moreover, if V (x) < 0 forall
x (t) € Bg, then the equilibrium is locally asymptotically stable.

|

It is important to note that the Lyapunov’s direct method only gives a sufficient
condition for stability. Failure of a Lyapunov candidate function to satisfy the stability
condition does not imply that the equilibrium is unstable. It simply means that a good
Lyapunov candidate function may not have been identified. An exception to this rule
is the energy function which provides both the necessary and sufficient conditions
for stability.

Example 4.6 For the pendulum in Example 4.5, V (x) is negative semi-definite, so
the equilibrium is locally stable.
Example 4.7 Consider the system

x| x13 + xlx% — X
X2 x23 + xlzxz — X3
Choose a Lyapunov candidate function

V(x) =x12+x§
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Then, V (x) is evaluated as
1% (x) = 2x1X1 + 2x2X% = 2x4 (x13 + xlxg — xl) + 2x; (x; + xlzxz — xz)
=2(x{ +x3) (x{ +x3 — 1)
Observing 1% (x), one can conclude that 1% (x) < O for all x € Bp where
Br={x(t) e 7 CR*:x] +x; < 1}
The equilibrium is asymptotically stable. The region of attraction is Bg within

which all the trajectories converge to the equilibrium.
Example 4.8 For the spring-mass-damper system, consider a Lyapunov candidate
function

Vx)=x"Px>0

where x (1) = [ x; (1) x2 (1) ]T and P = PT > 0tobe determined such that V (x) <

0 for asymptotic stability.
Expressing V (x) as

X
V(x) =[x x] I:gi; 22] |:x;] = piX] +2p1x1x2 + pox;

where p;; are elements of P, then evaluating V (x) yields
V (x) = 2p11x1%1 + 2p12 (x152 4 X1x2) 4+ 2ppxis
c k ) c k
=2p11x1x2 +2piox | ——x2 — —x1 ) +2p1axy +2ppxo | ——x2 — —x]
m m m m

k c k c
= —2P12*x12 +2 (Pll —pPi2—— Pzzf) xpxp +2 (P12 - pzzf) X%
m m m m

Since V (x) < 0, one can choose

V (x) = —2x7 — 2x7
Equating terms then yields

k m
po—=1=pn=—
m k

c m m (m
P12—P22—=—1$P22=—(P12+1)=—(—+1)
m c c \k

c m k

c k c
pii—po2——pp—=0= py=pp—+pn—=
m m m m k c c
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The matrix

can be verified to be positive definite form > 0, ¢ > 0, and k > 0.

The system is then asymptotically stable. It is noted that since the system is linear,
stability is always referred to in a global context.

Another approach to be considered is as follows:

The system can be expressed as

X = Ax

=]

is a Hurwitz matrix with negative real part eigenvalues.
Proceeding to evaluate V (x) yields

where

V(x)=x Px+x'Px
which upon substitution yields
14 x) = xTATPx +x"PAx =x" (ATP + PA) x <0
This inequality is satisfied if and only if
ATP+PA<O

which is called a linear matrix inequality (LMI) that can be solved for P.
Alternatively, one can write the LMI as a linear matrix equation

ATP+PA=-0Q

where Q = QT > 0 is a positive-definite matrix. This equation is known as the
algebraic Lyapunov equation.
Thus, setting Q = 21, where [ is an identity matrix, which in this case is a 2-by-2
matrix, then yields
V(x) = —2x"x = —2x7 — 2x3

The matrix P is then solved from

ATP+PA=-21
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There are numerical methods that can be used to solve the Lyapunov equation.
For a low matrix dimension less than 4, the equation can be solved analytically. For
this example, one can set up

0 _% pupi |, | PupPn 0 1 ]_[-20
1 —= 1| P2 p2 P12 P2 —% - 0 —2
then expand

|: —2171_2,](—,[ pi— P2y, — P_zz%} _ [—2 0 ]
Pl — Ps —pnk 2(pn—pnl) 0 -2

and equate terms to solve for p;;.

4.2.3 Lyapunov Theorem for Exponential Stability

Theorem 4.2 Let x* = 0 be an equilibrium point and if there exists a Lyapunov
function V (x) > 0 for all x (t) € Bg such that V (x) < 0 for all x () € Bg and
there also exist two positive constants 1 and § such that

V(x) < nlx|? (4.23)

and
V(x) < =BV (x) (4.24)

then the equilibrium is locally exponentially stable.

Example 4.9 Consider
X =—x (1 + sinzx)

subject to x (0) = 1.
Choose a Lyapunov candidate function

V(x) =x? = ||x|?

So,
V(0)=x5=1

14 (x) is computed as

V (x) = 2xx = —2x? (1 +sin’x) < =2 |Ix[|* = =2V (x) <0
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Integrating V (x) yields
V)<V (@©0e™

or

which is equivalent to

x| <e”’

4.2.4 Radially Unbounded Functions

Definition 4.5 A continuous, positive-valued function ¢ (x) € R is said to belong
to class ' i.e., ¢ (x) € A, if

e 9(0)=0
e ¢ (x) is strictly increasing for all x (#f) < Ror x () < o0

Definition 4.6 A continuous, positive-valued function ¢ (x) € R is said to belong
to class £ Z;i.e., ¢ (x) € X X, if

e 9(0)=0
e ¢ (x) is strictly increasing for all x () < oo
o lim, o ¢ (x) =00

Definition 4.7 A continuous, positive-valued function V (x) € R* with V (0) = 0
is said to be a radially unbounded function if there exists a function ¢ (||x||) € ' Z
such that V (x) > ¢ (||x]||) for all x (#) € R". Thus, V (x) must be infinitely large
when ||x|| tends to infinity. That is,

V(x) > o0as ||x|| = oo (4.25)

4.2.5 Barbashin-Krasovskii Theorem for Global Asymptotic
Stability

The asymptotic stability concept in the Lyapunov sense of an equilibrium point is a
local concept such that there exists V (x) > 0 for all x € By, where By is a finite
region in & C R" for which the function f (x) is locally Lipschitz, then V (x) < 0.
There exists a region of attraction Z, C 2 C R” in which all trajectories will
converge to the origin. On the other hand, asymptotic stability in the large is a global
concept that requires the region of attraction to extend to the entire Euclidean space
R". As aresult, V (x) > 0 must be defined for all x € R”.

There is an additional requirement imposed on V' (x) for stability in the large. That
is, V (x) is required to be a radially unbounded function. The condition of the radial



62 4 Lyapunov Stability Theory

unboundedness of V (x) ensures that all trajectories in the large when ||x|| — oo
will be attracted to the origin. The global stability Lyapunov condition can be stated
by the following Barbashin—Krasovskii theorem [2, 4]:

Theorem 4.3 The equilibrium point x* = 0 is asymptotically stable in the large if
there exist§ a radially unbounded Lyapunov function V (x) > 0 for all x (1) € R”
such that V (x) < O forall x (r) € R".

Example 4.10 Consider a scalar linear system
X = —ax

where a > 0, whose equilibrium point at the origin is asymptotically stable in the
large. Suppose a Lyapunov candidate function is chosen as

2

Vix) = >0

X
1+x2

Vi(x) € Z but Vi (x) ¢ % since V (0) = 0 and V; (x) is strictly increasing
for all x (r) < oo, but lim,_.» Vi (x) = 1. This means that one cannot analyze
global asymptotic stability of the origin of this system using this Lyapunov candidate
function since

Vi) 2xx 2x3% —2ax? 0
1 (X)) = — = —
T+x2 (142 (14x2)

as ||x|| — oo, which implies that the origin is not asymptotically stable as || x| — oo.
Therefore, the origin is stable but not asymptotically stable in the large, which is a
contradiction.

Now, suppose another Lyapunov candidate function is chosen as

Vo(x) =x2>0
V, (x) is a radially unbounded function since there exists a function ¢ (||x||) =
ax? € KX, where o < 1, such that V> (x) > ¢ (]x|)) for all x (f) < oco. Global
asymptotic stability of the origin can be analyzed using this radially unbounded
Lyapunov candidate function. Evaluating V, (x) yields

Vs (x) = 2x% = —2ax> < 0

which implies that the origin is indeed asymptotically stable in the large.
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4.2.6 LaSalle’s Invariant Set Theorem

Asymptotic stability requires that V (x) < 0. Yet, for the spring-mass-damper sys-
tem, if the energy function is chosen as a Lyapunov function, then 1% (x) <0, even
though the solution of the system is clearly asymptotic in the presence of a dissipa-
tive force due to the viscous friction. The LaSalle’s invariant set theorem can resolve
this apparent contradiction when an asymptotically stable equilibrium point of an
autonomous system only satisfies the Lyapunov condition V (x) < 0.

Definition 4.8 For an autonomous system, a set ./ is said to be invariant if every
trajectory that starts from a point in .# will remain in .2 for all future time [2, 4].
That is,

x0) e A = x@)e . H, VNt >t (4.26)

Example 4.11

e An equilibrium point is an invariant set because by definition x (f) = x* is a

constant solution of an autonomous system so that
x(t)=xy) =x" €., Vt > 1

e Aregion of attraction % is an invariant set since all trajectories in %4 will remain
in Z 4 for all future time and converge to the origin as t — 00

%Az{x(t)e//:tlirgox(t)=0}

e The limit cycle of the Van der Pol oscillator is an invariant set since any point on
the limit cycle will remain on it for all future time.

e The entire Euclidean space R” is a trivial invariant set since all trajectories must
be in some subspace that belongs in R”.

[ |
The LaSalle’s invariant set theorem is stated as follows:

Theorem 4.4 Given an autonomous system, let V (x) > 0 be a positive-definite
function with a continuous first partial derivative such that V (x) < 0 in some finite
region Bg C 2. Let Z be a set of all points where V (x) = 0. Let .# be the largest
invariant set in Z. Then, every solution x (¢) starting in Bg approaches .# ast — oo.

Example 4.12 Consider

X | —xf — x1x§ + x
X —xg - xlzxz + x;

Choose a Lyapunov candidate function
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Vix)= xl2 + x22
Then, V (x) is evaluated as

1% (x) =2x; (—x? — xlxg + xl) + 2x; (—xg — x12x2 + x2)
= —2x] (xl2 +x5 — 1) — 2x3 (xf 4+ x5 — 1)
=2 (xl2 —i—x%) (xl2 +x§ — 1)
V (x) < 0ina set.¥ where
S ={x(t) € Bg:x{ +x3 —1>0}
but V (x) > 0 in the complementary set
S ={x(t) € Bg:x{ +x3 — 1 <0}
which represents a circular region that includes the origin. Therefore, the origin is
unstable. ]
Let Z be a set of all points where V (x) = 0. Then,
Z={xt)eBr:g(x)=x{+x5— 1=V (x)—1=0}
in fact represents a bounded solution x (¢) since all trajectories either inside or outside
of ¢ will move toward & and remain in % as illustrated in Fig.4.6. Thus, & is an

invariant set. One can also verify this by taking the time derivative of the function
g (x) that represents the trajectories in the set %

T2|V (z) < 0
S

V (z)[>0 T1

Fig. 4.6 Bounded solution set
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. d .
g(x)=E(V—l)= Vix)=0,Vx(t)eZ
The Lyapunov function can be solved analytically by noting that
V==2V({V-1
which leads to Jv
—— = —2dt
V(v -1

Using the partial fraction, this can be expressed as

1 1
—— — —)dV = 241
V-1 Vv

which yields the following general solution:

Vo

V=g e

Ast — oo, V (1) tends to a constant solution as shown in Fig.4.7 with

lim V () = 1
r—00

1.8

1.6

1.4

Invariant Set E

0.8

0.6

0.4r

02

Fig. 4.7 Trajectories of Lyapunov function tending to an invariant set

65
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which is in fact the set Z%. Therefore, the set Z is a bounding set of all possible
solutions x (7). Thus, x (1) € Zx; i.e., x (¢) is bounded.

Example 4.13 Consider the spring-mass-damper system. Choose the Lyapunov func-
tion to be the energy function

1 1
V)= meg + Ekxl2

Then, ]
V (x) = mxyx; + kx 1% = —cx% <0

Since V (x) is negative semi-definite, then the origin is only stable in the Lyapunov
sense, but not asymptotically stable as one would expect for a spring-mass-damper
system with friction. Let Z be a set of all points where V (x) = 0. Then,

Z={x(t)eR*:V(x)=0=x, =0}

is a collection of all points that lie on the x;-axis. It follows that any point on this
axis must satisfy
mx; +kx; =0

or
.. k
X2y = X1 = ——X)
m
If x; () # 0, then X (z) # 0 with sgn (X;) = —sgn (x;) in %, where sgn () is the
sign function which returns 1 if the argument is positive, O if the argument is zero,
or -1 if the argument is negative. This means that a point on this axis cannot remain
in Z because the acceleration X causes the point to move toward the origin, unless
it is already at the origin.
Another way to find an invariant set is to evaluate the derivative of the function
that describes £ and set it equal to zero. Hence,

X =0

which is satisfied if and only if x; (#) = 0.

Thus, the invariant set .# C % is a set that contains only the origin. Then,
according to the LaSalle’s invariant set theorem, all trajectories will converge to the
origin as ¢ — oo. The origin then is asymptotically stable.

|

This example brings up an interesting observation that can be stated in the

following corollary of the LaSalle’s invariant set theorem:

Corollary 4.1 Let V (x) > 0 be a positive definite function with a continuous
first partial derivative such that V' (x) < 0 in some finite region Bg C D. Let Z =
{x (t)yeBr:V(x)= 0} and suppose that no solution can stay in % except the trivial
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solution x = 0. Then, the origin is asymptotically stable. Moreover, if V (x) > 0 is
a positive definite radially unbounded function and % = {x ) eR":V(x)= O},
then the origin is asymptotically stable in the large.

4.2.7 Differential Lyapunov Equation

The Lyapunov equation has a connection to the optimal control theory. In particular,
the Lyapunov equation can be viewed as a special case of the Riccati equation for a
Linear Quadratic Regulator (LQR) optimal control problem. Consider the following
LTI system:

X = Ax (4.27)

subject to x (fp) = x9, where x (r) € R" and A € R" x R".
It is of interest to find a condition that minimizes the following quadratic cost
function: .
’
min J = / x| Qxdt (4.28)

Iy

where Q > 0 € R” x R" is a positive definite matrix.
The solution can be established by the Pontryagin’s maximum principle in the
optimal control theory [5, 6]. The Hamiltonian function of this system is defined as

H=x"0x+ 1" (Ax + Bu) (4.29)

where A (t) € R” is called an adjoint or co-state vector.
The adjoint equation is given by

. dHT
A=— =—Q0x—A"x (4.30)
0x

subject to the transversality (terminal time) condition
A(ty) =0 4.31)
Choose a solution of A (¢) in the form of
At)y=P(@)x (4.32)

where P (1) € R" x R” is a time-varying matrix.
Then, the adjoint equation is evaluated with the system dynamics as

Px+ PAx=—-Qx — A' Px (4.33)
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By factoring out x (¢), the differential Lyapunov equation is obtained as
P+PA+A"P+0=0 (4.34)

subject to P (t7) = 0.
Contrasting this with the differential Riccati equation

P+PA+A'"P—PBR'B'P+0=0 (4.35)

the differential Lyapunov equation is a special case of the differential Riccati equation
for R — oo.

Note that the differential Lyapunov equation is defined backward in time with the
transversality condition given at the final time. By transforming into a time-to-go
variable, T = t; — ¢, then

dP .
- =PA+ATP+Q (4.36)
T

subject to P (0) = 0 in the time-to-go coordinate.

If A is Hurwitz and let f; — oo which corresponds to an infinite time horizon
solution, then the time-varying solution of the differential Lyapunov equation tends
to a constant solution of the algebraic Lyapunov equation

PA+ATP+0=0 (4.37)

The constant solution of P is given by
P=1lim [ e*"Qe?dr (4.38)

which is positive definite for Q > 0 and requires that A be Hurwitz since the solution
must be a stable solution such that

lim e*" =0 (4.39)

T—>00

Example 4.14 Numerically compute P, given

a=[ %4 ] e=[5Y]

The differential Lyapunov equation in time-to-go can be solved using any numer-
ical technique for solving differential equations such as the Euler or Runge—Kutta
method. For example, the Euler method for solving the Lyapunov equation is as
follows:

P =P+ At (PA+ATP, + Q)
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Fig. 4.8 Numerical solution of Lyapunov equation

where i denotes the value of P (t) atatime t; = i At.

The equation can be integrated until the solution converges to within a specified
error. Figure4.8 illustrates the solution convergence of the differential Lyapunov
equation. The result is obtained as

p_[1125 0125
= [ 0.125 0.15625

4.3 Stability of Non-Autonomous Systems

Most of the concepts for Lyapunov stability for autonomous systems can be applied
to non-autonomous systems with some additional considerations [2, 4].
Consider a non-autonomous system

x=f(x,1) (4.40)
subject to x (fy) = xo, where f (x, ) is locally Lipschitzin & x [0, co) and Z C R".
The notion of the origin as an equilibrium point now takes on a different meaning

in that the equilibrium point x* must be time-invariant for all # > #y and satisfies

f(x* 1) =0 4.41)



70 4 Lyapunov Stability Theory

Otherwise, the system does not have a “true” equilibrium point in the Lyapunov
sense.
Example 4.15

e The system
X =g @) h(x)

has an equilibrium point x* where
h(x*)=0

e The system
Xx=g@)h(x)+d )

does not have a true equilibrium point since / (x) would have been a function of
t to satisfy x (#f) = 0, which is a contradiction unless g (t) = «d (t) for some
constant .

4.3.1 Uniform Stability

The Lyapunov stability definition for a non-autonomous system is defined as follows:

Definition 4.9 The equilibrium point x* = 0 is said to be stable (in the sense of
Lyapunov) if, for any R > 0, there exists some r (R, tp) > 0 such that

lxoll <7 = |lx|l < R, Vt > 1 (4.42)

Note that the difference in this definition as compared to that for an autonomous
system is the ball of radius r that encloses xo now may depend on the initial time #,.
Thus, the stability of the origin may also be dependent on the initial time.

The concept of uniform stability is an additional consideration for non-autonomous
systems. Uniform stability implies that the radius r = r (R) is not dependent on
the initial time, and so are the stability properties of the equilibrium point. For
autonomous systems, stability is independent of the initial time. This property is
highly desirable since it eliminates the need for examining the effect of the initial
time on the stability of a non-autonomous system.

Definition 4.10 Given a Lyapunov function V (x, t) for a non-autonomous system
that satisfies the following conditions:

V(©0,1)=0 (4.43)



4.3 Stability of Non-Autonomous Systems 71

and
0<V(x,t) <W(x) (4.44)

where W (x) > 0 is a positive-definite function, then V (x, ¢) is said to be a positive
definite, decrescent function.

Example 4.16 The Lyapunov candidate function
V (x,1) = (1 +sin’t) (x] +x3)
is bounded from above by
0<V(x,t)<2(xj+x3)=W(x)

Since W (x) > 0, then V (x, t) is a positive definite, decrescent function.
|
The Lyapunov’s direct method for a non-autonomous system is stated in the
following theorem:

Theorem 4.5 If there exists a positive definite, decrescent Lyapunov function
V (x,t) forall x (t) € Bg and ¢t > 0 such that

. aVv oV
Vix,t) = af (x, 1) + m <0 (4.45)

then the origin is said to be uniformly stable in the Lyapunov sense. Moreover,
if V (x,1) < 0, then the origin is said to be uniformly asymptotically stable, and
additionally, if the region By is extended to the entire Euclidean space R”, then the
origin is said to be uniformly asymptotically stable in the large.

4.3.2 Uniform Boundedness

When a non-autonomous system does not have an equilibrium point, stability of such
a system is defined by the notion of boundedness [2, 4].

Definition 4.11 The solution of a non-autonomous system is said to be uniformly
bounded if, for any R > 0, there exists some » (R) > 0 independent of the initial
time f¢ such that

xoll <r=lxll =R, Vt =19 (4.46)

Moreover, the solution is said to be uniformly ultimately bounded if, for any
R > 0, there exists some r > 0 independent of R and the initial time #; such that

Ixol <r=lxll =R, Vi=10+T (4.47)
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where T = T (r) is some time interval after the initial time #,.
|

The uniform ultimate boundedness concept simply means that the solution may
not be uniformly bounded initially according to Definition 4.11 but eventually
becomes uniformly ultimately bounded after some time has passed. The constant
R is called a bound if the solution is uniformly bounded or an ultimate bound if the
solution is uniformly ultimately bounded.

The Lyapunov’s direct method can be applied to a non-autonomous system
according to the following theorem:

Theorem 4.6 Given a Lyapunov function V (x, ) for all ||x|| > R and ¢ € [0, 00),
then the solution of the non-autonomous system (4.40) is said to be uniformly
bounded if there exist functions ¢, (|| x||) € £ % and ¢, (||x]|) € £ Z such that [2]

e pi(llxlh) =V (x,1) < e (lxID
e V(x,1) <0

forall || x]| > Rand¢ € [0, 0o0).Inaddition, if there exists a function g5 (|| x]|) € ' Z
such that

o V(x,1) < —gs (x|

for all ||x|| > R and ¢ € [0, c0), then the solution is said to be uniformly ultimately
bounded.

Example 4.17 Consider
X = —x 4 2sint

subject to x (0) = xo.
The system does not have an equilibrium. The solution is

x =g+ 1) e " +sint —cost
If || xo|l < r and recognizing that e™ < 1 and |sin7 — cos?| < V2, then
Ixl <llxo+ 1l +v2 <r+1++v2=R
Thus, one can choose r (R) = R — 1 — V2 according to Definition 4.11. So, the
solution is uniformly bounded. Suppose xo = 1, then the bound is R = 2 + /2.
Moreover, as t — 00, then the solution tends to

X — sint — cost

so that

Ixll <v2=R

independent of ». The solution then is also uniformly ultimately bounded with an
ultimate bound of \/5 as shown in Fig.4.9.
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R:(Bound for t >0)
Lyapunov Ultimate Bound

-3} J

Fig. 4.9 Uniform ultimate boundedness

The Lyapunov’s direct method is now applied to determine the uniform bound-
edness of a solution. Consider a Lyapunov candidate function for this system

Vx)=x>>0

Note that one can always find ¢; (||x|)) € ZZ% and ¢, (||x||) € H# Z for this
Lyapunov candidate function such that ¢; (||x||) < V (x) < ¢ (||x]), for example,
@1 (Ix]) = ax? witha < 1 and @, (||x||) = bx? with b > 1.

Then,

V (x) = 2xx = 2x (—x + 2sin7) < —2x> 4+ 4 | x|

‘We see that
V(x) <=2V x)+4/V (x)

Let W(t) = /V(@) = |lx||. Then,
1%

W=—"=-VV+2<-W+2
2V

The solution of W (¢) is
W < (lxoll =2)e™" 42

Thus,
lim |[x|| = lim W <2 =R
t—00 11— 00
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Choose
@3 (Ixl) = 2 Ix]I* — 4 ||x]|

Note that @3 (||x||) € & Z (verify!). Then, it follows that

V (x) < —g5 (lxI)

Then, V (x) < 0if —2x> +4|x|| < Oor |x|| > 2. Therefore, according to
Theorem 4.6, the solution x (¢) is uniformly ultimately bounded with a Lyapunov
ultimate bound of 2. It is noted that the Lyapunov ultimate bound is always more
conservative or greater than or equal to the ultimate bound derived from the actual
solution as illustrated in Fig.4.9.

There is another way of showing that x (¢) is uniformly ultimately bounded. By
completing the square, V (x) can also be expressed as

V(x) < =2(lx] — D*+2

Then, V (x) < 0if =2 (Jlx]| — 1)>4+2 < 0 or |lx]| > 2. Since V (x) < 0 outside
the compact set ||x|| < 2, but V(x) > 0 inside it, therefore the solution x (¢) is
uniformly ultimately bounded. Any trajectory that starts outside the compact set will
reach the ultimate bound x| = 2 because V (x) < 0 outside the compact set. Any
trajectory that starts inside the compact set will move away from the origin because
V(x) > 0 inside the compact set, but will eventually be attracted to the ultimate
bound ||x|| = 2.

4.3.3 Barbalat’s Lemma

The LaSalle’s invariant set theorem can be used to show asymptotic stability of
an equilibrium point for an autonomous system when V (x) is only negative semi-
definite. This theorem cannot be used for non-autonomous systems. Therefore, it can
be much more difficult to show asymptotic stability for a non-autonomous system
than for an autonomous system. Barbalat’s lemma is a mathematical tool that can be
used to address this situation to some extent [4].

Firstly, the concept of uniform continuity needs to be introduced. A mathematical
formal definition of uniform continuity of a function is given as follows:

Definition 4.12 The function f (¢) € R is uniformly continuous on a set & if, for
any € > 0, there exists some § (¢) > 0 such that

o=t <8=1f({)— f) <e Vi, b (4.48)

The following statements are equivalent to the definition of uniform continuity:
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e Suppose a function f (¢) is continuous on a closed finite interval ¢ € [z, t,]. Then,
f (¢) is uniformly continuous on ¢ € [71, ,].

e Suppose a function f (¢) is differentiable on a set &, and there exists a constant
M > Osuchthat | f (t)| < M forall ¢. Then, f (t) is uniformly continuous on Z.

In the simplest term, uniform continuity of a differentiable function f (r) requires
its derivative f (¢) to exist and be bounded.
Example 4.18

e The function f (t) = t? for all ¢ € [0, o) is continuous but is not uniformly
continuous since f (t) is not bounded for all ¢ € [0, 00).

e The function f (t) = t? for t e [0, 1] is uniformly continuous since f (¢) is
continuous for ¢ € [0, 1].

e The function f (¢) = A/t for all ¢ € [0, 0o) does not have a bounded derivative
f (t) = ﬁ for all ¢+ € [0, 00), and since the interval is semi-open and infinite,
one cannot readily conclude that f (¢) is not uniformly continuous on ¢ € [0, 00).
However, this function is actually uniformly continuous on ¢ € [0, 00). To see
this, we note that the interval can be divided into two subintervals ¢ € [0, a] and
t € [a,00) where a > 0. Then, f (¢) is uniformly continuous on ¢ € [0, a]
since f (¢) is continuous on ¢t € [0, a], and furthermore f (¢) is also uniformly
continuous on ¢ € [a, 00) since f (t) = %ﬁ is bounded on ¢ € [a, 00). Therefore,
in totality, f (¢) is uniformly continuous on ¢ € [0, 00).

e Consider a stable LTI system

X = Ax + Bu

with x (tp) = x¢ and a continuous bounded input u (). The system is exponentially
stable with the solution

t
x = e AUy, +/ eI By (1) dr
Iy

Thus, x (¢) is a continuous bounded signal with a bounded derivative x (¢) for all
t € [0, 00). Therefore, x (¢) is uniformly continuous. Any output signal

y=Cx+ Bu

is also uniformly continuous if « (¢) has a bounded derivative. The system is then
said to be bounded-input-bounded-output (BIBO) stable.

[ |
The Barbalat’s lemma is now stated as follows:

Lemma 4.1 I'f the limit of a differentiable function f (t)' as t — oo exists and is
finite, and if f (¢) is uniformly continuous, then lim,_, o, f (#) = 0.
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Example 4.19

e The function f (t) = e’ * has a finite limit as # — 0o. To determine the uniform
continuity of the first derivative f (1) = —2te™! * we need to determine whether or
not the second derivative f (t) isbounded for all ¢ € [0, 00). The second derivative
f' (t) = —2e! ® 4+ 442", in fact, is bounded because the exponential term e
decreases at a much faster rate than the power term #2. Therefore, lim,_, o, f (f) =
0. In fact, one can verify lim,_, —2te™” =0 using the L’Hospital rule.

e The function f (f) = % sin (tz) which tends to zero ast — oo but whose derivative
f () = — L sin (12) + 2 cos (¢?) does not have a limit as r — co. Thus, it can be
seen that even if the limit of a differentiable function f () exists and is finite as
t — 00, it does not necessarily imply that lim,_, f (t) = 0 since f (t) may not
be uniformly continuous, that is, f (t) has a bounded derivative or equivalently
f' (t) is bounded. Therefore, the function f (t) = % sin (tz) does not satisfy the
Barbalat’s lemma.

e The function f (t) = sin (In¢) whose derivative f (1) = %cos (Int) tends to zero
but f (¢) does not have a finite limit as t — oo. Thus, lim;_, f (t) = 0 does
not necessarily imply that the limit of a differentiable function f (¢) exists and is
finite. Therefore, the converse of the Barbalat’s lemma is not true.

|

The Barbalat’s lemma is now extended to the Lyapunov’s direct method to examine

the asymptotic stability of a non-autonomous system by the following Lyapunov-like
lemma [4]:

Lemma 4.2 If a positive-definite function V (x, t) has a finite limit as r — oo, and
if V (x, t) is negative semi-definite and uniformly continuous for all # € [0, c0), then
Vx,t) > 0ast — oo.

Example 4.20 Consider a simple adaptive control system
X=—ax+b [u + 0*w (t)]

where a > 0, w (t) € % is a bounded time-varying disturbance, and 6* is an
unknown constant parameter.
To cancel out the effect of the time-varying disturbance, an adaptive controller is
designed as
u=—0(@)w)

where 6 (¢) is an adaptive parameter that estimates 0*.
If6(t) - 6" ast — oo, then the adaptive controller perfectly cancels out the
disturbance and the closed-loop system tends to an ideal reference model

Xm = —AXpy

where x,, (¢) is the desired response of x ().
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The adaptive parameter is computed as

0 = —bew (t)

where e () = x,, (t) — x (¢) is called a tracking error, described by the tracking error
equation

é =%y —x = —ae+ bOw (1)

where 0 (t) = 6 (1) — 6* is the parameter estimation error.

The combined system is non-autonomous due to w (). Both the variables e ()
and 6 (¢) are influenced by the tracking error equation ¢ (¢) and the adaptive law
6 (1). To show that the system is stable, choose the following Lyapunov candidate
function that includes both the variables e (¢) and 0 (1):

Ve, 0)=e>+6°
Then,

% (e, é) = 2e [—ae + biw (z)] 420 [—bew (1)] = —2ae* < 0

Since V (e, 0) is negative semi-definite, e () € % and 0 (t) € %, i.e., they
are bounded, but the LaSalle’s invariant set theorem cannot be used to show that
the tracking error e (¢) converges to zero. This is where the Barbalat’s lemma comes

in handy. Firstly, V (e, é) must be shown to have a finite limit as ¢t — o0. Since

1% (e, 9~) < 0, then

V(e(t—>oo),é(t—>oo))—v(e(zo),é(ro))=/OOV(e,é)dz

fo

o0
= —Za/ e’ (t)dt = —2a |le|}

to

1% (e (t = 00),0(t — oo)) —v (e (zo),é(ro)) —2a |2

=e*(to) + 0% (o) — 2|lel} < oo

So, V (e, 5) has a finite limit as ¢+ — oo. Since ||e||, exists, therefore e (t) €
LN Lo
Next, V (e, é) must be shown to be uniformly continuous. This can be done by

examining the derivative of Vv (e, 5) to see if it is bounded. V (e, 5) is computed as
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\% (e, 5) = —4dae [—ae + bhw (t)]

Since e (1) € % N %y and 6 (1) € L by the virtue of V (e, 5) < 0, and
w (t) € £ by assumption, then 1% (e, 5) € % Therefore, V (e, 5) is uniformly

continuous. It follows from the Barbalat’s lemma that V (e, 67) — 0 and hence

e (t) — Oast — oo. Note that one cannot conclude that the system is asymptotically
stable since only e (t) — 0 as t — oo, but 6 (¢) is only bounded.

4.4 Summary

The Lyapunov stability theory is the foundation of nonlinear systems and adap-
tive control theory. Various stability concepts for autonomous and non-autonomous
systems are introduced. The Lyapunov’s direct method is an indispensable tool
for analyzing stability of nonlinear systems. Barbashin—Krasovskii theorem pro-
vides a method for global stability analysis. LaSalle’s invariant set theorem provides
another complementary tool for analyzing systems with invariant sets. Stability of
non-autonomous systems involves the concepts of uniform stability, uniform bound-
edness, and uniform ultimate boundedness. Barbalat’s lemma is an important math-
ematical tool for analyzing stability of adaptive control systems in connection with
the concept of uniform continuity of a real-valued function.

4.5 Exercises

1. Given
| x (xf—i—x% - 1) — X2

X1
I:XQ:| - |:X1 + X2 (x12+x§ - 1)]
a. Determine all the equilibrium points of the system and linearize the system
about the equilibrium points to classify the types of equilibrium points.
b. Use the Lyapunov candidate function

V(x)=xi{+x;

to determine the types of Lyapunov stability of the equilibrium points and
their corresponding regions of attraction, if any.

2. Given |
X=x (—1 + Esinx)
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subject to x (0) = 1.

a. Determine the upper and lower bound solutions.
b. Use the Lyapunov candidate function

V (x) =x2

to determine the type of Lyapunov stability and the upper bound of V (x)
as an explicit function of time.

3. Use the Lyapunov candidate function
Vix)= xl2 + x%

to study stability of the origin of the system
X _ (xz—xl)(x%+x§)
Xo (x1 + x2) (X12+X%)

X = Ax

4. Given

a. Calculate analytically P that solves

ATP+PA=-21

01
=)
and verify the result using the MATLAB function “lyap.”

b. Determine if P is positive or negative (semi-)definite. What can be said
about stability of the origin of this system.

5. Given
)2?1 _ X1 (l—xlz—x%)—i-xz
X | | = x (1 —xf —x3)

a. Use the Lyapunov candidate function

where

V(x)=xi+x;

to determine the type of Lyapunov stability of the origin.
b. Find an invariant set.

c. Solve for V () as an explicit function of time and plot the trajectories of
V (¢) for V (0) = 0.01, 0.5, 1, 1.5, 2.
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6. Given
0O 1 0

A=|-1—-1-=-2
1 0 -1

Determine whether or not A is Hurwitz. If so, compute P using the Euler method
to integrate the differential Lyapunov equation

a2 _pa +ATP+1

dt
subject to P (0) = 0, where t is time-to-go. Plot all six elements of P on the
same plot and verify the result at the final time-to-go with the MATLAB function
Gélyap.’7

7. Use the Lyapunov’s direct method to determine an ultimate bound of the solution
x (t) for the following equation:

X = —x 4 costsint

subject to x (0) = 1. Plot the solution x (¢) for 0 <t < 20.
8. Given a non-autonomous system

X =(—2+4sint)x —cost

a. Show that the system is uniformly ultimately bounded by the Lyapunov
theorem for non-autonomous systems. Also determine the ultimate bound
of [|x]|.

b. Plot the solution by numerically integrating the differential equation and
show that it satisfies the ultimate bound.

9. Given
X =- (1 +sin2t)x + cost
a. Use the Lyapunov candidate function

Vi(x) =x2

to determine the upper bound of V (x) as a function of V (x).

b. Let W = +/V. Solve for the inequality W () as an explicit function of time
and determine the ultimate bound of the system.

c. Show that the system is uniformly ultimately bounded.

10. For the following functions:

a. f(t) =sin (e”z)
b. f (1) =e S
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11.

Plot f (¢) for t € [0, 5]. Determine whether or not the limit of f () exists as
t — oo and f (t) is uniformly continuous. If so, use the Barbalat’s lemma to
show that f (t) = 0ast — oo and verify by taking the limit of f (t)ast — oo.
Consider the following adaptive control system:

é=—e+06x
é = —Xe
where e (1) = x,, (t) — x (¢) is defined as the tracking error between a given
explicit reference time signal x,, (t) which is assumed to be bounded, i.e.,

Xn (1) € L, and the state variable x (). Show that the adaptive system is
stable and that e (t) — O as t — oo.
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Chapter 5
Model-Reference Adaptive Control

Abstract This chapter presents the fundamental theory of model-reference adaptive
control. Various types of uncertainty are defined. The composition of a model-
reference adaptive control system is presented. Adaptive control theory for first-
order single-input single-output (SISO) systems, second-order SISO systems, and
multiple-input multiple-output (MIMO) systems is presented. Both direct and indi-
rect adaptive control methods are discussed. The direct adaptive control methods
adjust the control gains online directly, whereas the indirect adaptive control meth-
ods estimate unknown system parameters for use in the update of the control gains.
Asymptotic tracking is the fundamental property of model-reference adaptive con-
trol which guarantees that the tracking error tends to zero in the limit. On the other
hand, adaptive parameters are only bounded in the model-reference adaptive control
setting.

When designing a controller for a system, a control designer typically would like
to know how the system behaves physically. This knowledge is usually captured
in the form of a mathematical model. For many real-world applications, modeling
of physical systems can never be perfect as systems may have parameter variations
due to nonlinearity, parameter uncertainty due to modeling inaccuracy or imprecise
measurements, uncertainty in exogenous disturbances coming from the operating
environment, or other sources of uncertainty. The role of a modeling specialist is
to reduce the system uncertainty as much as practicable. The control designer then
uses a mathematical model of the system to design a controller which may incorpo-
rate performance measures and stability margins to account for any residual system
uncertainty that cannot be completely accounted for.

In situations when the system uncertainty may become significant beyond a level
of desired tolerance that can adversely affect the performance of a controller, adaptive
control can play an important role in reducing the effects of the system uncertainty on
the controller performance. Situations that may warrant the use of adaptive control
could include unintended consequences of off-nominal modes of operation such
as system failures or highly uncertain operating conditions, and complex system
behaviors that can result in an increase in the complexity and hence cost of the
modeling efforts. In this chapter, the learning objectives are as follows:

© Springer International Publishing AG 2018 83
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in Control and Signal Processing, https://doi.org/10.1007/978-3-319-56393-0_5
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e To develop a basic understanding of system uncertainty and the composition of a
typical model-reference adaptive control system and its functionality;

e To be able to apply various model-reference adaptive control techniques for direct
and indirect adaptation for first-order, second-order, and MIMO systems;

e To be able to perform a Lyapunov stability proof of model-reference adaptive
control using the Lyapunov’s direct method and Barbalat’s lemma; and

e To recognize that model-reference adaptive control achieves asymptotic tracking
but only boundedness of adaptive parameters.

|

A typical model-reference adaptive control (MRAC) system block diagram is
shown in Fig.5.1.

There are generally two classes of adaptive control: (1) direct adaptive control and
(2) indirect adaptive control [1, 2]. Adaptive control architectures that combine both
types of adaptive control are also frequently used and are referred to as composite [2,
3], combined, or hybrid direct—indirect adaptive control [4]. A typical direct adaptive
controller may be expressed as

u=ky(t)x+k-(t)r (5.1

where k, () and k, (¢) are adjustable control gains. The mechanism to adjust these
control gains is via an adaptive law. Thus, a direct adaptive control in effect adjusts a
feedback control mechanism of a control system directly to cancel out any unwanted
system uncertainty so that the performance of the control system can be regained in
the presence of significant system uncertainty.

In contrast, an indirect adaptive controller achieves the same objective by adjusting
the control gains in an indirect way, which may be expressed as

u=ke(p@)x+k (p@)r (5.2)

where p (¢) are system parameters that are estimated online to update the control
gains.

Reference
Model

Im|

T +
C}tr@ u Uncertain Plant 'T_/!\

o

Adaptive Law

Fig. 5.1 A model-reference adaptive control system
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Example 5.1 Consider a second-order LTI system
X+ 2w, x +a)5x =u

A controller is designed to enable the output x (¢) to track a constant command
r (t) and meet performance specifications for a closed-loop damping of ¢, and a
bandwidth frequency of w,,. A PD (proportional-derivative) controller is designed
as
u=kpe+kgé+kr

where e (1) = r (t) — x (), to achieve the following closed-loop characteristic:
¥4 Qew, + ki) %+ (o) + k) x = (ke +kp)r

Choose
2

2 _ 2 — 2
w, +k, =w, =k, =w, — o,

2§wn + kd = 2é‘mwm = kd =2 ({mwm - Cwn)

kr = w,

Then, the output x (¢) tracks the command r (¢) as ¢t — oo.

Suppose the open-loop system natural frequency w, suddenly changes to a new
value @} which may be unknown. The closed-loop system can now have a drastically
different performance if the original control gains are used. To maintain the same
performance specifications, the ideal control gains must be
2

* 2 *2 2 *
ky, =w, —w,” =kp +w, —w,

ky=2 ({mwm - g‘w;f) =kg+2¢ (a),, - w:)
kX =a)7;2=k,—a),21+w;,"2

A direct adaptive controller seeks to adjust the original control gains k,, k4,
and k, toward the ideal control gains k%, k7, and k7, respectively, directly without
knowing the value of the uncertain parameter ;. On the other hand, an indirect
adaptive controller seeks to adjust the control gains by estimating online the uncertain
parameter w;, and use the estimate of w;; to re-compute the control gains as if the
parameter estimate is the true value. This approach is often referred to as the Certainty
Equivalence Principle.
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5.1 Composition of a Model-Reference Adaptive Control
System

5.1.1 Uncertain Plant

Adaptive control can deal with either linear or nonlinear plants with various types of
uncertainty which can be structured uncertainty, unstructured uncertainty, or unmod-
eled dynamics.

1. Structured uncertainty is a source of uncertainty with uncertain parameters but
known functional characteristics. It is also often referred to as parametric uncer-
tainty.

Example 5.2 A linear spring-mass-damper system with an uncertain spring constant
mX+cx+k*x=u

where k* is an uncertain parameter, is a system with structured or parametric uncer-
tainty. The function x (¢) associated with k* is a known characteristic that appears in
the structured uncertainty.

2. Unstructured uncertainty is a source of uncertainty for which neither parameters
or functional characteristics are certain.

Example 5.3 A spring-mass-damper system with an uncertain spring characteristic
mx +cx + f* (x,k*) =u

where f*() is an uncertain function, is a system with unstructured uncertainty.

3. Unmodeled dynamics is a source of uncertainty that represents system internal
or external dynamics that are not included in a plant model because they may be
unmeasurable, unobservable, or assumed incorrectly to be negligible.

Example 5.4 The following linear spring-mass-damper system has unmodeled
dynamics:
mX+cx+k*x=ciy+u

y =X +c3y

where y (7) is an internal system state that is not modeled, and ¢;, i = 1,2, 3 are
parameters.

4. Matched uncertainty is a type of structured uncertainty that can be matched by
the control input for a class of MIMO linear affine-in-control systems of the form

i=f@+Bu+0"To ()] (5.3)
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where x () € R” is a state vector, u (t) € R™ is a control vector, B € R" x R"
is a control input matrix, ©®* € R” x R™ is a matrix of uncertain parameters, and
@ (x) € R? is a known bounded regressor function.

The quantity ®*" @ (x) is called a parametric matched uncertainty since it appears
in the range space of the control input matrix B. Recall from linear algebra that a
range or column space of a matrix B consists of all possible products Bu. When a
parametric uncertainty is matched, the control input can cancel out the uncertainty
completely when the adaptation is perfect.

Example 5.5 The parametric uncertainty in the following LTI system:

=10 S]] ] G [2])

is a matched uncertainty where §; and §, are uncertain parameters.

5. Unmatched uncertainty is a type of uncertainty that cannot be matched by the
control input for a class of MIMO linear affine-in-control systems of the form

x=f(x)+Bu+0OT® (x) (5.4)

A parametric uncertainty cannot be matched if the control input matrix B €
R" x R™ is a non-square “tall” matrix, i.e., n > m, orif B € R" x R" is a rank-
deficient square matrix such that its inverse does not exist. In such a case, the
control input cannot completely cancel out the uncertainty by adaptive control.
Otherwise, the uncertainty may be cast as a matched uncertainty by the following
pseudo-inverse transformation:

f=f+Bu+B (BBT) 0o )] (5.5)

where BT (BBT) ~!is the right pseudo-inverse of a full-rank non-square “wide”

matrix B € R” x R™ with n < m and rank (B) = n, or where B" (BBT)_1 =
B~! for a full-rank square matrix B.

Example 5.6 The parametric uncertainty in the following LTI system:

o] _[-11 x| 1 "t S11x1 + 81222

)'Cz B -1 -2 X2 1 821X1 + 622)(2
is an unmatched uncertainty since B is a “tall” matrix. Intuitively, a tall matrix B
implies the number of control inputs is less than the number state variables. Therefore,

it would be difficult for the control inputs to cancel out the uncertainty in all the state
variables.
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Example 5.7 The parametric uncertainty in the following LTT system:

A1 [n] [t 2 . IR R
)'62 I = ) X2 1 2 —1 ZZ 521 522 X2
3

is actually a matched uncertainty since B is a full-rank “wide” matrix whose pseudo-
inverse exists

1
BT (BBT)™ =% 01
10

So, the system can be cast as

[

6.

al [t a2 e, oo oy
BT -1=2|x 12 —1 2 3 5? 22 X2
1

u3 312

Control input uncertainty is a type of uncertainty that exists in the control input
matrix for a class of MIMO linear affine-in-control systems of the form

%= f(x)+ BAu (5.6)

where A is a positive diagonal matrix whose diagonal elements represent the
control input effectiveness uncertainty which can be in the amplitude or in the
sign or both. When the uncertainty is in the amplitude, a control saturation can
occur and may worsen the performance of a controller. When the uncertainty is
in the sign, a control reversal can occur and potentially can cause instability.

An alternative form of a control input uncertainty is given by

x=fx+(B+AB)u (5.7

which is less common in adaptive control.

5.1.2 Reference Model

A reference model is used to specify a desired response of an adaptive control system

to

a command input. It is essentially a command shaping filter to achieve a desired

command following. Since adaptive control is formulated as a command following

or

tracking control, the adaptation is operated on the tracking error between the

reference model and the system output. A reference model must be designed properly
for an adaptive control system to be able to follow. Typically, a reference model is
formulated as a LTI model, but a nonlinear reference model can be used although
a nonlinear design always brings up many complex issues. A LTI reference model
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should capture all important performance specifications such as rise time and settling
time, as well as robustness specifications such as phase and gain stability margins.

Example 5.8 For Example 5.1, the reference model for an adaptive control system
could be selected to be a second-order system as

. . 2 2
Xm + 2é‘mwmxm + w,, Xm = W, T

where x,, () is amodel-reference signal that only depends on the reference command
input r (). [ |

The tracking error is defined as
e =X, —X (5.8)

The objective of an adaptive control system is to adapt to system uncertainty so as
to keep the tracking error as small as possible. In an ideal case when e () — 0, then
the system state follows the model-reference signal perfectly, i.e., x (t) — x,, (7).

5.1.3 Controller

A controller must be designed to provide overall system performance and stability
for a nominal plant without uncertainty. Thus, it can be thought of as a baseline or
nominal controller. The type of controllers is dictated by the objective of a control
design. A controller can be linear or nonlinear but as always nonlinear controllers
are much more difficult to design, analyze, and ultimately certify for operation in
real systems. The controller can be a nominal controller augmented with an adaptive
controller or a fully adaptive controller. The adaptive augmentation control design
is more prevalent and generally should be more robust than a fully adaptive control
design.

5.1.4 Adaptive Law

An adaptive law is a mathematical relationship that expresses explicitly how adaptive
parameters should be adjusted to keep the tracking error as small as possible. An
adaptive law can be either linear time-varying or nonlinear. In any case, stability of
an adaptive control system usually must be analyzed using Lyapunov stability theory.
Many different adaptive laws have been developed, and each has its own advantages
as well as disadvantages. Ultimately, designing an adaptive control system comes
down to a trade-off between performance and robustness. This trade-off can be made
by a suitable selection of an adaptive law and a set of tuning parameters that are built
into an adaptive law.
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5.2 Direct MRAC for First-Order SISO Systems

Consider a first-order nonlinear SISO system
Xx=ax+blu+ f(x)] (5.9)

subject to x (0) = x¢, where f (x) is a structured matched uncertainty that can be
linearly parametrized as

V4
) =D6/¢i(x) =0T (x) (5.10)
i=1

where @* = [91 0 ...0, ]T € R? is an unknown constant vector, and @ (x) =
[¢1 (x) @2 (x) ... ¢p (x) ]—r € R? is a vector of known bounded basis functions.

5.2.1 CaseI: a and b Unknown but Sign of b Known

A reference model is specified as
X = AmXm + b1 (5.11)

subject to x,, (0) = x,,,, Where a,, < 0 and r (1) € £ is a piecewise continuous
bounded reference command signal, so that x,, (¢) is a uniformly bounded model-
reference signal.

Firstly, define an ideal controller that perfectly cancels out the uncertainty and
enables x (¢) to follow x,, (¢) as

ut = k*x +kfr (1) — 0*T @ (x) (5.12)

where the superscript * denotes ideal constant values which are unknown.
Upon substituting into the plant model, we get the ideal closed-loop plant

&= (a+bk*) x + bk'r (5.13)

Comparing the ideal closed-loop plant to the reference model, the ideal gains &
and k' can be determined by the following model matching conditions:

a+bk* =a, (5.14)

bk* = by, (5.15)
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It turns out that the solutions for k} and & always exist since there are two
independent equations with two unknowns.

The actual adaptive controller is an estimate of the ideal controller with a goal
that in the limit the adaptive controller approaches the ideal controller. Let

u=ke()x+k ()r—O0" ()P (x) (5.16)

be the adaptive controller, where k, (¢), k. (t), and ® (¢) are the estimates of k, k',
and ®*, respectively.

The adaptive controller is a direct adaptive controller since k. (¢), k, (¢), and ® (¢)
are estimated directly without the knowledge of the unknown system parameters a,
b, and O©*.

Now, define the estimation errors as

ke (1) = ky (1) — K (5.17)
ke (1) = ke (1) — K (5.18)
O =01 —OF (5.19)

Substituting these into the plant model gives

% = | a+ bk +bk, | x + | bk +bk, | r —bOT® (x) (5.20)
—— ~——
am b

Let e (t) = x,, (t) — x (¢) be the tracking error. Then, the closed-loop tracking
error equation is established as

é = Xm — X = ape — bkyx — bk,r +bOT @ (x) (5.21)

Note that the tracking error equation is non-autonomous due to r (¢).

Now, the task of defining the adaptive laws to adjust &, (¢), &, (t), and © (¢) is
considered next. This can be accomplished by conducting a Lyapunov stability proof
as follows:

Proof Choose a Lyapunov candidate function

N L
V(e,kx,k,,@)ze spilZE+16Tr'6)>0 (522

X r

where y, > 0 and y, > 0 are called the adaptation (or learning) rates for k, (¢) and
k. (t),and I' = I'" > 0 € R” x R is a positive-definite adaptation rate matrix for
O (1).
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% (e, ki, k., (:)) is evaluated as

P Yk 2%k - :
% (e,kx,k,, @) —2eé + |b|( TR +2@Tr1@)

Vx Yr
2 i ]ch i ]LC’
= 2a,e” + 2k, |\ —ebx + |b| — )+ 2k, | —ebr + |b| —
Vx Vr
1267 [eb(D (x) + || F’l(j)] (5.23)

Since b = |b| sgnb, then V (e, Rk, @) <0if

k,
—exsgnb+ — =0 (5.24)

ky
—ersgnb+ — =0 (5.25)
e (x)sgnb+ 'O = 0 (5.26)

Because k¥, k', and ®* are constant, therefore from Egs. (5.17)—(5.19) Ich =k,,

x> Mo

lg,. = l%,, and ©® = ©. Thus, the following adaptive laws are obtained:

ky = yyxesgnb (5.27)
k = y,resgnb (5.28)
© = —I'® (x) esgnb (5.29)
Then,
Vv (e, ko, @) — 2a,¢> <0 (5.30)

Since V (e, ng, Igr, @) < 0,thene (1), k. (t),k, (t),and ® (t) are bounded. Then,

lim V (e, kv, ©) = V (€0, ki s ©0) +2an e} (531)

1—>00

where ¢ (0) = e, k, (0) = ky,, k. (0) = k,,, and & (0) = O.
So, V (e, sz, IE,, (:)) has a finite limit as ¢ — oo. Since ||e||, exists, therefore
e(t) e LN Lo, but é]| € Lo
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% (e, ng, 12,, (:)) can be shown to be uniformly continuous by examining its deriv-

ative to see whether it is bounded. V (e, %x, 12,, @) is computed as

% (e, ik, @) — dayeé = daye [ame — blox — blr +bOT @ (x)] (5.32)

Since e (1), ky (¢), k, (t), and © (t) are bounded by the virtue that 1% (e, IEX, IE,, é)

< 0, x (¢) is bounded because e (¢) and x,, (t) are bounded, r (¢) is a bounded ref-
erence command signal, and @ (x) is bounded because x (¢) is bounded; therefore,

1% (e, lzx, IE,, @) is bounded. Thus, 1% (e, lgx, lgr, @) is uniformly continuous. It fol-

lows from the Barbalat’s lemma that V (e, sz, 12,, é) — 0, hence e (t) — 0 as

t — oo. The tracking error is asymptotically stable, but the whole adaptive control
system is not asymptotically stable since k, (¢), k, (¢) and @ (¢) can only be shown
to be bounded.

5.2.2 Casell: a and b Known

If a and b are known, then the gains k, and k, need not be estimated since they are
known and can be found from the model matching conditions

a, —a
k., = 5.33
b (5.33)

bﬂ'l
k, = — 5.34
b (5.34)

Then, the adaptive controller is given by
u=kx+kr—0" 1) o (x) (5.35)

where only & () needs to be adjusted.
The tracking error equation is then obtained as

é=ane+bOTd (x) (5.36)
The adaptive law can be found to be

O =—-Td(x)eb (5.37)

Proof To show that the adaptive law is stable, choose a Lyapunov candidate function
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% (e, o) —P 406 >0 (5.38)
Then,

1% (e, (:)) = 2e¢ + ZQTF_I(; = 2ame2 +2eb6 T @ (x) — 20T ebd (x) = Zame2 <0
(5.39)

The Barbalat’s lemma can be used to show that the tracking error is asymptotically
stable, i.e., e (t) — 0 ast — oo.

Example 59 leta = 1,b = 1,a, = —1,b, = 1,r(t) = sint, and f (x) =
0*x (t), where 8* is an unknown constant but for simulation purposes is taken to be
6* = 0.1. Then, the control gains are computed as

The adaptive controller is given by

u=-—-2x+r—0x

0 = —yxeb

where y = 1 is chosen as the adaptation rate for 6 (¢).
Note that the controller is nonlinear even though the plant is linear. Figure5.2
illustrates a block diagram of the adaptive controller.

bm
i 8 — Qm

. ad Tm

N b s 5

koz + k1 — 0z} —2 — x
- s —a—bo* ‘KD

e

9 6 = —yex |

Fig. 5.2 Adaptive control block diagram
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1
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---0
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Fig. 5.3 Adaptive control system response

The results are shown in Fig.5.3. It can be seen that e (r) — Oand x (#) — x,, (¢)
as t — o0o. The estimate 6 () also converges to the correct value of the uncertain
parameter 6*, although the convergence is quite gradual. The convergence rate can
be increased by increasing the adaptation rate y, but a large value of y can lead to
an increase in the sensitivity of the control system to noise and unmodeled dynamics
that can lead to instability. In other words, a larger value of y results in a better
tracking performance but at the same time degrades the system robustness. In a
practical design, the adaptation rate must be chosen carefully to maintain a sufficient
robustness while achieving a desired level of performance.

5.3 Indirect MRAC for First-Order SISO Systems

Consider the system in Sect.5.2.1 with a and b unknown, but sign of b is known.
From the model matching conditions, if @ and b can be estimated, then the gain k,
and k, can be obtained. Therefore, the objective of indirect adaptive control is to
estimate system parameters which are then used to update the control gains. Hence,
indirect adaptive control is essentially a parameter identification method.

Let

k. (1) = % (5.40)
k(1) = 2 (5.41)
b
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Leta (r) = a(t) —a and b(t) = b (t) — b be the estimation errors. Now, the plant
model is expressed as

i=ax+ (B - 13) [u +0" @ (x)] (5.42)
Then, substituting Eqgs. (5.16), (5.40), and (5.41) into Eq. (5.42) yields

ay —a

. b
xzax+b[ ; x—l—?r—@T@(x)—i—@*T@(x)]

7~ m_A bm
By [a Oy - 0@ +60 e (x)]

b
2 ~ m 7 bm
:(am—d)x—l—bmr—b@T(D(x)—b(a - ax—l—?r) (5.43)
Let
i=k.(O)x+k (t)r (5.44)
Then, the tracking error equation is established as
6= %y — % = ape + ax + bii + bO' & (x) (5.45)

The Lyapunov’s direct method is now used to find the adaptive laws as follows:

Proof Choose a Lyapunov candidate function

L. 52 p? . .
V(e,a,b, o) =+ Ly L& >0 (5.46)
Vb

Va

where y, > 0 and y, > 0 are the adaptation rates for a (¢) and b (1), respectively.
Then, 1% (e, a, l;, (:)) is evaluated as

V(e,&,g,:):2eé+ + 22 4 op&Tre
Ya Yb
i\ i
=2a,e” +2a| xe+ — | +2b| ue + —
Ya Yb
+20p|60° [qs (x)esgnb+r—lé] (5.47)

Since a and b are constant, then G=aandb = b. Thus, the adaptive laws are
obtained as )
a = —y.xe (5.48)
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b = —yyiie (5.49)
© = —I'® (x) esgnb (5.50)

Then,
1% (e, a b, @) — 2a,6* <0 (5.51)

Since V (e, a, l;, @) <0, thene (1), a (1), b (1), and @ (t) are bounded. Then,

lim V (e, k. ke, ©) = V (e, o, bo, G) +2ap el (5.52)
—00
where ¢y and @Q are defined previously, a (0) = ag, and b 0) = by.

So, V (e, a, b, ®) has a finite limit as 1 — oo. Since lle]l, exists, therefore
e(t) e LN Ly, but e € L.

1% e, da, 15, @) can be shown to be uniformly continuous by examining its deriv-

ative to see whether it is bounded. V (e, a, 15, (:)) is computed as
v (e, a, b, @) = 4a,,eé = 4da,,e [ame +ax +bi+bO @ (x)] (5.53)

Since e (1), a (1), b (1), and © (r) are bounded by the virtue that 1% (e, a,b, @) <

0, x (¢)isbounded because e () and x,, (¢) are bounded, i (¢) is bounded because x (¢)
is bounded and r (¢) is a bounded reference command signal, and @ (x) is bounded

because x (¢) is bounded; therefore, 1% (e, a, b, (:)) is bounded. Thus, V (e, a, I;, @)

is uniformly continuous. It follows from the Barbalat’s lemma that 1% e, a, l;, @) —

0, hence e (t) — 0 as t — oo. The tracking error is asymptotically stable.
|

It should be noted that the possibility of b (t) = 0 does exist, and in such a case,
the control gains will “blow up.” Thus, indirect MRAC may not be as robust as direct
MRAC. To prevent this from occurring, the adaptive law for b (1) must be modified
so that the adaptation can take place in a closed subset of R that does not include
b () = 0. One technique for modification is the projection method which assumes a
priori knowledge of b [2].

Suppose a lower bound on b is known, i.e., 0 < by < |b|, then the adaptive law
can be modified by the projection method as

. A d|b
i =i if [B] > bo orif [B = by R (5.54)

0 otherwise
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The projection method is essentially a constrained optimization which will be
discussed in detail in Chap. 9. In the simplest term, the projection method allows the
adaptation to take place in such a manner that an adaptive parameter will not violate
its a priori bound. A simple explanation of the modified adaptive law is as follows:

Suppose one knows that b is bounded from below by by, i.e., |b| > by, then as

long as ‘1;‘ > by, the unmodified adaptive law can be used normally. Now, suppose
. ) d’é‘ d‘l;‘
‘b‘ = by, there are two cases to consider: o < 0 and - = 0.
d|l§‘ NS ) A ) .
1. If i < 0, then ‘b‘ is decreasing and ‘b‘ < bg at some time ¢ + At, which would

U

violate the constraint I

b > by. Therefore, to satisfy the constraint on b
d|b A N
2. On the other hand, if # > 0, then ’b is non-decreasing and ‘b) > by, so that

the unmodified adaptive law can be used normally.

The modified adaptive law thus guarantees that ‘l;) will always be greater than or
equal to by.

Proof Because of the modification, 1% (e, a, 15, @) will no longer be the same and
R d|}3‘
b T Thus,

is now dependent on the conditions on |b| and

. o 3 b
v (e, a.b. @) =2a,¢* + 25 iie + =
Vb

. d‘l;‘

2ane? <0 if [b| = by orif [B = by and S = 0
- . R d‘i;’ (555)
ane +2biie if [b| = by and Sl <0

N d|b
Consider the second case when ‘b‘ = by and # < 0 for which the sign definite-

. -~ d|b
ness of V (e, a,b, @) is still undefined. The condition g < 0 gives

db| .
e bsgnb = —ypuesgnb < 0 = uesgnb > 0 (5.56)

Since |b

= by, then

2biie =2 (B - b) e =2 HE( senb — [b| sgnb] fie = 2 (by — |b]) iiesgnb (5.57)
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Since |b| > by, which implies |b| = by + 6 > 0 where § > 0, then uesgnb > 0
implies ~
2bue = 2 (by — by — 8) uesgnb = —28uesgnb < 0 (5.58)
Therefore,

% (e, a. b, @) — Dape® + 2biie = 2ape® — 28iesgnb < 2ame® <0 (5.59)

Using the usual Barbalat’s lemma, one can conclude that e (t) — 0 as ¢t — oo.

5.4 Direct MRAC for Second-Order SISO Systems

Consider a second-order nonlinear SISO system
4+ 26wy +wpy = blu+ f (v, 3)] (5.60)

where ¢ and w, are unknown and f (y,y) = @*T® (y, y) is defined in a manner
similar to Eq. (5.10).
Letx; () =y (t),xo =y (¢t),and x (t) = [x1 (1) x2 (1) ]T € R?. The state-space
form of the system is
X=Ax+B[u+0*® (x)] (5.61)

0 1 0
A:[_wﬁ —2£wn] B:[b:| (5.62)

Let X, (1) = Yo (1), Xy, = Y (1), and X, (1) = [, (1) Xy ()] € B2 A
reference model is given by

where

Xm = ApXm + Bpr (5.63)

where r () € Ris abounded command signal, A, € R? x R? is Hurwitz and known,
and B,, € R? is also known.

5.4.1 CaselI: A and B Unknown but Sign of b known

Firstly, the ideal controller is defined as
ut*=Kx+k'r— 0o (x) (5.64)

where K} € R? and k} € R are constant but unknown ideal gains.
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Comparing the ideal closed-loop plant to the reference model, the model matching
conditions are
A+ BK; = Ay, (5.65)

Bk’ = By, (5.66)

Note that in general, one cannot always assume that K} and & exist because A,
A,,, B, and B, may have different structures that do not allow the solutions for K
and k' to be determined. In most cases, if A and B are known, then K and k' can
be designed by any standard non-adaptive control techniques to stabilize the closed-
loop system and enable it to follow a command. Then, A,, and B,, can be computed

from A, B, K7, and k;'.

Example 5.10 A second-order SISO system and a reference model are specified as

T N P DA N P

Then, utilizing the pseudo-inverse, K} and k' can be solved as

K*=(B"B) BT (A, —A) =0 1]([_016 _12} - [_01 _11]) =[-15-1]

ki=(B"B)"'B"B, =2

1o
Am:[—m —2}

Then, the solution of K is the same (verify!), but the model matching condition
is not satisfied since

Now, suppose

0 1
A+BK=[_16_2]7£Am

Thus, it is important to state an explicit assumption that there exist constant but
unknown K and £ such that the model matching conditions are satisfied. For a
second-order SISO system, the model matching conditions are satisfied if A,, and
B,, have the same structures as those of A and B, respectively.

A full-state feedback adaptive controller is designed as

u=K,()x+k ()r —O"® (x) (5.67)

where K, () € R®> and k, () € R.
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Let K, (1) = K, (t) — K*, k, (1) = k, (t) — k*, and O (1) = O (1) — O* be the
estimation errors, then the closed-loop plant becomes

%=|A+BK'+BK, | x+ | Bk +Bk, | r — BO"® (x) (5.68)
— ~
Am Bm

The closed-loop tracking error equation is now obtained as
é =%, —Xx=Ane— BK.x — Bk,r + BOT® (x) (5.69)
where e (1) = x,, (1) — x (1) € R

Proof To find the adaptive laws, choose a Lyapunov candidate function

T D) — T ”71”T§ 5T r—14
V(e Kk @) =e"Pe+b|| K. IR + = +07r;'@)>0 (5.70)
Vr

where I, = I'" > 0 € R? x R? is a positive-definite adaptation rate matrix for

K, (t)and P = PT > 0 € R? x R? that solves the following Lyapunov equation:
PA,+AlP=-0 (5.71)

where 0 = Q7 > 0 € R? x R%.
Then, V (e, I?X, 12,, @) is evaluated as

. S -~ ~ 2 212,1?, ~ 2
v (e, Kook, @) —¢TPe+e P+ || (21@@119T + 2 42670
Vr )
(5.72)
Substituting the tracking error equation yields

% (e, Rk @”) —¢" (PA,+ Al P)e+2¢"PB [—Iéxx —kr+ 670 (x)]

. s 2kk - -
+ |b| (2er;11<j +—+ 2@TF(,)1@) (5.73)

Yr
Let p;j,i = 1,2, j = 1,2, be the elements of P and notice that
2¢"PB=2"PhbeR (5.74)

where P = [plz pzz]T.
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Then, V (e, K., k. ~) can be expressed as

e
®

% (e, 3 ) — —¢" Qe+ 2 bl sgn (b) [—I%xx —kr+67e (x)] TP

5 o=l T 2k, k, ST =1
+ bl 2K, K] + 2 4207516 (5.75)

'

or

1% (e, I%x, l;r, (:)) = —eTQe + 2 |b| I?X (—xeTﬁsgnb + Fx_llé;)
+2b| k, (—reTPsgnb + —)

Vr
+216 67 [@ (v) e Psgnb+ ;56| (5.76)

Thus, the following adaptive laws are obtained:

K| = I.xe" Psgnb (5.77)
k. = y,re’ Psgnb (5.78)
© =—To® (x)e' Psgnb (5.79)
It follows that
V(e Kiiky 6) = —eT Qe = =hnin (Q) lell} <0 (5.80)

Since V (e, kx, lg,, @) < 0, therefore e (¢), K (t), k, (t),and @ (¢) are bounded.
Then,

lim V (e, Rikr, ©) =V (e0. Rugs ks B0) = A (@) el (581

1—>00

So, V (e, Kx, Igr, @) has a finite limit as # — oo. Since | e||, exists, therefore
e(t) e LN Lo, but é] € L.

Vv e, I?X, /2,., (5)) can be shown to be uniformly continuous by examining its
derivative to see whether it is bounded, where

V (e, Rk @) =—¢"Qe—e"Qi=—c" (QA+ATQ)e

270 [Ame — BR.x — Bior + BOT @ (x)] (5.82)
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Since e (1), K (t), k, (t),and @ (¢) are bounded by the virtue of 1% (e, K., k. @)
< 0, x (¢) is bounded because e (¢) and x,, (t) are bounded, r (¢) is a bounded
reference command signal, and @ (x) is bounded because x () is bounded, therefore

%4 (e, I@, 12,, @) is bounded. Thus, 1% (e, I@, I;r, (:)) is uniformly continuous. It

follows from the Barbalat’s lemma that V (e, I?X, 12,, @) — 0, hence e (1) — 0 as
t — oo. Therefore, the tracking error is asymptotically stable.

Example 5.11 Design an adaptive controller for a second-order system
Jt+2%oytapy=blut oo ()]

where ¢ > 0, w, > 0,b > 0,and ©*T = [ 6} 65 | are unknown, and

1
D (y) = [y21|

The reference model is given by
Vm + 28m @ Ym + a),z,,ym = b,r

where ¢, = 0.5, w,, = 2, b, = 4, and r (t) = sin2¢t. For simulation purposes,

the unknown parameters may be assumed to be { = —0.5, w, = 1, b = 1, and
T = [0.5 —0.1 ]
Note that the open-loop plant is unstable with the eigenvalues A (A) = # on

the right half plane, and the ideal control gains K and k" exist and are equal to

K:=(B"B) ' BT (A, —A) =[-3-3]

S
3

Let I, = diag ()/x. , sz) and I'p = diag (]/91 , }/92). Then, the adaptive laws are
. ];x = 0 X i
KI'=|." =erTPsnb=|:yx‘ i||:1i|ee 8
x |:kx2:| * i,(_)« 0 v, || x2 [e1e2] <
1

_ 1 5 Vxlxl
- (86‘ + 1682) [yxm
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. _ 1 5
k, = y,reTPsgnb = (gel + Eez) V¥

s é] _ Tp _ Yo, 0 1
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Fig. 5.4 Adaptive control system response

For simulations, all adaptation rates are chosen to be 100 and all initial conditions
are set to zero. The results are shown in Figs.5.4 and 5.5.

It is noted that the plant follows the reference model very well only after a short
time, but the adaptive gains K, () and k, (t) and the adaptive parameter © (t) are
converging much more slowly. When they converge, some of them do not converge
to their true values, such as k,, (¢) and k, (). This is one of the properties of MRAC
whereby there is no assurance on the convergence of adaptive parameters to their
true values.
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Fig. 5.5 Adaptive gains and adaptive parameters

5.4.2 Casell: A and B Known

If A and B are known, then it is assumed that there exist K, and k, that satisfy the
model matching conditions
A+ BK,=A, (5.83)
Bk, = B, (5.84)
For a second-order system, if A,, and B,, have the same structures as those of A
and B, respectively, then K, and k, can be determined by using the pseudo-inverse
method.
Let the adaptive controller be
u=Kx+kr—0"® (x) (5.85)
Then, the closed-loop plant is
x=(A+ BK,)x + Bk,r — BO ' & (x) (5.86)

and the tracking error equation is

é=Ane+ BOTD (x) (5.87)
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Proof Choose a Lyapunov candidate function
v (e, @) —e Pet®Tr 167 (5.88)
Then, 1% (e, é) is evaluated as
1% (e, o) = —¢"Qe+2PBO P (x)+207 6 (5.89)
Since ¢" PB € R is a scalar value, then
% (e, @) = —¢"0e+207d (x)e PB+20TT16
= —¢TQc+207 [cp (x)eTPB + F—'é] (5.90)
Thus, the following adaptive law is obtained:
®=—-I®(x)e' PB (5.91)

Then,
V (e.8) = =T 0e = —in (0) el (5.92)

Therefore, e (t) and ©® () are bounded. Using the same argument with the
Barbalat’s lemma as in the previous sections, one can conclude that 1% (e, @) is

uniformly continuous so 1% (e, (:)) — 0 as t — oo. Therefore, the tracking error is
asymptotically stable with e () — 0 as ¢t — oo.

5.5 Indirect MRAC for Second-Order SISO Systems

Indirect MRAC for second-order systems is similar to that for first-order systems.
Consider the second-order system in Sect.5.4.1 with A and B unknown, but sign
of b is known. Assuming that there exist K, and k, that satisfy the model matching
conditions, and furthermore that A,, and B,, have the same structures as those of A
and B, respectively, then A and B can be estimated. Let

0 1 0 0 0
A e 1 e Rt
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The model matching conditions are

A +BOK, ()= A, (5.94)

B (t)k, (t) = B (5.95)

from which K, (¢) and &, (¢) are determined by

Kx:<l§Té)7léT (Am_A):%[OB][ —w? O—i—a) 2§mwf+22@n]

m

1 . A
=z [ 2 + &2 28,0 + 20, | (5.96)

NI 1.
k,:(BTB) BTBm=A—2[0b][b(r)J=%’” (5.97)

where A (1), B (1), @, (1), and ;“ (t) are estlmates of A, B, w,, and ¢, respectively.

Let A (1) = A (1) —Aand B (1) = B (t) — B be the estimation errors. Now, the
plant model is expressed as

i= (A - A) X+ (é - é) [u +ot o (x)] (5.98)
Then, substituting Eqgs. (5.67), (5.96), and (5.97) into Eq. (5.98) yields
- (A - A) x+B [Kxx Yk —O@ @)+ O (x)]
_B [Kxx Yk -0 @)+ O (x)]

=(A+BK,—A)x+ Bk, r—BO & (x) — B (K.x + k1) (5.99)
—

Am By,

Let
=K. ()x+k (t)r (5.100)

Then, the tracking error equation is established as
¢=1d, —i=Ane+Ax+ Bi+BO @ (x) (5.101)

Proof Proceed as usual by choosing a Lyapunov candidate function

e . - - BTRB - -
% (e, A B, @) — ¢T Pe + trace (AF;‘AT) + +1p16TT5'6  (5.102)
Vb




108 5 Model-Reference Adaptive Control

where I'y = I') > 0 € R? x R? is a positive-definite adaptation rate matrix for
A (1).

Note that the matrix trace operator is used in the Lyapunov function to map a
matrix product into a scalar quantity.

1% (e, A, f?, (:)) is evaluated as

% (e, A, é, @) = —eTQe +2e'P [Ax + Bi+BOT® (x)]

~ —1 :'T ZBTB ~T 1 p
+ trace (ZAFA A )+ 1206|6756 (5.103)

Vb
Now, consider the trace operator of a product of two vectors C = [c1 Cr...Cp ]T €
R" and D = [dl d ... d,,]T € R". Note that C'D = DTC € Rand CD" €
R"™ x R". Then, one of the identities of a trace operator is as follows:

trace (CD") =C'D=D'C (5.104)

This can be shown by evaluating both sides of the identity as

C'D=D"C = Zcidi (5.105)

i=1
cpT ={ad;} i j=12.....n (5.106)

The trace operator is the sum of all the diagonal elements. Therefore,
J
trace (CD") = > ¢;di =C"D=D"C (5.107)
i=1

Now, utilizing this trace identity, one can express
2(c"P) (Ax) — trace (2AxeTP) (5.108)

Also note that y y
2("P) (B) =287 Pe (5.109)

and

2(e" PB) [(S)ch (x)] —207d (x)e " PB=20Td (x)e P b|sgn () (5.110)

since the terms ¢' P B and e P B are scalar quantities (verify!), where P is defined
previously. Therefore,
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L s i . _ B
V(e A B.6) =—eT Qe +uace 24 (xe TP+ 1y AT)] 4287 (Peﬁ + )
z

1215167 [qa (x)eTﬁsganrr(;‘é] (5.111)

The following adaptive laws are then obtained:

A

AT = —I'yxe' P (5.112)
B = —y,Peii (5.113)
O = —To® (x)e' Psgnb (5.114)

It follows that e (¢), A (1), B (1), and @ (¢) are bounded since

1% (e, A, B, @) =—e' Qe < —hmin (0) |lell? (5.115)

\% (e, A, B, (:)) has a finite limit as ¢t — o0 since

V(i —00)=V() - /Oo Domin (Q) llel|* dt < o0 (5.116)

o

It can be shown that V (e, A, E,é) is uniformly continuous because

1% (e, A, B, (:)) is bounded. Then, applying the Barbalat’s lemma, one can conclude

that the tracking error is asymptotically stable with e (r) — 0 ast — oo.

|
Let
2 . 0 1 N
A=[01]A=[01] ot 280 =[-&2 -2ty | (5.117)
and since 0
13:[01]1%:[01][[;] (5.118)

then the adaptive laws can be expressed in terms of the estimates of the unknown
quantities w, and ¢ as

A

Al = —Iyxe' P [ﬂ =—Tyxe' P (5.119)



110 5 Model-Reference Adaptive Control

b=—y,[01]Peit = —y,P el = —ypite’ P (5.120)
Let
|7 0
Iy = [ f y{} -0 (5.121)
Then, p
o (—@p) = —Voxie P (5.122)
or B
. 2 p
by = T2t (5.123)
20,
and 4 '
= (—225)n) = 20,8 — 28dy = —yexae P (5.124)
or .
X (VIXZCA‘)H - Va}xlC) e'P
= (5.125)

~2
207

To prevent the possibility of @, (t) = 0 or b (1) = 0 that will cause the adaptive
laws to blow up, both the adaptive laws for estimating @, (t) and b (r) need to be
modified by the projection method according to

C;bn: % ifc?)n>'w0>00rifc?)n:a)0andcf),120 (5.126)
0 otherwise

. s s al

b= —ypite P if ’b’ > by or if ‘b‘ = bg and - =0 (5.127)

0 otherwise

In the modified adaptive law for @, (), itis assumed that @, (¢) is always a positive
quantity for a physically realizable system.

5.6 Direct MRAC for MIMO Systems

Consider a MIMO system with a matched uncertainty

¥=Ax+ BA[u+ f (0)] (5.128)
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where x (t) € R”" is a state vector, u () € R™ is a control vector, A € R" x R"
is a constant, known or unknown matrix, B € R" x R is a known matrix, A =
AT = diag (A1, A2, ..., Ay) € R” xR™ is a control input uncertainty and a diagonal
matrix, and f (x) € R™ is a matched uncertainty that can be linearly parametrized as

f@x)=0"®(x) (5.129)

where ®* € R! x R™ is a constant, unknown matrix, and @ (x) € R’ is a vector of
known and bounded basis functions.

Furthermore, it is assumed that the pair (A, B A) is controllable. Recall that the
controllability condition ensures that the control input u (¢) has a sufficient access to
the state space to stabilize all unstable modes of a plant. The controllability condition
can be checked by the rank condition of the controllability matrix C, where

C=[BA|ABA| A’BA|...| A"'BA] (5.130)

The pair (A, B A) is controllable if rank (C) = n.
The reference model is specified by

Y = ApXm + Bur (5.131)

where x,, (1) € R" is a reference state vector, A,, € R” x R" is known and Hurwitz,
B,, € R" x R? is known, and r (t) € RY is a piecewise continuous and bounded
command vector.

The objective is to design a full-state adaptive controller to allow x (¢) to follow
X (1).

5.6.1 Casel: A and A Unknown, but B and Sign of A Known

Firstly, it must be assumed that there exist ideal control gains K and K such that
the following model matching conditions are satisfied:

A+ BAK! = A, (5.132)
BAK' =B, (5.133)
If A,, and B,, have the same structures as those of A and B A, respectively, or

if BA is a square and invertible matrix, then there exist K} and K that satisfy the
model matching conditions.

Example 5.12 A MIMO system and a reference model are specified as

11 11 0 1 20
Az[—l—l]BA:[OJ’A’"Z[—m—z]’B’"Z[m]
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Then,

K'=(BA) (A, - A) = [_1;‘5 _11]

K = (BA)™ B, = [g _11}

Define an adaptive controller as
u=K,()x+K,t)r—0"®d (x) (5.134)
where K, (1) e R" x R", K, (t) € R" x R?, and O (1) € R! x R™ are estimates of
K}, K, and ©®*, respectively.

LetK, (1) =K, (1) — K, K, (t) = K, (t) — K},and O (1) = O (t) — O* be the
estimation errors. Then, the closed-loop plant model is expressed as

¥=|A+BAK'+BAK, | x + | BAK* +BAK, | r — BAOT® (x) (5.135)
N ——’ N —
Am Bm

The closed-loop tracking error equation can now be formulated as
é =%y —x=Ane— BAK,x — BAK,r + BAO"® (x) (5.136)

Proof To derive the adaptive laws, choose the following Lyapunov candidate func-
tion:

% (e, R. K. é) — ¢ Pe + trace (|A| IEXFX‘IIEXT) + trace (|A| 1%,1*;112])

+ trace (|A| @TF@_'@) (5.137)

1% (e, K., K,, @) is evaluated as

1% (e, R R, @) — —¢TQe+2P [—BAIZXx — BAR,r + BAO @ (x)]
+ 2trace (|A| R.KT )
+ 2trace (|A| I%,ITIIL(:) + 2trace (|A| (:)TF@_IGL))
(5.138)

Utilizing the trace property trace (CDT) = D'C and A = sgnA|A| where
sgnA = diag(sgnij, sgni,, ..., sgni,), then notice that
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¢TPBAR x = ¢ " PBsgnA | A| R x = trace (|A| ExxeTPBsgnA) (5.139)
e PBAK,r = trace (|A| IZ,reTPBsgnA) (5.140)

¢ PBAOT @ (x) = trace (|A| OTd (x) eTPBsgnA) (5.141)

Then,

\% (e, K., K,, @) = —e' Qe + 2trace (|A| K, [—xeTPBsgnA + Fx’llgj])
+ Dtrace (|A| . [—reTPBsgnA + F;‘f(j])

+ 2trace (|A| &7 [Cb (x) T PBsgnA + r(;l(i)]) (5.142)

Thus, the adaptive laws are obtained as

K| = Ixe" PBsgnA (5.143)
K' = Ire" PBsgnA (5.144)
6 =—Tp® (x)e' PBsgnA (5.145)

It follows that e (¢), K, (1), K, (1), and © (¢) are bounded since
V(e R e 0) = —¢" Qe = —hnin (Q) lle]* <0 (5.146)

Using the usual argument with the Barbalat’s lemma, the tracking error is asymp-
totically stable with e (f) — 0 as t — oo.

Example 5.13 Let x (1) = [xi (D x2()], u@) = [ @) ua )], @ (x) =

[xl2 x3 ]T, A is unknown, A is unknown but A > 0 so sgnA = I, and B is known

and given by
11
7= [1]

A second-order reference model is specified by
xlm + 2é-mwm-xlm + C()yznxlm = bmr

where ¢, = 0.5, w,, = 2, b,, = 4, and r (t) = sin 2¢. For simulation purposes, the
true A, A, and ®* matrices are
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11 0 02 0
_ — 5 ) —
a=[ 4 4] a=[58] e =V 6]

Since B A is non-singular and invertible, K and K* exist and are equal to

NESS R R
Ki= Byt B, = | J_l HEE

Wl

K:=(BA (A, - A = [0

STV

S vk
SNFNEUATS

Let O = I, then the solution of the Lyapunov equation is

- lj|
8
P = s
| 8 16

Let I, = diag (yx,, ¥x), I+ = . and T'p = diag (ys,, ys,). Then, the adaptive
laws are

00— W

313

. 0 X 5 %

K' = xe' PBsgnA = Vxi "1e e 28

: 2 [0 m”xz levee )15
!

_ | vexi (Ger + ged) vexi (Fen + gea)
otz (3e1 4 362) Y2 (Fe1 + fge2)
3 13

KT = e PBsgna = yr [e1 2] [? 5} = [yr (o1 + o) yor (et + o) ]

8 16
For simulation, all adaptation rates are chosen to be 10 and all initial conditions
are set to zero. The results are shown in Figs. 5.6, 5.7, 5.8, and 5.9.

It can be seen that the tracking error tends to zero so that x (¢) follows x,, (). Also
note that K, (¢) and some elements of K (¢) do not converge to their ideal values.

w

[~ |

0 ys,

)

2 31
O =—I1pd (x)eTPBsgnA = — [Ve, 0 i| |:§12i| [el ez] |:%
2 8

_ [t G+ ge2) waxd (Fer + 5e2)
ve13 (3o + Les) vk (Rer + Freo)
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Fig. 5.6 Adaptive control system response
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5.6.2 Casell: A, B, A = I Known

The plant model is given by
X=Ax+Bu+ 0" )] (5.147)

where both A and B are known.
Assuming that there exist K, and K, that satisfy the model matching conditions

A+ BK,=A, (5.148)
BK, = B, (5.149)

then an adaptive controller is designed as
u=Kx+Kr—0T1)® (x) (5.150)

Let ® (1) = © (1) — O* be the estimation error, then the closed-loop plant model
is

x=|A+BK,|x+BK,r—BOT® (x) (5.151)
N— ——’ N——
Am B

The closed-loop tracking error equation is obtained as
é=1Jpy—Xx=Ane+ BOTD (x) (5.152)
Proof Choose a Lyapunov candidate function

v (e, @) — ¢ Pe + trace (@Trlé) (5.153)

<.
—~
[
()
~
Il

—e' Qe + 2¢"PBOT® (x) + 2trace (@Tfé)

—¢T Qe + 2trace (éT [@ (x)¢TPB + F@]) (5.154)

The adaptive law is )
®=—-I'®(x)e PB (5.155)

Using the Barbalat’s lemma, the tracking error can be shown to be asymptotically
stable with e (t) — 0 ast — oo.
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5.7 Indirect MRAC for MIMO Systems

For the system in Sect.5.6.1 with A and A unknown but B and sign of A known,

assuming that BA € R" x R™ is invertible and n < m, then there exist K} and K}
that satisfy the model matching conditions such that

Ky =BA)™ (Ay—A) (5.156)

K= (BA)'B, (5.157)

If A (t) and A (t) are estimates of A and A, then the estimates of K} and K are
given by

K, (1) = [B/i (t)]_] [A,,, —A (t)] (5.158)
. —1
K, (1) = [BA (t)] By, (5.159)

. -l
Note that if n < m, then [BA (t)] is defined by the right pseudo-inverse

N R R —1
AT ()BT [BA ) AT (1) BT] .
Let the adaptive controller be

u=K.O)x+K, ()r—0T (1) ® (x) (5.160)

Let A () = A () —Aand A (t) = A (t) — A be the estimation errors. Then, the
closed-loop plant model is expressed as

i=Ax+B (A — A) [Kxx +Kr—60"T® (x)]
- (A +A, — A) X+ B,r—BAK.x +K,r)—BAOT® (x)  (5.161)

Let
u=Kx+K,r (5.162)

Then, the tracking error equation is obtained as
=1y —XxX=Ane+ Ax + BAi+ BAO® @ (x) (5.163)
Proof Choose a Lyapunov candidate function

\% (e, A, l§, @) = eTPe+trace (AF;lﬁT)+trace (AFXIAT)+trace (IAI @TF(;] (:)) (5.164)
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Then,

% (e, A, B, @) = —¢TQe+2eTP [Ax +BAi+ BAG @ (x)]

+ 2trace (AFA_IZT) + 2trace (AFXIXT) + 2trace (\AI (:)Tl"(gl(;) (5.165)

Utilizing the following relationships:
e PAx = trace (AxeT P) (5.166)
T PBAi = trace (/iﬁeTPB) (5.167)
¢TPBAOT® (x) = T PBsgn(A)|A]OT & (x) = trace (|A| éTo (x)eTPBsgn(A)) (5.168)
we obtain
1% (e, A, B, @) = —e' Qe + 2trace (A [xeTP + FA_IAT])
+ 2trace (A [ﬁeTPB + FA_'/iT])
+ 2trace (|A| o7 [@ (x)e” PBsgn (A) + 1};1@]) (5.169)

from which the adaptive laws are obtained as

A

AT = —TIyxe' P (5.170)
AT = —T,ie' PB (5.171)
® = —To® (x)e' PBsgnA (5.172)

Since V (e, A, B, (S)) < —Apin (O) el < 0 and V (e, A, B, @) € %, then

1% (e, A, B,©O)is uniformly continuous. In addition, V (f — o0) < V (t). There-
fore, according to the Barbalat’s lemma, the tracking error is asymptotically stable

with e (t) - 0ast — oo.
[ |

Because A (¢) is involved in a matrix inversion operation, A (1) cannot be singular
assuming B is non-singular. Therefore, the adaptive law for A () needs to be modified
by the projection method if a priori knowledge of the bounds on the elements of A

i,’,‘ < 1, and the

is available. Suppose the diagonal elements are bounded by A;, <

S 69 i # j'
Then, the modified adaptive law for the diagonal elements can be expressed as

non-diagonal elements are bounded to be close to zero such that ‘)A»,- i
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= iy and@ >0, or if

; — (Fp@e” PB) b (l|3;l =0

B = if1 >

> A.io, or if ‘)\.ii

iii‘ = land

0 otherwise
(5.173)
and the modified adaptive law for the non-diagonal elements can be expressed as

|| 0

A —(rpue™PB) . if =eand - < (5.174)

)"ij = Jji
0 otherwise

A

)‘ij <eg, orif )‘ij

5.8 Summary

In situations when the system uncertainty may become significant beyond a level of
desired tolerance that can adversely affect the performance of a controller, adaptive
control can play an important role in reducing the effects of the system uncertainty on
the controller performance. Situations that may warrant the use of adaptive control
could include unintended consequences of off-nominal modes of operation such
as system failures or highly uncertain operating conditions, and complex system
behaviors that can result in an increase in the complexity and hence cost of the
modeling efforts.

There are generally two classes of adaptive control: (1) direct adaptive control
and (2) indirect adaptive control. Adaptive control architectures that combine both
types of adaptive control are also frequently used and are referred to as compos-
ite, combined, or hybrid direct—indirect adaptive control. Adaptive control can deal
with either linear or nonlinear plants with various types of uncertainty which can be
structured uncertainty, unstructured uncertainty, or unmodeled dynamics. Matched
uncertainty is a type of structured uncertainty that can be matched by the control
input for a class of MIMO linear affine-in-control systems. Adaptive control sys-
tems can be designed to provide cancellation of a matched uncertainty. When an
uncertainty cannot be matched, it is called an unmatched uncertainty. Adaptive con-
trol systems can be designed to accommodate unmatched uncertainty, but cannot
cancel the unmatched uncertainty in general. Control input uncertainty is a type of
uncertainty that exists in the control input matrix for a class of MIMO linear affine-
in-control systems. Control input uncertainty can be in the amplitude or in the sign or
both. When the control input uncertainty is in the amplitude, a control saturation can
occur and may worsen the performance of a controller. When the input uncertainty is
in the sign, a control reversal can occur and potentially can cause instability. Control
input uncertainty in general presents more challenges to adaptive control designers.

A reference model is used to specify a desired response of an adaptive control
system to a command input. It is essentially a command shaping filter to achieve
a desired command following. Since adaptive control is formulated as a command
following or tracking control, the adaptation is operated on the tracking error between
the reference model and the system output. A reference model must be designed
properly for an adaptive control system to be able to follow.
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Various direct and indirect model-reference adaptive control techniques for first-
order and second-order SISO systems and MIMO systems are presented. MRAC
can be shown to achieve asymptotic tracking, but it does not guarantee that adaptive
parameters converge to their true values. The Lyapunov stability theory shows that
adaptive parameter estimation errors are only bounded but not asymptotic.

5.9 Exercises

1. Consider a first-order nonlinear SISO system with a matched uncertainty
X =ax+b[u+9*¢(x)]

where a is unknown, but b is known, 6* is unknown, and ¢ (x) = x2.
A reference model is specified by

)‘Cm = QuXm + bmr

where a,, < 0 and b, are known, and r (¢) is a bounded command signal.

a. Design and implement in Simulink a direct adaptive controller that enables
the plant output x (¢) to track the reference model signal x,, (¢), given b = 2,
an, = —1,b, =1, and r (t) = sint. For adaptation rates, use y, = 1 and
y = 1. For simulation purposes, assume a = 1 and 8* = 0.2 for the
unknown parameters. Plot e (¢), x (¢), x,,, (¢), u (¢), and 6 (¢) for t € [0, 50].

b. Show by the Lyapunov stability analysis that the tracking error is asymptot-
ically stable, i.e., e (f) — O ast — oo.

c. Repeat part (a) for r (¢) = 1 (¢) where 1 (¢) is the unit step function. Plot the
same sets of data as in part (a). Comment on the convergence of &, (¢) and
0 (t) to the ideal values k7 and 6*.

2. Consider the following first-order plant
X =ax +b[u+9*¢(x)]

where a , b > 0, 0* is unknown, and ¢ (x) = x2. Design an indirect adaptive
controller in Simulink by estimating a, b, and 6* so that the plant follows a
reference model

Xm = AmXym + b1

where a,, = —1, b,, = 1, and r (¢) = sint. For simulation purposes, use a = 1,
b=1,0*=0.1,x (0) = x, (0) =1,a (0) :0,13(0) =15 v=w=vw=1
Also assume that a lower bound of b is by = 0.5. Plot the time histories of e (1),
x (1) vS. X (1), 4 (t), b (1), and O (1) for t € [0, 50]
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3. Derive direct MRAC laws for a second-order SISO system
¥+ 2wy +wpy =blu+ 0T (]

where ¢ and w, are unknown, but b is known. Show by applying the Barbalat’s
lemma that the tracking error is asymptotically stable.

Design a direct adaptive controller for a second-order system using the following
information: » = 1, ¢, = 0.5, w,, = 2, b,, = 4, r (t) = sin2¢t, and

1
D (y) = [yz]

For simulation purposes, the unknown parameters may be assumed to be { =
—0.5, w, = 1,and ®*T =[0.5 —0.1 ], and all initial conditions are assumed to
be zero. Use I, = I'y = 1001. Plot the time histories of e (¢), x (¢) vs. x,, (1),
K, (1), and @ (¢) for t € [0, 100].

4. For Exercise 3, suppose b is unknown, but b > 0 is known. Design an indirect
adaptive controller in Simulink. For simulation purposes, all initial conditions are
assumed to be zero, except for @, (0) = 0.8 and b (0) = 0.6. For simplicity, use
the unmodified adaptive laws for @, (¢) and b (). Use v, =¥ = y» = 10 and
Ty = 101. Plot the time histories of e (1), x (1) VS. Xy, (1), &p (£),  (£), b (1), and
O (1) for ¢t € [0, 100].

5. Thus far, we have considered adaptive control with a matched uncertainty as a
function of x. In physical systems, an external disturbance is generally a function
of t. Adaptive control can be used for disturbance rejection if the disturbance
structure is known. Suppose the matched uncertainty is a function of ¢, then all
the adaptive laws can still be used by just replacing @ (x) by @ (¢), assuming
@ (1) is known and bounded.

Consider the following first-order plant:

X:ax+b[u+9*¢(r)]

where a , b, and 0* are unknown, but » > 0 is known, and ¢ () = sin 2t — cos 4+.
Design an indirect adaptive controller in Simulink by estimating a, b, and 6* so
that the plant follows a reference model

)‘Cm = uXm + bmr

where a,, = —1, b,, = 1, and r (¢) = sint. For simulation purposes, use a = 1,
b=1,0=0.1,x(0) =x, (0)=1,a(0) =0,13(0) =15v=w=yvw=1
Also assume that a lower bound of b is by = 0.5. Plot the time histories of e (¢),
x (1) vs. X (1), 4 (1), b (), and O (1) for t € [0, 50].
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6. Derive direct MRAC laws for a MIMO system

X=Ax+Bu+ 0T (x)]

where A is unknown, but B is known. Show by applying the Barbalat’s lemma
that the tracking error is asymptotically stable.
-

. T T
Givenx (1) = [ () x20] . u@®) = [w ) us (0], & (x) = [x7 23],
and
11
7= [o1]
design a direct adaptive controller in Simulink for the MIMO system to follow a

second-order SISO system specified by

Xm = Aux + B,r

0 1 0
o= S5 e[
For simulation purposes, the unknown parameters may be assumed to be
1 1 «_ 102 0
A:[—1 —1] © —[ 0 —0.1]

and all initial conditions are assumed to be zero. Use I, = I'¢ = 101. Plot the
time histories of e (¢), x (¢) vs. x,, (t), K, (t), and ® (¢) for ¢ € [0, 100].

where r (t) = sin 2t and
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Chapter 6
Least-Squares Parameter Identification

Abstract This chapter presents the fundamental theory of least-squares parameter
identification. Least-squares methods are central to function approximation theory
and data regression analysis. Least-squares methods can also be used in adaptive
control as indirect adaptive control methods to estimate unknown system parameters
to provide the information for adjusting the control gains. The batch least-squares
method is often used for data regression analysis. Least-squares gradient and recur-
sive least-squares methods are well-suited for on-line time series analysis and adap-
tive control. The concept of persistent excitation is introduced as a fundamental
requirement for exponential parameter convergence of least-squares methods. Indi-
rect least-squares adaptive control theory is introduced. The adaptation signal is based
on the plant modeling error in contrast to the tracking error for model-reference adap-
tive control. An important notion to recognize is that the plant modeling error is the
source of the tracking error and not vice versa. The combined least-squares model-
reference adaptive control uses both the plant modeling error and tracking error for
adaptation. As a result, the adaptation mechanism is highly effective. Both the least-
squares gradient and recursive least-squares methods can also be used separately in
adaptive control without combining with model-reference adaptive control. A fun-
damental difference with the least-squares adaptive control methods from model-
reference adaptive control is that a parameter convergence to true system parameters
is guaranteed in the presence of a persistently exciting input signal.

Indirect model-reference adaptive control is one technique for identifying uncertain
parameters of a dynamical system. A more common method for parameter identi-
fication is the well-known least-squares method [1-3]. The least-squares approach
to function approximation and parameter identification is derived from the mini-
mization of the approximation error between a process and a model of the process.
Parameter convergence is usually obtained if the so-called persistent excitation con-
dition is met. The well-known recursive least-squares method is fundamental to many
system identification techniques.

© Springer International Publishing AG 2018 125
N.T. Nguyen, Model-Reference Adaptive Control, Advanced Textbooks
in Control and Signal Processing, https://doi.org/10.1007/978-3-319-56393-0_6
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Least-squares methods can be used in adaptive control whereby the plant’s
unknown parameters are estimated by least-squares methods to provide the informa-
tion to adjust the control gains. Many least-squares adaptive control methods can be
found in the literature [4-8]. Artificial neural network-based adaptive control using
least-squares methods is also common in the literature [7, 9]. Chebyshev orthogo-
nal polynomials have been used as basis functions for least-squares adaptive control
[10]. Hybrid adaptive control is a method that combines a direct model-reference
adaptive control to reduce the tracking error with an indirect recursive least-squares
parameter estimation to reduce the plant modeling error simultaneously [11]. Con-
current learning adaptive control is a least-squares modification to adaptive control
problems whereby the uncertainty can be linearly parameterized, and the modified
weight training law uses an estimate of the ideal weights formed on-line by solving
a least-squares problem using recorded and current data concurrently [5].

In this chapter, the learning objectives are:

e To develop an understanding of least-squares parameter estimation and the notion
of persistent excitation for parameter convergence;

e To be able to apply least-squares methods for parameter estimation; and

e To recognize and be able to use least-squares methods as indirect adaptive control
techniques.

6.1 Least-Squares Regression

Suppose the input—output transfer function of a system is given by a set of mea-
surement data y () € R” as a function of some independent variable x (t) € R”,
expressed as data pairs (x;, y;),i = 1,2, ..., N. Furthermore, suppose the transfer
function between x (¢) and y (¢) can be linearly parameterized as

y=0"To (x) (6.1)
where ®* € R™ x R” is a matrix of constant but unknown coefficients and @ (x) €
R™ is a bounded regressor (or basis function) vector and is assumed to be known.

Let y be an estimate of y such that

§=0"d(x) 6.2)

where @ is the estimate of @*.
Formulate an approximation error € as

e=9—y=0"dx)—y (6.3)
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Consider the following cost function:
|
— T,
J(®) = 3 él € € (6.4)

When J (®) is minimized, the approximation error is also minimized. Then,
approximates y in a least-squares sense. Thus, the parameter identification problem
is posed as a minimization problem.

The necessary condition is given by

JT al 86,‘ T al T T
SoT = Ve (©) = Zta@_Tei = §¢(xi)[¢ O —y']=0 (65
where V Jg (O) is called the gradient of J (®) with respect to ©.
Thus, ® can be found by solving the following least-squares regression equation:

®=A"'B (6.6)
where
N
A= 2@ (x) (6.7)
i=1
N
B=Y &)y (6.8)
i=1

and A is a non-singular matrix if there are sufficient unique data.

Example 6.1 Suppose y (¢) € R is a scalar variable which can be approximated as
a p-th degree polynomial in terms of x () € R as

P
Yy=0+0x 4+ 0,x" =>0;x) =0Td (x)
j=0

where ©T = [606; ... 6, and @ (x) = [1x ... x7]".

The least-squares regression equation is expressed as

A® =B
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where
1
N N | x
A=D>o@)@ )= | . |[1x-x]
i=1 i=1 | -
™
N N N
Zimtl Ty Zed
| i PINEEERD IAE 4 _ {ZN j+k}
= = i P
N N _ptl N o2
PINEEADINEE pINEE
N
1 Z]:\,i=1 Vi
N N N
Xi Z':l Xiyi .
B=Y oy =) | . |v=| . Z{inj}’i]
i=1 =] N : i=1 j
Yi PINRE ST

This least-squares regression method is in fact a polynomial curve-fitting tech-
nique. For example, let p = 2, then the quadratic curve-fitting coefficients can be
found by

©=A"'B

where
N Z:N=1xi ZzNzl xi2 va=1 Yi
A= Z;N=1 Xi Z;v=1xi2 Zthl'x? . B= va=1xiyi
Z?/:lxiz Zf\/:lx? Z,»Nzlxi“ Z;vzlxizyi

When all available data are used in the least-squares regression method, it is some-
times called a batch least-squares method. This is usually when there are sufficient
data over a given time interval and the estimates of the unknown coefficients are not
needed immediately at each time step.

6.2 Convex Optimization and Least-Squares Gradient
Method

When the estimates of the unknown coefficients are needed at each time step, ® can
be estimated recursively using each pair of data (x;, y;) at each time step.
Consider the following cost function:

J(®) = %eTe (6.9)
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The gradient of the cost function with respect to ® is given by

aJ " de
e =VJo (0) =

T T
50 a@T)E =D (x)e (6.10)

To determine a least-squares estimation based on a given data pair at each time
step, the concept of convex optimization is now introduced.

Definition 6.1 A subset.” is said to be convex if there exist x, y in.% and a constant
a € [0, 1] such thatax + (1 — @) yisalsoin.¥. A function f (x) is said to be convex
in a convex set .7 if, for every x, y in ., then

flax+d-a)y) =af () +dA-a) f () (6.11)
|

Note that J (®) is convex since

% [ae + (1 —a)er]’ [ae + (1 — a) €]

1 1
= EozzeTe +a(l—a)e'e + 3 (1—a)’e e

1 1
= Eoﬂ (e —2ee)) +aee + 3 (1 —a) e e (6.12)

But, «? < « and (1 — ot)2 <1—o«aforala €[0,1]. So,
1 T, o, T T 1 _ T 1+ . 1+
za (e € —2¢ 61)-‘r0l€ el+§(1 a) € € gaze e+ (1—a) 561 €1 (6.13)

If f(x) e &, ie., f(x) is differentiable at least once, then

FO=f@O+MVFEN —x) (6.14)

If f(x) € €2, then f(x) is convex if V> f(x) > 0 where V2 f(x) is called the
Hessian of f(x).
Now, consider the minimization of J (®). ®* is said to be a global minimum
of J (®) if
J(0%) = J(©) (6.15)

This implies that VJg (©*) = 0 and V2Jg (©*) > 0 since J (@) is twice-
differentiable with respect to .
Utilizing the Taylor series expansion, one writes

Ve (0%) = Vi (0* + A0) + V2 Jp (0% + AO) AO + 0 (AOT AO) (6.16)
e e’
~0
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Since VJo (0%) = 0, VJo (0% + AO) = VJo (@), and V2Jo (OF + AO) =
V2Jo (©), then
A0 = — V2o (@)] ' Vie (©) 6.17)

Equation (6.17) can be written in a discrete-time form as
—1
Oip1 = 0; — [V?Io ()] Ve () (6.18)

This is known as a second-order gradient or Newton’s method for convex opti-
mization. It is noted that the inverse of the Hessian matrix is generally numeri-
cally intensive. So, a first-order approximation can be made by recognizing that
VZJ(;' (®) ~ VZJ(;1 (®*) = ¢ > 0, where ¢ is a small positive parameter, when ®
is in the neighborhood of ®*. This approximation leads to the well-known steepest
descent or first-order gradient method for convex optimization given by

Oit1 = 0; — eV (0;) (6.19)
Now, dividing both sides by Ar and taking the limit as Ar — 0 yield
® =—-I'Viy (O) (6.20)

where I' = I'" > 0 € R™ x R™ is a positive-definite adaptation rate matrix which
effectively replaces . This is the continuous-time version of the gradient method.

Returning to the minimization of J () for estimating ®@*, the differential form of
the least-squares estimation of ® () can be expressed using the gradient method as

O =-I'Vip(@)=—-Td(x)e" 6.21)

Notice the resemblance of this least-squares gradient method to a model-reference
adaptive law, where the approximation error € (¢) replaces the tracking error e (¢).

Example 6.2 For Example 6.1, the least-squares gradient method is expressed as

6o 1 x - x? 6o y

0 x x? ...xptl 01 Xy
@ = = —F —

g’p xP xPtl .. x2p 0, xPy

6.3 Persistent Excitation and Parameter Convergence

Let © (1) = O (1) — ©* be the estimation error, then

e=0Td(x)O—y=0"Td (x) (6.22)
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The least-squares gradient method can be written as
O=6=-Tdx)d 1) (6.23)
Proof Choose a Lyapunov candidate function
% (@) — trace (éTr—lé) (6.24)
Then,

1% ((:)) = 2trace (@TF_](;) = —2trace ((:)TCD @)@ (x) (:))
=20 (X)OOTD (x)=—-2¢"e==2|€e|> <0 (6.25)

Note that V (@) can only be negative semi-definite because %4 (@) can be zero

when @ (x) = 0 independent of ® (). One can establish that V (@) has a finite
limit as t — o0 since

oo
Vit —o00)=VI(h) — 2/ lell?dt < oo (6.26)
1o
which implies
[e.¢]
2/ lel?dt =V (ty) = V (t = 00) < 00 (6.27)

fo

Therefore, € (1) € 25 N Z. Moreover, since @ (x) € L as aresultof € (1) €
LN Lo, then O (1) € Ly, but there is no assurance that @ (t) — 0 as t — 00
which implies a parameter convergence.

One cannot conclude that V (@) is uniformly continuous since
V (é) = 4T = —4¢T [éﬂp )+ 67T (x)] (6.28)

is not necessarily bounded because there is no other condition placed on @ (x)

except @ (x) € L. For V (@) to be uniformly continuous, an additional condition

& (x) € Ly is required. Then, using the Barbalat’s lemma, one can conclude that
1% ((:)) — 0 or € (t) — 0 which also implies that O (1) — 0as r — o0o. Note that,

from Eq. (6.23), ® (1) — 0 does not necessarily imply that O (1) — 0 since @ (x)
can also tend to zero instead of @ (1).

So, up to this point, one can only show that the approximation error € (¢) can tend
to zero if @ (x) € %, but the estimation error @ (r) does not necessarily tend to
zero since @ (x) can be a zero signal at some time interval. To examine the issue of
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the parameter convergence, Eq. (6.23) can be solved as

O (t) = exp [—F/ D (xX)PT (x) dti| o (6.29)

0]

where @y = O (1y).

Note that x (¢) is an independent variable as a function of 7. Then, for @ (¢) to
be exponentially stable which implies an exponential parameter convergence, the
following condition is required:

t+T
/ D)D" (x)dt > agl (6.30)

for all t > o and some g > O.

This condition is called the persistent excitation (PE) condition which essentially
requires an input signal to be persistently exciting (PE), that is, a signal that does
not go to zero after some finite time when a parameter convergence has not been
established [1]. Another interpretation of the persistent excitation condition is that,
for parameters to converge exponentially, an input signal must be sufficiently rich
to excite all system modes associated with the parameters to be identified. It should
be noted that while the persistent excitation is needed for a parameter convergence,
in practice, input signals that are persistently exciting can lead to unwanted conse-
quences such as exciting unknown or unmodeled dynamics that can have deleterious
effects on stability of a dynamical system.

Another observation to be made is that if x (¢) is a state variable of a closed-
loop system, one cannot assume that the persistent excitation condition can easily be
satisfied. This can be explained as follows:

Suppose a parameter identification is used for adaptive control, then the closed-
loop stability usually implies a parameter convergence to the ideal values of the
unknown parameters. However, the parameter convergence requires the persistent
excitation condition which depends on x (#) which in turn depends on the parameter
convergence. This is a circular argument. Therefore, it is difficult to assert the PE
condition when @ (x) depends on a feedback action. However, if x (¢) is an indepen-
dent variable, then the persistent excitation condition can be verified. In practice, a
control system can have a persistent excitation if a command signal is PE. This is a
fundamental process of system identification.

Suppose the persistent excitation condition is satisfied, then the estimation error
is given by

O] < |G| e 7P, ¥t € [t1, 1, + T1, 11 > 1o (6.31)

where y = A, (I') is the smallest eigenvalue of I". Thus, @) (t) is exponentially
stable with @ (1) — Oast — oo. Hence, the parameter convergence is established. It
follows that the approximation error is also asymptotically stable (but not necessarily
exponentially stable because of @ (x)) with € (t) — 0 ast — oo.
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Since |®7 (x) @ (x)|| = [@ (x) @ (x)|, it implies

t+T 1+T
ool 5/ PP (x)dt 5/ @ (x) D(x)dtl = Bol (6.32)

Then, if the persistent excitation condition is satisfied, 1% ((:)) is expressed as

1% (0) < —% (6.33)

Thus, the least-squares gradient method is exponentially stable with the rate of
convergence of ;—%—

max (I71)

Example 6.3 Consider a scalar estimation error equation

6=—y$> ()0
subject to ] (0) = 1, where
1
) =—
) 141t

which is bounded. Then,

N A S s
_pyo(l—l—r)z_pyl—i—t P\ T

Fon_ Y —yt
0() = REE eXp(l—l-t)

Ast — 00,0 (t) = Obutf (f) = e # 0. Thus, ¢ (¢) is not PE and does not
guarantee a parameter convergence. The only way to ensure that 6 (1) — 0 is for
y — 00.

Consider another signal with zero value in some time interval such as

‘Mt)zil 0<r<l

0 r>1

Then,

- v <<l
6ay=1°¢ ==
eV t>1

which leads to the same conclusion that ¢ (¢) is not PE.
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Example 6.4 Consider @ (1) = [ 1 sint ]T. Then,

¢(t)q)T(t)=|: 1 sint:|

sint sin? ¢

Notice that @ (t) @ T (¢) is singular at any instant of time ¢. The PE condition is
evaluated as

4T HTT O - s
T sint T cos T
D (1)@ dr = . : dr = i
/t @ (x)dz /t |:s1nr sin? r] ’ |: cost & — Lsin 21']

2 4 t
_ T cos(t) —cos(t+T)
- cos(t)—cos(t+T)%—%sinZ(r—i—T)—}—%sinZt

Now, T must be chosen such that the PE condition is satisfied. Let 7 = 27 which
is the period of the signal. Then, @ (¢) is PE since

+T 2 cos (1) — cos (t + 2m)
T _
/t @ (r)df_[cos(z)—cos(t—l—%r)1—%sin2(t+2n)+%sin2t]

[Tl 5= [o )

Thus, op = 7. The estimation error is exponentially stable and a parameter
convergence is guaranteed since

16]] < ||@olle™", Vi € 11,11 + 27, 1y > 1o

6.4 Recursive Least-Squares

Consider the following cost function:

J(©O) = %/ € edrt (6.34)

fo

which is the continuous-time version of the cost function in Sect.6.1.
The necessary condition is

T

VJe (©) = gg—T :/ ) [T ()@ —yT]dr =0 (6.35)

from which ® (¢) is obtained as
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t =1 .t
o:[/ <D(x)¢T(x)drj| /@(x)der (6.36)

fo Iy

assuming the inverse of ft:) @ (x) @ (x)dr exists. Note that the matrix @ (x) @ (x)
is always singular and is not invertible. However, if the PE condition is satisfied, then
f,:) @ (x) @7 (x)dr is invertible.

Introducing a matrix R () = R' (t) > 0 € R™ x R™ where

¢ —1
R = [/ ()P (x)dr] (6.37)

fo

then .
R’l@:/ @ (x)y'dr (6.38)

fo

Upon differentiation, this yields

. dR7!
R'O + r O=d@x)y" (6.39)
From Eq. (6.37), we obtain
dR™! -
=P (x)P" (x) (6.40)
dt
Therefore,
O=-ROx)[PT ()0 —y | =—-RD (x)e’ (6.41)
Now, since R (t) R~' (t) = I, then
_ dR™!
RR'"+R =0 (6.42)
dt
Thus, )
R=—-R®(x)P' (x)R (6.43)

Both Egs. (6.41) and (6.43) constitute the well-known recursive least-squares
(RLS) parameter identification method. The time-varying matrix R (¢) is called
the covariance matrix, and the RLS formula is similar to the Kalman filter where
Eq. (6.43) is a differential Riccati equation for a zero-order plant model. Compar-
ing Egs. (6.21)—-(6.41), R (¢) plays the role of I" as a time-varying adaptation rate
matrix and Eq. (6.43) is effectively an adaptive law for the time-varying adapta-
tion rate matrix.
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Let © (1) = © (1) — O* be the estimation error. Since € (t) = @ (1) @ (x), then
6=-—Ro(x)DT ()0 (6.44)

Proof Choose a Lyapunov candidate function
v (@) — trace (@TR’IQ) (6.45)

Then,
1% (@) = trace (2@TR_'é + éTdij—t_l(:))
— trace (—zéTcp )T ()0 +0Tdx) DT (x) @)

— —trace (éTcp x) @7 (x) é) = —cTe=—|e)><0  (6.46)

One can establish that V ((9) has a finite limit as ¢t — o0 since
o0
V(t — 00) =V (1) —/ lell? dt < oo (6.47)
1o

_ Therefore, € (1) € N %Ly Since @ (x) € %y because € (1) € £ N %y, then
O (t) € £y, but there is no guarantee that & () — 0 as t — oo which implies a
parameter convergence, unless @ (x) is PE.

Note that V (@) is not necessarily uniformly continuous since this would require

that V (@) is bounded. Evaluating v (@) as
% (é) — 2eTé= 27T [éTqb x)+ 6T (x)]
= 2T [—@Tcp x)®T (x)R® (x) + O (x)]

t —1
=27 [—(QT@ )@ (x) [/ @ x)P" (x)dt] @ (x)+60"d (x)]
(6.48)

Therefore, V (@) is bounded if the following conditions are met:

o & (x) € L.
—1
. [ Jlower (x)dr] is invertible which implies & (x) is PE.
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If these conditions are satisfied, then using the Barbalat’s lemma, it can be shown
that € () — 0 as t — oo. In addition, & (t) — 0 as t — oo and the parameter
convergence is achieved. |

Note that there are various versions of the RLS method. One popular version is
the RLS method with normalization where the adaptive law for R () is modified as
follows:

RO (x)®" (x)R

R =
14 n2

(6.49)
where | +n2(x) = 1+ @' (x) R® (x) is called a normalization factor.

The time derivative of the Lyapunov candidate function for the RLS method with
normalization is

- o
1% (@) = trace(—Z@T<p 0@ (x)6 + O Dx)P (x) @)

1 4+ n?

- . T ~ (14 2n?
= trace(@ D (x) P (x)@(1+n2))

1 +2n? 1 + 2n?
_ T — e (L) <o 6.50
66(1+nz) ”€”(l+n2)_ (6:50)

Note that V (@) is more negative with than without normalization. Therefore,

the effect of normalization is to make the adaptive law for R (f) more stable, but the
parameter convergence is slower.

Another popular version is the RLS method with a forgetting factor and normal-
ization, which is given without derivation by

RP (x)®T (x) R

R=pBR—
P 1 4 n?

6.51)

where 0 < B8 < 1 is called a forgetting factor.

6.5 Indirect Adaptive Control with Least-Squares
Parameter Identification

Consider the following MIMO system with a matched uncertainty in Sect.5.7 with
A € R" x R" unknown, but B € R" x R” known with n < m [4]:

X=Ax+Bu+060*"® (x)] (6.52)

where ©®* € R x R and @ (x) € R/ is a bounded regressor (or basis function)
vector and is assumed to be known.
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The objective is to design an indirect adaptive controller with least-squares para-
meter identification that follows a reference model

X = ApXm + Bur (6.53)

where A,, € R" x R" is Hurwitz B,, € R" xR?,and r () € R? € %, is a piecewise
continuous and bounded reference command signal.
1

Note thatif n < m, then B~! is defined by the right pseudo-inverse B (BB") .
Assuming B is invertible, then there exist K and K ¥ that satisfy the model matching

conditions. If A (7) is an estimate of A, then the estimate of K ¥ is given by
K, ()= B [A,,, iy (z)] (6.54)
Let the adaptive controller be
u=K.(O)x+K.r—0" ()P (x) (6.55)

where K, = B~ B,, is known.
Then, the closed-loop plant model is given by

i = (A FA, — A) X+ Bur+ B0 —07T)d (x) (6.56)

where
u=Kx+K,r (6.57)

If A (t) > Aand © (r) — O, then x (¢) converges to
%4 = Amx + Byr = Ax + Bii (6.58)

which follows the reference model if x () — x,, (7).
Now, define the plant modeling error as the difference between x, (t) and x ().
Then,

€ = i —i = Ax+Bii—% = (A - A) x+B (0T —0T) @ (x) = Ax+BOTd (x)
(6.59)

Then, the tracking error equation is expressed in terms of the plant modeling
erTor as
=Xy —X =Xy —Xg+X5—X=Ane+e¢ (6.60)
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Thus, we see that the plant modeling error € (¢) between the true plant and the
actual plant actually is what really affects the tracking error e (¢). So, if we can
minimize the plant modeling error, then the tracking error will also be minimized.

Let 7 (1) = [A(t) BOT ()] e R* x R and ¥ (x) = [xT @7 (0)]' €
R+ where A () = A (1) — A and O (t) = O (t) — O*. Then, the plant modeling
error is expressed as _

e=R"¥ (x) (6.61)

The tracking error equation is also expressed as

é=Ape+ 2TV (x) (6.62)

Consider the following cost function:
~ 1 T
J (.(2) = e (6.63)
Then, the least-squares gradient adaptive law is given by

) aJ
Q=-T——=-T¥(x)e' (6.64)
a02T

For the standard RLS adaptive law, the constant adaptation rate matrix I is
replaced by the covariance matrix R (¢) as follows:

2 =—R¥ (x)e’ (6.65)

R=—R¥U (x)¥' (x)R (6.66)

We now combine the least-squares gradient adaptive law with the MRAC adap-

tive law to obtain the following adaptive law which we call combined least-squares
gradient MRAC adaptive law:

Q=-TVx) (e +e'P) (6.67)

To compute A (t), and ® (¢) from 2 (t), it is noted that

2 AT AT 2
Q:[Qz}:[@BT}é[@]:[QzB‘T} (6.68)

Proof To prove stability of the combined RLS MRAC adaptive laws, we choose a
Lyapunov candidate function
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\% (e, [}) = e Pe + trace ((NZTR’I.(}) (6.69)
Then, 1% (e, S~2) is evaluated as

. . . ~+dR™ .
% (e, sz) = —¢T Qe +2¢T Pe + trace (—2527'1/ (x) (J n eTP) T QTdtQ)

= —eTQe +2¢"Pe—2 (eT +eTP) e+w!l (x) 2 o2 (x)
——— ———

ET €

=—e"Qe—ee < —hpin(Q) lel*> = le]? (6.70)

Note that V (e, S~2) < 0 as opposed to V (e, £2) < 0 because the condition of

¥ (x) on which € (r) depends on has not been imposed. Therefore, e (1) € £, N %,
€(t) € LHN Ly, é(t) € L, and 2 € Z,. Applying the Barbalat’s lemma, we

evaluate V (e, f?) as

V (e, Q) — 2T Q(Apete)—e' [fzwf )+ 9T (x)]
= 20 (Ape+e)—c' [— (Pe+e)¥T (x) RY (x) + ST (x)]
6.71)
But, by definition

t -1
R = [/ U x)w (x) dr] (6.72)

If ¥ (x) € % and if ¥ (x) satisfies the PE condition, then V (e, fZ) € L.

Therefore, V (e, S?) is uniformly continuous. It follows that e (#) — 0, € (t) — O,

and 2 (1) — 0 ast — oo. Since £2 (7) tends to zero exponentially because of
the PE condition, e (¢) also tends to zero exponentially. Thus, the system achieves
exponential stability.

Proof If ¥ (x) satisfies the PE condition, then we have
. . _ 2
V(e:2) = —hin (@) llel — o0 | 2| (6.73)

Choose Q and Sy from Eq. (6.32) such that A, (Q) = ‘%{)”” Then,
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. - )Lmax P 2 OlQV (6, Q)
V(e ) = _hmar (P) 12 g |2| s -————= (6.74)
Bo Po
Thus, the system is exponentially stable with the convergence rate of 2‘%
|

Note that for the combined least-squares gradient MRAC adaptive laws, it can be
shown that

V(e @) =-e"0e 2" < —apin (O llel’ —2|e”  (675)

|4 (e, [}) is evaluated as

V (e, {2) — 2T Q(Ape+e)—2¢" [— (Pe+) ¥ (1) TW (x) + ST (x)]
(6.76)

If & (x) € %, then 1% (e, fZ) is bounded. Therefore, 1% (e, S~2) is uniformly

continuous. It follows that e (f) — 0 and € () — 0 as ¢t — oo. The rate of con-
vergence of € (¢) is twice as large as that of the combined RLS MRAC adaptive
laws. In addition, if ¥ (x) satisfies the PE condition, then the exponential parameter
convergence is achieved.

Example 6.5 Consider a first-order system with a matched uncertainty
X :ax+b(u+9*x2)

where a and 0* are unknown, but » = 2. For simulation purposes, a = 1 and
0* =0.2.

The reference model is given by
Xm = QX + b1

where a,, = —1,b,, = 1, and r (t) = sint.
The combined RLS MRAC is computed as

O = a _ | rure x(e+e)
T | T ||| X (ete)

S 2.3
P || _ T || x°x ISTRAY)

=|. . =- 3.4
AL REY) riaran || X7 X ISV REY)
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with the initial conditions £2 (0) = 0 and R (0) = 10/, where
€ =ax+biu—x

ay, — a b,
X+ —r

i = ky (¢ kyr =
u ) x +kr b 3

Simulation results are shown in Figs.6.1 and 6.2.

It can be seen that a () and 0 (¢) tends to their true values, and the tracking error
e (1) also tends to zero. The covariance matrix R () which acts as time-varying
adaptation rate matrix I” converges to zero as t — 00.

For comparison, the combined least-squares gradient MRAC method is used

Q:[&.}:—[y” 0 i||:x(6+€)i|
bo 0 yn||[x*(+e)
where y, = yp = 10.
The simulation results are shown in Fig. 6.3.
The tracking error tends to zero asymptotically much faster than the combined
RLS MRAC method. The combined least-squares gradient MRAC method gener-

ally provides a much better parameter convergence than the combined RLS MRAC
method. u

0.2

0.1

-0.1

-0.2

15
ne
< 05 @ 0.1
0 0
0% 10 20 30 a0 %o 10 20 a0 4o

Fig. 6.1 Combined RLS MRAC
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Fig. 6.3 Combined least-squares gradient MRAC
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While the combined least-squares MRAC method can provide an exponential
parameter convergence, we should note that the pure least-squares method can also be
used for adaptive control without combining with MRAC. Both Egs. (6.64) and (6.65)
are pure least-squares adaptive laws without MRAC. Let us examine the behavior of
pure RLS adaptive control from Egs. (6.65) and (6.66).
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Proof Choose a Lyapunov candidate function

1% (e, :2) — ¢ Pe + putrace (:}TR*:}) 6.77)
with u > 0.

1% (e, fZ) is evaluated as

% (e, 9) = —¢" Qe +2¢" Pe + ptrace (—2(2Tl1/ e +8Tw v () (})
=—¢'Qe+2e"Pe — pe’€ < —npin (Q) llel?
+ 2hmax (P) llell el — p lle]? (6.78)

14 (e, Q) is now not negative semi-definite unconditionally. We note that

M ax (P) Kmax (P) ?
T2 lel* +2Amax (P) llell il —8> [lell* = — [T llel =38 llell| <O
(6.79)
Therefore, 1% (e, S~2) can be expressed as

V(e 2) s—[xmm Q) - ’"“gz( )}nenz—(u—(ﬂ) lell? (6.80)

Then, V (e .Q) < 0if % < & < /i Furthermore, if ¥ (x) satisfies the

PE condition, then from Eq. (6.32) we have

% (e, S?) < —[ i (Q) — s (P)] lel® = ap (1 — 6°) HQH 6.81)

Choose Q and By from Eq. (6.32) such that A,,;, (Q) — ’"‘”(P) = b )k’”“(P)

o
Then,
. - @0 (M - 52) Amax (P) s NN 7% (/1. - 52) \%4 (e, S})
V(e,.Q)S— e llel —ao(,LL—B)H.Q‘ <- o
(6.82)
52
Thus, the system is exponentially stable with the convergence rate of %

From Sect. 6.3, for the least-squares gradient method, if ¥ (x) € %, then the
plant modeling error is asymptotically stable with € () — 0 ast — oo. This implies
that the tracking error is also asymptotically stable with e () — 0 as t — oo.
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However, for the RLS method, asymptotic tracking additionally requires the PE
condition, but it is important to recognize that the PE condition cannot be verified in
a closed-loop system. So, if the PE condition is not satisfied, then the plant modeling
error is only bounded for the RLS method. This implies that the tracking error is
only bounded but is not asymptotically stable.

Example 6.6 Consider Example 6.5
X :ax+b(u+9*x2)

where a and 6* are unknown, but » = 2. For simulation purposes, a = 1 and
0* =0.2.

Letr (t) = sin {5t fort € [0, 5] and r (1) = 1 for ¢ € [5, 40].
The RLS adaptive control method is implemented as

5 CAl _ rir riz Xe
2=a)--[ar]ls]

with R (0) = 1.
The simulation results are shown in Fig. 6.4.
0 1.5
-0.2
Ll e e
£ i
o -04 x \
x !
06 0.5¢;
-0. g
—x - -%n
-0.8 0
0 10 20 30 40 0 10 20 30 40

<m (==

0 10 20 30 40 ) 10 20 30 40

Fig. 6.4 RLS adaptive control

For comparison, the least-squares gradient adaptive control method is also imple-

mented as .
. a yiu 0 xe
9 = . = -
[w} [ 0 m} [xzf}

with "' = 1.
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The simulation results are shown in Fig. 6.5. It can be seen that the least-squares
gradient adaptive control achieves asymptotic tracking with e (1) — 0 ast — ooc.
Both the RLS and least-squares gradient adaptive control do not achieve a parameter
convergence with this reference command signal.

0 15
-0.2
1
£ 1
o -04 ol J
x !
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t t

Fig. 6.5 Least-squares gradient adaptive control

6.6 Estimation of Time Derivative Signals

In least-squares adaptive control, the signal x (¢) is required in the computation of
the plant modeling error. In many applications, this signal may not be available.
Therefore, in these situations, the signal x () needs to be estimated. One method of
estimating x (¢) is to use a backward finite-difference method as

x(t) —x (t — Ar)
At

@) = (6.83)

to estimate x (¢) at a current time step using the current and past state information.

The disadvantage of numerical differentiation is the introduction of noise into the
signal.

Another approach is to sample data sufficiently and then use them to construct an
at least C' smooth time function using a cubic or B-spline method over a finite time
interval. This curve is then differentiated at the spline knots to find the estimated time
derivative values. This derivative estimate would tend to result in lower noise than the
backward finite-difference method [11]. In either case, the derivative computation
will introduce a noise source. Least-squares methods are generally robust to noise,
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especially if the noise source is a normal Gaussian distribution. Therefore, least-
squares adaptive control should be generally more effective than model-reference
adaptive control in the presence of noisy measurements. A possibility to suppress
noise source is to use a low-pass filter to smooth out the reconstructed signal from
numerical differentiation, but the use of a low-pass filter will also introduce a phase
delay into the signal which can have a stability implication.

An alternative approach of estimating the signal x (#) without numerical differ-
entiation is via a model prediction method. Consider a predictor model of the plant
in Eq. (9.341) as follows [4]:

F=Ant+ (A= Ap)x+Blu+6T0 )] (6.84)

If A (t) > Aand © (t) — ©OF, then % (t) — x (). Thus, )é(t) is in fact an
estimate of x (¢). The estimate X (¢) only depends on the information of the current
state, the control, and the adaptive parameters. The predictor model thus can be used
to provide the estimate of the signal x (¢) without differentiation.

As the adaptation proceeds, the predictor model should converge to the plant
model with X (1) — x () + ¢, () as t — o0, where e, (f) = X (1) — x (¢) is the
predictor error whose dynamics are described by

ép =% —%=Ape,+ Ax + BOT® (x) (6.85)

Therefore, as A (t) > Aand O (1) — O*, ¢, (t) — O and % () —> x (1).
The plant modeling error based on the predictor model is established by

€p=dg—X=hg—k—¢é,=€—¢, (6.86)

If the predictor error converges to zero, i.e., e, (t) — 0, then €, (t) — € (t).
Therefore, the signal €, (t) could be used in least-squares adaptive control in lieu of
the signal € (7).

6.7 Summary

Least-squares parameter identification is central to function approximation theory
and data regression analysis. Least-squares methods for function approximation and
parameter identification are derived from the minimization of the approximation
error between a process and a model of the process. Least-squares methods can be
used in adaptive control whereby the plant’s unknown parameters are estimated by
least-squares methods to provide the information to adjust the control gains. Various
least-squares techniques are presented, including batch least-squares, least-squares
gradient for real-time update, and recursive least-squares.
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Parameter convergence in least-squares real-time update laws depends on a con-
dition called persistent excitation (PE). This condition essentially requires an input
signal to be persistently exciting (PE), that is, a signal that does not go to zero after
some finite time when a parameter convergence has not been established. For para-
meter identification to converge exponentially, an input signal must be sufficiently
rich to excite all system modes associated with the parameters to be identified. While
the persistent excitation condition is needed for a parameter convergence, in practice,
input signals that are persistently exciting can lead to unwanted consequences such
as exciting unknown or unmodeled dynamics that can have deleterious effects on
stability of a dynamical system. In general, the persistent excitation condition for
closed-loop systems is not easily verified.

Least-squares indirect adaptive control methods are discussed to show how least-
squares methods can be used in adaptive control settings. Whereas in MRAC, the
tracking error is used to drive the adaptation, least-squares adaptive control pro-
vides an adaptation mechanism based on the plant modeling error. The combined
least-squares MRAC uses both the tracking error and plant modeling error for the
adaptation. Both the least-squares gradient and recursive least-squares adaptive con-
trol can achieve exponential tracking and parameter convergence if the persistent
excitation condition is satisfied. In general, the plant modeling error requires the
time derivative signals of the state information. In some applications, these signals
may not be available from measurements. The model prediction method could afford
an advantage in that the estimated time derivative signals do not require numerical
differentiation which could introduce noise.

6.8 Exercises

1. A process is represented by a set of data (¢, x, y) given in the MATLAB file
“Process_Data.mat” where the output y (¢) can be approximated by a fourth —
th degree polynomial in terms of x (¢#) with end point conditions y = 0 and
% = 0 at x = 0. Determine numerically the matrix A and vector B and solve
for the coefficients 6;,i = 2, 3, 4. Compare the result with the MATLAB function
“polyfit.”

2. Write MATLAB code to solve Exercise 6.1 using the least-squares gradient
method with ® (0) = 0 and I" = 10. Plot 6; (¢) versus ¢t. Compare the result
with thatin Exercise 6.1. Note that the Euler method for the least-squares gradient
method is expressed as

Orp1 =60, — AT P (x;) [ (x) O — yi]

3. Determine if the following functions are persistently exciting (PE), and if so,
determine 7 and «.



6.8 Exercises 149

a. ¢ (1) = e~'. (Hint: find limit of 6 (r) as t — o0)

cosTt
b @)= |:sinrrt

4. Consider a first-order system with a matched uncertainty

X:ax+b[u+9*¢(r)]

where a and 6* are unknown, but » = 2, and ¢ (t) = sin¢. For simulation
purposes, use a = 1 and 6* = 0.2. The reference model is given by

).Cm = amXm + bmr

where a,, = —1,b,, = 1, and r (t) = sint.

Implement in Simulink an indirect adaptive control using the recursive least-
squares method with normalization. All initial conditions are zero. Use R (0) =
10. Plot e (¢), x (t) versus x,, (1), a (t), and 0 (¢), for ¢ € [0, 40].

References

10.

11.

Ioannu, P. A., & Sun, J. (1996). Robust adaptive control. Upper Saddle River: Prentice-Hall
Inc.

Slotine, J.-J., & Li, W. (1991). Applied nonlinear control. Upper Saddle River: Prentice-Hall
Inc.

Bobal, V. (2005). Digital self-tuning controllers: algorithms, implementation, and applications.
London: Springer.

Nguyen, N. (2013). Least-squares model reference adaptive control with chebyshev orthogonal
polynomial approximation. AIAA Journal of Aerospace Information Systems, 10(6), 268-286.

. Chowdhary, G., & Johnson, E. (2011). Theory and flight-test validation of a concurrent-learning

adaptive controller. AIAA Journal of Guidance, Control, and Dynamics, 34(2), 592-607.
Chowdhary, G., Yucelen, T., & Nguyen, N. (2013). Concurrent learning adaptive control of the
aeroelastic generic transport model. In AIAA Infotech@Aerospace Conference, AIAA-2013-
5135.

Guo, L. (1996). Self-convergence of weighted least-squares with applications to stochastic
adaptive control. IEEE Transactions on Automatic Control, 41(1), 79-89.

Lai, T., & Wei, C.-Z. (1986). Extended least squares and their applications to adaptive control
and prediction in linear systems. /EEE Transactions on Automatic Control, 31(10), 898-906.
Suykens, J., Vandewalle, J., & deMoor, B. (1996). Artificial neural networks for modeling and
control of non-linear systems. Dordrecht: Kluwer Academic Publisher.

Zou, A., Kumar, K., & Hou, Z. (2010). Attitude control of spacecraft using chebyshev neural
networks. IEEE Transactions on Neural Networks, 21(9), 1457-1471.

Nguyen, N., Krishnakumar, K., Kaneshige, J., & Nespeca, P. (2008). Flight dynamics model-
ing and hybrid adaptive control of damaged asymmetric aircraft. ATAA Journal of Guidance,
Control, and Dynamics, 31(3), 751-764.



Chapter 7
Function Approximation and Adaptive
Control with Unstructured Uncertainty

Abstract This chapter presents the fundamental theories of least-squares func-
tion approximation and least-squares adaptive control of systems with unstructured
uncertainty. The function approximation theory based on polynomials, in particu-
lar the Chebyshev orthogonal polynomials, and neural networks is presented. The
Chebyshev orthogonal polynomials are generally considered to be optimal for func-
tion approximation of real-valued functions. The Chebyshev polynomial function
approximation is therefore more accurate than function approximation with regu-
lar polynomials. The neural network function approximation theory for a two-layer
neural network is presented for two types of activation functions: sigmoidal func-
tion and radial basis function. Model-reference adaptive control of systems with
unstructured uncertainty is developed in connection with the function approxima-
tion theory. Least-squares direct adaptive control methods with polynomial approx-
imation and neural network approximation are presented. Because the least-squares
methods can guarantee the parameter convergence, the least-squares adaptive con-
trol methods are shown to achieve uniform ultimate boundedness of control signals
in the presence of unstructured uncertainty. The standard model-reference adaptive
control can be used for systems with unstructured uncertainty using polynomial or
neural network approximation. Unlike the least-squares adaptive control methods,
boundedness of tracking error is guaranteed but boundedness of adaptive parame-
ters cannot be mathematically guaranteed. This can lead to robustness issues with
model-reference adaptive control, such as the well-known parameter drift problem.
In general, least-squares adaptive control achieves better performance and robustness
than model-reference adaptive control.

In many physical applications, there is no clear certainty about the structure
between the input and output of a process. In systems with unstructured uncer-
tainty, the mapping between the input and output is usually not known. Modeling
systems with unstructured uncertainty require function approximation. Polynomial
regression and neural networks are common methods for function approximation.
Adaptive control of systems with unstructured uncertainty can be addressed with
least-squares function approximation.
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In this chapter, the learning objectives are:

e To develop an understanding of function approximation using orthogonal polyno-
mials such as Chebyshev polynomials and neural networks using sigmoidal and
radial basis functions;

e To be able to apply least-squares methods for single-hidden layer neural network
function approximation;

e To develop a working knowledge of using various least-squares direct and indirect
adaptive control techniques for systems with unstructured uncertainty; and

e To recognize that the standard model-reference adaptive control is not robust for
systems with unstructured uncertainty due to the possibility of unbounded adaptive
parameters.

7.1 Polynomial Approximation by Least-Squares

Let y (¢) € R” be the output of a process, expressed as

y=fx) (7.1)

where x (t) € R” is the input and f (x) € R” is an unknown function but assumed
to be bounded function.

Any sufficiently smooth function f (x) € C? can be expanded as a Taylor series
about some x = x

Cof (& I - Of (3
fO=f®+), f(%)(xi—ii)+zzz f(x)(x,-—i,-)(xj—ij)-i-~-- (7.2)
i=1 ¢

0x o1 =1 Bxixj
f (x) can be represented as
f@) =0T (x) —&* (x) (7.3)

where ©®* € R! x R” is a matrix of constant but unknown coefficients, @ (x) € R/
is a vector of regressors in terms of monomials of x

<15(x):[1x1 xz...xpxllexz...xlz,...xlq xlxq71 ...xf,] (7.4)

and ¢* (x) is a function approximation error which depends on x.
f (x) is approximated by
y=0Td (x) (7.5)

where @ () € R! x R" is the estimate of @*.
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Then, y (t) — f (x) asg — oo. This means that any sufficiently smooth function
can be approximated by a polynomial of g-th degree. Then, the function approxima-
tion error could be made sufficiently small on a compact domain of x () such that
SUp,cq lle* () || < gf forallx (1) € Z C RP.

Another type of polynomials that can be used for function approximation is a
class of orthogonal polynomials which form a true basis that spans a Hilbert inner
product space with the following inner product definition:

b
/ w @) p; (x) pj (x)dx = 8 (7.6)

where §;; = 1if i = jand §;; =0if i # j.

There are many orthogonal polynomial classes. The Chebyshev polynomials are
one such polynomial class that is frequently used in function approximation. In
particular, the first few Chebyshev polynomials of the first kind are shown as follows:

To(x) =1
T (x) =x
T, (x) =2x>—1
T3 (x) = 4x3 —3x (77)

Ty (x) = 8x* —8x%2 + 1

Tpir(x) = 20Ty (x) — Ty_y ()

One advantage of orthogonal polynomials over regular polynomials is that lower-
degree orthogonal polynomials can provide a good function approximation with
minimal loss of accuracy as compared to higher-degree regular polynomials [1, 2].
Thus, it is economical in function approximation to use the Chebyshev polynomials.

The coefficient vector ® can be computed using various least-squares methods
such as the batch least-squares, least-squares gradient method, or RLS method. Note
that since @ T @ (x) is an approximation of an unknown function f (x), the approx-
imation error will not be asymptotic regardless whether or not @ (x) is PE.

Example 7.1 Approximate

y = sinx 4+ cos2x + e

over a compact domain x (¢) € [—1, 1], where x (f) = sin 10z, with a 4”1-degree
Chebyshev polynomial using the least-squares gradient method with Iy = 21 and
® (0)=0.

The approximation results are shown in Fig. 7.1 for 1000 s which shows an excel-
lent parameter convergence after only less than 100s. The root mean square error is
3.8 x 1074,
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Fig. 7.1 Chebyshev polynomial approximation

7.2 Neural Network Approximation

Neural network is a concept pioneered in the 1960s in the artificial intelligence fields
as an attempt to represent a simple model of how a human brain neuron connectivity
works. Neural networks have been used in many applications such as classifiers,
pattern recognition, function approximation, and adaptive control [1, 3—12]. The
terminology “intelligent control” has been used loosely to describe adaptive control
with neural networks. A neural network is a network of connectivity of neurons
that form various layers of neurons to describe a complex input—output mapping.
Figure7.2 is a two-layer neural network that performs input—output mapping. A
neural network with connectivity progressing from inputs to an output is called
a feedforward neural network. A neural network with a closed-loop connectivity
between some elements of the neural network is called a recurrent neural network.

Input Input Layer  Hidden Layer

Qutput

Fig. 7.2 Feedforward neural network

Feedforward neural networks have been shown to be capable of approximating
a large class of nonlinear functions on a compact domain to within any specified
accuracy. That is,
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F@)=f@—¢& (7.8)

such that sup,.., [le* (x)|| < g forallx € 2 C R™.

Each neuron in a layer has two main components: a weighted summing junc-
tion and an activation function, which can be linear or, most commonly, nonlinear.
Figure 7.3 illustrates a neuron with a set of inputs passing through an activation
function to form a set of outputs.

Fig. 7.3 Neuron and activation function

If x (r) € R? is an input to a neuron and y (t) € R”" is an output of a neuron, then
a neuron performs the following computation:

y=f(W'x+0b) (7.9)

where W is called a weight matrix and b is a constant vector called a bias vector.

Example 7.2 A second-degree polynomial regression can be represented by a neural
network as follows:
The inputs are x2, x,and 1, and the output is y as shown in Fig. 7.4. The activation
function is linear, that is,
y = W' (x) = wzx2 +wix +wyp

where @ (x) is the input function. [ |

Fig. 7.4 Polynomial neural network representation

The most common activation functions are sigmoidal and radial basis functions
(RBF) since these functions possess a universal approximation property, which
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1

Zos

x

Fig. 7.5 Sigmoidal function

implies that any nonlinear function can be approximated by these functions. Note
that a polynomial in some sense can be viewed as a universal approximator since
any sufficiently smooth function can be represented by a Taylor series.

A sigmoidal function or also called a logistic function as shown in Fig.7.5 is

described by

1
o(x)= P (7.10)

An unknown function can be approximated by a sigmoidal neural network as
S=f@=Vie(Wx+W)+ V=0T (W) (7.11)

where V € R"™ x R" and W, € R" x R"™ are weight matrices, Wy € R™ and V) € R”
are bias vectors, © T = [Vo VT] eR" x Rt wT = [WO WXT] e R x Rt
i=[1x]" eR* & (WTx) = [1o" (WX)]" e R"™ and o (WT5) =
[0 (W/Z)o (W) %) ..o (Wi%)]" €R" where W; € R™', j = 1,...,m are
column vectors of W.

A radial basis function (RBF), more commonly known as a Gaussian normal
distribution or “bell-shaped” curve as shown in Fig. 7.6, is given by

¥ (x) = e (7.12)

An unknown function can be approximated by an RBF neural network as
F=f@=VTy(Wx+W)+Vo=0T0 (W) (7.13)
As with a linear regression, the coefficients of a neural network can be estimated

from the input—output data. The process of estimation is called “training” or “teach-
ing” a neural network. This is essentially a least-squares estimation. A “pre-trained”
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1

Zost

x o

Fig. 7.6 Radial basis function

or “off-line” neural network is one whose coefficients are estimated a priori from data
or model information. An “on-line learning” neural network is one whose coefficients
are recursively estimated usually from a gradient method such as “back propagation”
in real time.

Consider a sigmoidal neural network approximation. The gradient method can be
applied to derive least-squares learning laws for a neural network to minimize the
following cost function:

1 1
J=gele=c[0Te (W) - y]'[eTe (WTR)—y] (714
Taking the partial derivatives of J with respect to the weight matrices and bias
vectors yields
aJ T de ¢ TN T

) a(W'R) o de

oy _ =TT, (WTs
Viw = T T s xe'V'ie (W'k) (7.16)
where o (WT)_C) = diag (a/ (W]T)_c) o (W;)_c) R (W,I)E)) is a diagonal
matrix with B
o =2 (7.17)
(1 + e—ax)? '

Then, the least-squares gradient learning laws for the neural network are given by
O=-Ted (W'x)el (7.18)

W=-TIyie'Vie (W'x) (7.19)
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Example 7.3 Consider Example 7.1. Approximate

y = sinx + cos2x + e

over a compact domain x (¢) € [—1, 1], where x (#) = sin 10z.
y (¢) is approximated by the following sigmoidal neural network:

)7 =vVvy +vio (WO1 + wlx) +wo (WO2 + wzx) “+ vio (wo3 + W3x)

Vo v
o= v=|wn|. w= [WO' o, W‘ﬂ
1%) ’ v ’ W1 Wy W3
V3 3
1
- [1 T\ O’(Wo ~|—w1x)
x__x],QD(W x) = G(WOLJFWZJC)
o (wo3 + W3x)
(o (wo, + wix) 0 0
o (W'x) = 0 o' (wo, + wax) 0
| 0 0 o (wo3 + W3x)

Note that the initial conditions of @ (t) and W (¢) are usually set by a random
number generator. Otherwise, if they are zero, then V (¢) and W (¢) will have identical
elements, that is, vi = v, = v3, wo, = Wy, = Wwo,, and w; = wp = wj. For this
example, let 'y = 'y = 101. The neural network approximation is shown in
Fig.7.7.

400 600 800 1000

Fig. 7.7 Sigmoidal neural net approximation
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Note that the neural network approximation converges much more slowly than the
Chebyshev polynomial approximation in Example 7.1. Some of the neural network
weights are still converging even after 1000 s. The root mean square erroris 6.9 x 10~
which is about twice that for the Chebyshev polynomial approximation. The neural
network has ten weighting coefficients while the Chebyshev polynomial has only
five coefficients.

7.3 Adaptive Control with Unstructured Uncertainty

Consider the following system with a matched unstructured uncertainty:
X=Ax+Blu+ f )] (7.20)

where x () € R” is a state vector, u (f) € R™ is a control vector, A € R" x R" is
a constant, but unknown matrix, B € R" x R™ with n < m is a known matrix such
that (A, B) is controllable, and f (x) € R™ is a matched unstructured uncertainty.

The unknown function f (x) can be approximated by a polynomial or any function
that can be expressed as

fx)=0"d (x)—¢e* (x) (7.21)

where @* € R/ x R™ is an unknown constant ideal weight matrix, @ (x) € R!is a
vector of orthogonal basis functions, and £* (x) € R” is the function approximation
error.
Alternatively, the unknown function f (x) can also be approximated by a neural
network
fx)=0"Td (Wx) — e (x) (7.22)

where ®* € R/*! x R™ and W* € R"*! x R/ are unknown constant ideal weight
matrices, ¥ = [ 1 xT]T eR™M & (WTx)=[10" (W'x) ]T e RI*L,

&* (x) can be made sufficiently small in a compact domain of x (¢) such that
SUP,eq ll€* (X)) < & for all x (1) € 2 C R" by a suitable selection of @ (x) or
@ (W*x).

The objective is to design a full-state feedback in order for x (#) to follow a
reference model described by

Xm = ApXy + Byr (7.23)
where x,, (t) € R”" is a reference state vector, A,, € R" x R" is known and Hurwitz,

B, € R" x R? is known, and r (1) € R? € %, is a piecewise continuous and
bounded reference command vector.
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7.3.1 Recursive Least-Squares Direct Adaptive Control
with Matrix Inversion

We assume that there exist ideal control gains K and K that satisfy the model
matching conditions

A+ BK! = A, (7.24)
BK* = B, (7.25)

Let the adaptive controller be
u=K, (t)x+Kr—0Td(x) (7.26)

where K, = K is known.
Let A () be an estimate of A, then

A(t) = An — BK, (1) (7.27)
The closed-loop plant is expressed as
= (A, —BK)x+B[Kix +K,r — O & (x) + O @ (x) — " (x)] (7.28)
Let K, (t) = K, (t) — K} and O (1) = O (1) — O be the estimation errors, then
i= (A,,, n Bl%x) X+ B,r — BOT® (x) — Bs* (7.29)
Define a desired plant model as
Xg = Aux + Byr (7.30)
Then, formulate the plant modeling error as
e=dy—x=Ax+ Bii—% = —BK.,x+ BO ® (x) + Be* (7.31)

Let@T (1) = [—BR, (1) BOT (1)] € R"xR",and¥ (x) = [xT T (1) ] €
R"*!, Then, the plant modeling error can be expressed as

e= Q"W (x) + Be* (7.32)
The tracking error equation can be expressed in terms of the plant modeling error

as
e=Xpy —X =Xy —Xg+Xg—X=Ane+e¢ (7.33)
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The pure RLS adaptive laws are

2 =—R¥ (x)e" (7.34)

R=—R¥Y (x)¥ " (x)R (7.35)

K, (t) and @ (¢) can be computed from £2 (¢) as
[ _[-k!BT K|l [-2:B77
g_[ﬂz}_[ KB }:[@ | (7.36)

Note that K, (f) and © (¢) require the matrix inverse B ~!. This sometimes can
cause some issues which will be discussed later.
The estimation error equation for the RLS adaptive law is obtained as

@ = —RW (x) [uﬁ )9 + 8*TBT] (1.37)

The RLS adaptive laws can be shown to result in a parameter convergence.

Proof Choose a Lyapunov candidate function
% (9) — trace (QTR—‘:}) (7.38)

Then, V (f?) is evaluated as

% (.Q) —trace | 2870 (e + 0T () ¥ (x) O
~——— —

e—Be* &—Be* eT—e*TBT

=-2¢" (8 - Bs*) + (ST - 8*TBT) (8 — Be*)

= —¢'e+¢e TBTBe* < —|g|* + | B|? &

~ |12 ~
<— 1w @I 2] +21w con | 2] 181 (7.39)

We see that V/ (9) < 0iffle]l > [IB] &} and HQH > AP here wy = ([ (1))
Therefore, & (t) € Lo, 2 (1) € Lo, and ¥ (x) € Ls. We evaluate V (f?) as
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V (Q) — 2eTe= 26T [fzwx )+ 0T (x)]

= 2T [—ewT () RY (x) + 2T (x)]

t —1
=-2¢" | —e¥ T (x) [/ lI/(x)lIIT(x)dr] U+ 2T (x)

R
(7.40)

1% (f?) is bounded if ¥ (x) satisfies the PE condition and ¥ (x) € .Z,,. Applying
the Barbalat’s lemma, we conclude that ||e]| — [ B]l &5 and HQH — 2“5&
t — o0.

The tracking error can now be shown to be uniformly ultimate bounded.

Proof Choose a Lyapunov candidate function
\% (e, f?) =e¢' Pe+ jitrace (.S’T?TR’IQ) (7.41)

with © > 0.
1% (e .Q) is evaluated as

1% (e, S~2) =—¢'Qe+2¢"Pe—pe'e+ ue*" B Be*

< —min () llell* + 22max (P) llell el — s (LN 11> + e | B &§?

(7. 42)
Using the inequality
)‘iax(P) 2 2 2
2hmax (P) llell llell < S—ZIIeII + 87 ell (7.43)
then V (e, fZ) can be expressed as
y S max( ) *
V(e2)=- [xmm (0) - ] lell? = (=821 )17 18217+ | B> &2
(7.44)
Thus, 1% (e, fZ) <0if % < 8 < /w and is further bounded by
S A (P) x
Ve, 2) < - [Amm(@ e } lel? + ull B (7.45)
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Then, the largest lower bound of ||e|| is obtained by letting V(e, S?) <O0as

VEIBlle (7.46)

llell = =p

- 22 (P
in (@) — HtD)

Similarly, 1% (e, fZ) is also bounded by
V(e 2) = —u— I @IFILI + pll BIPey® (7.47)

Then, the largest lower bound of H Q H is obtained as

_ JEIBIE _

- LIIO\//JL—SZ -

Let 2 be a subset that contains all trajectories of e (¢) and Q). LetZy C 2
and Zp C 2 be two subsets in & defined by the lower bounds and upper bounds of

lle|| and H.Q

H o (7.48)

}, respectively, where

Ry = {e(t) eR", O () eR"™ xR : |le|| < p, HQH < a} (7.49)
Ry = {e(t) ER", G () e R"™ xR : |le|| < p, .QH < ﬂ} (7.50)
where p and S are the upper bounds of ||e|| and H 2|, respectively.

Then, we see that 1% (e, Q) <Oforalle (t) € Z — %,, that is, a region outside

R, . Let .7, be the smallest subset that encloses %, such that %, C .7, . Thatis, .7,
is a hypersphere that circumscribes %, which is given by

Sy = {e (1) eR", 2 (1) e R™ xR : V (e, sz) < Jamax (P) p* + thomax (R71) @2
(7.51)
where A,qc (R™") is the largest eigenvalue of R~'(¢) for all ¢.
Let . be the largest subset inside %5 that encloses .7, such that . C Zg.
That is, 3 is an inscribed hypersphere in % which is given by

Ty = {e (1) eR", @ (1) eR"™ xR : V (e, .Q) < Jomin (P) p* + thmin (R71) ,32]
(7.52)
where A,,;, (R™!) is the smallest eigenvalue of R~!(¢) for all 7.
We see that .#, C .#3. Then, the ultimate bound of |le|| can be found by setting
Fo = S [13]. Thus,
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Amin (P) p* + [hmin (R7Y) B* = hmax (P) P* + thmax (R7') o (7.53)

Fig. 7.8 Bounding sets for uniform ultimate boundedness
Since |le|| < p and Hf? H < B in #, it follows that [13]

Somin (PY Nl€l> < Apax (P) p* + pthmar (R7') & (7.54)

Wonin (R7) H.Q H2 < Amax (P) P* + ey (R7) 2 (7.55)

Then, the ultimate bounds of ||e|| and H Q H are obtained as

" —p (7.56)
= A’max P 2 + A”na.)C R71 2
|2] 5\/ ( )5/\ -lle)( ) _g (7.57)

The bounding sets for uniform ultimate boundedness are illustrated in Fig.7.8.
7.3.2 Modified Recursive Least-Squares Direct Adaptive
Control without Matrix Inversion

In the RLS adaptive laws, the matrix inverse B~! is used to compute the adaptive
parameters K (t) and @ (¢). This sometimes can cause issues when B~ is small
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or when B € R" x R™ with n > m. The RLS adaptive control can be modified to
eliminate the need for thes matrix inversion of the B matrix in the case of B € R” x R™
with n > m. .
Let T () = [-K, () OT ()] e R" x R and ¥ (x) = [xT @T (x)] €
R+ Then, the plant modeling error can be expressed as
¢ =BR"W (x) + Be* (7.58)
The modified RLS adaptive laws are
2=—R¥ (x)e'B (7.59)
R=—-nR¥ (x)¥T (x)R (7.60)

where 1 > 0 is an adjustment factor.
K, (t) and ® (t) can be computed from £2 (¢) as

2] —K; K;— | =5
o[8[ [5)- (5] om

Note that K, (t) and ® (¢) no longer require the matrix inverse B~'.
The estimation error equation for the modified RLS adaptive law is obtained as

O = —RU (x) [uﬁ ) 2 + e*T] BTB (7.62)

The tracking error equation can be expressed in terms of the plant modeling
erTor as

6 =Xpm—X =Xm—Xqg+Xxg—%=Ape+e=Ane+ BQ W (x)+ Be* (71.63)

The RLS adaptive laws can be shown to result in a parameter convergence if
N < 2Amin (BT B) as follows:

Proof Choose a Lyapunov candidate function
\% (f}) = trace (QTR_IQ) (7.64)

Then, 1% (fZ) is evaluated as
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% (9) — trace (—2sz¢/ e B+n8Tw )T (x) (})
=2"BRIU (x)+ ¥ (x) 22T¥ (x)
=-2¢"e4+2e"Be" + ¥ (x) 22TW¥ (x)

~ 12
< =20l + 2Bl el &+ n 1% )1 | 2]
~ 12 ~
< = [2hnin (BTB) = ] 1% @I | @[ + 20 (BTB) 1 )1 | 2] 5
(7.65)
Thus, V (f?) <0ifn < 2Amin (BTB) and HS}H > ey wherec; = Vonax (B B)

' 2hmin(BTB)—n "

‘We note that

~ 12
hmin (BTB) 1 )12 | 2] < 121> + 2 1BI el &5 + Anar (BTB) 7 (7.66)

Therefore, V (Q) is also expressed in terms of ||¢|| as

. n 2 n *
V(Q)S_ 2—— el +2| 1+ ————|IBllelle
{ Aomin (BTB)i| Amin (BT B) ’

T
MSSZ <0 (7.67)
)‘min (BTB)

ichvi Amin (BT B 1[2min (BT B)—
whichyields le]| > c; | Bl ef where ¢, = 2222000 [1 + \/ L el }

Therefore, ¢ (t) € Lo, 2 (1) € Lo, and ¥ (x) € L. We evaluate V (Q) as

V (.é) -2 [uﬁ )2 (2BTB —yl) + s*TBTB]

t —1
x —BTsWT(x)[/d/(x)lI/T(x)dt} U (x)+ 2T (x)

R
(7.68)

v (f}) is bounded if ¥ (x) satisfies the PE condition and 17 (x) € Z5. Applying
the Barbalat’s lemma, we conclude that ||e]| — ¢, || Bl &5 and ”f)” — % as
r — o0.

The tracking error can now be shown to be uniformly ultimately bounded.

Proof Choose a Lyapunov candidate function

% (e, 9) — ¢! Pe + putrace (szR—‘fz) (7.69)
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with u > 0.
1% (e [2) is evaluated as
% (e, 9) = —¢"Qe+2¢"PBOTW (x) +2¢' PBe*
—2ue e+ 2ue Be* + un¥ ' (x) 22TV (x)

< —in Q) el + 2 I PBI lell 1% ()1 [ 2] +211PBIl el e

- M|:2)»mm (B7B) - ’7} v or 2]

+ 2UAmax (B' B) (7.70)
Using the inequality
||P & :
20PBIllel 19 Il | 2] < ——lel> + 1w @IPI21F (771
1% (e, f?) is expressed as
(s ||PB||2 )
V(e 2) == (Anin(@) - lell> +211PBllelleox
~ 2
— {2 (BTB) —n] -}l | 2|
+ 2 (BTB) 10 01 | 2] &5 (7.72)

Thus, V (e, fl) < 0if J,l% < 8 < /iu[2Amin(BT B) — 1. Upon completing

the square, we obtain
. ~ ~ 2
V(e 2) = —adel -’ +ad —a (W@ | 2] o) +ad @73

2 PBlls;
where ¢ = Apin (Q) — LEEL ¢y = 12218 oy = 41 [22,, (BT B) — ] — 62, and
4 = Hhmar (BT B)eg

Then, t}ise largest lower bound of ||e|| is obtained from
Ve, 2) < —ci(llell = e2)* + 163 + e3¢5 < 0 (7.74)

which yeilds

2 C3C42¢
lel = 2 [e3 + = = p (1.75)
1
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Similarly, the largest lower bound of H Q H is obtained from

. ~ - 2
V(e 2)=-a(lvwP|2]-a) +ad+ad=o (7.76)
which yields
)
- C4+4/ Llcﬁ +c2
HQ > T“‘ — (7.77)
0

Thus, V (e, [}) < 0 outside a compact set defined by %, = {e (1) € R, Q (1) €

R™ x R" : |le| < p, ‘ QH < a}. Therefore, the tracking error is uniformly

ultimately bounded with the ultimate bound

(7.78)

llell < kmax(P)pz +M)‘max(R71)a2 _
- )Lmin(P)

Note that since n > m, then n can be made independent of the B matrix by scaling
the modified RLS adaptive laws by the left pseudo-inverse as

@ =—R¥ ()& B(BTB)" (7.79)
Then, the estimation error equation for the scaled RLS adaptive law becomes

O = —RU (x) [z[ﬁ ) 2+ e] (7.80)

A similar Lyapunov stability analysis can be performed to show that 0 < n < 2,
which is independent of B for the scaled RLS adaptive laws.

7.3.3 Least-Squares Gradient Direct Adaptive Control

Least-squares gradient adaptive laws can be designed to not require the use of the
matrix inverse B~'. The modified least-squares gradient adaptive laws are given by

K =TIxe'B (7.81)

O =—-Tpd(x)e B (7.82)



7.3 Adaptive Control with Unstructured Uncertainty 169

Note the resemblance of least-squares gradient adaptive laws to MRAC, where
the plant modeling error ¢ (¢) replaces the tracking error e (t). The tracking error
equation can be expressed in terms of the plant modeling error as

é=Ape+ée=Ane— BK,x + BO"® (x) + Be* (7.83)

The parameter convergence and uniform ultimate boundedness can be established
by the following proof:

Proof Choose a Lyapunov candidate function
\% (I%X, (:)) = trace (I?XF;II%T) + trace (@ngl(:)) (7.84)
Then, 1% (I%x, (:)) is evaluated as

1% (IZX, (:)) = trace (2[€XxsTB) + trace (_2@T¢ (x) eTB)
= 2T [—Bl%xx +BOT @ (x)]
= —2eTe+2e"Be* < 2> + 2B llell & (7.85)

Weseethat V (K., ) < 0if le]| = | Bl &f. It (x) € L. then e — [ Bl &
ast — o0.
For the tracking error, we use the Lyapunov candidate function

\%4 (e, kx, @) =e¢' Pe+ utrace (I%xl“;llgT) + ptrace (@TF@_I(:)) (7.86)

with u > 0.
Then, 14 (e, IZ,(, @) is evaluated as

1% (e, Ky, (:)) =—e! Qe+ 2¢" Pe + utrace (2I€XX8TB) + utrace (—Z@Tq) (x) sTB)

= —e'Qe+2¢ Pe—2ue'e+2ue! Be*

< —Amin (@) llel® + 2hmax (P) llel llell — 242 1) + 2w 1Bl e
(7.87)
Using the inequality
Pnaz (P)
2hmar(Plelllell < =G lle]l* + 8% le]|? (7.88)

and completing the square, we obtain
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S~ = Ao (P
V(e Ri6)=- [Amm (©) - '"—()} lel”

82
wIBlleg 1> w2lIBIes?
2u — 82 Qu — 82)

—Q2u -8 [nen - (7.89)

y ) e dmar (P)
Then, V (e, K., O) < 0if I < 8 < /2. The largest lower bounds of

lle|l and ||&]| and then obtained as

B *
lell = L =p (7.90)
\/(zlu - 82) I:)"mln(Q) - A%mgz(_P):I
21| Blleg
lell = 8 320 = (7.91)

Since V (e, K., (:)) < 0 outside a compact set, the closed-loop adaptive system
is uniformly ultimately bounded.

Example 7.4 Consider a first-order system with unstructured uncertainty
X=ax+blu+ f(x)]

where a and f (x) are unknown, but b = 1. For simulation purposes, a = 1 and
fx) =02 (sin 2x + cos4x + e*xz)
The reference model is given by

).Cm = amXm + bmr
where a,, = —1, b,, = 1, and r (t) = sint.
Since f (x) is unknown, a polynomial of g-degree is used to approximate f (x)
as

f) =ap+ax+--+ax" —e" (x) = O TP (x) —&* (x)

where a;,i =0, 1, ..., g are constant unknown coefficients.
The adaptive controller is designed as

u=ke()x+kr—0" ()P (x)

where k, (¢) and @ (t) are computed by the least-squares gradient adaptive law as

. l%x —xeb
2= [@] - _F|:¢(x)sb]
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with £2 (0) =0 and I" = I, where

e =ax +bi —x

The tracking error for ¢ = 1, 2, 3, 4 is shown in Figs. 7.9 and 7.10. Note that the
tracking error improves for ¢ > 2. Even the tracking error improves, the function
f (x) does not seem to be well approximated as shown in Fig.7.11. This is also due
to k, (t) and @ () not quite converging.

Now, suppose the Chebyshev orthogonal polynomials are used instead. Then,

fx)=a+aiTy (x)+ - +a,T, (x) —e* (x) = O*T® (x) — & (x)

The simulation results are as shown in Fig.7.12. For ¢ = 1, the result is the
same as that for the regular polynomial. However, it can be seen that the tracking
error significantly reduces for ¢ = 2 with the Chebyshev polynomial and is even
smaller than that for ¢ = 4 with the regular polynomial. For ¢ = 4, the Chebyshev
polynomial approximation results in a very small tracking error. The parameter con-
vergence of the Chebyshev polynomial coefficients is excellent for ¢ = 4 as shown
in Fig.7.13. The unknown function is very well approximated by a fourth-degree
Chebyshev polynomial as shown in Fig.7.14.

1 1
0.5 05
o Off WMWY o Of/[Iwnmmars e
-05 ot 05 9
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Fig. 7.9 Tracking error with regular ¢-th degree polynomial approximation
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Fig. 7.12 Tracking error with Chebyshev g-th degree polynomial approximation



7.3 Adaptive Control with Unstructured Uncertainty 173

ax+bf(x), 5x+b®T®(x)
o

— ax+bf(x)
== Ax+be  d(x) g=1
i - - -Ax+bO D (x) q=2
- §x+b®T¢(x) q=3
-~ -Ax+bOd(x) g=4

-1 -0.5 0 0.5 1
X

Fig. 7.14 Function approximation at t = 100 with Chebyshev g-th degree polynomial

7.3.4 Least-Squares Gradient Direct Adaptive Control with
Neural Network Approximation

If f (x) is approximated by a neural network, then the adaptive controller is expressed
as

u=K,(t)x+Kr—0"d(W'k) (7.92)
Then, the plant modeling error is expressed as

e=xy—%=Ax+Bi—%=—-BK.x+BO'® (W'%)—BO" & (W %)+ Be*
(7.93)
Utilizing the Taylor series expansion, this can be written as
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e=-BRx+B0 o (W5 -B(07-67)
x[@(WTH)+ @ (W) (WTE-WR)+ | +B (799

Combining the higher-order terms with the neural network approximation error
£* (x), then

¢=—-BK.x+BO'®(W'x)+BOT® (W'x)W'x + BS (7.95)
where § (x) is the combined approximation error due to the Taylor series truncation
and the neural network approximation.

This becomes

¢=—BK.x+BO & (W'x)+BV'o (W'x)W'x+ BS (7.96)

The least-squares gradient adaptive laws for K, (), @ (¢), and W (¢) are then
given by

K! =TIxe™B (7.97)
O=-Te®d (W'x)e'B (7.98)
W=—Iyie'BV'o (W'¥) (7.99)

We will examine the parameter convergence and uniform ultimate boundedness
with the general least-squares gradient adaptive laws by performing the following
proof:

Proof We choose a Lyapunov candidate function

|4 (IZX, (:), W) = trace (I%F;ll%—r) -+ trace (@TF@_]@) -+ trace (VT/TFV;I W)
(7.100)
Then,

1% (kx, @, W) = 2trace (I%xxsTB) + 2trace (—@Tg) (WT)E) sTB)
+ 2trace (—WT)ESTBVTG/ (WT)E))

=2¢"BK.x —2¢"BOT® (W'x) —2¢"BV s (W'X)W'x

=-2¢" | -BKx+BO @ (W'x)+BV e (W)W

e—Bé§
=-2eTe+2e"Bs < =2el>+2B] llell 8o (7.101)

where sup,.4 18 (x) Il < .
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We see that V (K &, W) < 0if[le]| > ||B]| 8. Therefore, & (1) € L, K. (t) €

Loy O (1) € Loo, W (1) € Loy x (1) € Lo, and @ (WTX) € Lo If X (1) € Lo
and @ (WT)E) € %y, then using the Barbalat’s lemma, we can show that ||| —
IB]| 8o as t — oo. Note that we do not need to show for least-squares gradient

adaptive laws that the PE condition must be satisfied in order for 1% ng , ) , W) =0

as t — 0o, but for exponential parameter convergence the PE condition is still
required.

The tracking error behavior is now examined next. Choose a Lyapunov candidate
function

\%4 (e, Kx, @, W) —e'Pe + utrace ([ZXFX_IIZ;—) + ptrace (@TF(;I(:))

+ utrace (WTFv;l W) (7.102)

Then,

1% (e, K., 0, W) = —eTQe +2e Pe — 2M8T8 + ZMSTBS

< —Amin () llell* 4+ 22max (P) llell el — 22 [l
+ 21 || Bl llell 8o (7.103)

Using the results in Sect.7.3.3, 1% (e, IZX, (:), W < 0 outside a compact set
defined by the following lower bounds of ||e|| and ||¢||:
w I Bll
llell > - =p (7.104)
/ @4t = 8 [onin (0) — Bt |

2ullBlISy

lell = s (7.105)

Therefore, the closed-loop adaptive system is uniformly ultimately bounded.

7.3.5 MRAC with Neural Network Approximation

By now, it can be seen that there are at least two approaches to adaptive control. One
approach is based on the Lyapunov method which is the basis for MRAC and another
approach is based on the least-squares adaptive control. The underlying principle of
both the MRAC and the least-squares adaptive control is to reduce system uncertainty
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by either parameter identification of parametric structured uncertainty or function
approximation of unstructured uncertainty.
Consider the previous system with a matched unstructured uncertainty
X=Ax+Blu+ f(x)] (7.106)
where the unknown function f (x) is approximated by a linearly parametrized func-
tion
fx)=0"Td (x)—&* (x) (7.107)
Then, it can be shown that all the adaptive laws developed in Sects.5.6 and 5.7
could be used to estimate @* with some caveats as explained later. For example, if
A and B are known, then Eq. (5.155) from Sect.5.6.2 can be used to update @ (¢) as
®=—-I®(x)e PB (7.108)

Since A and B are known, assuming there exist constant control gain matrices K
and K, that satisfy the model matching conditions

A+ BK, = A, (7.109)
BK, = B, (7.110)
then the adaptive controller is given by
u=Kx+Kr—0" 1o (x) (7.111)
where @ (1) € R! x R” is the estimate of @*.
The closed-loop plant model becomes
i=|A+BK,|x +£I§Lr +B[-0T® (x)+ 0 T® (x) —&* (x)] (7.112)
A :
Let O (t) = O (1) — O*. The tracking error equation is obtained as
é=J%n—%=Ane+ BOT® (x)+ Be* (7.113)
Proof Choose a Lyapunov candidate function
V(e.8) =eTPe+uace (6717'6) (7.114)

Then,
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% (e, @) = —¢"Qe+2"P [B@Tdﬁ x) + Bs*] — 2trace (éch x) eTPB)
— —¢"Qe+2¢ PB [é% x) + Ba*] —2."PBOT & (x)
=—¢' Qe+2e" PBe* < —hpin (Q) llell* +21IPB| llellef (7.115)

Thus, V (e, o) <0if

2| PBllej

— domin (Q) llel> +2 | PB| el &f <0 = |lell = — " =
0 )\min (Q)

(7.116)

Atafirst glance, it may be tempted to conclude that the tracking error is uniformly
ultimately bounded, but this conclusion would be incorrect since the tracking error is
only bounded. The reason for the least-squares adaptive laws to result in a uniformly
ultimately bounded tracking error is that any least-squares method guarantees that the
approximation error is at least bounded. This implies that the parameter estimation
error © (1) is also bounded. In addition, if the uncertainty is structured and the basis
function is PE, then the parameter estimation error tends to zero, which implies a
parameter convergence. If both the tracking error and parameter estimation error can
be shown to be bounded, then the system is uniformly ultimately bounded.

For MRAC, the condition for V (e, @) < 01in Eq. (7.116) does not say anything

about the parameter estimation error © (¢). Let
B, = {e ®) eR": el < p} (7.117)

Since B, does not contain any information on O (1), B, is an open set with O (1)

free to grow inside B, as illustrated in Fig.7.15. A trajectory of (e (1), 6 (t)) may

go outside of B,, but 1% (e, @) < 0 is outside of B,, so the trajectory will go back
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Fig. 7.15 Trajectory of MRAC with unstructured uncertainty
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toward B,. However, if 1) (t) grows too large inside B,, the small approximation
error assumption may be violated. Consequently, the boundary of B, may also grow
and therefore e (¢) can also grow. The possibility of a parameter drift that can lead to
a point where the system becomes unstable may exist when an adaptive law does not
provide a mathematically guaranteed bound on adaptive parameters. As a result, the
standard MRAC as developed in Chap. 5 for systems with unstructured uncertainty
is non-robust. Instability due to a parameter drift when adaptive parameters are not
bounded is a well-known issue with adaptive control. In this regard, least-squares
adaptive control offers an advantage over the standard MRAC since the adaptive
parameters are bounded. Robust modification of MRAC is another way to address
this issue. In summary, it is generally not a good practice to use the standard MRAC
for systems with unstructured uncertainty.

Example 7.5 Consider Example 7.4. The MRAC laws are given by

ky = yxeb

O =—-Tgd (x)eb

where e (t) = x, (1) —x (t), yx = l,and I = 1.

Let @ (x) be a vector of the basis Chebyshev polynomials up to 74 (x). The
simulation results are shown in Figs.7.16, 7.17, and 7.18.

Comparing to Figs.7.12, 7.13, and 7.14, the tracking error is not as good with the
MRAC laws as with the least-squares gradient adaptive laws. The parameters k, ()
and © (¢) are more oscillatory and do not converge. For some reason, the second-
degree Chebyshev polynomial produces the best tracking for the MRAC laws. The
function approximation by the MRAC laws is poorer than that by the least-squares
gradient method. This is not surprising since MRAC is not intended to be a parameter
identification method. Its sole purpose is to reduce the tracking error. |

g=1 q=2

=3 a=4

0 50 100 0 50 100
t t

Fig. 7.16 Direct MRAC with Chebyshev fourth-degree polynomial
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Fig. 7.18 Function approximation at t = 100 with Chebyshev g-th degree polynomial
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Now, consider neural network MRAC when f (x) is approximated by a neural
network. The adaptive controller is then modified as

u=Kx+Kr—0"o (W'

The tracking error equation is obtained as

é=Ane+BO ®(W'X)+ BV o (W'X)W'x+ BS

Proof Choose a Lyapunov candidate function

\% (e, o, W) =e' Pe + trace (@TFe_lé) + trace (WTFV;IW)

(7.118)

(7.119)

(7.120)
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Differentiating V (e, @, W) yields

V(6. W) =—eT0e+2e"P[BOTd (WTF)+ BV 0 (W5) W5+ Bs]

+ 2trace ((:)TF(,}I(:)) + 2trace (WTF‘;,I W) (7.121)
Note that
e"PBOTP (WTE) = trace (670 (W) e PB) (7.122)
eTPBV o' (WTE) WTE = wace (Wxe PBVT0' (WTR))  (7.123)
Hence,

V(6. W) =—eTQe+2¢" PBs +2trace (67 [@ (WT5) e  PB+5'6)])
+2tace (W7 [7e" PBV o' (W) + 1y W]) (7.124)
Setting the trace terms to zero yields the neural network adaptive laws
O =-Ted (W'x)e PB (7.125)
W = —I'yie' PBV o (W'%) (7.126)
Then,

14 (e, o, Vv) =—¢'Qe+2e" PBE < —hpin (Q) llell + 2P B llell 8o (7.127)

Therefore, 1% (e, e, W) < 0if

2|[P Bl 8o

- = 7.128
llell = o) P ( )

As discussed previously, stability of the tracking error cannot be guaranteed due
to the potential for a parameter drift. However, since the neural network activation
function is a bounded function; therefore, in comparison with other types of function
approximation, neural network MRAC tends to be more robust than the standard
MRAC.

Example 7.6 Consider Example 7.4. f (x) is to be approximated by a neural net-
work. The MRAC neural network adaptive laws are given by

ke = yoxeb
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O=-To® (W'x)eb
W = —I'yiebV o (W %)

where © (t) € R>, W (1) € R? x R* and I'y = I'iy = 101. The initial conditions
are given by

~02
~0.1

0 01 0203

OO =1 0 ’W(O):[—os ~02-0.1 o]
0.1
~02

The neural network topology is shown in Fig.7.19. The simulation results are
shown in Fig.7.20.

Fig. 7.19 Neural network topology
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50 100
t t

Fig. 7.20 Neural net adaptive control system response
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The neural network adaptive control appears to reduce the tracking error a bit
better than the direct MRAC with Chebyshev polynomial approximation. However,
there is a large transient at the beginning. This is probably due to the initial conditions
of @ (t) and W (¢) being chosen arbitrarily, and the poor initial approximation that
causes the tracking error to grow before the learning becomes effective in reducing
the tracking error. The neural network adaptive control does not seem to perform as
well as the least-squares gradient method with the Chebyshev polynomials. |

In the context of least-squares adaptive control, the plant modeling error ¢ (t)
represents a modeling error between the true plant and the desired plant. Modeling
errors in dynamical systems usually arise from the presence of system uncertainty.
In model-reference adaptive control, the tracking error e (¢) is exclusively used as a
control signal to drive the adaptation so as to cancel out undesired effects of system
uncertainty on closed-loop systems. Philosophically, the tracking error is a mani-
festation of the plant modeling error which in turn is a direct consequence of the
system uncertainty. Thus, the tracking error is a result of the plant modeling error,
but not vice versa. One can separate control and system identification as two related
dynamical actions. A control action is generally designed to reduce the tracking
error to ensure that a closed-loop system follows a reference model as closely as
possible. The objective of adaptive control is not so much to estimate the uncertainty
itself but rather to achieve a desired reference model, regardless whether or not a
parameter convergence is achieved. Example 7.5 clearly demonstrates that model-
reference adaptive control does a rather poor job on parameter estimation even with
the Chebyshev polynomials.

On the other hand, a system identification action uses the plant modeling error
to estimate the uncertainty directly by least-squares estimation methods. The goal
of a system identification is first and foremost to achieve a parameter convergence.
The system identification action can achieve a better parameter convergence than
MRAC. System identification is usually performed in an open-loop process without
directly influencing a control action. Both the system identification and control can
also be combined together to provide a very effective adaptation strategy. Using
parameter estimates, least-squares adaptive control can be formulated to cancel out
effects of system uncertainty by feeding back the parameter estimates into an adaptive
control law. In so doing, least-squares adaptive control achieves bounded tracking and
bounded adaptive parameters, whereas MRAC can only achieve bounded tracking.

7.4 Summary

In many physical applications, there is no clear certainty about the structure between
the input and output of a process. In systems with unstructured uncertainty, the map-
ping between the input and output is usually not known. Polynomial approximation
by least-squares methods is a well-known regression method. Regular polynomials
are frequently used in least-squares data regression. Other types of polynomials can
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also be used. One class of polynomials that can offer better function approximation
over the regular polynomials is orthogonal polynomials. Orthogonal polynomials
form true basis functions that span the Euclidean space. In particular, the Chebyshev
orthogonal polynomials are generally considered to be optimal that can accurately
approximate real-valued functions with the smallest degree for the same accuracy as
a regular polynomial approximation.

Neural networks have been used in many applications such as classifiers, pat-
tern recognition, function approximation, and adaptive control. A neural network is
a nonlinear function approximation that models a complex input—output nonlinear
mapping. Two basic types of neural networks are discussed: sigmoidal or logistic
functions and radial basis functions. Various adaptive control methods for unstruc-
tured uncertainty are presented. Both least-squares and model-reference adaptive
control with polynomial and neural network function approximation are shown to
be able to handle adaptive control systems with unstructured uncertainty. Least-
squares adaptive control, in general, exhibits better performance and robustness than
MRAC. Robustness of least-squares adaptive control is achieved through the nat-
ural parameter identification process which ensures parameter boundedness, whereas
MRAC cannot guarantee boundedness of adaptive parameters. This leads to robust-
ness issues, such as a parameter drift.

7.5 Exercises

1. Approximate
y = 0.1sin 0.4x 4 cos? 2x

where x (t) = sint for t € [0, 60], by a fourth-degree Chebyshev polynomial
using the least-squares gradient method with I" = 100/ and At = 0.001. Ini-
tialize ® (¢) with zero. Plot ® (¢) versus ¢. Plot y () and y (¢) versus x (¢) on the
same plot. Compute the root mean square error between y (z) and y (¢).

2. Implement a sigmoidal neural network

S=f@=VieWx+W)+Vo=06Te (W)

where

o(x)=

14+e>

to approximate y (¢) in Exercise 7.1 with @ (1) € R, W (1) € R?> x R* and
I'y = I'y = 1001 and Ar = 0.001. The initial conditions ® (0) and W (0) are
to be generated by a random number generator. Plot & (¢) and W (¢) versus ¢.
Plot y (¢) and § (¢) versus x (¢) on the same plot. Compute the root mean square
error between y (¢) and y (7).

3. Consider a first-order system with a matched unstructured uncertainty
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XxX=ax+blu+ f(x)]

where a and f (x) are unknown, but b = 2. For simulation purposes, a = 1 and
f (x) = 0.1sin 0.4x + cos” 2x.
The reference model is given by

Xm = AmXm + b1

where a,, = —1,b,, = 1, and r (t) = sint.

Implement in Simulink a direct adaptive control using a least-squares gradient
method to approximate f (x) by a 4”*-degree Chebyshev polynomial. All initial
conditions are zero. Use I" = 0.21. Plot e (t), x (¢) versus x,, (1), ky (t),and ® ()
for ¢ € [0, 60].
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Chapter 8
Robustness Issues with Adaptive Control

Abstract This chapter discusses limitations and weaknesses of model-reference
adaptive control. Parameter drift is the result of the lack of a mathematical guarantee
of boundedness of adaptive parameters. Systems with bounded external disturbances
under feedback control actions using model-reference adaptive control can experi-
ence a signal growth of a control gain or an adaptive parameter even though both
the state and control signals remain bounded. This signal growth associated with the
parameter drift can cause instability of adaptive systems. Model-reference adaptive
control for non-minimum phase systems presents a major challenge. Non-minimum
phase systems have unstable zeros in the right half plane. Such systems cannot toler-
ate large control gain signals. Model-reference adaptive control attempts to seek the
ideal property of asymptotic tracking. In so doing, an unstable pole-zero cancelation
occurs that leads to instability. For non-minimum phase systems, adaptive control
designers generally have to be aware of the limiting values of adaptive parameters in
order to prevent instability. Time-delay systems are another source of challenge for
model-reference adaptive control. Many real systems have latency which results in a
time delay at the control input. Time delay is caused by a variety of sources such as
communication bus latency, computational latency, transport delay, etc. Time-delay
systems are a special class of non-minimum phase systems. Model-reference adaptive
control of time-delay systems is sensitive to the amplitude of the time delay. As the
time delay increases, robustness of model-reference adaptive control decreases. As
a consequence, instability can occur. Model-reference adaptive control is generally
sensitive to unmodeled dynamics. In a control system design, high-order dynamics
of internal states of the system sometimes are neglected in the control design. The
neglected internal dynamics, or unmodeled dynamics, can result in loss of robust-
ness of adaptive control systems. The mechanism of instability for a first-order SISO
system with a second-order unmodeled actuator dynamics is presented. The insta-
bility mechanism can be due to the frequency of a reference command signal or an
initial condition of an adaptive parameter that coincides with the zero phase mar-
gin condition. Fast adaptation is referred to the use of a large adaptation rate to
achieve the improved tracking performance. An analogy of an integral control action
of a linear time-invariant system is presented. As the integral control gain increases,
the cross-over frequency of the closed-loop system increases. As a consequence,
the phase margin or time-delay margin of the system decreases. Fast adaptation

© Springer International Publishing AG 2018 185
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of model-reference adaptive control is analogous to the integral control of a linear
control system whereby the adaptation rate plays the equivalent role as the integral
control gain. As the adaptation rate increases, the time-delay margin of an adaptive
control system decreases. In the limit, the time-delay margin tends to zero as the
adaptation rate tends to infinity. Thus, the adaptation rate has a strong influence on
the closed-loop stability of an adaptive control system.

Model-reference adaptive control (MRAC) can be used in an adaptive control system
to track a reference command signal by estimating directly the control gains or
indirectly the adaptive parameters so as to cancel out the unwanted effect of the system
uncertainty. Asymptotic tracking can be achieved if the uncertainty is structured.
However, with unstructured uncertainty, MRAC is generally non-robust since the
bounds on the adaptive parameters cannot be established by the Lyapunov stability
analysis. Consequently, a parameter drift can result that can cause an adaptive control
algorithm to blow up [1]. As the complexity of a plant increases, robustness of MRAC
becomes increasingly difficult to ascertain. In practical applications, the knowledge
of a real plant can never be established precisely. Thus, a model of a physical plant
often cannot fully capture all the effects due to unmodeled dynamics, unstructured
uncertainty, and exogenous disturbances that may exist in a real plant. All these
effects can produce closed-loop dynamics that can lead to instability when MRAC
is used in an adaptive controller [2]. Some of the causes of robustness issues with
adaptive control are discussed in this chapter.

The learning objectives of this chapter are:

e To understand robustness issues with the parameter drift due to unbounded
adaptive parameters in the presence of exogenous disturbances and unstruc-
tured uncertainty;

e To develop an understanding of and to know how to deal with the non-minimum
phase behaviors due to unstable zeros that cause instability of closed-loop adaptive
systems resulting from an unstable pole-zero cancellation;

e To be able to recognize and to deal with time-delay systems which can cause
instability of closed-loop adaptive systems when adaptive parameters are permitted
to be unconstrained;

e To understand robustness issues with unmodeled dynamics due to complex behav-
iors of systems which impose design constraints that adaptive control fails to
account for; and

e To be familiar with the concept of fast adaptation which results in loss of robustness
as the time-delay margin of a closed-loop adaptive system tends to zero.

8.1 Parameter Drift

Parameter drift is a consequence when the bound on an adaptive parameter cannot
be established by the Lyapunov stability analysis. Consider a MIMO system with an
unknown bounded disturbance
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x=Ax+Bu+w (8.1)
where x (t) € R” is a state vector, u (f) € R™ is a control vector, A € R” x R"is a
constant but unknown matrix, B € R” x R™ is a known matrix such that (A, B) is
controllable, and w () € R” is an unknown bounded exogenous disturbance.
An adaptive controller is designed to achieve tracking of a reference model
Xm = Am + Byr (8.2)
where x,, (t) € R”" is a reference state vector, A,, € R" x R" is known and Hurwitz,
B, € R" x R? is known, and r (t) € R? is a piecewise continuous and bounded
reference command vector.
The ideal feedback gain K} and feedforward gain K, can be determined from the
model matching conditions as
A+ BK; = A, (8.3)
BK, = B, (8.4)
Suppose the disturbance is not accounted for, then one can design an adaptive
controller as
u=K,({t)x+ K,r (8.5)
The feedback gain K (¢) is computed by the following MRAC law:
K =TI.xe"PB (8.6)

where e () = x,, (t) — x (¢) is the tracking error, [y = FXT >0eR"xR"isan
adaptation rate matrix, and P = P > 0 € R" x R" solves the Lyapunov equation

PA,+AlP=-0 (8.7)

where Q = Q7 > 0 € R" x R" is a positive-definite matrix.
The closed-loop plant is expressed as

Xx=(A+BK,))x+ BK,r+w (8.8)
LetK, (1) = K, (1) — K *. Then, the tracking error equation is obtained as
é=Apne— BK.x —w (8.9)

Stability of the adaptive system is analyzed by the Lyapunov’s direct method.
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Proof Choose a Lyapunov candidate function
% (e, IZX) = ¢ Pe + trace (Exrglkj) (8.10)
Then,
V(e R) = =€ Qe = 2¢TPw = —in (Q) el + 2mar (P) el wo (8.11)

where wy = max ||w/|| -
Therefore, 1% (e, 1@) < 0if

2Amax (P) wo
——— =7 8.12
”e” = )"min (Q) ( )

However, the Lyapunov stability analysis provides no information on the bound
of K, (t). Therefore, K, (t) can potentially become unbounded in certain situations.
|

To further illustrate this point, consider a first-order SISO system
X=ax +bu—+w (8.13)
where a is unknown and b is known.
An adaptive controller is designed to regulate x (¢) to follow a zero reference
model whereby x,, (¢) = 0 for all 7 as
u=ky,({)x (8.14)
Then, the adaptive law for k, (¢) is given by

ke = —yx*b (8.15)

It can be shown that it is possible for a bounded response of x (¢) to exist that
would result in an unbounded signal k, (¢).

Example 8.1 Consider the following solution:
x=0+n"

which is bounded for n < 0.
Then,

(1 + [)2n+1 _ 1

t
k. — k. (0) = —y.b 1 2dr = —y.b
() yA(+r) T Y PP
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For k, (¢) to be bounded, we require 2n + 1 < Qorn < —%.
The control signal is computed as

B A+t —1 .
u——|: x T—kx(o)](l‘l‘f)

The disturbance w (¢) that results in this particular solution of x (¢) can be found by

(1 +f)2n+] 1

=i—ax—bu=n(+"" —a(+"+b|pb
w=x—ax u=n(l+1) a(+)+|:)/x 1

— ky (0)i| a+0"

Both the control signal and the disturbance are bounded if 3n +1 < Oorn < —%

andn # —%. Thus, the system is completely bounded if n < — % However, if —% <
n < —%, then x (¢), u (t), and w (¢) are bounded, but k, () becomes unbounded as
t — oo. The boundedness of the adaptive system is illustrated in Table 8.1.

The response of the closed-loop system witha = 1,b = 1,n = vy = 10,
x (0) =1, and k, (0) = O is shown in Fig.8.1.

This example demonstrates that it is possible to have bounded disturbances or
control signals but yet unbounded adaptive parameters.

-3
12°

]
One explanation of the parameter drift can be given as follows:
For a sufficiently large disturbance, the adaptive controller attempts to generate
a high-gain control in order to reduce the effect of the disturbance. In the limit, the
steady-state solution of x (¢) is obtained as
. w

= — 8.16
x P (8.16)

As w (¢) is sufficiently large, k, (¢) tends to a large negative value in order to keep
x (t) close to zero. This high-gain control can cause k, (¢) to become unbounded. In
the limit as x () — O to achieve the ideal asymptotic tracking property of MRAC,
ky () — oo. While Example 8.1 shows that x (¢) can remain bounded even though
ky (t) is unbounded, in practice, a high-gain control with a large value of k,. (¢) can be

Table 8.1 Boundedness of example adaptive system

x (1) u (1) w(t) kx (1)
n>0 ¢ oo ¢ Zoo ¢ Lo ¢ Lo
-1 <n<0 € L ¢ Lo ¢ ZLoo ¢ Zoo
—%<n§—% € %o € Lo € Lo ¢ Zoo
n=—% € Lo ¢ Lo ¢ Lo ¢ Lo
n<f% € %o € %xo € Z»o € Lo
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Fig. 8.1 Effect of parameter drift for n = —% and y, = 10

problematic since real plants can include other closed-loop behaviors that can lead to
instability when k, () becomes large. Thus, a parameter drift can lead to instability
in practical applications.

8.2 Non-minimum Phase Systems

A transfer function of a SISO system is called minimum phase if all of its poles and
zeros are in the left half plane. If any of the zeros lie in the right half plane, then
the system is called non-minimum phase. A non-minimum phase system is more
difficult to control since the existence of the unstable zeros can limit the values of
stable feedback gains. Increasing feedback gains beyond certain limits will cause the
closed-loop poles to become unstable.

Example 8.2 The system

y(s) s+l
u(s) (s+2)(s+3)

y=x

is minimum phase. For a feedback with u (s) = k.x (s) + k.7 (s), the closed-loop
transfer function

V() a _ kr
r(s) TS24 G —k)s+6—k,

has stable closed-loop poles for all values of k, € (—o0, 5).
On the other hand, the system
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x(s)_ s—1

u(s) (s+2)(s+3)

is non-minimum phase. The closed-loop transfer function

k,
TS24+ B —k)s+6+k,

G (s)

has an unstable closed-loop pole at s = 1 when k, — —oo. The zero cross-over
value of k, when the pole becomes unstable occurs at k, = —6.
]

If the system exhibits a non-minimum phase behavior, then the adaptation can
result in instability due to MRAC attempting to perform an unstable pole-zero can-
cellation in order to achieve asymptotic tracking.

Example 8.3 Consider the system
X=ax+bu—2z4+w
z=—z+4u
y=x

where a < 0 is unknown and w (¢) is a disturbance.
The system is non-minimum phase with a transfer function

x(s)_ s—1
u(s) (G—a)s+1

If the same adaptive controller is used for the same disturbance in Example 8.1
with n = —1, then the disturbance w (¢) is bounded and the response of the closed-
loop system in Example 8.1 is completely bounded. However, this is no longer the
case for the non-minimum phase system in this example. Leta = —1,b = 1,y, = 1,
x (0) = 1, and k, (0). The closed-loop system is unstable as shown in Fig. 8.2.

In fact, the closed-loop system is unstable even when the disturbance is zero and
¥x = 10 as shown in Fig. 8.3.
Now, suppose the plan is minimum phase with
X=ax+u+2z+w

z=—z+u

y=x
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Fig. 8.2 Response of non-minimum phase system with disturbance, y, =1
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Fig. 8.3 Response of non-minimum phase system with zero disturbance, y, = 10

The closed-loop system now is stable with the same adaptive controller as shown
in Fig.8.4.
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Fig. 8.4 Response of minimum phase system with zero disturbance, y, = 10
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8.3 Time-Delay Systems

Many real systems have latency which results in a time delay at the control input.
Time delay is caused by a variety of sources such as communication bus latency,
computational latency, transport delay, etc. Time-delay systems are a special class
of non-minimum phase systems which exhibit some similar behaviors with respect
to adaptive control. Model-reference adaptive control of time-delay systems is chal-
lenging as no well-established theory is available. Instability can result when an
adaptive parameter exceeds a certain limit.
Consider a time-delay MIMO system with a matched uncertainty

¥=Ax+Bu(t—1)+ 60" @ (x)] (8.17)

where ?; is a known time delay.
If A and B are known, then an adaptive controller can be designed for the delay-
free system as
u=Kx+Kr—0"T®(x) (8.18)

®=—-I®(x)e' PB (8.19)

When a time delay is present, there exists an upper limit on the value of the adap-
tation rate matrix I” that ensures stable adaptation. Thus, the adaptation rate can no
longer be chosen arbitrary but rather by a careful consideration of the effect of the
time delay present in the system. Unfortunately, no well-established theory currently
exists that would enable a systematic design of adaptive control for time-delay sys-
tems. As a result, the design is relied upon extensive Monte-Carlo simulations to
ensure that a proper adaptation rate is selected.

Consider a time-delay SISO system

X =ax+bu(t —1ty) (8.20)

where x (1) e R, u (t) e R,and b > 0.
The open-loop transfer function

x(s)  be '

u(s) T s—ua

8.21)

is non-minimum phase since there exists a multiplicity of zeros in the right half plane
due to the term e~"*.
The system has a feedback control

u=kyx (8.22)

with a closed-loop pole s = a + bk, < 0.
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The feedback gain k, is designed to be robust in the presence of the time delay to
ensure stability of the closed-loop system.
The closed-loop transfer function

k,
G@Es)=—""— 8.23
) s —a — bkye™as (8:23)

is not absolutely stable but conditionally stable for k,,, <k, < —7.
The system pole can be computed by letting s = o + jw. Then,

0+ jo —a —bkee eI = () (8.24)

The zero cross-over value of k, is established by setting o = 0. Using the Euler’s
formula A
e /¥ = coswty — jsinwty, (8.25)

the real part and imaginary parts are equated to zero so that the following equations
are obtained:
—a — bk, coswt; =0 (8.26)

o + bk, sinwty =0 (8.27)

The solutions of these equations yield the jw-axis cross-over frequency from
which k, , can be determined as

w=,/b’k: —a? (8.28)
a + bk, cos ( /b2 — a%d) =0 (8.29)

Thus, the closed-loop system is stable for all values of k,,,, <k, < —%.

Suppose the constant a is unknown and the adaptive controller in Egs. (8.14) and
(8.15) is used to regulate x (¢) to zero. Without the time delay, the adaptation rate can
be arbitrarily chosen. However, in the presence of the time delay, there exists an upper
limit on y, that ensures stability of the closed-loop system. Thus, the closed-loop
adaptive system is stable if y, < y;, . such that

t
ke =k, (0) — / Van X2bdt > k- (8.30)
0

Example 8.4 Suppose a = —1, b = 1, and t; = 0.5s. The minimum feedback
gain is computed to be k,,, = —3.8069. The response of the closed-loop adaptive
system is shown in Fig. 8.5 for a time step At = 0.001. For y, = 7 and k, (0) = 0,
ke (t) - —3.5081 > k,,, ast — oo. Thus, the closed-loop system is stable.
For y, = 7.6, k, (t) becomes unbounded and the closed-loop system is unstable.
Therefore, the maximum adaptation rate y,, _is some value between 7 and 7.6.
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Fig. 8.5 Response of time-delay system

8.4 Unmodeled Dynamics

Non-minimum phase systems are a special class of systems with unmodeled dynam-
ics. Unmodeled dynamics are dynamics that actually exist in a plant but are not
accounted for in a control design. This is a very common situation since most con-
trol designs are based on mathematical models of some real plants that most likely
do not fully capture all the complex physics. In some cases, the neglected dynamics
do not present problems in a design, but in other cases, controllers that are designed
based on slightly inaccurate mathematical models can lead to catastrophic conse-
quences. Therefore, it is a good practice to include stability margins in any control
design to account for effects of unmodeled dynamics. Traditional gain and phase
margins are well-established design criteria for linear control design for SISO sys-
tems. For adaptive control, there is no such equivalent stability margin nor is there
any well-established theory for analysis of stability margins of adaptive systems.
Consider the system

X=Ax+ Bu+ A (x,z,u) (8.31)
z=f(x,z,u) (8.32)
y=x (8.33)

where z (¢) is an internal state vector which may be unmeasurable or unobservable,
A (x, z, u) is the plant model error that is unknown and not accounted for, Z (¢) is
the unmodeled dynamics, and y (¢) is the plant output vector which is equal to the
measurable state vector x (7).

If model-reference adaptive control is used in a control design by assuming
A (x,z,u) = 0, then it is clear that such a control design is non-robust as demon-
strated by instability phenomena of MRAC for non-minimum phase systems.
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Research in robust adaptive control was motivated by instability phenomena of
adaptive control. In fact, instability of adaptive control in the early 1960s which con-
tributed to the crash of one of the NASA X-15 hypersonic vehicles caused a great deal
of concern about the viability of adaptive control. Rohrs et al. investigated various
instability mechanisms of adaptive control in the 1980s [2]. The Rohrs counterex-
ample exposes the weakness of MRAC in its inability to provide robustness in the
presence of unmodeled dynamics.

To illustrate the lack of robustness to unmodeled dynamics associated with
MRAC, consider the following first-order SISO system with a second-order SISO
actuator plant:

X =ax + bu (8.34)

ii + 2¢ Wyt + Wlu = lu, (8.35)

wherea < 0,b > 0,¢ > 0, w > 0, and u, (¢) is the actuator command.
Suppose we want to design an adaptive controller to track a first-order reference
model
X = AmXm + b1 (8.36)

where a,, < 0.
Without knowing or ignoring the actuator dynamics, the adaptive controller is
designed to be of the form

uc =k, )y +k.(t)r (8.37)
where k, (¢) and k, (¢) are adjusted by the following MRAC adaptive laws:
ky = yyye (8.38)
k, = yre (8.39)
where e (1) = y,, (1) — y (2).
Let us now consider a non-adaptive control design with k, and k, constant. The

open-loop transfer function of the plant with actuator dynamics is expressed as

y(s) _ bw?
uc(s) B (s —a) (S2 + 2¢w,s + wﬁ) (8.40)

We introduce a time delay at the input u. (¢). Then, the closed-loop transfer
function is obtained as

2 ol
bw; ke~

G =
(s) (s —a) (s> 4+ 20 wus + w2) — bwZkye=4

(8.41)
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Lets = jw. Then, the characteristic equation of the closed-loop transfer function
is computed as

—jo’— (2w, — a) ®*+(w; — 2alw,) jo—aw,—bw;k, (coswty — jsinwty) =0
(8.42)

Separating the real part and imaginary part leads to the following equations:
— 2¢w, — a) ®* — aw? — bw?k, coswty =0 (8.43)

— @ + (0} — 2aw,) ® + borky sinwty = 0 (8.44)

The phase margin of the closed-loop plant is then obtained as

6= oty = si . w3—(w,2l—2a§wn)a)
= wt; = sin T (8.45)
or alternatively as
w — (a)2 — Zann) w
= f; =t -1 n 8.46
¢ = wlq = tan |:—(2§wn—a)w2—aa),2l (8.46)

The system has zero phase margin if

0= wy =/ 0? - 2atw, (8.47)

The feedback gain k, affects the cross-over frequency of the closed-loop system
according to the following equation:

w® + (a2 + 407w — Za)i) ot + (a)i +4a%c? — 2a2) wiw® + (a2 — bzki) wr =0

(8.48)

We now return to the adaptive control design. Suppose the reference command
signal is specified as

r = ro sin wyt (8.49)

Since the reference command signal provides frequency input that matches the
cross-over frequency at zero phase margin, the closed-loop adaptive system will be
unstable.

Example 8.5 Leta = —-1,b=1,a,, = -2, b,, =2, w, = Srad/s, and { = 0.5.
Then the cross-over frequency at zero phase margin is computed to be wy = +/30
rad/s. The reference command signal is then specified as

r = sin+30¢
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Fig. 8.6 Instability of MRAC due to unmodeled dynamics with reference command at zero phase
margin cross-over frequency r = sin +/30¢, ky (0) = —1

We choose yx = 1, ¥, = 1, and the initial conditions k, (0) = —1 and
k, (0) = 1. The closed-loop adaptive system is indeed unstable as shown in Fig. 8.6.
This illustrates the lack of robustness of MRAC to unmodeled dynamics.

Suppose we change the frequency of the reference command signal to 3 rad/s.
The adaptive system is now stable with &y, (t) — —3.5763 and k, (1) — 1.2982 as
shown in Fig.8.7.

The closed-loop stability of an adaptive system also depends on the initialization
of the adaptive feedback gain k,, (¢). To illustrate this, we compute the feedback gain
corresponding to the cross-over frequency at zero phase margin wy = +/30. This
results in k,, = —35—1 = —6.2. For the reference command signal r (f) = sin 3¢
which results in a stable closed-loop adaptive system as shown in Fig. 8.7, suppose
we initialize the adaptive law with k, (0) = —6.2. The closed-loop system is now
on the verge of instability as shown in Fig. 8.8.
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t

Fig. 8.7 Stable response with reference command r = sin 3¢, ky (0) = —1
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Fig. 8.8 Incipient instability of MRAC due to unmodeled dynamics with reference command
r = sin 3¢, ky (0) = —6.2 at zero phase margin

Example 8.6 The Rorhs counterexample is defined with the following parameters:

a=—-1,b=2,a, =-3,b, =3, 0 =+/229,and ¢ = 253@ [2].

5 100
50
x 0 S 0
-50
-5 -100,
0 10 20 0 10 20
t t
0 20
15
-5
x> x~~ 10
-10
5
-15 0
0 10 20 0 10 20

Fig. 8.9 Instability of MRAC by Rohrs counterexample

The adaptive laws are initialized with &k, (0) = —0.65 and k, (0) = 1.14. The
adaptation rates are chosen to be y, = 1 and y, = 1. The zero phase-margin
frequency is computed to be wy = /259 = 16.1 rad/s. The reference command
is given by

r =0.3+41.85sin16.1¢

As a result, instability occurs as shown in Fig. 8.9.
]
Typically, actuator dynamics must be sufficiently faster than the plant dynamics
in order to maintain enough stability margins for a controller. This usually means
that the actuator frequency bandwidth w,, must be greater than the control frequency
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bandwidth w, that is, w, > w. Then, the closed-loop transfer function in Eq. (8.41)
may be approximated by

G (s) = bhye” (8.50)
8= s —a — bkye=—u '

This results in the following cross-over frequency and phase margin:

= /b3 — a? (8.51)

¢ = wty = sin™! (—%) (8.52)
y

for ‘bky] > |a|. Asky — —00,¢ — 7. The closed-loop system is therefore robustly
stable in the presence of high gain.

8.5 Fast Adaptation

Model-reference adaptive control is designed to achieve asymptotic tracking for sys-
tems with matched structured uncertainty. In practice, asymptotic tracking is a highly
demanding requirement that can be difficult to meet. For systems with unknown dis-
turbances and unstructured uncertainty which are more frequently encountered in
practice, only bounded tracking could be achieved with MRAC, but there is no guar-
antee of boundedness of adaptive parameters. As the adaptation rate increases, the
tracking error reduces and the tracking performance is improved. This is usually
referred to as fast adaptation. However, as seen previously, for systems with non-
minimum phase behaviors, time delay, and unmodeled dynamics, increasing adap-
tation rate beyond a certain limit can result in instability. Robustness of MRAC, in
general, requires a small adaptation rate. Therefore, tracking performance and robust-
ness are often viewed as two directly competing requirements in adaptive control.
This viewpoint is also valid for any linear control design.
Consider a first-order SISO system

X =ax + bu (8.53)

A linear proportional-integral (PI) controller is designed to enable the plant output
x (¢) to track a reference signal x,, (¢) as

t
u=kex—+ k,-/ x —xp)dt (8.54)
0

The closed-loop plant is expressed as
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t

X = (a + bkp) x+ bki/ (x —xp)drt (8.55)
0

Differentiating yields
¥—(a+ bkp) X — bkix = —bk;xy, (8.56)

The closed-loop plant is stable with @ + bk, < O and k; < 0. As k; — oo,

x (t) = xp, (¢). Thus, increasing the integral gain improves the tracking performance.

2

The frequency of the closed-loop system is w; = —bk;. Thus, as k; — oo and

w, — 00, the closed-loop response becomes highly oscillatory. It is of interest to
find out what happens to the stability margins of the closed-loop system as k; — oo.
Suppose the input is delayed by an amount #; so that the closed-loop plant is given
by
bk;x e

- 8.57
* s2 —as — bk,se~1as — bk;e~'as ( )

The stability of the closed-loop plant can be analyzed by setting s = jw which
yields
— o —ajo — (bkpjo + bk;) (coswty — jsinwty) =0 (8.58)
Equating the real and imaginary parts to zero results in the following equations:
— w* — bk,wsin oty — bk; cos wty = 0 (8.59)
—aw — bk,wcos wty + bk; sinwty; =0 (8.60)
These equations can be recast as

bk}’ sin® wig + bk pkio sin 2wty + b°k; cos® wtg = (8.61)
bk’ cos® wiy — bPkpkiw sin 201y + bk} sin® wiy = a’o’ (8.62)

Adding the two equations together yields
o'+ (a® = b’k}) 0* — bk} =0 (8.63)

The cross-over frequency is then computed as

b*k; — a* 4p2k?
o= |—— |1+ |1+ :

—— (8.64)
2
2 (b2 — a?)
Multiplying Eq. (8.59) by bk; and Eq. (8.60) by bk, and then adding the resulting
equations together yield
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(abk, + bk;) &* + (*k2w* + b*k}) cos witg = 0 (8.65)

The closed-loop plant is then stable for all ¢ < t, where ¢, is called a time-delay
margin which is computed as

1 . (abkp + bk,») w?
ty = ; cos [—W (8.66)
Now, consider a limiting case when w? = —bk; — c0. Then,
w—> w; —> 00 (8.67)
1 -1 @,
fq > —cos™ — — 0 (8.68)
1) w
The phase margin of the closed-loop plant is computed to be
¢ =wt;y >0 (8.69)

Thus, as the integral gain increases, the closed-loop response becomes more oscil-
latory and the time-delay margin and phase margin of the closed-loop plant decrease.
In the limit, these margins tend to zero as k; — oo. On the other hand, the tracking
performance is improved with increasing the integral gain. Clearly, the two require-
ments cannot be simultaneously met. Thus, a control design typically strives for a
balance between these two competing requirements by a judicious choice of k;.

Suppose the plant becomes uncertain with a being an unknown parameter. A
reference model is specified by

)‘Cm = Xy + bmr (870)

where r (¢) is a constant signal.
Then, an adaptive controller is designed as

u=ke(@)x +kr (8.71)
ky = yex (xm —x) b (8.72)

where k, = %

Differentiating the closed-loop plant yields
¥ — [a + bk, (1)] % + b*yx® = bPyx’x,, (8.73)

Contrasting Eq. (8.73) with Eq. (8.56), one can conclude that the effect of adaptive
control is very similar to that of the linear integral control. In fact, let
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ki (x) = —yx%b (8.74)

Then, the closed-loop plant can be expressed as
X —la + bk, (1)1 X — bk; (x) x = —bk; (x) x,, (8.75)

Differentiating the adaptive controller yields
=k (x)(x —xun)+k @)X+ k7 (8.76)

Then, integrating yields

u= / k. (t) xdt +/ ki (x) (x —xp)dt + k.1 (8.77)
0 0

Therefore, adaptive control in some way can be viewed as a nonlinear inte-
gral control. This leads to an observation that as y, increases, the closed-loop
response becomes more oscillatory and the time-delay margin of the closed-loop
plant decreases. In the limit, as y, — o0, the time-delay margin tends to zero.
Robustness of MRAC therefore decreases as the adaptation rate increases.

Example 8.7 Leta = 1, b = 1, and x,, (t) = 1. To track a reference command,
a linear PI controller is designed with k, = —2 and k; = —500. The cross-over
frequency and time-delay margin are computed to be w = 22.3942 rad/s and t; =
0.0020s. Thus, the closed-loop system is stable for any time delay up to 0.0020s.
The cross-over frequency w and time-delay margin #; as a function of the integral
gain k; are shown in Fig. 8.10. As can be seen, the cross-over frequency increases and
the time-delay margin decreases as the magnitude of the integral gain k; increases.
Therefore, high frequency integral gain should be avoided in any design.

~° 0.4F

0.21

10 10 10 10

Fig. 8.10 Cross-over frequency and time-delay margin as function of integral gain
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Suppose an adaptive controller is used instead. Leta,, = —1,b,, = 1,and r (t) =
1. Choose a large value of y,, say, y, = 500 to achieve fast adaptation. With the
initial conditions x (0) = 0 and k, (0) = 0, the responses of the closed-loop adaptive
system and linear system are shown in Fig. 8.11. Note that the responses exhibit high
frequency oscillations as indicated by the analysis. As x (1) — x, (f) = 1, then
ki (x) >~ —yxx,fq (t) b = —500. Thus, the adaptation rate y, = 500 is effectively
equivalent to the integral gain k; = —500. Therefore, the closed-loop adaptive system
may tend to exhibit similar behaviors as the closed-loop linear system. In fact, if a
time delay #; = 0.0020s is introduced at the input, both systems become unstable
and have similar responses as shown in Fig. 8.12.

0.5F Adaptive Controller

Linear PI.Controller

Adaptive Controller

0 2 4 6 8 10
t

Linear PI Controller

0 2 4 6 8 10
t

Fig. 8.12 Responses of adaptive systems and linear systems with fast adaptation and time delay
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8.6 Summary

Model-reference adaptive control is designed to achieve asymptotic tracking. This
ideal property of MRAC is a benefit but also a problem. MRAC is generally non-
robust since the bound on an adaptive parameter cannot be established by the
Lyapunov stability analysis. A parameter drift can result that can cause an adap-
tive control algorithm to blow up. As the complexity of a plant increases, robustness
of MRAC becomes increasingly difficult to ascertain. In practical applications, the
knowledge of a real plant can never be established precisely. Thus, a model of a
physical plant often cannot fully capture all the effects due to unmodeled dynamics,
unstructured uncertainty, and exogenous disturbances that may exist in a real plant.
All these effects can produce closed-loop dynamics that can lead to instability when
MRAC is used in an adaptive controller.

Examples of the lack of robustness of MRAC to the parameter drift, time delay,
non-minimum phase plants, unmodeled dynamics, and fast adaptation are illustrated.
For a sufficiently large disturbance, MRAC attempts to seek the ideal asymptotic
tracking property. In theory, to reject the disturbance, MRAC generates a high-gain
control in order to reduce the effect of the disturbance. This high-gain control can
cause adaptive parameters to become unbounded. A parameter drift can lead to
instability in practical situations.

Non-minimum phase systems are more difficult to control since the existence of
the unstable zeros imposes limiting values on stable feedback gains. MRAC always
seeks the ideal asymptotic tracking property by attempting to perform an unstable
pole-zero cancellation, which leads to instability in non-minimum phase systems.
For non-minimum phase systems, adaptive control designers generally have to be
aware of the limiting values of adaptive parameters in order to prevent potential
instability.

Many real systems have latency which results in a time delay at the control input.
Time delay is caused by a variety of sources such as communication bus latency,
computational latency, transport delay, etc. Time-delay systems are a special class
of non-minimum phase systems. Instability can result when an adaptive parameter
exceeds a certain limit. Without the time delay, the adaptation rate in MRAC can be
arbitrarily chosen. However, in the presence of the time delay, there exists an upper
limit on the adaptation rate that can ensure the closed-loop stability of an adaptive
system. Thus, the closed-loop adaptive system is stable if the adaptation rate is kept
below this limit.

Unmodeled dynamics are dynamics that actually exist in a plant but are not
accounted for in a control design. This is a very common situation since most control
designs are based on mathematical models of some real plants that most likely do not
fully capture all the complex physics. In some cases, the neglected dynamics do not
present problems in a design, but in other cases, controllers that are designed based
on slightly inaccurate mathematical models can lead to catastrophic consequences.
MRAC is known to be non-robust to unmodeled dynamics. When a reference com-
mand signal contains a frequency close to a zero phase margin due to unmodeled
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dynamics, instability can occur. Initialization of adaptive parameters can also affect
the closed-loop stability if the initial condition coincides with a near zero phase
margin.

Fast adaptation refers to the notion that a large adaptation rate can be used to
achieve fast reference model following. In the limit, as the adaptation rate increases
to a theoretically infinite value, robustness of MRAC as measured by the time-delay
margin tends to zero. As with the case with non-minimum phase, time delay, and
unmodeled dynamics, MRAC can cause instability when a large adaptation rate is
used for fast adaptation.

8.7 Exercises

1. Consider a first-order SISO system
X=ax+bu+w

where w (7) is a bounded disturbance and u (¢) is an adaptive controller defined
as
u=kex

Iéx = —yxxzb
Suppose the solution of x (¢) is given by
x=t(1+0n"

a. Analyze parameter drift behaviors of the closed-loop system by finding all
values of p that result in unbounded feedback gain k, (¢) and all values of
p that result in a completely bounded system.

b. Implement the adaptive controller in Simulink using the following informa-
tionna=1,b=1,y, = 1,x(0) =0, and k, (0) = 0 with a time step
At = 0.001 s for two different values of p: one for unbounded k. (¢) and
the other for all bounded signals. Plot the time histories of x (¢), u (¢), w (¢),
and k, (1) for each of the values of p for ¢ € [0, 20]s.

2. Consider a time delay second-order SISO system
Vy=y+ty=ult—1ta

where #,; is an unknown time delay.
The unstable open-loop plant is stabilized with a linear derivative controller

u=kjy



8.7 Exercises 207

where k) = —7.

a.

b.

Calculate analytically the cross-over frequency w and the time-delay margin
t4 that corresponds to neutral stability of the closed-loop system.
Now, suppose an adaptive controller is designed to follow the delay-free
closed-loop system with the linear derivative controller as the reference
model

j;m + 6)‘)111 + Ym = 0

Letx () = [y @) y @) ]—r € R?, then the open-loop plant is designed with
an adaptive derivative controller

u=K.x

K! =-Ixx"PB
where K, (1) = [0 kq (1) ] and I, = diag(0, y,) and y; is an adaptation
rate.

Implement the adaptive controller in Simulink using the following infor-
mation: Q = I, y(0) = 1, y(0) = 0, and K, (0) = 0 with a time step
At = 0.001s. Determine yy,,. that causes the closed-loop system to be on
the verge of instability by trial-and-error to within 0.1 accuracy. Calculate
ka4, that corresponds to y,, . Plot the time histories of x (¢), u (), and k4 (¢)

‘min

fort € [0, 10]s.

3. For the Rohrs’ counterexample, stability of the closed-loop system is affected
by the frequency of the reference command signal r (¢). Write the closed-loop
transfer function from r (¢) to y (¢). Then, compute the cross-over frequency @
for the reference command signal

r =0.3 4 1.85sin wt

to give a 60° phase margin. Also compute the ideal feedback gain k corresponding
to this phase margin. Implement in Simulink the Rohrs’ counterexample using
the same initial conditions k, (0) and k, (0) with y, =y, = 1 and At = 0.001s.
Plot the time histories of y (¢), u (¢), ky (¢), and k, (¢) for ¢ € [0, 60]s.
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Chapter 9
Robust Adaptive Control

Abstract This chapter presents several techniques for improved robustness of
model-reference adaptive control. These techniques, called robust modification,
achieve increased robustness through two general principles: (1) limiting adaptive
parameters and (2) adding damping mechanisms in the adaptive laws to bound adap-
tive parameters. The dead-zone method and the projection method are two common
robust modification schemes based on the principle of limiting adaptive parameters.
The dead-zone method prevents the adaptation when the tracking error norm falls
below a certain threshold. This method prevents adaptive systems from adapting to
noise which can lead to a parameter drift. The projection method is widely used
in practical adaptive control applications. The method requires the knowledge of a
priority bounds on system parameters. Once the bounds are given, a convex set is
established. The projection method then permits the normal adaptation mechanism
of model-reference adaptive control as long as the adaptive parameters remain in-
side the convex set. If the adaptive parameters reach the boundary of the convex
set, the projection method changes the adaptation mechanism to bring the adaptive
parameters back into the set. The o modification and e modification are two well-
known robust modification techniques based on the principle of adding damping
mechanisms to bound adaptive parameters. These two methods are discussed, and
the Lyapunov stability proofs are provided. The optimal control modification and
the adaptive loop recovery modification are two recent robust modification meth-
ods that also add damping mechanisms to model-reference adaptive control. The
optimal control modification is developed from the optimal control theory. The prin-
ciple of the optimal control modification is to explicitly seek a bounded tracking
as opposed to the asymptotic tracking with model-reference adaptive control. The
bounded tracking is formulated as a minimization of the tracking error norm bounded
from an unknown lower bound. A trade-off between bounded tracking and stabil-
ity robustness can therefore be achieved. The damping term in the optimal control
modification is related to the persistent excitation condition. The optimal control
modification exhibits a linear asymptotic property under fast adaptation. For linear
uncertain systems, the optimal control modification causes the closed-loop systems
to tend to linear systems in the limit. This property can be leveraged for the design
and analysis of adaptive control systems using many existing well-known linear con-
trol techniques. The adaptive loop recovery modification is designed to minimize the
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nonlinearity in a closed-loop plant so that the stability margin of a linear reference
model could be preserved. This results in a damping term proportional to the square
of the derivative of the input function. As the damping term increases, in theory
the nonlinearity of a closed-loop system decreases so that the closed-loop plant can
follow a linear reference model which possesses all the required stability margin
properties. The .2} adaptive control has gained a lot of attention in the recent years
due to its ability to achieve robustness with fast adaptation for a given a priori bound
on the uncertainty. The underlying principle of the £} adaptive control is the use
of fast adaptation for improved transient or tracking performance coupled with a
low-pass filter to suppress high-frequency responses for improved robustness. As a
result, the .Z] adaptive control can be designed to achieve stability margins under fast
adaptation for a given a priori bound on the uncertainty. The basic working concept of
the %} adaptive control is presented. The bi-objective optimal control modification
is an extension of the optimal control modification designed to achieved improved
performance and robustness of systems with input uncertainty. The adaptation mech-
anism relies on two sources of errors: the normal tracking error and the predictor
error. A predictor model of a plant is constructed to estimate the open-loop response
of the plant. The predictor error is formed as the difference between the plant and the
predictor model. This error signal is then added to the optimal control modification
adaptive law to enable the input uncertainty to be estimated. Model-reference adap-
tive control of singularly perturbed systems is presented to address slow actuator
dynamics. The singular perturbation method is used to decouple the slow and fast
dynamics of a plant and its actuator. The asymptotic outer solution of the singularly
perturbed system is then used in the design of model-reference adaptive control. This
modification effectively modifies an adaptive control signal to account for slow ac-
tuator dynamics by scaling the adaptive law to achieve tracking. Adaptive control of
linear uncertain systems using the linear asymptotic property of the optimal control
modification method is presented for non-strictly positive real (SPR) systems and
non-minimum phase systems. The non-SPR plant is modeled as a first-order SISO
system with a second-order unmodeled actuator dynamics. The plant has relative de-
gree 3 while the first-order reference model is SPR with relative degree 1. By invoking
the linear asymptotic property, the optimal control modification can be designed to
guarantee a specified phase margin of the asymptotic linear closed-loop system.
For non-minimum phase systems, the standard model-reference adaptive control is
known to be unstable due to the unstable pole-zero cancellation as a result of the
ideal property of asymptotic tracking. The optimal control modification is applied
as an output feedback adaptive control design that prevents the unstable pole-zero
cancellation by achieving bounded tracking. The resulting output feedback adaptive
control design, while preventing instability, can produce poor tracking performance.
A Luenberger observer state feedback adaptive control method is developed to im-
prove the tracking performance. The standard model-reference adaptive control still
suffers the same issue with the lack of robustness if the non-minimum phase plant
is required to track a minimum phase reference model. On the other hand, the opti-
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mal control modification can produce good tracking performance for both minimum
phase and non-minimum phase reference models.

Research in robust adaptive control was motivated by instability phenomena of adap-
tive control. In fact, instability of adaptive control in the early 1960s which con-
tributed to the crash of one of the NASA X-15 hypersonic vehicles caused a great
deal of concern about the viability of adaptive control. Rohrs et al. investigated in-
stability mechanisms of adaptive control due to unmodeled dynamics in the 1980s
[1]. As a result, various robust modification schemes had since been developed to
ensure boundedness of adaptive parameters. The o modification and the ¢ modifica-
tion are two well-known robust modification methods [2, 4]. Other techniques such
as the dead-zone method and the projection method are also used to improve robust-
ness of adaptive control algorithms [5]. In recent years, there have been numerous
new advanced robust adaptive control methods developed, such as the adaptive loop
recovery [6], composite model-reference adaptive control [7], £ adaptive control
[8], optimal control modification [9], derivative-free adaptive control [10], and many
others. The reader is referred to Chap.1 for a more extensive list of these recent
adaptive control methods. The principle of robust modification is based on two cen-
tral themes: (1) limiting adaptive parameters and (2) adding damping mechanisms
to model-reference adaptive control. The robustness issues with the parameter drift,
non-minimum phase behaviors, time delay, unmodeled dynamics, and fast adaptation
are largely ameliorated with these robust modification schemes, but are not entirely
eliminated if the nature of the uncertainty is not completely known.

In this chapter, a variety of robust adaptive control methods will be covered. The
learning objectives of this chapter are:

e To develop an understanding and to know how to apply common techniques for
enhancing robustness in model-reference adaptive control, namely the dead-zone
method, the projection method, o modification, and e modification;

e To be able to understand and apply new modern robust adaptive control tech-
niques, namely the optimal control modification, the bi-objective optimal control
modification, the adaptive loop recovery, and the .%| adaptive control;

e To develop an understanding of the linear asymptotic property of the optimal
control modification that can be used to estimate the time-delay margin of a closed-
loop adaptive system;

e To understand and to know how to apply time-varying adaptation rate techniques
of normalization and covariance adjustment to improve robustness;

e To recognize robustness issues with slow actuators and to be able to apply the
singular perturbation method for systems with slow actuator dynamics; and

e To be able to address systems with unmodeled dynamics and non-minimum phase
plants with relative degree 1 by applying the linear asymptotic property of the
optimal control modification.
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9.1 Dead-Zone Method

Parameter drift can occur when noise is present in a signal. If the signal-to-noise
ratio is sufficiently small, adaptive control would attempt to reduce noise instead of
the tracking error. As a result, adaptive parameters would continue to be integrated,
thereby leading to a parameter drift. Thus, the dead-zone method can be used to stop
the adaptation process when the tracking error is reduced below a certain level [5].
The dead-zone method for the adaptive law in Eq. (8.19) is stated as
T
@:[ I'e (x)e" PB |le|| > eo o1

0 llell < eo

where ¢ is an adaptation threshold to be selected.

Assuming that e is properly chosen, then the dead-zone method will improve
robustness of MRAC since the adaptive parameters will be “frozen” when the adap-
tation process ceases. The adaptive parameters can be shown to be bounded by the
Lyapunov stability analysis as follows:

Proof When |le| > e, the adaptation process is active. The usual result of the
Lyapunov stability analysis was given in Sect.8.1 with a bounded tracking error.
When ||e|| < ep, the adaptation is shut off to prevent the potential parameter drift as
e (t) — 0. Then, the following Lyapunov candidate function is used:
V(e)=e' Pe 9.2)
The tracking error equation is given by
é=Ane+BO TP (x)—w (9.3)
where w (¢) is the noise disturbance.
Then, ) 3
V(e)=—e Qe+2¢"PBOT® (x) —2e' Pw 9.4)
14 (e) < 0requires

2¢"PBOT® (x) <e' Qe+ 2 Pw 9.5)

or

< Amax (Q) llell + 2 pax (P) wo < Amax (Q) €0 + 2Apax (P) wo

< < (9.6)
21 PBI 1D ()l 2||PB| @9
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Since [le|| < ep, it implies that @ (x)|| < @, is bounded. Thus, H 6| is also
bounded from above. The adaptive law with the dead-zone method therefore is robust

and can prevent a parameter drift.

|

The difficulty with the dead-zone method usually lies with the selection of ey which

is generally by trial-and-error. If the threshold is set too large, then the adaptation
process may be prematurely terminated by the dead-zone method. On the other hand,

if it is set too low, then the integral action of the adaptive law can lead to a parameter
drift.

Example 9.1 For Example 8.1 with k, (#) unbounded forn = — 15—2, using the dead-
zone method with |x| > 0.2, the value of k, (¢) is limited to —54.2195. Since
w() — 0ast — oo, x () will also tend to zero with the dead-zone method.
However, it tends to zero at a slower rate than that with MRAC. The response of
the closed-loop system with the dead-zone method is compared to that with MRAC
as shown in Fig.9.1. A time delay is injected at the input. The closed-loop system
can tolerate up to 7; = 0.0235s with MRAC and 7; = 0.0285s with the dead-zone
method. This indicates that the dead-zone method is more robust than MRAC.

—— Deadband w/ lel>0.2
—MRAC

x 0.5

0 20 40 60 80 100

—— Deadband w/ lel>0.2
-20f ——MRAG .

20 40 60 80 100

Fig. 9.1 MRAC with dead-zone method

9.2 Projection Method

The projection method is used to limit adaptive parameters based on a priori knowl-
edge of the uncertainty. This may be a contradiction since uncertainty is usually
not known a priori. However, an adaptive controller can be designed under a cer-
tain assumption of the uncertainty. As long as the uncertainty does not violate the
assumption, then the projection method is guaranteed to provide robustness.
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To motivate the concept, consider a convex optimization problem

min J (®) = f(O) 9.7)
where @ () € R" and f (®) € R is a convex function, i.e.,
flax+d-)y) =af(x)+A—a) f () 9.8)
for some « € [0, 1], subject to an equality constraint
g(©)=0 9.9)
where g (®) € R is a convex function.

This is a constrained optimization problem. We can solve this problem by using
the Lagrange multiplier method. Introducing a Lagrange multiplier A (7), also called
an adjoint variable, then the augmented cost function is expressed as

J(©®)=f(O)+1r1g(O) (9.10)

The second term is the augmented term which does not change the cost function

since g (®) = 0.
The necessary condition of optimality is obtained as

aJ
Vi (®)=—=0 9.11
0 (©) 50 9.11)
This yields
Vo (©)+AiVge (©)=0 (9.12)

where V fp (@) € R" and Vgg (O®) € R".
Pre-multiplying Eq. (9.12) by VT ge (©) yields

V'go (O) Ve (@) +AV gy (O)Vge (©)=0 (9.13)
Using the pseudo-inverse, A (¢) is obtained as

_ V'ge (©)Vfe (©)
VTgeo (©)Vge (O)

(9.14)

Thus, the adjoint variable X (¢) is negative of the projection of the vector VJg (@)
onto the vector Vgg (O).
Now, the gradient update law for @ (¢) is given by

O =—I'Vig(©)=—T[Vfe(O)+AVge ()] (9.15)
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Substituting A (¢) into the gradient update law results in

@ =-rI [Vf@ @) — (9.16)

Vgo (0)Vgo (O)V fo (@)}
VTge (0) Vge (0)

The update law can also be expressed by a projection operator as

Vgo (0) Vg ()
VTge (©)Vge (O)

® =Pro(O®,—I'Viy(®) =—-T [1 - } Vie (©) (9.17)

The projection thus restricts of the optimal solution to only permissible values of
O (t) that lie on the constraint set g (@) = 0.
For example, consider the following constraint:

2@ =(©-0%) (0-0")-R*=0 9.18)

which is a circle with the center at @ (t) = @* and the radius R.
g (®) can be verified to be a convex function. Then,

Vo (0) =2(0 - 6% 9.19)

The least-squares gradient adaptive law with this constraint is given by

: [1 _©-Hy©-09T

®=-T 23 } d(x)e" (9.20)

A more common situation in adaptive control typically involves an inequality
constraint defined by a convex set

S ={O0 ) eR": g(O) <0} (9.21)

The optimization solution is then restricted to all permissible values of @ (¢)
inside the compact set .&. If the initial values of @ () is inside .¥, then there are
two situations to consider:

1. If ® (¢t) remains inside . where g (®) < 0, then the optimization is uncon-
strained and the standard gradient update law is used.

2. If ©® (¢) is on the boundary of . where g (®) = 0, then two situations can occur. If
O (1) proceeds in a direction toward ., then the standard gradient update law for
the unconstrained optimization is used. The direction toward .% is such that Vgg
points toward . and generally is in the opposite direction to that of —V Jg. This
implies the dot product between Vgg and —V Jg is negative, or —V ' Jo Vge < 0.
If ® (t) moves away from .# in a direction such that —V " JoVge > 0, then the
projection method is used to bring & (¢) back onto a tangent plane of .. © (t)
would then proceed in the direction on the boundary of .%.
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Vg

Pro(©,-I'VJg(©))

Fig. 9.2 Projection method

From Fig.9.2, when @ (t) moves away from ., it follows that
(©—6%) Vgu (@) >0 (9.22)
The projection method is then stated as [5]

® =Pro (O, —I'VJg (O))

—I'VJg (®) if g(®) <0orif g(®) =0
and — V' JgVge (©) <0

- Vgo (©)V'ge (@)] .
T Ve (©) ifg(®)>0
[ VTge (0)Vge (O) 0 (@) ifg(®) =
and — V' Jp (©) Vgo (©) >0

(9.23)

Using the projection method for MRAC, the adaptive law is expressed as

6 = Pro (@, e () eTPB)
—I'®d (x)e' PB if g(®) <0orif g(®) =0
and —[® (x)eT PB]" Vgo (©) <0
= Vgo (9)V'go (0) i
-r [ — Vo (@) Veo (@)] P (x)e' PB if g(®) >0
and — [@ (x)e PB]' Vgo (©) >0
(9.24)

The projection method can be shown to achieve uniform ultimate boundedness
by the Lyapunov stability analysis as follows:

Proof When g (@) < 0or g(®) = 0 and ® (t) moves toward ., then the usual
result of the Lyapunov analysis in Sect. 8.1 is obtained. When g (®) > 0 and © (¢)
moves away from .#, then the projection method is used.

Choose a Lyapunov candidate function

% (e, é) —e Pet+ OO (9.25)
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Then,

Vgo (0) Vg (O)
VTgo (©)Vge (0)

% (e, @”) = —¢"Qe—2TPw+267 ®(x)e PB (9.26)

The direction of @ (¢) away from . is defined by — [95 (x) eTPB]T Vgo (©) >
0. Then, let V'go (©)® (x)e' PB = —cy < 0 where ¢y > 0. It follows from
Eq.(9.22) that

2000V ge (O)

V (e, @) < —Amin (Q) llell* 4 2hmax (P) llell wo — 9.27)
( ' VTgo (0) Vgo (0)
Suppose g (@) is defined by Eq. (9.18). Then,
20 Vgo (©)=40"T6O =4R> =V gy (0) Vge (O) (9.28)
So,
V (€.6) = —uin (O) el + 2max (P) el wo = 2cq
< —Xmin (Q) llell* + 2Amax (P) llell wo (9.29)
Thus, V (e, o) <0if
2hmax (P)w
el = Z 20— 9.30)

Amin (Q)

Since g (®) > 0, then @) 1)

is bounded from below by > R. We want the

trajectory of @ (t) to return to the set .. Thus, V (e, (:)) > 0 inside a compact set

7 ={(lell. |

but V (e, (:)) < 0 outside .¥ to ensure that both ¢ (1) and © (¢) are uniformly

ultimately bounded.
The ultimate bounds can be found from the following inequalities:

éH) Jlell < pand H@H < R} 9.31)

~ 12
Amin (P) €1 = donin (P I + A (1) | 6]

<V (e, o) < Amax (P) P> + dopax (T R? (9.32)
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~ 112 ~ 12 ~
onia (T[] < e (PY el + i (P 7) | 6] = V (e 6)
< Jmax (P) p* + hmax (I'™') R? (9.33)
Thus,
)\max (P) P2 + Amax (Fil) R? _
p = llell < / ) =p (9.34)
~ )"max P 2 )\max F71 R2
Refof = [T T IRy s
)"min (Fil)
[ |

Therefore, the projection method improves robustness of MRAC by constraining
the adaptive parameters to remain within a convex set. The boundedness of the
adaptive parameters causes an increase in the ultimate bound of the tracking error.
Since g (®) is a scalar function that constrains the adaptive parameters, the challenge
is to obtain such a function. For example, the convex function g (®) in Eq. (9.18)
can also be expressed as

n

g(©=>(6:-6) R <0 (9.36)

i=1

Then,

6, =0'—R<6<0"+R=0 (9.37)

Umin max

The problem is that the range of 6; which is equal to 6;,, — 6; ,, is determined
by a single parameter R when in practice each 6; could have a different range. For
example, if a priori bounds on the adaptive parameters can be determined such that

Umin

6 =9i*—ri§9i§9l~*+ri=9 (9.38)

Umin Umax

Then, R is determined as
R = m_1{1 (ry) (9.39)

This would then result in an over-constrained convex set wherein one or more
adaptive parameters will be over-constrained. Thus, a convex scalar function may
not be sufficiently flexible for handling more than one adaptive parameter. In such
situations, a convex vector function could be used.
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Suppose a convex vector function is defined as

(6 —67)" = r?
g(®) =[g (B)] = : (9.40)

where m < n.
The augmented cost function is expressed as

J(O)=f(©)+¢g" (O)ih=[(O)+ Z)»igi ) (9-41)

i=1

where A (1) € R™.
Then,
Vie(@)+Vg@)r=0 (9.42)

A (¢) can be solved by the pseudo-inverse as
h=—[Vgo (©)V'go (@)]7l Vg @)V fo (O) (9-43)
The projection operator then becomes
® =Pro(®, —I'VJy (O))
=T {1-V72(6)[V20 (0) VT30 (©)] ' Vg (©)} VIo (©)  (9.44)

if g; (6;) = 0and — [V Jp (@) VTge ()], >0.i=1,....m.
For the special case when m = n, then

A=-VTg(O)Vfo(®) (9.45)
The projection operator turns out to be equal to zero since

© =Pro(@,—I'VJp (@) =—-T{I-V'g(@)V g(®)}Vis (@) =0
(9.46)
if g (6;) = 0and — [V Jo (©)VTge (©)]. > 0,i =1,....m.
This leads to a more intuitive projection method for MRAC which can be stated
in a column-wise format as
—[re x)eTPB. if (6 —67)° < rZorif (6, —67)" =
b, = and — [@ (x)e PB] (6 —67) <0 (9.47)

0 otherwise
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The same projection method can be used when @ (r) is a matrix for each element
0; j ().

The challenge with the projection method is to be able to determine 8 and r}* a
priori. Since technically 8 is an unknown ideal parameter, the projection method
has the same shortcoming as the dead-zone method in that a priori knowledge of the
uncertainty must be established. This illustrates an important point that robustness
can never be attained for any adaptive control design if the uncertainty is completely
unknown. Thus, with some knowledge on the bounds of the adaptive parameters, the
projection method can be used as an effective robust modification to MRAC.

Example 9.2 For Example 8.4, the largest negative feedback gain that the system
can tolerate is k,,,, = —3.8069. If a priori knowledge of this limiting feedback gain

is known, then the projection method can be used to enforce the constraint on k, ()
during the adaptation process. Suppose this constraint is specified as

ke — k| <r

where k} = 0and r = 3.

Using an adaptation rate y, = 7.6, which, in Example 8.4, would result in insta-
bility, the closed-loop system is now stable with k, () — —3 when the adaptation
is shut off as shown in Fig.9.3.

Fig. 9.3 MRAC with projection method

9.3 o Modification

Rohrs’ investigation of robustness of adaptive control in the presence of unmodeled
dynamics exhibits the various instability mechanisms of model-reference adaptive
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control [1]. Since then, researchers began to examine ways to modify the standard
MRAC to improve robustness. A number of modifications were developed in the
1980s, among which the o modification is perhaps the simplest modification method
that demonstrates the potential for improved robustness. The o modification method
was developed by Ioannu and Kokotovic [2]. It is widely used in adaptive control
practice due to its simplicity.

Consider a MIMO system with a parametric matched uncertainty and an unknown
bounded disturbance

i=Ax+Blu+0"To @] +w (9.48)

where x (1) € R” is a state vector, u (f) € R™ is a control vector, A € R"” x R" is
known, B € R” x R™ is also known such that (A, B) is controllable, ®* € R? x R™
is the unknown parameter, @ (x) € R? is aknown, bounded function, and w (t) € R”
is an unknown bounded disturbance.

The reference model is given by

)‘Cm = Amxm + B, r (949)
where A,, € R" x R" is known and Hurwitz, B,, € R" x R" isknown, and r (1) € R”

is a bounded reference command signal.
We assume that K, and K, can be determined from the model matching conditions

A+ BK,= A, (9.50)
BK, = B, 9.51)
Then, the adaptive controller is designed as
u=Kx+Kr—0"Td (x) (9.52)
The o modification to the adaptive law that estimates & (¢) is described by
©=-T[®x) e PB+00] (9.53)

where o > 0 is the modification parameter.

The modification term effectively introduces a constant damping into the adap-
tive law, thereby providing a mechanism to bound the adaptive parameters. The o
modification is quite effective and yet simple to implement. It is frequently used in
adaptive control to ensure robustness. By bounding the adaptive parameters, the ideal
asymptotic tracking property of MRAC is no longer preserved with the o modifica-
tion.
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The o modification can be shown to be stable by the Lyapunov’s direct method
as follows:

Proof Choose a Lyapunov candidate function
v (e, @) — ¢! Pe + trace (éTrflé) (9.54)
The tracking error equation is obtained as
é=Ane+BOT® (x) —w (9.55)

Evaluating 1% (e, (5)) yields

% (e, é) = —¢TQ0e+2TPBOT® (x) — 2¢T Pw + trace (—2@T [qb (x)e" PB + o®:|

(9.56)
This can be simplified as
1% (e, (:)) = —e' Qe — 2¢" Pw — 2otrace (@TG))
= —e¢' Qe —2¢" Pw — 20trace (@T@ + @T@*) (9.57)
Therefore, 1% (e, (:)) is bounded by
. ~ ~ 112 ~
V (e.6) = —nin () llelP+2 el 2nax (P wo—20 | 6| +20 |6 & 9.58)

where wy = max ||w||,, and ®y = ||@*||.
To show that the solution is bounded, we need to show that 1% (e, @) > (0 inside

a compact set but V (e, (:)) < 0 outside it. To that end, completing the square yields

y = A’n’l.a)( P :
¥ (0.6) = <hin (@ [ et - 220 ]

22 (P)wW] I G\ o062
max -2 ”@” _ v 0 5
RT) “( 2) T2 ©->%
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Thus, V (e, o) <0if

Amax (P A2 (PYW] o5
lef > 2mar P) %o / ma PG 00 g 60)
Amin (Q) )‘min (Q) 2)‘min (Q)
or
<1l _ © Ao (PYWS 02
6> 20 4 [tiaPIWg O _ 9.61)
2 20}‘min (Q) 4
1% (e, é) < 0 outside a compact set . defined by
P E hnas PYwo " (157 _ @0
=1 (lell |6]) : 2min (@ [nen - W] + o( - 7)
2 2 02
< )Lmax (P) WO UOO ] (962)
)\min (Q) 2

Therefore, the solution is uniformly ultimately bounded with the ultimate bounds
determined by

)\’m[l.x P 2+)"max F71 2
psIIelIs\/ ( )p)\ | (P)( ) _, (9.63)
= )"max P 2+)‘max F71 2
I ] P T U R
n

We see that the ultimate bound for the tracking error increases due to the o modifi-
cation term. This is a consequence of the trade-off between the tracking performance
and robustness. Another interesting observation is that, if o = 0, then the standard

MRAC is recovered and H @) H is unbounded if wq is not zero. This is consistent with
the parameter drift behavior in the standard MRAC.

If the adaptive controller is a regulator type and the disturbance is zero, then the
closed-loop system is autonomous and is expressed as

¥ =Aux—B(0—0%)® (x) (9.65)

O=-T[-®x)x"PB+00] (9.66)

Let I' — oo, then the equilibrium of this system is determined as
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'B Ecp (X)x"PB — @*} @ (x) (9.67)

-1
O=—d ()i PB (9.68)
o

The equilibrium adaptive parameter @ thus is inversely proportional to the mod-
ification parameter o. The equilibrium state x is also inversely proportional to o.
As the value of the modification parameter o increases, the tracking error becomes
larger. The reduced tracking performance of the o modification offers better robust-
ness to unmodeled dynamics in return. Because the adaptive parameter is proven to
be bounded, the parameter drift issue is eliminated.

Example 9.3 Consider the parameter drift example in Example 8.1. Let
x=>0+n)"
The o modification adaptive law is given by
l%x =V (xzb + crkx)
which could also be expressed as

% (ey""kx) = —e""y.x%b

The solution of this equation is

et (14+0)" =1 2ne”" 1+ ' —2n
Va0 - yio?
N 2nC2n—1De” 14+0)"2=2n2n—-1) ]
yio?

eyxmkx — ke (0) = _yxb|:

which yields

kx =e ! |:kx (0) - yxb (_

2n 2n—1 _ 2n—2
_yxb[(1+z) _ (0™ @D+ _]

252 353
VxO e Yio

2n 2n(2n—1)+_”)i|

2,2 3,3
VO  YiO Vio




9.3 o Modification 225

1.2 0
1.1 -5,
x s
1K/d -10)
0. -15
(] 10 20 0 10 20
t t
15 0
10
-5
z 5 5
-10)
0
-5 -15
0 10 20 0 10 20

Fig. 9.4 o modification

Note that not only x (¢) is bounded for all n < 0, but k, (¢) is also bounded. Thus,
the o modification has eliminated the parameter drift issue.

The response of the closed-loop plant for the same disturbance in this example
with n = —15—2, x(0) =1,k () =0, y, = 10, and ¢ = 0.1 is shown in Fig.9.4.
Note that with MRAC, k, (¢) is unbounded but now becomes bounded with the o

modification.

]
Consider a MIMO system
X = Ax + Bu (9.69)
where A is unknown.
The plant is designed with the following adaptive controller:
u=K,(t)x+K,r (9.70)
to follow the reference model in Eq. (9.49).
The o modification adaptive law for K (¢) is given by
Kl =TI (xe"PB—0K]) 9.71)
Differentiating the closed-loop plant gives
¥ = A% + BK,x + BK,% + BK,F (9.72)
Then,
¥ —(A+BK,)x —B(B'Pex" + 0K,) Ix = BK,F (9.73)

The second term on the left-hand side acts as a damping term due to the propor-
tional control action. The third term is effectively a nonlinear integral control. Without
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the o modification term, as Iy increases, robustness of the closed-loop plant is re-
duced. In the limit as Iy, — 00, the time-delay margin of the closed-loop plant goes
to zero. In the presence of the o modification term, the integral control action tends
to zero as Iy — oo, thereby improving robustness of the adaptive controller.
Consider the SISO plant in Sect. 8.5, the o modification adaptive law for k, (¢) is

ke =y (xeb — oky) (9.74)
The closed-loop plant is then expressed as
X — (a + bky) x — by, (xeb — oky) x = bk, 7 (9.75)
The third term in the left-hand side is the nonlinear integral control
ki (x) =y (xeb — oky) = ky (9.76)
Thus, the ¢ modification changes the ideal integral control action of the adaptive
controller.

Suppose y, — oo and r (1) is a constant reference command signal, then &, (¢)
tends to an equilibrium

ky > — 9.77)
o
This effectively reduces the integral gain &; to zero. Then, the closed-loop system
tends to

i= (a + ’i) X + bk, r (9.78)
o

The cross-over frequency and time-delay margin are obtained as

I
w= e a (9.79)
1 - oa
ta = — cos (_xa b2) (9.80)

It can be seen that as y, — oo, the time-delay margin of the closed-loop system
remains finite. In contrast, for MRAC, the time-delay margin goes to zero as y, — o0.
In fact, by setting 0 = 0 for MRAC, we see that ® — oo and 7; — 0. Since the
time-delay margin is a measure of robustness, the o modification clearly is more
robust than the standard MRAC.

The equilibrium state is determined by letting y, — o0 in the adaptive law for
k, () so that

o~ - Ok
xz—xmx+

=0 9.81)
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X 4ok,
=211 1 — 9.82
= +4/ b2 (9.82)

The o modification therefore causes x (¢) to not follow x,, (). So, the ideal prop-
erty of asymptotic tracking of MRAC is not preserved. This is a trade-off with
improved robustness.

The equilibrium value of &, (¢) can be determined from the state equation

which yields

X = (a + bky) x + bk,r (9.83)

where r (¢) is a constant reference command signal.

This results in L
ko=l 2 (9.84)
X b

Since the reference model is given by
X = AmXm + b1 (9.85)

therefore a + bk} = a,, and bk, = b,, by the model matching conditions. Then,
the equilibrium reference state is related to the constant reference command signal

according to
AmXm

=— 9.86
r by (9.86)
Substituting into the equilibrium value of k, () gives
g, = Gntn_ 4 (9.87)
Tobx b ‘

IfX — X, thenideally k, — k. With the o modification, the adaptive parameter
does not tend to its ideal value because the tracking is not asymptotic.

Using the equilibrium value of k. (¢), the equilibrium state can be determined
explicitly as a function of the equilibrium reference state x,, from the following
equation:

b33 — b?%,%° — oak + capi, =0 (9.88)

Because the tracking is not asymptotic and the adaptive parameter does not tend
to its ideal value, a switching modification to the o modification has been proposed
by Ioannu [3]. The switching o modification turns on the o modification when the
adaptive parameter exceeds a certain threshold and switches off when the adaptive
parameter falls below the threshold. When the o modification is switched off, the
adaptive law will attempt to restore its ideal property of asymptotic tracking. In
practice, the switching can cause transients and high-frequency oscillations that could
present a problem in itself.



228 9 Robust Adaptive Control

The switching o modification is stated as

_ IUO o] = & 0.89)

0 @] <&

As with the dead-zone method, the selection of the adaptive parameter threshold
is usually not guided by systematic design approaches, but rather by trial-and-error.

Example 9.4 Consider Example 8.7. Keeping everything the same but using a value
of o = 0.1, the responses of the closed-loop system with and without a time delay of
0.00205s are shown in Fig.9.5. Note that the two responses are very similar, whereas
the response with the standard MRAC with a time delay of 0.0020s shows that the
closed-loop system is unstable. All high-frequency oscillations are no longer present.

ty =0.002 sec

Fig. 9.5 Responses due to o modification with and without time delay

The ideal feedback gain is computed to be k; = —2. The equilibrium state is then
computed from
P -3 -01x-01=0

which yields x = 1.1604.

The equilibrium value of &, (¢) is computed to be —1.8617. The simulation gives
the same results as the analytical solutions. The time delay that the system can tolerate
is 0.145 s estimated from the simulation.

9.4 e Modification

The e modification is another popular robust modification adaptive law. Developed
by Narendra and Annaswammy [4], it is supposed to have overcome a limitation with
the o modification in that it can achieve asymptotic tracking under some conditions
while improving robustness.
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The e modification adaptive law is stated as
©=-T'[@x)e PB+pule PB|O] (9.90)

where p > 0 is the modification parameter.

The goal of the e modification is to reduce the damping term proportionally to
the norm of the tracking error. As the tracking error tends to zero in the ideal case
with MRAC, the damping term is also reduced to zero, thereby restoring the ideal
asymptotic tracking property of MRAC. However, the stability analysis shows that
the e modification only achieves bounded tracking. The ideal property of MRAC
can no longer be preserved in all cases. So, asymptotic tracking cannot be achieved
in general with increased robustness. This is a trade-off between performance and
robustness that typically exists in all control designs.

The stability proof is given as follows:

Proof Choose the usual Lyapunov candidate function
% (e, @”) — ¢ Pe + trace (@"Tr—lé) (9.91)
Evaluating 1% (e, (:)) yields

1% (e, (:)) = —eTQe +2¢"'PBOT® (x) — 2¢" Pw
+trace (~267 [@ (1) TPB + 1| PB| 6]) 9.92)
This can be simplified as

14 (e, @) =—¢ Qe—2¢"Pw—2u ||eTPBH trace (@T(:) + @TG)*) (9.93)

Vv (e, (:)) is bounded by

. ~ 2
V (€.6) = ~Anin (Q) lel> +2 llell Amax (P wo = 242 ]| 1P | &
+2ullell | PBIl | O] O (9.94)
where wy = max ||w||,, and &y = ||@*||.

To find the largest lower bound of |e|, we want to maximize the bound on
14 (e, @) Taking the partial derivative of V (e, @) with respect to
it equal to zero yield

(]

and setting

—aullel IPBI 6] +2ullel 1PBI € =0 9.95)
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(C]

that maximizes V (e, 6)) gives

Solving for

&N

O =— 9.96
> (9.96)
Then,
. ~ wllell I1PBl ©F
V (€:6) = =hin (@) el + 2 el Amax (P)wo + ==L (997)
1% (e, @) <0if
Apar (P PB| &}
lell > (PYywo+ || PB| & _ 9.98)
2)Wnin (Q)
Also, note that 1% (e, @) is bounded by
. ~ ~ 12 -
V (e.6) = 2 lell ma (PYwo =20 el IPBI 6]+ 2 liell 1P BI | & 6
Then, V (e, @) <0if
NC) O Amar (P
H@‘ > 204 O | Amax (P)wo _ (9.100)
2 4 wlPB
Therefore, 1% (e, @) < 0 outside a compact set . defined by
7= {(||e||, )@H) Jlell < pand H@H < a} (9.101)

Therefore, both ||e|| and H 6| are uniformly ultimate bounded with the ultimate

bounds determined from Egs. (9.63) and (9.64). Thus, the ¢ modification results in
bounded tracking. As can be seen, the duality of tracking performance and robustness
cannot usually be simultaneously met.

Example 9.5 Consider the parameter drift example in Example 8.1. The response
of the closed-loop plant for the same disturbance in this example with p = —15—2,
x(0) =1,k (0) =0, y, = 10, and & = 0.1 is shown in Fig. 9.6. The e modification

produces all bounded signals of the closed-loop system.
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Fig. 9.6 e modification

Consider the SISO plant in Sect. 8.5, the e modification adaptive law for k, (¢) is
ky = yx (xeb — |eb| ky) (9.102)
The closed-loop plant is expressed as
X — (a + bky) x — by, (xeb — 1 |eb| ky) x = bk, F (9.103)
The nonlinear integral control with a nonlinear integral gain is obtained as
ki (x) = yx (xeb — plebl ky) = ky (9.104)
As y, — 00, the equilibrium state can be determined by
bx* — bxXy + pleblk, =0 (9.105)

where X, is the equilibrium reference state for a constant reference command signal

r(t).
Then, B B
X% — (% £ phy) X £ phoX, =0 (9.106)
which yields
O = ik, Ak,
P A (9.107)
2 (¥ % pky)

where the upper sign is for eb > 0 and the lower sign is for eb < 0.
Using the equilibrium value of k. (¢), the equilibrium state can be determined
explicitly as a function of the equilibrium reference state x,, from the following
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equation:
bi + (=bx,y £ pa) ¥* F p(a + ap) XnX + pa, s =0 (9.108)

This equation leads to an interesting observation. Since there are multiple roots,
only one of these roots is a valid solution. One possible solution is X = X,,, which
corresponds to asymptotic tracking. The other solution could be one of the other roots,
depending on the nature of the equilibrium. The closed-loop system is linearized as

X = (a +bk,) ¥ + bik (9.109)

ky = yb (B — 2% & k) & F yabit (o — 5) &y (9.110)
Then, the Jacobian is obtained as

a + bk, bx
)= [yxb (f — 28 £ k) Frobpt G — )E)] -1
The solution converges to a stable equilibrium which can be evaluated by exam-
ining of the eigenvalues of the Jacobian matrix.

Example 9.6 Consider Example 8.7 witha = 1,b = 1,and a,, = —1, the responses
of the closed-loop system with a constant reference command signal r (f) = 1 for
w = 0.2 and u = 0.8 are shown in Fig.9.7.

For u = 0.2, the solution of x (¢) tends to the equilibrium reference state x,, = 1,
and k, (¢) tends to its the equilibrium value at k} = —2. The roots of the polynomial
of x for u = 0.2 assuming eb < 0

P -1282402=0

are 1, 0.5583, and —0.3583. The eigenvalues of the Jacobian are (—0.5000 =+
17.3133i), (—4.3332,46.7162), and (4.6460, 133.9710) for the respective roots.
Therefore, the equilibrium state is x = 1 since it is the only stable equilibrium. The
tracking is therefore asymptotic as shown in Fig.9.7.

For . = 0.8, x (f) — % = 1.3798, and k, (1) — k, = —1.7247. The roots of the
polynomial of x for © = 0.8 assuming eb < 0

P —-18x2+408=0

are 1.3798, 1, and —0.5798. The eigenvalues of the Jacobian are (—2.4781,
—150.1650), (—0.5000 £ 17.3133i), and (2.4523, 631.1908) for the respective
roots. The first equilibrium is a stable node and the second equilibrium is a stable
focus. The stable node is more attractive because all trajectories converge exponen-
tially faster to the first equilibrium than to the second equilibrium. Therefore, the
equilibrium state is x = 1.3798. The tracking is no longer asymptotic as shown in
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Fig.9.7. The equilibrium value of k, (¢) is computed to be —1.7247 which agrees

with the simulation result.

Now, consider a time-varying reference command signal r (f) = sin 2t — cos 4¢.
The responses of the closed-loop system p = 0.2 and u = 0.8 are shown in Fig.9.8.
The tracking error is no longer asymptotic as can be seen. The closed-loop system is
non-autonomous, so it does not have a true equilibrium. As p increases, the tracking
performance is degraded, while robustness increases. For small values of j, it appears

that asymptotic tracking is almost achieved.

1=0.8

1=0.8

Fig. 9.8 e modification for time-varying reference command signal
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9.5 Optimal Control Modification

Robust adaptive control achieves robustness by compromising the ideal asymptotic
tracking property of MRAC. Almost all robust modifications in adaptive control re-
sult in bounded tracking. Recognizing this important requirement of robust adaptive
control, the optimal control modification is a robust modification in adaptive control
that addresses adaptive control in the context of optimal control. More specifically,
the optimal control modification is designed as an optimal control solution to min-
imize the tracking error norm bounded away from the origin by an unknown lower
bound. By not allowing the tracking error to tend to the origin asymptotically, in-
creased robustness can be achieved. This method was developed by Nguyen in 2008
[9, 11]. The method has been subjected to various rigorous validation tests includ-
ing pilot-in-loop flight simulation experiments [12, 13] and flight tests on NASA
F/A-18A aircraft [14-17].

The optimal control modification is formulated from the optimal control theory
as an adaptive optimal control method. The optimal control modification adaptive
law is given by

O=-Tdx)|[e'P—vdT (x)OBTPA,'|B (9.112)

where v > 0 is the modification parameter.
To motivate the development of the method, we will review some basic principles
in optimal control theory.

9.5.1 Optimal Control

In optimal control, we are interested in finding an extremal function that maximizes
or minimizes an integral [19]

ty
J=/ L (x,u)dt (9.113)
Io

where x (t) € R” is a state vector, and u (t) € R” is a control vector.

This is a functional extremization or optimization. The optimization finds a func-
tion that maximizes or minimizes the integral J, which is most commonly referred to
as a cost functional or simply cost function. The integrand L () is called an objective
function. The state vector x (¢) and the control vector u (¢) belong to a dynamical
process described by

X = f(x,u) (9.114)

The solution of the optimization must satisfy the state equation (9.114). There-
fore, the state equation imposes a dynamical constraint on the optimization. Thus,
the optimization is referred to as a constrained optimization. A standard problem
definition in optimal control can usually be stated as follows:
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Find an optimal control u* (¢) that minimizes the cost function

ty
min J =/ L (x,u)dt (9.115)

0]

subject to Eq. (9.114).
From calculus, the Lagrange multiplier method is used to minimize a function
with constraints. The cost function is augmented by a Lagrange multiplier as

Jz/f L(x,u)+A"[f(x,u)—x]}dt (9.116)
1o —
0

where A () € R" is the Lagrange multiplier and is often called an adjoint or co-state
vector.

Note that the augmented term is zero, so in effect the cost function does not
change. We define a Hamiltonian function as

H (x,u) =L(x,u)+)»Tf(x,u) 9.117)

The standard tool in optimal control is calculus of variations. The cost function is
perturbed by a small variation §x in the state vector and variation du in the control
vector. These variations result in the cost function being perturbed by a small variation
such that

Iy
J+51=/ [H (x +68x,u+8u) — A" (& 4 8x)] dt (9.118)

fo

Equation (9.118) can be evaluated as

I oH oH T. Tes
J+48J = H(x,u)+ —éx+ —du—XA' x—A éx|dt 9.119)
f 0x du

Consider the term A "8x. Integrating by parts yields

lf tf .
/ ATsxdt = AT (t7)8x (t7) — AT (t) 8x (t9) — / AT8xdt (9.120)
fo 4]
Then,

.
J+8J=// [H (x,u) — 1T3]dt

fo

J



236 9 Robust Adaptive Control

" ToH OH :
+ / |:—8x + —du + ATSx] dt — 1T (tg) 8x (t7) + A7 (to) 8x (to)
n L Ox au

9.121)

The variation in the cost function then becomes

UT(0H . OH
8J = / [(8—5x + ﬂ) 5x + 8—8ui| dt — AT (ty) 8x (t7) + AT (t0) 8x (to)
fo X u

(9.122)
J is rendered minimum when its variation is zero, i.e., §J = 0, which results in
the adjoint equation

h=—— =-VH/ (9.123)

— =VH' =0 (9.124)

Since the initial condition x (f)) = x is specified for the initial value problem,
then there is no variation in x (t) att = 1y, i.e., 6x (f9) = 0. At the final time t = 1y,
x () is generally unknown, and so 8x (¢/) # 0. Therefore, the optimality enforces
a transversality condition

A(ty)=0 (9.125)

which is the final time condition for the adjoint equation.
The optimization is described by a two-point boundary value problem

{x = f(x,u*) x (o) = xo (9.126)

A=—VH] (x,u*,1) A(t;) =0

with the optimal control #* (¢) obtained from the optimality condition (9.124) when
there is no constraint on u (¢), or more generally from the celebrated Pontryagin’s
minimum principle
u* (r) = arg mi; H (x,u) (9.127)
Ue

which states that the optimal control #* (#) which belongs to an admissible set of
control %/ is one that minimizes H (x, u).

The Pontryagin’s maximum principle can deal with constraints on the control
such as iy < u (t) < Upqy. SO, in determining an optimal control, we must also
evaluate the Hamiltonian with the bounding values of u (¢) if u (¢) is constrained.

Example 9.7 Consider an ordinary function minimization with H (1) = —u* + u
and —1 < u < 1. Then,
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1
VHL,=—2M+1=O:>M=§

If u is unconstrained, then the answer is u* = % Howeyver, u is constrained to
be between —1 and 1. So, we need to evaluate H (u) at u = % as well as at the two
bounding values u = £1. Then, H (%) = %, H(—1)=—-2,and H (1) = 0. So, the
optimal value of u that minimizes H (u) is

u*=arg min H u)=-1
ue(fl,%,l)

The two-point boundary value problem is so-called because half of the boundary
conditions are at the initial time ¢ = fy and the other half are at the final time 7 = 1.
The solution method is generally quite complicated and usually must be solved
by numerical methods such as the shooting method. For a general optimization
problem, the gradient method has a certain appeal in that the system equations are
solved exactly at each iteration, with the control variable u* (t) being perturbed
from one iteration to the next to “home in” on the optimal solution. The solution
method usually starts with an initial guess of the control. This then allows the state
vector to be computed by integrating the state equation forward in time using the
specified initial conditions. Once the state vector is computed, the adjoint equation is
integrated backward in time using the final time transversality conditions. The control
is then updated for the next iteration. The whole solution process is iterated until a
convergence on the control is obtained. A schematic of the gradient optimization is
shown in Fig.9.9. The gradient method is given by

uiy1 = u; —eVH (9.128)

where ¢ = &' > 0 is a positive-definite control-gradient weighting matrix and i is
the iteration index.

Guess u(r)

Compute x(r) by
d-1 backward-time

integration

T 4 Compute H,

Compute A1) by ‘

forwa
‘ integration

Update u{r) by le No
Ciradient Method

Quput x(r) and w'(1)

Fig. 9.9 Schematic diagram of gradient method
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This update is also called the steepest descent method. Visualizing a bowl-shaped
Hamiltonian function H, the gradient V H,, defines the magnitude and direction of
the local slope of the Hamiltonian function as illustrated in Fig. 9.10. Perturbing the
control by some function of V H,, moves the control toward the bottom of the bowl. A
proper selection of the step size is critical for a rapid convergence to the minimizing
control. If ¢ is too small, the convergence may require a large number of iterations.
On the other hand, if ¢ is too large, the convergence may not occur at all. Therefore,
the effectiveness of a gradient method is predicated upon a judicious choice of the
weighting matrix . If the weighting matrix ¢ is the inverse of the Hessian matrix
V2 H, of the Hamiltonian function, then the gradient method is known as the second-
order gradient or Newton—Raphson method.

wiyr =u; — (V2H,) " VH] (9.129)

The continuous time version of the steepest descend method is the gradient search
method
i=—IVH' (9.130)

where I' = I'" > 0 is the adaptation rate matrix.

uz Ak —

Fig. 9.10 Steepest descent approach to a minimum Hamiltonian function

Now, consider a Linear Quadratic Regulator (LOR) optimal control design for a
MIMO system
X =Apx + Byu (9.131)

y = Cx (9.132)

where x () e R", u (t) e RP,and y (t) € R", withm < p <n

The objective is to design an optimal control that enables the state vector y () to
track a command r (¢). To design a tracking controller for a step command where
r (t) is a constant signal, we introduce an integral error state
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t
e:/ (y—r)dr (9.133)
0
Then,
ée=y—r=Cx—r (9.134)
If the controller is a stabilizing controller, then as t — 00, e (¢) — 0, and so
y(®) —r().
The integral error state is then augmented to the plant model as
é 0C e 0 1
H L | A L S
—— —_—————— ——— ——
Z A b4 B D

Letz(t) = [eT @ x" (1) ]T, then the augmented plant is expressed as
z=Az+ Bu — Dr (9.136)

We design an optimal control that minimizes the following linear quadratic cost

function: [
;
J=1lim = [ (z"Qz+u"Ru)dt (9.137)

t—o00 2 0

Applying the optimal control method, the Hamiltonian function is defined as

1 1
H(z,u) = EZT 0z + zuTRu + AT (Az + Bu — Dr) (9.138)

The adjoint equation and the necessary condition of optimality are obtained as
A=-VH  =-0z-A"x (9.139)
subject to the transversality condition A (t f) =0, and
VH =Ru+B'A=0=u*=—-R'B"A (9.140)

The optimal control problem can be solved by the “sweep” method [18] which
assumes an adjoint solution of A (¢) of the form

A=Wz+Vr (9.141)

Then, substituting the assumed solution of A (¢) into the adjoint equation with the
optimal control u* (t), we get



240 9 Robust Adaptive Control

Wz+W|Az—BR'BT(Wz+Vr)—Dr | +Vr=—-0z— AT (Wz+ Vr)

Z

(9.142)

Separating terms by z (¢) and r (¢) yields the following equations:
W+WA+A"W—WBR'B"™W+ Q=0 (9.143)
V4+A'V-_WBR'B'V-WD=0 (9.144)

subject to the transversality conditions W (1) = V (t7) = 0.

Equation (9.143) is the celebrated differential Riccati equation in optimal control.
Since t; — 00, this is called an infinite-time horizon control problem. Equations
(9.143) and (9.144) have the following algebraic solutions:

WA+A"W—-WBR'BTW+0=0 (9.145)
V=(AT—WBR'BT)" WD (9.146)
The optimal control is then obtained as
u=K,;z+K,r (9.147)
where the optimal control gains K, and K, are given by
K.=—-R'B™W (9.148)
K,=—R"'B"(AT—WBR'BT)"'WD (9.149)

The closed-loop plant becomes

2= Anz+ Byr (9.150)

where
An=A—-BR'B'W (9.151)
B,=-BR'BT (AT — WBR—IBT)‘l WD —D (9.152)

9.5.2 Derivation of Optimal Control Modification

Given the MIMO system in Sect. 9.3, the optimal control modification seeks to min-
imize the ., norm of the tracking error bounded away from the origin with a cost
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function [9]

J = lim l/f(e—A)TQ(e—A)dt (9.153)
0

tp—00 2

where A (¢) represents an unknown lower bound of the tracking error, subject to
tracking error dynamics described by

é=Ane+BOT® (x) —w (9.154)

The cost function J is convex and represents the weighted norm square measured
from a point on the trajectory of e (¢) to the normal surface of a hypersphere B, =
{fe(®) eR": le]l < |All} € 2 C R" as illustrated in Fig.9.11. The cost function
is designed to provide robustness by not seeking the ideal property of asymptotic
tracking of MRAC whereby e (f) — 0 as t — oo, but rather a bounded tracking
whereby the tracking error tends to some lower bound A (¢) away from the origin.
By not requiring asymptotic tracking, the adaptation therefore can be made more
robust. Thus, the tracking performance can be traded with robustness by a suitable
design of the optimal control modification adaptive law.

Fig. 9.11 Tracking error bound

Using the optimal control framework, we define the Hamiltonian function as
5 1 T T 5T
H(e,@) =3 =N 0@— 2+ [Ame+B@ cb(x)—w] (9.155)

where A (t) € R” is an adjoint vector.
Then, the adjoint equation is found by

A=-VH ' =—-Q(—A)—Ax (9.156)

with the transversality condition X (t = oo) = 0 since e (0) is known.
Treating @ (¢) as a control variable, the necessary condition is obtained as

VH] =& (x))."B (9.157)
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The optimal control modification adaptive law is then expressed by the gradient
update law as

6 = —I'VH} =-I'® (x)\"B (9.158)

Note that the adaptive law is dependent upon the adjoint vector which is governed
by the adjoint equation. To eliminate A (¢), we use the “sweep” method by assuming
the following adjoint solution:

L=Pe+SOTP (x) (9.159)
Substituting A (¢) in the adjoint equation yields

d[OT® (x)]
dt
=—Q(e—A)— A, [Pe+SOT® (x)] (9.160)

Pet P[Ane+B(©-0) @) —w|+507® )+

Separating the equation that contains e (t), @ T (¢) @ (x), and the remaining terms
result in .
P+PA,+AP+0=0 (9.161)

S+A'S+PB=0 (9.162)

d[eTe (x)] B

QA+ PBO*T® (x)+ Pw—3S§ o

0 (9.163)

subject to the transversality conditions P (t; — 00) = 0 and S (t; — 00) = 0.

Equation (9.161) is the differential Lyapunov equation. Equation (9.163) shows
that the unknown lower bound A (¢) of the tracking error is a function of the para-
metric uncertainty ®* and the unknown disturbance w (¢). Thus, as long as the
uncertainty and disturbance exist, the lower bound will be finite, thereby causing the
tracking error to be bounded away from the origin as opposed to tending to the origin
asymptotically as required by MRAC. Robustness thereby is achieved.

For the infinite-time horizon optimal control problem as t — oo, the solutions
to both Egs. (9.161) and (9.162) tend to their constant solutions at t+ = 0 which are
given by

PA,+AP+ Q=0 (9.164)

AlS+PB=0 (9.165)

Equation (9.164) is the familiar Lyapunov equation in adaptive control (see
Sect.4.2.7), where now the weighting matrix Q is clearly shown to be connected
to the cost function of minimizing the tracking error. The solution to Eq. (9.165) is
also given by

S=-A"PB (9.166)
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The adjoint solution is then obtained as
A= Pe—A,"PBOT® (x) (9.167)

Substituting the adjoint solution into the gradient update law in Eq. (9.158) yields
the “ideal” optimal control modification adaptive law

O=-Tox)|[e'P-—0" (x)OB"PA,'|B (9.168)

The first term in the adaptive law is the familiar MRAC. The second term is the
damping term of the optimal control modification. So, this analysis is able to show
the connection between adaptive control and optimal control.

In any design, the ability to adjust a controller to obtain a desired tracking per-
formance and robustness is important. Therefore, suboptimal solutions may provide
a more flexible, yet practical approach to a control design by allowing a trade-off
between the optimality and other design considerations. Thus, to enable the optimal
control modification adaptive law to be sufficiently flexible for a control design, a
modification parameter v > 0 is introduced as a gain to allow for the adjustment
of the optimal control modification term. The role of the modification parameter v
is important. If the tracking performance is more desired in a control design than
robustness, then v could be selected to be a small value. In the limit when v = O,
the standard MRAC is recovered and asymptotic tracking performance is achieved
but at the expense of robustness. On the other hand, if robustness is a priority in a
design, then a larger value of v should be chosen.

Thus, the solution of S is modified as

S=-vA, "PB (9.169)
This results in the final form of the optimal control modification
O=-Tdx)[e'P—vdT x)OBTPA,']|B (9.170)

The bound on A (¢) as t; — oo can be estimated by

Al =

& ()| + Amax (P wo + v |

A,;TPBH

1501

(9.171)

1
IPB]
)\min (Q)

Since the optimal control modification provides a damping mechanism to MRAC,
the modification term must be negative definite with respect to ®. Examining the
modification term I'v® (x) @7 (x) @BTPA;1 B, the product @ (x) @ T (x) is a pos-
itive semi-definite null matrix, and I'v > 0. Therefore, BT P A ! B is required to be
negative definite.

Any square real matrix C can be decomposed into a symmetric part M and anti-
symmetric part N
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C=M+N (9.172)
where 1
M=M= ;(C+ ch) (9.173)
1
N=-N'"= 3 (c-c) (9.174)

Consider the quadratic scalar function x " Cx for any arbitrary x () € R".
x'Cx=x"Mx+x"Nx (9.175)
Recall that for any anti-symmetric matrix N, xTNx = 0. Therefore,
x'Cx=x"Mx (9.176)
This expression is useful for determining the sign definiteness of a matrix. It
follows that, if the symmetric part M is positive (negative) definite, then C is also

positive (negative) definite. Utilizing this property, the symmetric part of PA,! is
negative definite since

1
M=—(PA,' +A,'P)= —EA;TQA;I <0 9.177)

| =

Therefore, x " BT PA,'Bx = —1x"BTA,TQA,'Bx < 0. Thus, the optimal
control modification term is negative definite with respect to ® ().
Consider a SISO system in Sect. 8.1. The optimal control modification adaptive
law is given by
ke = =y, (x*b — vx*a,,'b?k,) (9.178)

Since a,, < 0, the modification term is negative with respect to k, (z). The feed-
back gain k, (¢) can be computed as

i .
1 — vay,'bk, v ( )
The standard MRAC is )
k* = —yx*b (9.180)
where k} denotes the ideal feedback gain obtained from MRAC.
Therefore, .
ky

N 9.181
1 — vay,'bk, * ( )
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This equation can easily be solved. The solution is

1 1 — va,, bk,
T " vlem =ky —k; (0) (9.182)
va, b 1—va, bk, (0)
This yields
I 1-va,'bk (0) .,
b= vay'h va;'b exp {—va,'b [k} — k. (0)]} (9.183)

In the case of the parameter drift, k} (f) — —oo for b > 0 with the standard
MRAC, therefore —va,, 1bkjck (t) — —oo. This implies that k, () is bounded with
the optimal control modification.

The optimal control modification exhibits some nice properties that make it easy
to analyze. Since k, (¢) is bounded, the equilibrium value of k, (¢) can be analytically
obtained by letting y, — oo which yields

- 1
ky v Th (9.184)
The equilibrium value of &, (¢) can also be obtained from the solution of k, (¢) as
k¥ (t) — —oo which yields the same result.
The equilibrium value of k, (¢) thus is inversely proportional to the optimal control
modification parameter v.
ky (t) can then be expressed as

ky = ky — ky [1 - k"];(o)} exp [—w] (9.185)

X

The closed-loop plant with k, (1) — ki is
. am
f=(a+) xtw (9.186)
v

The closed-loop plant is stable if

A+ 0z < - (9.187)
v a
This yields two cases
— 0
= 7a 47 (9.188)
>0 a<0

The first case is when the open-loop plant is stable, i.e., a < 0. Then, the optimal
control modification parameter v can take on any positive value. Thus, if the plant
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is open-loop stable, then the optimal control modification is guaranteed to be stable
for all values of v > 0.

The second case is when the open-loop plant is unstable, i.e., a > 0, then there
exists an upper limit of the modification parameter v as indicated in Eq. (9.188). This
implies that the modification parameter v has to be chosen based on a priori knowl-
edge of a. This is perhaps counterintuitive since the problem statement indicates that
a is unknown which implies that the upper limit of v is also unknown. However, this
is consistent with the robust control framework. Robust stability generally requires
a priori knowledge of the upper bound of the uncertainty. With a complete lack of
knowledge of the uncertainty, it is difficult to ensure robustness of any control sys-
tems. Therefore, the optimal control modification can be designed to guarantee the
closed-loop stability for a given specification of the open-loop plant uncertainty.

Example 9.8 Consider the parameter drift example in Example 8.1, k (¢) is given
by
(1 + t)2n+l _ 1
K=k 0) = —ypb—F¥——
kO = b

ki () > —ooifn > —1.

With the optimal control modification, &, () is obtained as

1 1 — va;,'bk, (0) (L
ky = —— — — exp | yyva,, b*————
va, b va, b 2n+1
Therefore, k, (¢) is bounded for all n if the modification parameter v is selected
such that a + % < 0. Then, the optimal control modification has eliminated the
parameter drift issue.

Leta=1,b=1,and a, = —1. Then, v = 0.1 is chosen to satisfy the limiting
condition which dictates that v < 1 for the closed-loop stability. The response of the
closed-loop plant for the same disturbance in this example withn = — 15—2, x(0) =1,
ky (0) = 0, and y, = 10 is shown in Fig.9.12. The equilibrium value is calculated
to be k, = —10 which agrees exactly with the simulation result.

1.3 0
1.2 5
x 1.1 El
4 -10
%% 10 20 %0 10 20
t t
15 0
10 H
0
0 10 20 % 10 20

t t

Fig. 9.12 Optimal control modification
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9.5.3 Lyapunov Stability Analysis

The optimal control modification can be shown to achieve stable and bounded track-
ing by the Lyapunov’s direct method as follows:

Proof Choose a Lyapunov candidate function

V(e.8) =eTPe+ace (6717'6) (9.189)
Differentiating V (e, @) yields

1% (e, (:)) =—¢' Qe+2"PBOTPD (x) —2¢" Pw
— 2trace (équ @ [P —voT (x) 0BT PA;'] B)
=—¢'Qe—2¢"Pw+2v0" (x) BT PA'BOTD (x)  (9.190)

Then,
1% (e, @) = —¢"Qe—2¢" Pw+2v0" (x) OB PA'BOT® (x)
+2v0 " (x) O*BTPA'BOT® (x) (9.191)
But, BTPA,'B < 0. So,

2w®T (x) OBTPA'BOT® (x) = —v@ T (x) OBTA,TQA'BOT® (x)

(9.192)
Then, 1% (e, (9) is bounded by
V (€.6) = —nin () llel* + 2har (P) llel] wo
12
— VAuin (BT A,," QA,'B) |® (0)|I* |©
+2v|BTPAZ B| @ (1) H@H & (9.193)

Let ¢ = )"min (Q)’ G = Ayay (P 3 = )\min (BTA,;TQA;;IB)7 and C4 =

C1 ’
BTPA;'B||© .
w. Then, upon completing the square, we get
o p p g q g

. ~ ~ 2
V(e.6) = =i llell = P +ercd—ves @ I (|6 = e1) +vesed o )P
(9.194)
1% (e, @) < 0 implies
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2 1)) 2
lell = ¢ +\/c§+ M = (9.195)
1
o > +\/2+ €163 (9.196)
D = ca c — = .
el (0

Note that the lower bounds p and « are dependent on || @ (x)||. Therefore, to prove
boundedness, we also need to show that ||® (x)] is bounded. If @ (x) is a bounded
function such as sin x, sigmoidal or radial basis functions, then ||® (x)|| < &( and
the solution is uniformly ultimately bounded. The ultimate bounds can be established
as

lell <p=

P (9.197)
o )\max P 2 + )"max r-1 2
O <p =\/ ( )fmm (Fl)( L (9.198)

Otherwise, we consider the following cases:

1. The closed-loop plant with the nominal controller and no disturbance is stable.
That is, ® (r) = 0 and w (¢) = 0. This is the same as stating that the uncertainty
is non-destabilizing. The tracking error equation becomes

é=Ane— BO* ® (x) (9.199)
Choose a Lyapunov candidate function
V(e)=e' Pe (9.200)
Then,
Vie)=—e' Qe—2e" PBO*T @ (x) < —hmin (Q) llell* + 2 llell I1PB] @p |® (x)]]
(9.201)

Since the plant is stable, 1% (e) < 0 which implies ||@ (x)|| is bounded by

)‘-min (Q) ||€||

(] < 9.202
@ ()l = 2 [PB| O ( )

Substituting Eq. (9.202) into Eq. (9.194) yields
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hmin (Q) llel® (H@H ~ 64)2

V(e,(:))f—c el —c 2+ccz—vc
1 (llell = ¢2) 165 34||PB||2@§

3220 () llell?

+ vese
ST TRy

(9.203)
Vie)<0 requires the coefficient of lell? to be negative. Therefore, there exists
a maximum value v,,,, for which v < v,,,, where

4hmin (BT A,,T QA,'B) || PB|
domin (Q) | BTP AL B|®

(9.204)

Vmax =

Note that v,,,, is not dependent on the bound of the parametric uncertainty ®.
1% (e, (:)) then becomes

1% (e, @) < —c] (1 - Vr:ax) llel|? +2cqc2 el — UC3M (Hé” _ 04)2
(9.205)

Upon completing the square, we get

2
. ~ Y C
V(e.6) = —a (1 - )(nen - )
Vimax 1 — m

cic  vesh, (Q) lell? (
I—g  4lPBIPe;

Vmax

- 2
’@ ” _ C4) (9.206)

The lower bound of ||e]|| for which V (e, (:)) < 01is determined from

v
- (1 -3 ) lel* 4 2cicz flell < 0 (9.207)
which yields
2C2
lell > =P (9.208)
1=
The lower bound of H @) H is determined by setting |le]| = —%,— that renders
1—
Vmax
s 2 A2 2 - 2
% (@) <99 U '"”’Z(Q) @ (H@H — c4) (9.209)
I=o— 4(1-2) 1PBIP 6}
Vax Vimax
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Therefore, 1% ((:)) < 0 implies

der (1= 5) I1PBI? 63

> = 9.210
> c4+ VCs)»,z,,m 3 o ( )

2)

Then, the closed-loop system is uniformly ultimately bounded with the ultimate
bounds given by Eqs. (9.197) and (9.198).

2. The closed-loop plant with the nominal controller has no stability guarantee. The
uncertainty can be destabilizing. If v = 0, then from Eqgs. (9.195) and (9.196),

we see that ||e|| is bounded but || ®

is unbounded. This illustrates the parameter

drift behavior of MRAC. On the other hand, if v — o0, then H 6 ” is bounded,

but |e|| can be unbounded. Thus, there exists a maximum value v,,,, such that
V < Vmax Which corresponds to the largest value of ||@ (x)|| < @, that renders
the largest ultimate bound of ||e||. From Eq. (9.194), the largest ultimate bound
of ||e] is determined from

V(e 6) = —erlel —e? +ard +vadlo@I?  ©21)
But,
—e"Qe=—(xn—2x)" Q(xp —x) = —x"Qx+2x,0x —x, Ox,, (9.212)
Therefore,

—ctllell* < —ci Ixl* + 2¢s lx 1l 1l — et 111 (9.213)

where ¢5 = A0 (Q).
Let

@ (IxIl, Ikl @, v, wo, @) = —ci IxII* + 2 (crca + ¢5 x| l1x]l

+2c163 1x ]l = €1 1 1* + vesei 19 ()12
(9.214)

where ¢ () is the largest upper bound of 1% (e, (:)) such that V (e, (:)) <

o (xIs lxmll s Q, v, wo, ).
Then, for any v < v,y ||X|| can be determined by

Ixll = ¢~ (xnll, Q, v, wo, Op) (9.215)

where ¢! () is an inverse function of ¢ ().
It follows that ||@ (x)]| is bounded such that
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I )l =@ (0" Uxull, Q. v, wo, )| = Po (9.216)

Then, the closed-loop system is uniformly ultimately bounded with

242 2 -1 2
vese, @ Amax (PY1r* + Apax (I o
c2+‘/cg+%=psnen5p=/ : (P)( )
1 min

(9.217)
2 2 -1 2
C1C5 ~ )"max (P)}" +)\max (F )0‘
cq + c2 + o< ||®| <B=
¢ \ 4 vey 2 - =P \/ Amin (F—l)
(9.218)

forany 0 < v < vpgy-
Consider a special case when @ (x) belongs to a class of regressor functions such
that ||@ (x)|| < ||x||. This class of regressor functions also includes @ (x) = x.

Then, from Eq. (9.214), V (e, @) is bounded by

o (IxIl xmll, Q. v, wo, @g) = — (c1 — veacy) IxlI* + 2 (crea + es |lxu ) Ix]]
+2¢1¢2 x| = 1 Xl (9.219)

|lx|| is obtained from

lxll = ¢~ (lxmll, Q. v, wo, Op)

e+ s llamll + J(crea + cs ) +4 (c1 + vesed) (2crea ol — 1 )
2

c1 —vesey
(9.220)
for any 0 < v < vy, such that ¢; — 1}030421 > (0 which yields
)\min )\min BTA?T AilB
gy = L = Pmin (O (B1A,"0A, ') (9.221)

€363 |BTPAL'B| &2

Note that v,,,, is now dependent on the upper bound of the parametric uncertainty
®p and is a conservative estimate since the negative definite term with [16])% in
Eq. (9.194) is neglected. As the bound of the uncertainty increases, V., must
be reduced to ensure the stability of the closed-loop system. Thus, the stability
of the optimal control modification depends on the bound of the uncertainty. The
adaptive law is guaranteed to be stable if a priori knowledge of the bound of the
uncertainty exists.

In contrast to the o modification and e modification which do not impose a limit
on the modification parameters o and p, respectively, it may seem that the optimal
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control modification adaptive law is more restrictive. However, the lack of a well-
defined limit on the modification parameter can sometimes be a source of stability
issues. Numerical simulations using the Rohrs counterexample have shown that both
the o modification and e modification as well as the optimal control modification all
exhibit limiting values on the modification parameters o, w, and v, respectively.

Is should be noted that the limiting value v,,,, derived from the Lyapunov analysis,
in general, is a conservative estimate of the true limiting value v,,,,. Consider the
following first-order SISO system with an adaptive regulator controller using the
optimal control modification:

X =ax+b(u+06%x) (9.222)
u=kex —0(t)x (9.223)
6 = —y (—x*b — vx’a,,'b%0) (9.224)

with a and b known, and a,, < 0.
The closed-loop system is

X = (am —bo + bH*) X (9.225)
Note that the adaptive law implicitly uses p = 1 where p is the solution of the
scalar Lyapunov equation

By letting y — o0, the equilibrium value of 6 (¢) is found to be

~ 1
6 =— (9.227)
vay'b
Using the equilibrium value 6, the closed-loop system becomes
. am
5= (an+ = +b6") x (9.228)
v

If the uncertainty is stabilizing, then b6* < 0. Then, the closed-loop system is
stable for any v > 0. Yet, using Eq. (9.204) from the Lyapunov analysis, v should
be limited by

4b%a2b>
T 4

bta;?

(9.229)

Vimax =

If the uncertainty is destabilizing but the closed-loop plant with the nominal
(non-adaptive) controller u (1) = k,x (¢) is stable, then 0 < b8* < —a,,. Then, the
closed-loop system is still stable for any v > 0. Yet, using Eq. (9.221), v should be
limited by
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4a31b2a,;2 2a, 2
Vimax = W =\ 2o+ (9.230)

Finally, if the uncertainty is destabilizing and the closed-loop plant with the nom-
inal controller is unstable, then b6* > —a,,. The closed-loop plant is stable if

am + 2 4 po* <0 (9.231)
v
Then, v is limited by
Qm
max = —— 9.232
s =~ (9.232)

Combining with the Lyapunov expression, vy, is expressed as

2a, 2 an
Vmax = Min , ———— 9.233
|:(b9*) am+b9*:| ( )
Let bo* = —oeam where o > 1, then (%)2 — (%)2 and — G — 11
Since (2)2 < — for all « > 1, therefore the most conservative value of v,,,, is

established by the Lyapunov analysis which is equal to

4
Viar = — (9.234)
o

On the other hand, the least conservative value of v,,,, is the true value of v,,,,

which is equal to
1

Viax = —— (9.235)
oa—1
While the optimal control modification is defined according to Eq. (9.170), there
are other variances of the optimal control modification. These variances are:

O=-Tox)[e'P+veT (x) OB A, 0A4,']B (9.236)
O=-Tox)|[e'P+ve' (x)©OB'R|B (9.237)

O =-TP(x)[e'PB+vPT (x) OR] (9.238)

O =-T®x)[e'PB+vd' (x)6O] (9.239)

where R = R" > 0 is a positive-definite matrix.
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9.5.4 Linear Asymptotic Property
Consider a linear uncertain MIMO system
i=Ax+B (u n @*Tx) (9.240)
The plant is designed with the following adaptive controller:
u=Kx+Kr—0T{t)x (9.241)
to follow a reference model

Xm = AmXy + Br (9.242)

where A,, = A + BK, and B,, = BK,.

The optimal control modification adaptive law for ® () is given by
© =TI (xe'PB—vxx'©B"PA,'B) (9.243)

It has been shown that MRAC is non-robust with fast adaptation. The time-delay
margin of MRAC tends to zero as the adaptation rate tends to infinity. The optimal
control modification exhibits a linear asymptotic property as I” — oo since the
equilibrium value @ (¢) is independent of x (¢) if x,, () = 0, as has been shown for
simple SISO systems [20, 21]. The equilibrium value of @ T (¢) x (¢) is given by

; 1 B
&"x=—(BTA; PB)” BT Pe (9.244)
v

Then, the closed-loop system tends to the following asymptotic linear system as
I' — oo in the limit:

1 _
X = |:Am +-B(BTA,"PB)'BTP + B@*T} x
V
1 _
— —B(B"A; " PB)”' BT Px, + B,r (9.245)
vV

This system is stable for all v > 0 if A, + BO*" is Hurwitz and stable for
V < Vpay if Ay + BO*T is an unstable matrix.
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Consider a special case when v = 1 corresponding to the optimal control solution
of the adaptive law and B is a square invertible matrix, then

An+B(BTA;"PB) ' BTP =P 'PA,+BB'P'ABTBTP
=P ' (PA,+A,P)=—P7'Q  (9.246)

The tracking error equation tends to in the limit
é=— (P’l 0-— B@*T) ¢ — BO* x, (9.247)

Since P > 0and Q > 0, —P~'Q < 0. The closed-loop poles of the ideal system
with ®* = 0 are all negative real. Therefore, the closed-loop system has the best
stability margin. The ideal system is exponentially stable with no high-frequency
oscillations. By choosing Q appropriately, the closed-loop system is guaranteed to
be stable if —P~'Q + BO*' is Hurwitz.

The linear asymptotic property of the optimal control modification is quite useful
since it can be used for stability analysis using many available linear analysis tools.
Another advantage that comes with the linear asymptotic property is the scaled input—
output behavior of the closed-loop system. That is, if r (¢) is scaled by a multiplier
¢, then x (¢) is scaled by the same amount. To see this, we express the asymptotic
closed-loop system as a transfer function

sx = |:Am + %B (BTA,TPB) " BTP+ B@*T} x
- %B (BTA;TPB) " BT Px,, + Byr (9.248)
From the reference model, we get
$Xm = ApXim + Bt = X = (sI — Ap) "' Byr (9.249)
Therefore,
x = |:s1 — A — %B (BTA,TPB) ' BTP - B@*T}l
x [—%B (BTA;TPB) " BTP(sI — A~ + 1} Br (9.250)

If x (t) = xo (¢) is the response due to r (f) = ro (¢) and if r (¢) is scaled by a
constant multiplier c, i.e., r (f) = cry (¢), then it follows that x (¢) is also scaled by
the same multiplier c, i.e., x (¢) = cxo (¢). The scale input—output behavior makes
the optimal control modification more predictable than the standard MRAC which
does not possess this linear asymptotic property.
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If r (¢) is a constant signal, then the equilibrium value of x (¢#) can be found by
setting s = 0 as t — oo. Then,

1 B —1
F=- |:Am +-B(BTA,"PB) BTP + BG)*T:|
Vv

1 B
x [—B (BTA;TPB)" BTPA;' + 1} B,r 9.251)
vV

If v = 0, then the ideal property of asymptotic tracking of MRAC is recovered
since

1 B —1
f=—1lim|A,+-B(BTA, PB) BTP+ B@*T}
v
1 B
x [—B (BTA;TPB)” BTPA;' + 1} Bur

—1
= —lim %B(BTAmTPB)_lBTP} %B(BTA,;TPB)”BTPA;IBM

v—0

=—A'B,r = %, (9.252)
The equilibrium value of the tracking error is given by
> - = —1 1 T A-T -1 T %7 -
e=x,—x=1{-A'+|A,+-B(B'A,'PB) B'P+BO
v
1 _
x |:;B (BTA;TPB)" BTPA;' + 1” Br (9.253)

The largest norm of e (¢) can be interpreted as a steady-state error when I" — 0o
which is given by

1 _ 17!
lell = H—A;Bm + [Am +-B(BTA,"PB) "BTP + BO* ]
v

1 .
x [—B (BTA,"PB)” BTPA;! + 1} B,
vV

7| (9.254)

The linear asymptotic property also affords another advantage in that the stability
margins of the system in the limit can be computed.

Consider a first-order time-delay SISO system with an optimal control modifica-
tion adaptive controller

X =ax+b[u(t—1tg)+ 6] (9.255)
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u=kx+kr—0(>t)x (9.256)
6 = —y (xeb — vx*a,'b*0) (9.257)

with a and b known and a,, = a + bk, < 0.

For fast adaptation with y — oo and a constant command signal r (¢), the equi-

librium value of 0 (¢) x (¢) is
_ X — X

Ox = —— 9.258
va,;lb ( )

Then, the closed-loop plant tends to in the limit

= (a+bo")x+ (bkx + “7’”) X (f—1g)— %’”x (t — 12)+ bk (1 — 1g) (9.259)

To simplify the analysis, let 7 (f) = 1 and x,, () = 1. Then, the characteristic
equation with s = jw is

jo— (a+b0%) - (bkx n a—’“) (cos wiy — j sinwig) = 0 (9.260)
v
which results in the following equations:

am
— (a+bo%) — (bkx + —) coswig = 0 (9.261)

v
o+ (bkx ¥ a—’”) sinwry =0 (9.262)

v

Then, the cross-over frequency and time-delay margin are computed as

am\2 2
w= (bkx + —) — (a+b6¥) (9.263)
v
bo*
= —cos ! [ -2 (9.264)
@ bk, + —
v

If v = 0, then the optimal control modification reverts to the standard MRAC.
Then, the time-delay margin tends to zero precisely as follows:

aﬂl 2
» = lim (bkx + —) — (a+b6")? > o0 (9.265)
v—0 vV
1 _ a + bo*
tg = ‘l}l_I)l’%) > cos™! (— Y %> =0 (9.266)
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This is the expected result for MRAC. For any 0 < v < v, the optimal
control modification yields a non-zero time-delay margin with fast adaptation. This
is a robustness property of any robust adaptive control with the ability to provide
sufficient stability margins under fast adaptation. For a given time delay 7, and a priori
knowledge of 6%, the modification parameter v thus can be computed to guarantee
stability of the closed-loop system.

Example 9.9 Leta = 1,4, = —1,b =b,, = 1,0 = 0.2, and r (¢) = 1. This
is the same example as Example 8.7 which has a time-delay margin of 0.0020s for
¥x = 500. The open-loop system is unstable. So, the limiting value of v is computed

as )
2 m
Vmax = L =1
bo*
Choose v = 0.1 < 1. The time-delay margin for the closed-loop system with the
optimal control modification is calculated as

1
w=,/— —1=9.9499rad/s
v

1
tg = —— cos™ ' v =0.1478 sec

Since the time-delay margin #; decreases with increasing the adaptation rate y,
therefore, for finite y, the time-delay margin estimated with y — oo is the lowest
estimate of the time-delay margin for any finite y < oco. In other words, the estimated
time-delay margin f; = 0.1478s using the linear asymptotic property provides a
lower bound on the time-delay margin. The actual time-delay margin for any arbitrary
adaptation rate y should be greater than this value in theory. We see that, for even
a small value of v, a significant increase in the time-delay margin can be achieved
as compared to the time-delay margin of 0.0020s for the standard MRAC with
yx = 500. In the limit as v — 0, f; — 0 corresponding to the standard MRAC as
Yy — 00.

The steady-state error is estimated to be

o= [an + (an+ 2 +007) " (1 41) [pur = 00185
v v

The equilibrium value of 6 (¢) is computed to be

f=—0t =—_°  —01818
va, bx va, b (x, —e)
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We choose y = 100 and 6 (0) = 0. The results of the simulation with the optimal
control modification are shown in Fig.9.13. The closed-loop system is completely
stable. The tracking error e (¢)and the adaptive parameter 6 (¢) converge to —0.0185
and 0.1818, respectively, at 10s. Thus, the simulation results agree exactly with the
equilibrium values of € and 6.

15 0
-0.005
© -0.01
-0.015
~0.0:
0 10
t
1 0.4
0.3 :
0 :
s ° 02
-1
0.1 :
- 0
0 5 10 0 5 10

Fig. 9.13 Optimal control modification with y = 100

When a time delay equal to 0.1477 s is injected at the input, the closed-loop system
is on the verge of instability as shown in Fig.9.14. In fact, for y = 1000 using a
time step At = 0.0001, the closed-loop system becomes unstable at 0.1478s as
predicted. Thus, the numerical evidence of the time-delay margin is in agreement
with the analytical prediction.

To illustrate the linear asymptotic property, we consider the asymptotic linear
system in the limit as follows:

X =ax + b0*x —bxm —

va;lb

Figure 9.15 shows the closed-loop response with the optimal control modification
for r (t) = 1 + sin2t + cos 4¢. The closed-loop response follows the asymptotic
linear system almost perfectly as both responses are on top of each other.

To illustrate the scaled input—output linear behavior of the optimal control modi-
fication, the reference command signal r () = 1 4 sin 2¢ 4 cos 4¢ is doubled so that
the new command is r| (f) = 2 + 2sin 2t 4+ 2cos 4¢. Let x; (¢) be the closed-loop
response to r; (¢). Then, the response of x; (¢) is twice that of x (t) as shown in
Fig.9.16.
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Fig. 9.15 Scaled input—output property of adaptive control
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Fig. 9.16 Scaled input—output property of adaptive control
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9.6 Adaptive Loop Recovery Modification

Adaptive loop recovery modification is another recent robust modification adaptive
law developed by Calise and Yucelen in 2009 [6]. The adaptive loop recovery mod-
ification is intended to achieve asymptotic tracking while preserving the stability
margin of the reference model to the degree possible even under uncertainty. The
modification is given by

O =-T[®x)e PB+n®; (x) P, (x)O] (9.267)

where 1 > 0 is a modification parameter and @, (x) = %.

The adaptive loop recovery modification is based on the idea of seeking an adaptive
law that minimizes the nonlinearity in a closed-loop plant so that the stability margin
of a linear reference model could be preserved. Consider the tracking error equation
with no disturbance

é=Ane+ BOT® (x) (9.268)
The tracking error equation can be linearized as
Aé = AnAe + BAOT® (X)+ BO ®, (%) (x — X) (9.269)

where x is the equilibrium state.
If A@ (t) =0and @7 (1) @, (X) = 0, then

Aé = A, Ae (9.270)
Then, the closed-loop plant follows the reference model exactly and the stability

of the reference model is preserved.
This leads to a hypothesis that if the quantity @ (1) ®, (x) is minimized, as-

ymptotic tracking is achieved, and the stability margin of the reference model is
preserved. This can be established by minimizing the following cost function:

[ T
J = E(Dx xX)OO ', (x) (9.271)

as an unconstrained optimization.
The gradient of the cost function is computed as

Vg =&, (x) @] (x)O (9.272)
The gradient update law then is expressed as

O=—-I'Vig=—Td (x)®] (x)O (9.273)
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Adding the standard MRAC to the update law results in the adaptive loop recovery
modification.

The original stability proof is based on a singular perturbation approach [6, 22].
The reader is referred to the original work [6, 22] for the formal proof. It can be shown
that the stability proof of the optimal control modification can also be applied to the
adaptive loop recovery modification since both adaptive laws have their damping
terms proportional to some positive-definite function of x (¢). The alternate proof is
as follows:

Proof Choose a Lyapunov candidate function
\% (e, (:)) = e Pe + trace (@TF’IQ) (9.274)
1% (e, (:)) is evaluated as

1% (e, (:)) = —eTQe +2¢"PBOT® (x) — 2¢ Pw
— Dtrace (éT [@ (x)e" PB+ @, (x) D] (x) @])
=—¢"Qe—2e"Pw—2n0] (x) OO TP, (x) (9.275)

Then, 1% (e, @) is bounded by

. ) ~ 12
Vv (e, @) < —hmin (O) e + 2max (P) llel wo — 277 | @5 ()2 H@H

(]

+ 20 [|®, ()] O (9.276)

A P)w
Let ¢; = Amin (Q) and ¢; = M. Upon completing the square, we get
C1

®\?> 1
——) + 5 19 1?6}

2
(9.277)

V(e.6) = —er lell = e +e1c3 20182 (01 ( 6

Then, 1% (e, é) < 0 implies

@, (x)|? 632
lell = e +\/c§ + % . 9.278)
1

~ ® @g clcg
Ol>—+,/—+——"—=u« (9.279)
2 4 2o ()l
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Note that the lower bounds p and « are dependent on || @, (x)||. Therefore, to
prove boundedness, we need to show that ||®, (x)|| is bounded.

There exists a maximum value 7,,,, such that n < 1,,,, for which 1% (e, @) <0.
Let

@ (X1, Ixmll s @, n, wo, Oo) = —ci IIXII* + 2 (crea + ¢3 1) llx|l
n
+ 2163 1 [l — e1 1 1* + 7 . w*eg

(9.280)
where ¢3 = Ayar (Q) > 0.
Then, ||®, (x)|| is bounded by
12, ) = [®x (¢! Uxmllo » Qs v, w0, O0)) || = s (9.281)

It follows that the closed-loop system is also uniformly ultimately bounded for
any 0 < 1 < Nmax-

Consider a special case when @ (x) belongs to a class of regressor functions such
that |@ (x)|| < llx11? or ||®, (x)|| < 2|lx|l. Then, it can be shown that the adaptive
loop recovery modification is stable and bounded for any 0 < 1 < 15,,, with a
conservative estimate of 1,,,, given by

kmin (Q)
26}

nmax -

(9.282)

Consider another special case when @ (x) belong to a class of regressor func-
tions such that ||@ (x)|| < ||x]|| or ||@, (x)|| < 1. Then, the adaptive loop recovery
modification is unconditionally stable.

Since the possibility of @, (x) being unbounded exists, the adaptive loop recovery
modification only works for any @ (x) such that @, (x) is bounded. For example, if
@ (x) = x?, then the adaptive law is validonly for p > 1.If p = 1, then @, (x) = 1,
and the adaptive loop recovery modification becomes the o modification.

Example 9.10 Consider a first-order SISO plant
X =ax+b[u+0*¢(x)]
with an adaptive controller
u=kx+kr—0(a)¢x)

Suppose ¢ (x) = x2. Then, the adaptive loop recovery modification is expressed
as
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6=—y (xzeb + 4nx29)

Consider the fast adaptation condition when y — 00, then the asymptotic behav-
ior of the adaptive loop recovery modification is given by

G2 (Xm — x) bx?
X=——
4n

(X — x) bx?

u=kex+kr+
4n

The closed-loop plant then becomes as y — 0o

(X — x) bx?

9*2
an + x]

X =amx+bmr+b[
Let r (¢) be a constant command signal. Then, the equilibrium value of x (¢) can
be determined from

—a, b’ + (4r]bam9* — bzbmr) P2+ 4na,2ﬂ)f + 4na,b,,r =0

For example, letr (t) = 1, a = 1,b =1,60* = 0.5,a, = -2, b,, = 2, and
n = 0.1. Then, ¥ = 1.1223 and & = 0.3058. The closed-loop response of the
adaptive loop recovery modification with k, = —3, k, = 2, and y = 1 is shown in
Fig.9.17. The simulation results of X and 6 agree exactly with the analytical values.

Fig. 9.17 Closed-loop response with adaptive loop recovery modification
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Consider a special case when the asymptotic behavior of the adaptive loop re-
covery modification results in a linear controller for a certain function ¢ (x). The
adaptive law is expressed in general as

6 =—y [¢ () eb+ ¢’ (x)6] (9.283)
For the linear asymptotic property to exist,
¢; (1) = *¢” (x) (9.284)

where ¢ > 0, as y — o0.
This results in the differential equation

9P _ cix (9.285)

which has the following bounded solution:
p(x)=e (9.286)
Then, the adaptive loop recovery modification and the optimal control modifica-
tion have the same linear asymptotic property if nc> = —vb%a!. Note that even

though the adaptive controller tends to a linear controller asymptotically, the closed-
loop plant is still nonlinear since ¢ (x) is nonlinear.

Example 9.11 Consider a time-delay first-order SISO system
X=ax+b [u (t—ty) + G*e_x]
The adaptive controller with the adaptive loop recovery modification is given by
u=kx-+kr—0(@@e”*
6=—y (e_xeb + ne_zxé)
where a + bk, = a,, and bk, = b,,.

Since ¢ (x) = e, the adaptive loop recovery modification is the same as the
optimal control modification. The linear asymptotic adaptive controller is obtained

b
by noticing that 6 (¢) ¢ (x) — & in the limit as y — 00 so that
n

b
u—)kxx—l—k,r~|—e—
n

Even though the adaptive controller is linear in the limit, the closed-loop plant is
nonlinear due to the nonlinear uncertainty since
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. b b * —X
X=ax+b|lki——)x@—ty))+kr@t—1t;)+ —x,(—1t;)+ 0%

n n

Leta=1,b=1,0*=2,t, =0.1,a, = —-1,b,, = 1,r (t) = 1,7 = 0.1, and
y = 10. The response is shown in Fig.9.18.

© -0.2

-0.4

Fig. 9.18 Closed-loop response with adaptive loop recovery modification with t; = 0.1s

It is instructive at this point to summarize the four robust modification schemes
for model-reference adaptive control that add damping mechanisms to the adap-
tation process, namely the o modification, the ¢ modification, the optimal control
modification, and the adaptive loop recovery modification. Table 9.1 shows the four
modification adaptive laws. Each of these modification adaptive laws has its own
relative merit to one another, but all in general will improve robustness of model-
reference adaptive control in their own way by providing a damping mechanism to
bound adaptive parameters from the possibility of a parameter drift for systems with
exogenous disturbances, non-minimum phase behaviors, time delay, and unmodeled
dynamics.

Table 9.1 Four robust modification adaptive laws

o modification ®=-T [¢> (x)e"PB+ a@]
e modification O=-T[®x)e'PB+pule PB| O]
Optimal control modification O=-T[®x)e"PB—v® (x)®" (x) OBT PA,,'B]

Adaptive loop recovery modifica- ®=-T [<D (x)e"PB+ n®, (x) 05;'— (x) (~)]
tion
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9.7 A Adaptive Control

The %) adaptive control has gained a considerable attention in recent years due to
its ability to achieve robustness with fast adaptation for a given a priori bound on
the uncertainty. The .Z} adaptive control was developed by Hovakimyan and Cao in
2006 [8, 23, 24]. Since then, it has been widely used in adaptive control practice.
The underlying principle of the £ adaptive control is the use of fast adaptation for
improved transient or tracking performance coupled with a low-pass filter to suppress
high-frequency responses for improved robustness. As a result, the .} adaptive
control can be designed to achieve stability margins under fast adaptation for a given
apriori bound on the uncertainty. Theoretical proofs of guaranteed robustness bounds,
stability margins, and tracking performance in transient and steady-state responses
for the .} adaptive control are well-established [8].

Consider the following linear SISO uncertain system with a matched uncertainty:

i=Anx +Blu+ 0T (1) () x+d1)] (9.287)
y = Hx (9.288)

subject to x (0) = xo, where x () € R" is a state vector, u (¢) € R is a control input,
y (t) € Ris a plant output, A,, € R" x R" is a known Hurwitz matrix, B € R" is
a known column vector, H € R” is a known row vector, ®* (t) € R”" is unknown
time-varying state uncertainty, and d (f) € R is a matched bounded time-varying
disturbance.

We assume that ®* (1) € .Y+ and d (t) € ¥; where .Y+ and ¥ are known
compact sets defined a priori. Since ®* (¢) is time-varying, we also require ” e* H <
A. Further, we assume that the disturbance and its derivatives are bounded with
|d| < dy and |d | < §. Without loss of generality, the following known constraint
sets can be used to bound the adaptive parameters:

* * 2 * * 2
0r _ Omas T00in Y~ {( Omax i
1 2 2

Sor = @*(t)eR”:g(@*): <0

0 * gffmax +0:,7,,',7 2 e'fmax 76;‘,,,,',, 2
n 2 o 2
(9.289)

dm dm‘n dm - dmin :
ydz[d(z)eR:gd(d)z(d— ar + )—( “’“2 )50

2
(9290)

A state-predictor model is defined as

;é:Am£+B[u+(~)T(r)x+c?(z)] (9.291)
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with the initial condition X (0) = xo, where X (¢), @ (¢) and d (t) are estimates of
x (1), ®* (t), and d (1), respectively.

We define the state-predictor error as e, (f) = X (t) — x (¢). Then, the estimates of
®* (1), and d (1) are computed from the following adaptive laws with the projection
method:

—I'xe) PB ifg(®) <0orif g(©) =0

© =Pro (6, —I'xe] PB) = and — (xe] PB)' Vgo (©) <0
0 otherwise
(9.292)
—vae, PB if gq (c?) <O0orifgy (c;') =0
d = Pro (c?, —yde;PB) = and — T PBVg, (c?) <0
0 otherwise
(9.293)

with the initial conditions @ (0) = © and d (0) = dj.
The adaptive laws can be shown to be stable as follows:

Proof The predictor error equation is established as
ép=%—i=Ane,+B ((:)Tx + c?) (9.294)
where @ (1) = O (1) — O@* (t) and d (t) = d (t) — d (1).
Choose a Lyapunov candidate function
72

- o~ d
) — T QT r-14 J—
% (ep, o, d) ey Pep+6TI6 + (9.295)

The projection method guarantees that @ (¢) and d (1) stay inside their constraint
sets. Then, 1% (e P> (9, 3) is evaluated as

: - - ., 2dd
V(e ,@,d) = —¢'Qe,— 20T 0" — 224
( P p P Ya
z 1 2l
=< _)‘min (Q) Hep ” + 2)\-max (Fil) oA+ )/— (9296)
d
@) (t) and d (t) are constrained by
O — 67 <0 <6, — 6] (9.297)

dpin —d < d < dpay —d (9.298)
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This implies

oF

Umin i

0

lmax l/”l/l ? lNMX

‘éi < max (|9

) + max |0i*| (9.299)

— Qi*|) < max (|9

4] < max (ldnin = d1. dnax = d1) < MaX (dia] [ ) + max ] = dy
~ (9.300)
Let ®) = max (max (|9

.16

i e ) + max |9i*|). Then,

% (ep, o, c?) < 2nin (O |lep|” + 2hmar () BoA + 2y dos (9.301)
1% (e,,, @, c?) < 0 implies

2max (F™') @A + 2y, dos
leo]l = 0 =p (9.302)

There exists an upper bound of ||e » || along with the upper bounds of H 6 H and

Hc] H that establish a compact set outside which 1% (e P> @, d) < (0. Therefore, all
signals are bounded.

The £, adaptive controller is defined as
u(s)y =—kD (s)w(s) (9.303)

where k > 0 is a feedback gain, D (s) is a proper transfer function and w (s) is the
Laplace transform of

w(t)=u)+ 0" ()x+d 1) —kr ) (9.304)

where the command feedforward gain k, is given by

1
ky = ——— 9.305
HA,'B ( .
The ideal controller is given by
w (1) = —0*T () x (t) —d (1) + k.r (1) (9.3006)

The ideal closed-loop plant then becomes

X = Ap,x + Bk,r (9.307)
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The %) reference controller is then given by the filtered version of the ideal
controller
Up (s) = C (s) u™ (s) (9.308)

where C (s) is a low-pass filter which can be obtained as
C)=—— (9.309)
s

We require C (0) = 1. Thus, D (s) can be any suitable transfer function that
satisfies lim;_, ¢ ﬁ =0.

The design of the %] adaptive control then essentially comes down to the design
of the feedback gain k and the transfer function D (s) which defines the low-pass
filter C (s).

The closed-loop reference system formed by the £] reference controller is then
obtained as

X (8) = Apx () + B[C () u* () + k,r (s) — u* (5)] (9.310)

Let the largest bound of ®* be defined using the £} norm definition as
L=]o*|, =max > |6 (9.311)
i=1

Then, for the closed-loop reference system to be stable, the .} norm of the system
transfer function G (s) must satisfy the following condition:

IG I =6l —An"B[1-C®]|,L <1 (9.312)

This condition is the stability condition on the unit circle for discrete-time which
is equivalent to the Hurwitz stability condition of the matrix A,, + B [1 — C (s)] ©®*T
for continuous time.

The choices of k and D (s) can greatly influence the performance and stability of
the £ adaptive control. For example, consider the following transfer function:

D(s) = % (9.313)

which satisfies the ideal closed-loop transfer function

k
CcC0)= — =1 (9.314)
s+k s=0

Then, the %} adaptive controller is given by
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or, in the time domain,

i = —ku —k[@T ) x +d () —k,r]
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(9.315)

(9.316)

Consider the case when @* and d are constant. Then, the closed-loop reference

system becomes

x| _[An+BO*T B |[x Bd
il T ke k|| u | T k@ =kr)

The stability condition requires

A _|An+BO*T B
c = _k@*T —k

to be Hurwitz by a suitable selection of the feedback gain k > 0.
Consider a first-order SISO plant as

)'c:amx+b(u+9*x+d)

where 6* and d are unknown constants with given known bounds.
The predictor model is

X =am£+b(u+0x+dA)
1

Choose D (s) = —. Then, the .} adaptive controller is defined as
s

u=——w(s)
s

6 = Pro (9, —yxepb)

A

d = Pro (c?, —ydepb)
Then, the closed-loop plant matrix is

_|aw+b6* b
A=

(9.317)

(9.318)

(9.319)

(9.320)

(9.321)

(9.322)

(9.323)

(9.324)
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The closed-loop characteristic equation is then obtained as

_|s=an—0b0* —=b | * _
det (sl — A.) = e sk =5 +(k—am—b9)s—kam—0
(9.325)
Comparing the characteristic equation to that of a second-order system
57+ 20 wps + @2 =0 (9.326)
then
w? = —ka,, (9.327)
20w, =k —a,, — bO* (9.328)
For a specified damping ratio ¢, k can be computed from
K2 = 2k (4 + bO* — 22%a,) + (am + b6*)° =0 (9.329)
which yields
k = ay + b0* — 287y, + 28/ aw [— (am + bO*) + 2ay, ] (9.330)

Consider two cases:

1. The open-loop plant with uncertainty is stable with a,, + b6* < 0. Then, k >
— (am + b6*) > 0 if
a, + bo*

am

(9.331)

2. The open-loop plant with uncertainty is unstable with a,, + b6* > 0. Then, the
closed-loop poles are computed as

k — m bo* 4k m
D R I U L — (9.332)
2 (k — a,, — bO*)
which lie in the left half plane if k > a,,, + bO*.
Example 9.12 Consider the parameter drift example in Example 8.1. Leta,, = —1,
w(t) 5

b=1,0"=2,andd (t) = — withp = ——.
and d (1) b with p v

1
Choose D (s) = —. Since a,, + b6* = 1 > 0, we choose k = 2 > 1. Then, the
s

A adaptive regulator controller is specified by
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L't:—2u—2(9x+c?)

[—yxe,b if Opin < 6 < Opax OF if 0 = 6,4,
6 = Pro (6, —yxepb) = and @ > 0 orifd = O max and § <0
[0 otherwise

_ [ —yae,b if dyin < d < dyay 0r if d = dyin
d = Pro (62, —J/depb) = andd > 0 orifd = dyyg, andd < 0
0 otherwise

5
0
e - s
-10
-1 -15
0 50 100 50 100
t t
15, 4
10 B 3
= sf °2
0 | 1
K
---d
-5 0
0 50 100 0 50 100

t t

Fig. 9.19 Closed-loop response with .} adaptive control, 8 — 60,4
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t t
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< o m
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Fig. 9.20 Closed-loop response with .} adaptive control, 6 — 0 < Omax
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We choose 0,,;, = 0, 0ux = 3, dpin = —2, and d,,,x = 11. To ensure fast
adaptation, y and y; must be chosen to be large values. The time step must be chosen
sufficiently small if y and y, are large. Choose At = 0.001 and y = y,; = 100. The
initial conditions are x (0) = 0, x (0) = 0,6 (0) = 0, and d (0) = 0. The response of
the closed-loop system with the .} adaptive controller is shown in Fig.9.19. Notice
that 6 (t) — 6,4 because the upper bound of 6 (¢) is set too small. Nonetheless,
x(t) > east — ooandc?(t) —d () + 6.

Suppose the upper bound is increased to 6,,,, = 10. Then, the response with the
new upper bound of 6 (¢) is shown in Fig.9.20. The response shows that 6 () —
6 =5.1011 < 6,,4,. Note that 6 (¢) does not tend to 6*.

9.8 Normalization

Fast adaptation can lead to loss of robustness of MRAC. Fast adaptation is usually
associated with the use of a large adaptation rate. However, this is not the only effect
of fast adaptation. When the amplitude of the regressor function @ (x) is large, the
effect is equivalent. Normalization is a technique that can be used to achieve more
robust adaptation for large amplitude inputs [5]. The objective of the normalization
is to reduce the effect of fast adaptation based on the amplitude of the regressor
function. Normalized adaptation can achieve a significant increase in the time-delay
margin of a closed-loop adaptive system. The normalized MRAC is given by

: I'd (x)e' PB
0 =— (9.333)
1+ &7 (x) RO (x)

where R = R" > 0 is a positive-definite weighting matrix.
To prevent the parameter drift, the projection method can be used to bound adaptive
parameters. Thus, the normalized MRAC with the projection method is described by

) I'e(x)e'PB
® =Pro|0O, — (9.334)
1+ @7 (x) RP (x)
where © (1) is constrained to stay within a constraint set such that |@|| < ©.

The quantity 14+@® " (x) R® (x) is called the normalization factor. If the amplitude
of the regressor function @ (x) is large when the closed-loop system exhibits poor
robustness, the normalization effectively reduces the adaptation process to improve
robustness. The stability proof of the normalized optimal control modification is
provided as follows:

Proof Choose a Lyapunov candidate function

v (e, o) — ¢ Pe + trace (@Tr*@) (9.335)
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There are two cases to consider.
1. Consider the case when g (®) < Oor g(®) = 0 and — [QD (x) eTPB]—r Vge
(®) < 0. Then, evaluating 1% (e, (:)) yields

20"TPBOT® (x) @7 (x) R® (x)
1+ @7 (x) R® (x)
< —Xmin (Q) llell* + 2 llell Amax (P) wo
2¢" PBOT® (x) Apax (R) @ ()12
+ 2
m= ([lx])

1% (e, @) = —e' Qe — 2e¢" Pw +

(9.336)

where m? ([lx]1) = 1 + Amin (R) [|® (X)]|%. 5
Suppose g (@) = (@ — ©*)T (@ — ©*) — B < 0. Then, Vgo (O) = 26. So,

—[® (x)e"PB]" Vgo (@) = —2¢"PBOT® (x) = —co <0 (9.337)

where ¢y > 0.
Therefore,

0rmax (R) |® (x)|I*

m? (|lx]])
(9.338)

. ~ C
V (€:6) = —hmin () llell® +2 el nax (P)wo +

Note that H‘f(")uz < ; Then, it follows that 1% (e, @) <0if
m2([lx1l) Jemin(R)

Amax (R
e llel +2¢1¢3 lell + C‘;—(;)) <0 (9.339)
or
CO)\max (R)
>0+ o+ el = 9.340
llell > ¢+ [c2 + i (R) p ( )
where ¢; = Apin (Q) and ¢ = %

Since g (®) < 0, then H@ has an upper bound where @H < B. Then, the
closed-loop system is uniformly ultimately bounded with the following ultimate

bound:

b= el < \/xmax (P) P + domar (T @2

~ )\max 2 max -1 2
a<|6 S/ P e () _ (9.342)
)‘min (P)
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2. Consider the case when g (@) > 0 and — [® (x) eTPB]T Vgeo (©) > 0. Then,

1% (e, (:)) = —eTQe —2¢' Pw
Vgo (©)V'ge (0) @ (x)e' PBPT (x) RD (x)

+267
VTge (0)Vge () 1+ @7 (x) RD (x)
(9.343)
For the same g (®), 2¢" PBOT @ (x) = —cy < 0 where ¢y > 0. Then,
Vgo (0) VT gg M
T80( )V geo _ 90 (9.344)
Vigo (B)Vge (B) OTE
Therefore,
. ~ C )\min (R) ”qj ()C)||2
V (€.8) = ~huin () el +2 el Amax (P) wo — =
n= (llx1)
< —Xmin (Q) llell* + 2 llell Amax (P) wo (9.345)

where 72 (| x[]) = 1 4 Apax (R) @ (0)]1%
Thus, V (e, @) <0if
2)"max (P) wo

—_— = 9.346
llell = hon (0) p ( )

Since g (®) > 0, then H ) H is bounded from below such that || & > «. Therefore,

the closed-loop system is uniformly ultimately bounded.

Note that the normalization technique will result in poorer tracking as A, (R)
increases, but at the same time improve robustness in the presence of large amplitude
inputs or fast adaptation.

For the normalized MRAC without the projection method, if a disturbance does
not exist, the tracking error is asymptotic, but in the presence of a disturbance, the
Lyapunov stability proof does not guarantee boundedness of the adaptive parameters.
Therefore, the normalized MRAC without the projection method is not robust to the
parameter drift.

In lieu of the projection method, the normalization technique can be used in
conjunction with any one of the robust modification schemes such as the o modifica-
tion, e modification, and optimal control modification. For example, the normalized
o modification is given by

T'(@®e'PB+00)

6 =
1+@T (x)R® (x)

(9.347)
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Since there is no projection, R and ¢ have to be chosen such that the closed-loop
system is stable. This can be determined from the Lyapunov stability analysis as
follows:

Proof Choose the usual Lyapunov candidate function

|4 (e, (:)) = ¢! Pe + trace (@TF’IC:D) (9.348)
Then, evaluating 14 (e, @) and recognizing that ||q2) ]l <3 1 @ yield
m? ([|x[[) — A
1% (e, (9) = —eTQe +2¢"PBOT® (x) — 2¢" Pw
207 (@ (x)e"PB+00)
— trace
1+ @7 (x) R® (x)
< —Rmin (@) llell® + 2 llell Amax (P) wo
e @l 20 20
+
Amin (R) ~ 2 (lIxl) m? (llx])
(9.349)

Utilizing the inequality 2 ||| ||b]| < llall® + |b]|%, V (e, (5)) is bounded by

~ 12
hax (R) 1P 6] "l 0112

% (e, @) < —ci(lel — ) + 12 +

)\min (R)
- 2
—es([8] - o) + e (9.350)
)"max (R) ”PB” )"max (P) W 20
where ¢; = Apin (Q) — )\‘—(R), C = o 0, c3 = 2= and
_ n2(Ixl) ©
€4 = 55— ——.
2m= (llx1)

2

1% (e @) can be made larger by setting H@H = ¢4. Recognizing that .~~~ I =

Amax (R) n2(|lx[)
Foe®y And iy = 1, then

(R IPB @@ 0OI* 062

433 (R) 2
(9.351)
Therefore, R and o are chosen such that the following inequality is satisfied:

1% (e, 0) < —ci(lell = e2)* + cic3 + P

@ (IxIl, Ixnll» @, R, wo, @) = —c1 Ix|I* + 2 (crca + s lxm ) llx]l

+2ci¢a 1l — e 1xm 1 + c6 12 () 1* +¢7 <0
(9.352)
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A R)||PB A (R)||PBJ| ©2 62
where cs = )\'max (Q) _ max ( ) ” ” ,Co = max ( q) ” ” 0 , and ¢r = o 0
Amin (R) 4r, i, (R) 2

The use of the normalization in conjunction with a robust modification scheme can
significantly improve robustness to the parameter drift, time delay, and unmodeled
dynamics [16, 25].

Consider a first-order SISO system with an adaptive controller using the normal-
ized MRAC without the projection method

X =ax + bu (9.353)
u==k,(t)x+kr (9.354)
4 X m b
k, = u (9.355)
1+ Rx2

where r (¢) is a constant reference command signal.
Differentiating the closed-loop plant gives
)/X'xzb Vxxzxmb
X =
1+ Rx? 1+ Rx?

X —[a + bk, ()] % + b (9.356)

The effect of the normalized MRAC is to reduce the nonlinear integral control
action of MRAC. The effective nonlinear integral gain of the normalized MRAC is
given by

2
VxX“b
k; =7 9.357
)= ke ©-357)
Then, the closed-loop plant is expressed as

X — [a + bk, (1)1 x + bk; (x) x = bk; (x) x,, (9.358)

Note that k; (x) is a bounded function where

b

0<k (x) <% (9.359)

Thus, the maximum closed-loop frequency is independent of x (¢). So, any large
amplitude input will not affect the nonlinear integral control action. Nonetheless,
k; (x) can still tend to a large value with y,.

Example 9.13 Consider the following first-order SISO system:
X :ax+b(u+9*x2)

where a = 1 and b = 1 are known, and 6* = 2 is unknown.
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An adaptive controller is designed as
u=kex +kor—0(@x>
using the normalized MRAC without the projection method

_ yx2eb
14 Rx?

The reference model is given by
Xm = AmXm + byt

where a,, = —1,b,, = 1,and r () = 1.
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Choose y = 1000, R = 100, and x (0) = 1. The closed-loop responses with
the standard MRAC and normalized MRAC are shown in Fig.9.21. The response
with the standard MRAC exhibits high-frequency oscillations due to the use a large
adaptation rate. On the other hand, the normalized MRAC effectively eliminates
the effect of fast adaptation. Both the tracking error and parameter estimation error

converge to zero since there is no disturbance.

15
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Fig. 9.21 Closed-loop responses with standard MRAC and normalized MRAC

Example 9.14 Consider Example 8.1
X=ax+bu+w

where

(1 + t)2p+1 -1

= 1+ —a(Q+07+b b
w=p({+1) a(+)+|:y T

— ki (0)] (I+n°
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and an adaptive regulator controller

u==k,(t)x
where k, (¢) is computed by the normalized MRAC without the projection method

2
o= T
1 + Rx?

Leta=1,b=1,n = —15—2, yx = 10, and R = 1. The closed-loop response
with the normalized MRAC is shown in Fig. 9.22. Notice that the response exhibits a
parameter drift as k, (f) — —oo. Thus, the normalized MRAC without the projection
method is not robust to the parameter drift.

Fig. 9.22 Parameter drift with normalized MRAC

9.9 Covariance Adjustment of Adaptation Rate

Fast adaptation is needed to reduce the tracking error rapidly when a large uncertainty
is present in a system. However, in most situations, when the adaptation process
has achieved sufficiently a desired level of tracking performance, fast adaptation is
usually no longer needed. Maintaining fast adaptation even when after the adaptation
has achieved its objective can result in persistent learning. At best, persistent learning
would do nothing to further improve the tracking performance once the adaptation has
achieved its objective. At worst, persistent learning reduces robustness of an adaptive
controller which is not highly desired. Therefore, the adaptation rate can be reduced
by a covariance adjustment method. The adjustment allows for an arbitrarily large
initial adaptation rate to be used to enable fast adaptation. The covariance adjustment
then adjusts the adaptation rate toward a lower value to achieve improved robustness
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as the adaptation proceeds. By reducing the adaptation rate, improved robustness can
be achieved with the covariance adjustment, while the tracking performance during
the initial adaptation is retained [5, 16, 25].
The standard MRAC with the covariance adjustment of the adaptation rate is
described by
O=-T{@)®(x)e PB (9.360)

'=-nl'eox)®"'(x)I (9.361)

where 1 > 0 is an adjustment parameter.

The adjustment method is the same as the update law for the covariance matrix
R () in the recursive least-squares method.

Note that there are other variances of the covariance adjustment method. The
covariance adjustment with a forgetting factor is given by

=Bl —ngIré (x)@' (x)I (9.362)

where 8 > 0 is a forgetting factor.
The covariance adjustment with the normalization is given by

e Br —nI'®d (x)®T (x) T
14+ DT (x)RP (x)

(9.363)

The projection method can be used to bound the adaptive parameter. Thus, the
MRAC with the projection method and covariance adjustment of the adaptation rate
is described by

© =Pro(@,—I'(1)® (x)e' PB) (9.364)

The stability proof of the covariance adjustment of the adaptation rate is as follows:

Proof Choose a Lyapunov candidate function
Vv (e, @) = ¢ Pe + trace (@TF_IQ) (9.365)

Consider the case when g (@) < 0 or g(®) = 0 and — [P (x) eTPB]T Vgo
(®) <0. 1% (e, @) is evaluated as

. - ~—dI ! .
1% (e, @) = —e' Qe —2¢' Pw + trace (@T - @) (9.366)

But,
rr-'=i1 (9.367)
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Then,
) dr-!
rr—'+ 1“7 =0 (9.368)
So, 1
dr- )
= —Ir'rrl=pe @)@’ (x) (9.369)
Therefore,

1% (e, @) =—¢"0e—2Pw+nd (x) OOTPD (x) < —hpin (Q) lle]®

~ |12
+2 lell nax (PYwo + 1 |6 19 )12 9.370)

Since ” e ” < B where B is the a priori bound from the projection method, then

the parameter 7 is chosen to ensure that V (e, (:)) < 0 or equivalently the following
inequality is satisfied:

o (K1 5l @, mwo, |6]) = =€t 161 +2 a2 + s o) I

+2ci6a 1xnll = et l1xn I + nB* 1@ (O[> < 0
(9.371)

Note that if a disturbance does not exist, then the tracking error converges as-
ymptotically to zero, but the adaptive parameter is bounded. In the presence of a
disturbance, a parameter drift can still exist even though the adaptation rate is con-
tinuously adjusted toward zero. In theory, the adaptive parameter would stop drift-
ing when I" () — 0 as ¢t — oo. In practice, the adaptive parameter can reach a
sufficiently large value that can cause robustness issues. Therefore, the covariance
adjustment method needs to be used in conjunction with the projection method or
any robust modification schemes to prevent a parameter drift.

When used in conjunction with a robust modification scheme, the covariance
adjustment method can further improve robustness. For example, the optimal control
modification with the covariance adjustment is described by [25]

O=-Tt)®x)[e'P—vdT (x)O®BTPA,'|B (9.372)

m

'=—nl'®x)®" ) I (9.373)

Then, V (e, (9) is given by

7 (e.6) = —ei el — e +er3—ves 1o @I (6] — i) +vescd 1o 2
(9.374)
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where ¢, ¢2, ¢4 are defined in Sect.9.5, c3 = Ayin (BT A,,T QA,,'B) (1 — n” ‘),
and 0 < 1 < Nuax With Dax = VAmin (BTA,;TQA,ZIB).
Thus, V (e, @) < 0 outside a compact set. Therefore, the closed-loop adaptive

system is completely bounded.
Consider a first-order SISO system with an adaptive controller with the covariance
adjustment of the adaptation rate

X =ax + bu (9.375)
u=ky(t)x + kr (9.376)
ky = yexeb (9.377)

Ve = —nyix’ (9.378)

The adaptation rate can be integrated as

dyy ) 1 1 L,
- =nx dt = — — =n | x“(r)dr (9.379)
yx Vx Vx (O) 0
This yields
(0)
Ve = R . (9.380)
1+ v (0)n [, x* (1) dr
Then, the adaptive law becomes
. (0) xeb
Vs (O) xe (9.381)

Tty On fix2 (ndr

which is effectively a normalized adaptive law with an integral square normalization
factor.
Let r (¢) be a constant reference command signal. Differentiating the closed-loop
plant gives
X —la+ bk, (t)]x + bk; (x) x = bk; (x) x,, (9.382)

where k; (x) is the nonlinear integral gain

_ ¥x (0) x%b
B 1+, (O)nfotxz(t)dr

ki (x) (9.383)

Ast — 00, ki (x) — 0 because ngz (t)dt — oo since r (t) is a constant
command signal for which x () ¢ .%. Therefore, the effect of fast adaptation is
entirely eliminated.
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The effect of the covariance adjustment of the adaptation rate is to gradually shut
down the adaptation process. A problem associated with the covariance adjustment is
that, once the adaptation rate is reduced to a value near zero, the adaptation process has
to be restarted manually if a new uncertainty becomes present, whereas the adaptation
rate with any other adaptive control methods will be finite and the adaptation process
can be made to always remain active. It is possible to design a resetting adaptation
process using the covariance adjustment. The adaptation process can be reset with
a new initial value of the adaptation rate whenever a threshold criterion is satisfied.
For example, a covariance adjustment resetting algorithm could be expressed as

r= [ﬁ with I" (to) = I, 1 = 1, when le ()| > e att =1, (9.384)

| " with " (0) = I, otherwise

The threshold should be chosen judiciously so that the trigger would occur appro-
priately to prevent false triggering. Also, when a switching action occurs with a large
change in the value of the initial condition of I" (¢), to prevent transient behaviors,
a filter can be used to phase in the new initial condition of I" (¢). For example, if a
first-order filter is used, then

I'=—x(" =T, (9.385)

fort € [t,,t. + At], where A > 0, ' (t,) = I" (t) att = ¢, is computed from the
previous covariance adjustment, and I, is the new reset initial condition of I" ().

Example 9.15 Consider the same first-order SISO system in Example 9.13
X =ax+b(u+9*x2)

The MRAC adaptive law with the covariance adjustment without the projection
method is given by ]
6 = —yxZeb

y = —ny’x*

Let y (0) = 1000 and n = 0.1. The response of the closed-loop system is shown
in Fig.9.23. Comparing to Fig.9.21, the response with the covariance adjustment is
free of high-frequency oscillations. Both the tracking error and adaptive parameter
estimation error tend to zero asymptotically. The value of the adaptation rate at
t = 20sis y (t) = 0.6146 which is substantially less than the initial value of
y (0) = 1000.
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Fig. 9.23 Closed-loop response with covariance adjustment of adaptation rate

Example 9.16 Consider the same parameter drift example in Example 9.14 with
the covariance adjustment without the projection method

/ 2
ky = —VxX b
. 2.2
yx - _nyx'x
2.5
2
x 15
i
05 i i i i
0 100 200 300 400 500
t
0
x* -5
_10 i i i i
0 100 200 300 400 500

t
Fig. 9.24 Parameter drift with MRAC with covariance adjustment

Let y, (0) = 10 and n = 1. The response is shown in Fig.9.24. Note that even
though the value of k, () appears to reach a steady-state value, in fact, k, (¢) is just
drifting very slowly because the adaptation rate is very small and never reaches zero
in a finite time.
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9.10 Optimal Control Modification for Systems with
Control Input Uncertainty

In certain situations, the control effectiveness of a control system may be impaired
due to failures. When an uncertainty exists in the control input, the system can
undergo significant changes in its closed-loop characteristics that can compromise
stability and performance of the control system. The control signal must be modified
accordingly to produce achievable dynamics in the presence of the reduced control
effectiveness.

Consider a linear plant with a control input uncertainty and a matched uncertainty

i=Ax+BA (u + .Q*Tx) (9.386)

where x (f) € R” is a state vector, u () € R” is a control vector, A € R" x R”
and B € R" x R™ are constant and known matrices such that the pair (A, B) is
controllable, A € R™ x R™ is an unknown control effectiveness diagonal matrix,
and £2* € R™ is an unknown constant matrix.
Let AA = BA*" and AB = B (A — I). Then, the plant can also be expressed
as
Xx=(A+AA)x+ B+ AB)u (9.387)

A nominal fixed gain controller is designed to stabilize the plant with no uncer-
tainty and enable it to track a reference command r (¢)

i = Kox + K,r (9.388)

where r (1) € R? € £, is a piecewise continuous and bounded reference command
vector.
The closed-loop nominal plant without uncertainty is obtained as

X =Aux+ B,r (9.389)
where A,, = A+ BK, € R" x R" is Hurwitz and B,, = BK, € R" x R? is a matrix

with g < n.
This closed-loop nominal plant is then used to specify a reference model

Xm = ApXy + Bur (9.390)

where x,, () € R" is a reference state vector.

The objective is to design a full-state feedback adaptive augmentation controller
to enable x () to follow x,, () in the presence of uncertainty due to AA and AB
with the following controller:

u=i+AK.x + AK,r — 2"x (9.391)



9.10 Optimal Control Modification for Systems with Control Input Uncertainty 287
For convenience. u (¢) can be expressed as
u=ii—O0'® (x,r) (9.392)

where O7 (1) = [-AK, (1) + 27 (1) —AK, ()] € R" x R"™ and & (x,r) =
[x7 rT]T € R"*,

It is assumed that there exist constant and unknown matrices AK; and AK such
that the following model matching conditions are satisfied:

A+ BA (K, + AK}) = Ay (9.393)
BA (K, + AK)) = B, (9.394)

Let A (1) = A (1) — A, AK, (t) = AK, (t) — AK*, AK, (t) = AK, (1) — AK?,
Q@) = 2@)— 2% and O (1) = O (1) — O be the estimation errors. Then, the
closed-loop plant becomes

% = Apx + Bur — BAOT® (x,r) + BAO @ (x,r) (9.395)
Defining the tracking error as e (f) = x,, (f) — x (¢), then the tracking error
equation becomes

é=Ane+ BAOT® (x,r) + Be (9.396)

where L
e=—AOT® (x,r) (9.397)

If the sign of A is known, then the standard MRAC law for adjusting © () is
given by )

© =—-To® (x,r)e' PBsgnA (9.398)

This MRAC law, while providing asymptotic tracking, does not provide robustness

to potential unmodeled dynamics. The optimal control modification adaptive law can
be used to provide robust adaptation as [21]

O = —Tod (x,r) [eTP v (x,r) @ATBTPA,;l] BA (9.399)

It is noted that the adaptive law depends on the estimate of A which needs to be
computed. Toward this end, a predictor model of the plant is defined as

I=Api+(A—A)x+ BA (u+2"x) (9.400)

Define the predictor error as e, (1) = X (t) — x (), then
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ép=Ane,+BAQ x + BA (u+ 2"x) + Be, (9.401)

where
e, =—AR"x (9.402)

Then, A can be estimated by the following adaptive laws:

Q= —TIox (e,fp - vxTQATBTPA;l) BA (9.403)

AT ==Ty(u+2Tx)[e) P v +x72) ATBTPA B 9404

The Lyapunov stability proof is provided as follows:

Proof Choose a Lyapunov candidate function

% (e, e,0, %, /I) =e¢' Pe+ e;Pe,, + trace ((:)TI"(_;IQ)

+ trace (ff]};lf?) + trace (/KI’A”/]T) (9.405)

Evaluating 1% (e, ep, @, fz, /I) yields

\% (e, e,,@, S~2, /i) = —eTQe — e[—,rQe,, +2¢"PBs + Ze;PBep
+ 2vtrace ((S)ch o, 1)@ (x,7) @ATBTPA;‘BA)
+ 2trace (QTxxTQATBTPA;‘ BA)

+ 2vtrace (A (w+27x) (" +x"2) /KTBTPA;ZIB)

(9.406)
O 1) AT (1) 0 0
LetB=[B B B] e R"xR¥ [1(1) = 0 QUOAT@H 0 €
0 0 AT (1)

R21m 5 R W (x,r) = [@7 (x,r) xT uT +x72]" € RZ7m+4 then

trace (ﬁﬂp e, )T (x, ) HBTPA}nB)
OTd (x,r) @7 (x,r) @ATBTPA;IBA)
+ trace ( ~TxxT.Q/iTBTPA,;lB/i)

(u+Q7x) @ +x72) ATBTPA,'B)  (9407)
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% (e, ep, @, fZ, /I) can be expressed as
1% (e, e,,ﬁ) =—¢'Qe— e;QeP +2¢"PBe + Ze;PBsp
— v (x,r)[TBTA, T QA 'BIT™W (x,7)
+ 209" (x,r)T*B"PA'BIT™W (x,r) (9.408)
Then, 1% (e, epﬁ ) is bounded by
~ 2 2
V (e epfT) = =nin () (el + |es|*) +21P Bl (Il o + |5 | 21)
_ _ ~ 12
~ Vinin (BT 4,7 QA B) ¥ (x| 71
+2v |BTPASB| 1w (x. 1) Hn” o (9.409)
where supy,.q lle (X)|| < €0, SUPy,ce Hsp (x)“ < &p,,and [Ty = || IT*].
| PBll & | PBll &, — -
Letc; = Apis ,Cy = ,C3 = ,C4 = Amin (BTA-TQA'B
€1 = hmin (Q)r2 = 5=y 3 = gy 6 = hmin (BT 4,1 04,1B)
2 |BTPA,'B| My
¥ (x, )", and c5 =

- —. Then,
Aomin (BT Ay QAL B) "
V(e epfT) = —cr (el = 2 + 13 = 1 ([lep | = )

2 = 2 2
+cic5 —vey (HHH — 05) + veacs

(9.410)
Thus, 1% (e, ep, 1 ) < 0 outside a compact set . defined by
S ={(e® e, 0. D) i el —e? +er (e, - 3)
5 2 2 2 2
+vey (HHH — 05) <cic; +cicz + UC4C5] 9.411)
This implies
2 2 VC4C§
llell = c2+ /¢ +c5+ =P (9.412)
1

2
fepll = e+ [3+c3+ == =g
1

(9.413)
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2 2
HﬁH zc5+,/c§+w=a (9.414)
VCy

There exists ¥ such that ||¥ (x, r)|| < ¥, forany 0 < v < v,,,, that satisfies the
following inequalities:

@ (IxI, 1xnll , Q, v, €0, MTo) = —c1 lIx]I* + 2 (c1¢2 + Amax (Q) xnl) lIx]]
+2ci162 [xmll — et 12X I + 163

+ves (19 (x, P)lh e <0 (9.415)

A lls Qv ey o) = —ci [, * +2 (€163 + Amar (Q) X 1) |3,
+2¢cic3 Ix ]l —ci Ix)1* + e1c3

+vea (¥ (x, 1)) es <0 (9.416)

¢ (x|

Then, the lower bounds which are dependent on ||¥ (x, r)| also exist. Since
1% (e, ep, 1:1) < 0 outside the compact set ., V (e, ep, ﬁ) < Vo, where Vj) is the

smallest upper bound of V (e, ep, Iy§ ) which is given by
Vo = dmax (P) (P* + @%) +[hnax (15") + dmax (") + hnax (I3 ] @® (9.417)

Then,
Domin (P) lle> < V (e, ey, 17) <V 9.418)

Domin (P) ||| < V (e, ey, ﬁ) <Vo (9.419)

Therefore, the closed-loop system is uniformly ultimately bounded with the
following ultimate bounds:

Vi

lell < [ =——> AO(P) (9.420)
min

lep| < | —2 (9.421)

)‘«min (P)
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9.11 Bi-Objective Optimal Control Modification for
Systems with Control Input Uncertainty

Consider the following MIMO system with a control input uncertainty and a matched
uncertainty:
X=Ax+BAu+ 0" x)]+w (9.422)

where x (f) € R” is a state vector, u (t) € R™ is a control vector, A € R” x R" is
known, B € R” x R™ is also known such that (A, B) is controllable, A = AT >
0 € R™ x R™ is a constant unknown diagonal matrix which represents a control
input uncertainty, ®* € R” x R™ is the unknown parameter, @ (x) € R” is a
known regressor function, and w (#) € R” is a bounded exogenous disturbance with
a bounded time derivative, i.e., sup [|w| < wgp and sup ||w|| < §.

The closed-loop plant is designed to follow a reference model specified as

Xm = ApXy + Byr (9.423)

where x,, (t) € R” is a reference state vector, A,, € R" x R"” is Hurwitz, and
B, € R" x R? is a matrix associated with a piecewise continuous and bounded
reference command vector r (¢) € RY.

In the presence of both the control input uncertainty and matched uncertainty due
to A and ®@*, an adaptive controller is designed as

u=K.O)x+K,(0)r—07 (1) ® (x) (9.424)
where K, () € R™ x R” is an adaptive feedback gain, K, (f) € R” x R? is an
adaptive command feedforward gain, and @ (¢) € R? x R™ is the estimate of ®@*.

We assume that there exist constant and unknown matrices K} and K/ such that
the following model matching conditions are satisfied:

A+ BAK; = A, (9.425)

BAK! = B, (9.426)

If A is unknown but sign of A is known, then the standard MRAC adaptive laws
are given by

K| = Ixe" PBsgnA (9.427)
K = Tre" PBsgnA (9.428)

6 =—Tyd (x)e' PBsgnA (9.429)
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However, the standard MRAC is non-robust. To improve robustness, the adaptive
laws should include any one of the robust modification schemes or the projection
method. For example, the o modification adaptive laws are given by

K[ =TI (xe" PBsgnA — oK) (9.430)
K, =1, (re" PBsgnA — oK) (9.431)
O =-Tp[® (x)e PBsgnA+006] (9.432)

If A is completely unknown, then we need to consider other approaches such
as the method in Sect.9.10. We now introduce a new optimal control modification
method that uses two types of errors for the adaptation: tracking error and predictor
error. We call this bi-objective optimal control modification adaptive law [26-29].
Model-reference adaptive control that uses both the tracking error and the predictor
error or the plant modeling error is also called composite adaptive control [30]. Other
works that have also used this type of adaptation include hybrid adaptive control [31]
and composite model-reference adaptive control [7].

Let A(t) = A(t) — A, K, (1) = K, (1) — K*, K, (1) = K, (1) — K*, and
O (1) = © (1) — O be the estimation errors. Then, the closed-loop plant becomes

%= Apnx+B,r+ B (/i _ A) [léxx Y Rr—60"® (x)] Tw  (9.433)
The tracking error equation is obtained as
é=Ane+ BA [—kxx —Rr+6To (x)] — W+ Be (9.434)
where ¢ (t) € R™ is the residual estimation error of the plant model
e=A [kxx +Rr—6To (x)] (9.435)

such that sup ||e]| < €.
Consider a predictor model of the plant as

F=Ani+(A—A)x+BAu+60Td )]+ W (9.436)

where w (¢) is the estimate of the disturbance w (¢).
We define the predictor error as e, (f) = X (f) — x (¢), then

ép=Anep, + BA[u+0T® (x)] + BAOT® (x) + W + B, (9.437)

where w () = W (t) — w (¢) is the disturbance estimation error, and ¢, (t) € R™ is
the residual estimation error of the predictor model
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g, =—AOT® (x) (9.438)

such that sup ||8,, || < &pp-

Proposition The following bi-objective optimal control modification adaptive laws
can be used to compute K, (t), K, (¢), and O (t):

K] =Tx (TP +vu ATBTPAL) BA (9.439)

KT = (TP +vu ATBTPALY) BA (9.440)

O = —Tod (x) (eTP +ouT ATBTPA, + e W

— {[u +2070 (0] ATBT + fuT} WA,;‘) BA (9.441)

2 T .
AT =—rIy [u +0To (x)] (e;W 0 [[u 12070 (x)] ATBT +wTlwa-1) B
(9.442)

A (elfw - {[u +2070 ()] ATBT + fvT} WA;l) (9.443)

where I, = I'T >0 e R' xR, [, =TT >0eRI xR, Tp =Ty >0¢
R? x R?, I'y = FAT > 0 € R" x R™, and y,, > 0 are adaptation rate matrices;
v>0e€Randn > 0 € R are the optimal control modification parameters; and
P=P  >0ecR*'xR*and W = W' > 0 € R" x R” are the solutions of the

following Lyapunov equations:
PA, +A,P=-0Q (9.444)
WA, +AlW =—R (9.445)

where 0 = QT > 0eR" xR"and R = R" > 0 € R" x R" are positive-definite
weighting matrices.

The bi-objective optimal control modification adaptive laws are considered to be
the generalization of the optimal control modification adaptive laws developed in
Sect.9.10.

The optimal control modification adaptive laws are called bi-objective because
they use both the tracking error and the predictor error for adaptation and are derived
from the following infinite-time horizon cost functions:

Ji = lim l/f(e—Al)TQ(e—Al)dt (9.446)
0

tp—>o00 2
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t
b= lim + / ey — A2) R (ep — Ay)dt (9.447)
0

ty—>00

subject to Egs. (9.434) and (9.437), where A; (¢) and A, (¢) represent the unknown
lower bounds of the tracking error and the predictor error, respectively.
The cost functions J; and J, are combined into the following bi-objective cost
function:
J=h+L (9.448)

The bi-objective cost function J combines both the objectives of minimiza-
tion of the tracking error and the predictor error bounded away from the origin.
Geometrically, it represents the sum of the weighted norm squares measured from the

trajectories of e (¢) and e, (¢) to the normal surface of a hypersphere B, = {e (1) €

R e, (1) € R" : (e— A Qe—A) + (e — M) Rep— Ay) < A2} c
2 C R”". The bi-objective cost function is designed to provide stability robustness
by not seeking asymptotic tracking which results in e (t) — 0 and ¢, (t) — 0 as
ty — oo, but rather bounded tracking which results in the errors tending to some
lower bounds. By not requiring asymptotic tracking, the adaptation can be made
more robust. Therefore, the tracking performance can be traded with stability ro-
bustness by a suitable selection of the modification parameters v and 7. Increasing
the tracking performance by reducing v and or n will decrease stability robustness
of the adaptive laws to unmodeled dynamics, and vice versa.

The adaptive laws are derived from the Pontryagin’s minimum principle as
follows:

Proof Using the optimal control framework, the Hamiltonian of the cost function is
defined as
1 T 1 T
HZz(e—Al) Q(e—A1)+§(€p—A2) R(ep—Az)
a7 {Ame +BA [—kxx —Rr+6To (x)] W Be}
+u’ {Ame,, +BA[u+0T® ()] +BAGTD (x) + b —w+ Be,,}
(9.449)

where A (1) € R" and u (¢) € R” are adjoint variables.
The adjoint equations can be obtained from the necessary conditions of optimality
as

A=—-VH'=—-Q(—A)—Alx (9.450)

m

ft=-VH =—R(e,— A)) — Al (9.451)

ep
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subject to the transversality conditions A (f; — 00) = Oand u (1; — c0) = 0 since
both ¢ (0) and e, (0) are given.

Treating I%x (1), I%, (1), @) (1), A (), and w (¢) as control variables, then the opti-
mal control solutions are obtained by the following gradient-based adaptive laws:

K] =K] = -I\VH; =) BA (9.452)

K] =K =—IVHg = e BA (9.453)

O =6=—-ToVH] =—To® () (. +17) BA (9.454)

AT = AT = —IWH; = T4 [u+ 0o )| u"B (9.455)
Wl =y VHy = —yuu” (9.456)

The closed-form solutions can be obtained by eliminating the adjoint variables
A (t) and w () using the “sweep” method with the following assumed solutions of
the adjoint equations:

A=Pe+SA[-K.x —K,;r +0"® (x)] (9.457)
p=We, +TA[u+20"® (x)]+Viv (9.458)
Substituting the adjoint solutions back into the adjoint equations yields

Pe + PA, e+ PBA [—Kxx — K, r+ OTo (x)]
— PBA[-K!x — K/r+0*T® (x)] — Pw+ PBe
+SA[-Kx — Kr + 070 (x)]
. GUHA[Kox - Iz,tr +07o (0]}

=-Q(e—A)—A,Pe— A, SA[~K:x —K,r + 0 (x)]
(9.459)

Wep+Wanep + WBA[u+0Td )|~ WBA[u+0Td ]|+ WBA6To (x)
— WBAO*T @ (x) + Wit — Ww + WBs),

d|Afu+20T0 w)]|
dt

= —R{ep—42) = ApWe, — ALTA[u+20T0 ()] - 4, Vb

(9.460)

+ Vi

+TA [u 12070 (x)] +T
+

-

14
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Equating terms yields the following equations:
P+PA,+AP+0=0 (9.461)

S+A'S+PB=0 (9.462)

QA+ PBA[—Kix — K'r + 0*T® (x)] + Pw
Sd{/i [-Kx — Kr +07T® (0)]}

— PBe — yr =0 (9.463)
W4+ WA, +AW+R=0 (9.464)
T+AT+WB=0 (9.465)
V+AV+W=0 (9.466)

RA> + WBA[u+ 60T (x)|+ WBAO* @ (x) + Ww — WBe,
Td{/i [u+2070 (x)]}
dt

Viv =0 (9.467)

subject to the transversality conditions P (1, — 00) = 0, S (t; — 00) = 0,
W (ty - 00) =0,T (ty — 00) =0,and V (t; — 00) = 0.

The infinite-time horizon solutions of P () and W (t) as t; — oo tend to their
equilibrium solutions at + = 0 and are given by the algebraic Lyapunov equations

PA,+AP+0=0 (9.468)
WA, +A'W+R=0 (9.469)

m

The solutions of S (t), T (¢), and V (¢) also tend to their equilibrium solutions

AlS+PB=0 (9.470)
AT +WB =0 (9.471)
AlV4+W=0 (9.472)

As with any control design, performance and robustness are often considered as
two competing design requirements. Increasing robustness tends to require a com-
promise in performance and vice versa. Thus, to enable the bi-objective optimal
control modification adaptive laws to be sufficiently flexible for a control design, the
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modification parameters v > 0 and n > 0 are introduced as design free parameters
to allow for the adjustment of the bi-objective optimal control modification terms in
the adaptive laws.

Thus, the solutions of S (¢), T (¢), and V (¢) are given by

S=-vA, "PB (9.473)
T =-nA,"WB (9.474)
V=-nATW (9.475)

Using the expression of u (¢), the adjoint solutions are then obtained as
A= Pe+vA, PBAu (9.476)
= We, —nA, WBA[u+20"® (x)] —nA, Wi (9.477)

Substituting the adjoint solutions into the gradient-based adaptive laws yields the
bi-objective optimal control modification adaptive laws in Eqgs. (9.452)—(9.456).

We note that K, (#) and K, (¢) are adapted based on the tracking error, A (1) and
w (¢) are adapted based on the predictor error, and @ (¢) is adapted based on both
the tracking error and the predictor error.

The bounds on A, (t) and A, (t) as ty — oo can be estimated by

|| [HPBAM |-Kix = Kir 4+ 0T @ ()| + dmax (PYwo + I1PBll g

Al £ ————
Amin (Q)

ooz |2 [—Kxx—f;;rwww]}‘u o)
4]l < m[nwmn [u+©Te @]+ 1wB Al |6 T ()] + Amar WIwo

d {/i [u—|—2(~)Td5(x)]}
di

+IWBlepy +1|

A,;TWBH t HA,;TWH ||v;v||:|

(9.479)

which are dependent upon the modification parameters, control effectiveness uncer-
tainty, matched uncertainty, and residual tracking error and predictor error.
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Note thatif R = Q anq n = v, then the bi-objective optimal control modification
adaptive laws for @ (¢), A (r), and w (¢) become

O = —Tod (x) [(eT +el)P—v {2q>T x)OATBT + WT} PA;] BA
(9.480)
R T .
AT =1y [u +roTo (x)] (e;P —v [[u 12070 (x)] ATBT + WT] PA;Y) B
. o (9:481)
W=y (epp—v 20T @] ATBT T PA)  0482)
The bi-objective optimal control modification adaptive laws can be shown to be

stable as follows:

Proof Choose a Lyapunov candidate function

%4 (e, ep, ng, I%,, O, A, vT/) =e¢' Pe+ e;We,, + trace (I%,CFX’IIZJ)
+ trace (I?,I“F_II%,T) + trace ((:)TF(;I(:))
+ trace (AFXIAT) +wly, W (9.483)

Evaluating 1% (e, ey, IZX, K, O, A, v~v) yields

Ve e, Ki, Kr, @, A, W :—eTQe—i-ZeTPBA —kxx—K,r+@T¢(x)
14
—2¢"Pw + 2¢7T PBs
— el Re, +2e] WB {A [u+(~')Tq>(x)]+A(l)Tq>(x)}
Twe T
+26p Ww+2ep WBe,,
+ 2trace (ngx (eTP + vuT/iTBTPA,gl) B/i)
+ 2trace (I%,r (eTP T uuTATBTPA,;l) B/i)
— 2trace ((:)ch (x) (eTP + vuT/iTBTPA,;l + e;W
T, .
- [[u 1207 (x)] ATBT +WT} WA;,I) BA)
— 2trace (/{ [u +0Te (x)]
T,
(e;W—nHu+2@T¢(x)] ATBT+WT}WA,;1) B)
T,

—Ze;va—&-Z(n[[u-i-Z@T(D(x)} ATBT-i-vAvT]WA,;I)Vv

— 2Ty e (9.484)
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% (e, ep, I?x, I?,, O, A, v?z) can be further simplified as
1% (e, ep, IZX, I%r, o, /i, ﬂ/) = 7eTQe —2¢" Pw+2e¢" PBe — e;Rep + Ze;WBep — ZWT)/WTIV'V

+2vuT ATBTPA,'BAG

- T, .
+ 2ntrace (@ﬂp x) [[u 1207 @ (x)] ATBT 4 v‘vT] WA;‘BA)
+ 2ntrace (A [u +0To (x)]
T
[[u 1207 o (x)] ATBT + wT] WA,;IB)
T .
+ 2ytrace (fv { [u 12070 (x)] ATBT + VJI WA,;') (9.485)

where it (1) = Ky () x (1) + K, (1) r (t) — O (1) @ (x).
OMHAT@H 0 0

Let B=[BBI]eR x R¥™" Q1) = 0 AT@) 0 €
0 0 W)
D (x)
R R @ (x,r)= | u+OT® (x) | € RPT"+! Then,
1

trace (ffu/ e (x, ) QBTWA,;‘B)
— trace (équ x) {[u +2070 (0] ATBT + WT} WA,;IBA)

x trace (4 [u+ 0" 0] {[u+2070 @] ATBT +w"} wa,'5)

+ trace (fv [[u +2070 ()] ATBT + WT} WA,;l) (9.486)
) e 0 0
where S (1) = 2 (1) — 2*and 2* ()= | 0 AT 0 | e Rp+m+1 x R2mn,
0 0 w' ()
Thus,

1% (e, ep, i, S~2) = —eTQe —2¢' Pw + 2¢' PBe — e;Rep + 2e;WBep — ZWT]/V;IW
+2ou ATBTPA ' BAG+ 20 T (x,r) 2BTWAL'BRTW (x,r)
(9.487)

Note that BT PA' BT and BT W A;;' B are both negative definite matrices, there-
fore
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1% (e, ep, Q, ﬂ) = —eTQe —2¢"Pw+2e" PBe — e;Rep + Ze;,rWBsp — ZWT)/W_IVT/
—vi | ATBT A, T QA BAG+2vu*T ATBT PA, BAi
T (x.r)2BTATRAIBRTW (x, 1)

+200 T (0, ) *BTWAL B2 T (x, 1) (9.488)
X
LetK (t) = [K: () K, (1) —OT (1) e R" x R"™**Pand z (x,r) = | r
@ (x)

€ R"t9+7_ Then, V (e, ep, 2, 12) is bounded by

V (e ep. K. 2) = =tmin (Q) el +2 llel imax (P)wo +2llell [ PBIl e
~onin (R) ep | +2 e | 1W Bl
+2 1| 2] 80 = vimin (BT AT AL B) Iz v, 1) HAH2 HKHZ
catetenn? o7 eagte] 4] 6] s
— hamin (BT AT RAGB) ¥ (x, 1) HQHQ

+20 |BTWaL B 1w (.l | 2] 20 (9.489)

where Ko = ||K*|| and £29 = sup ||£2¥].

Amax (P)wo+|PB IWBJe
Let ¢| = hpin (Q), ¢ = PowlfRlIPBIE 0f = 50 (R), ¢4 = S,
_ _ 2 BTPA,'B| K
¢s = nin (BTA,TQALIB) llz(x. NI, ¢ = % €1 = Dmin
-~ = BTWA;,'B|| %2 ol
(BTA;TRA;'B) |W (x.r)|2 and g = L2 WAu Bll2 %' Then,

hnin (BT A RAW'B) ' ey || B||

1% (e, ep, K, S~2) < —c (le]l — e2)? + clcg -3 (Hep || — C4)2 + 0303
2

N2 /0 2 A
—ves || A ( K| — 06) + vcscg A
- 2
—ney (HSZ H — Cg) + 1707c§ (9.490)
Note that ”/]H < HfZH Then,
~12 -2 ~ N 2
[ =Ja+4]" = (ran+ ) 49

Let HQH = cg. Then, % (e, ep, I?, .Q) is bounded by
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V (erep B, @) < =i llell = 27 + ek = s (e | = )’

- 2
+ esc? — ves A (H e H — ) +vesRAd+nerd (9.492)

where Ay = (|| A|l + ¢s)>.
Thus, 1% (e, ep, 12, f?) < 0 outside a compact set . defined as

S = |(e 1).ep ). K0, 2®) :c1 (el = 2)?

- 2
+c3 (||e,, || — 04)2 + vcsA% (”K” — c6)

. 2
e (”Q ” - "’8) < €163 + e3¢i + vescg Ay + ncwé] (9.493)
This implies
2 2 42 2
c3cy + vescg Ag + nese
||e||2€z+/€%+ e TS (9.494)
1
c16? + vesc2 A% + neqsc?
||€p||ZC4+\/C§+ =2 SCG 0TI _ (9.495)
3
o 2+ ¢3¢ + negck
N Zcﬁ+\/cé+cwz+342n78=a (9.496)
ves Ag
~ 2 2 2A2
H‘QH > s + \/cg n c1¢5 + ¢3¢ + vescg Ay _8 ©0.497)
ner

There exist zg and ¥, such that ||z (x,r)|| < zo and ||¥ (x, )| < ¥, for any
0 <V < Vyar and 0 < 1 < My that satisfy the following inequalities:

o (Ix1l, xmll s Q. v, wo, €0, Ao, Ko) = —ci [Ix]1* + 2 (c1¢2 + Amax (Q) 1w |)) [Ix]]
+ 2c162 lxmll — et lxmlI?
+ e3¢ +ves (12 (x, 1)) g A

+ne7 (¥ (x, 1)) eg <0 (9.498)
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Nm s R, movo, €p0s Bos 20) = =3 [xp]| > + 2 (e3¢4 + Amax (R) Ix]) [, |

2
+ 2c3cq lIx]| — c3 llx]|

¢ (”xp

+ 165 +ves (1 (x, 1)) g Af
+ne7 (1% (x. 1)) eg <0 (9.499)

Then, the lower bounds which are dependent on ||z (x,r)| and [|¥ (x,r)]|
also exist. Since V (e, ep, I%, f?) < 0 outside the compact set ., lim; .o V

(e, ep, IZ, Q) < Vp, where Vj is the smallest upper bound of V (e, ep, K, Q)
which is given by
VO = Amax (P) P2 + Aimax (W) 612 + Aimax (FX_]) a2
+ damax (I71) & + hmax (15") (0 + B7)

+hnax (F4 1) B2+ 1 ' B (9.500)
Then,

i (P el < V (e, €p R, 2) < Vo 9.501)

nin W) ey > =V (e, B, 2) = Vo (9.502)

Therefore, the closed-loop system is uniformly ultimately bounded with the
following ultimate bounds:

lell = /7 (9.503)
les| < ML((’W) (9.504)
Example 9.17 Consider a first-order SISO plant
X =ax+bk[u(t—td)+9*x2]+w
where a = 1 and b = 1 are known, A = —1 and 6* = 0.2 are unknown, t; = 0.18

is a known time delay, and w (t) = 0.01 (sin ¢ + cos 21).
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The reference model is given by

Xm = AmXm + bmr

where a,, = —2, b,, = 2, and r (t) = sint.

The nominal control input effectiveness is equal to unity. So, A = —1 represents
a full control reversal which is generally challenging to any control systems.

The baseline nominal control gains are ky = % = —3andk, = % = 2. With
the full control reversal, the ideal unknown control gains are k} = —_x = 3 and
k¥ =—k, = —=2.

The adaptive controller is designed as
u=ke(t)x +kr @) —0 @) x>

using the bi-objective optimal control modification method with the following pre-
dictor model:

A

)é=am)?+(a—am)x+b):[u(t—td)+9x2]+w

The bi-objective optimal control adaptive laws are
fcx =YX (e + vu):ba,;]) b

k= V¥ (e + vuiba,;l) b

A

6 = —yox {e + vukbay + e — [ (u+20x%) Ab+ ] o' | b
i = —Vx (l/t + 9)(2) {ep ./ [(M + 29)62) b+ ﬁ{l a;l}b
‘/;{) =—Vw {ep —-n [(H + 20x2) )Anb =+ W] an_11}

The initial conditions are k, (0) = ky, k, (0) = k,, 6(0) = 0, A (0) = 1,
w (0) = 0. The adaptive gains are chosen to be y, = y, = ¥ = y5 = ¥, = 10, and
the modification parameters are chosen to be v = 0.1 and n = 0.01.

The closed-loop response with r (t) = sint for ¢ € [0, 60] is shown in Fig.9.25.
It can be seen that x (¢) eventually tracks x,, (¢), but the two signals are initially
180° out of phase due to the control reversal. The signal X (¢#) approximates x (¢)
very well after 10s. Overall, the bi-objective optimal control modification method
demonstrates a good tracking performance.
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Fig. 9.25 Closed-loop response with bi-objective optimal control modification

t
Fig. 9.26 Adaptive parameter convergence of bi-objective optimal control modification

The adaptive parameters k, (¢), k, (¢), and 6 (¢) are shown in Fig.9.26. These
adaptive parameters show a parameter convergence to their corresponding ideal val-
ues. The parameter convergence is also facilitated by having a persistently exciting
reference command signal  (f) = sin?.

The estimates of the control input effectiveness A (t) and disturbance w (¢) are
shown in Fig.9.27. It can be seen that N (#) converges nicely to the ideal value of
—1. Because of the parameter convergence of A (1), the bi-objective optimal control
modification adaptive laws remain stable in light of the sign reversal of the control
input effectiveness. Without accurate estimation of A (1), it will be a challenge for
any adaptive control method to be able to maintain stability. It is also noted that this
parameter convergence is achieved even with a time delay of 0.1s. The bi-objective
optimal control modification remains stable up to a time delay of 0.108s.

For comparison, we redesign the adaptive controller with the optimal control
modification with the predictor model according to Sect.9.10. The optimal control
modification adaptive laws are
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Fig. 9.27 Estimation of control input effectiveness and disturbance with bi-objective optimal con-
trol modification

fcx = VX (e + vxkxibarzl) b
I.cr =y r (e + vrk,):ba,;l) b
6 = —yx> (ep — nx@ibanjl) b
)i = - (u + sz) [ep - (u + 0x2) )A»ba,;'] b

W= —n (ep —mia,")

Keeping the same initial conditions, it can be seen that the optimal control modi-
fication performs worse than the bi-objective optimal control modification as shown
in Figs.9.28, 9.29 and 9.30. Even though the predictor model does an excellent job
of estimating x (¢), the tracking performance is much worse than that with the bi-
objective optimal control modification. The adaptive parameters also suffers from
a poor parameter convergence with the optimal control modification as shown in
Figs.9.29 and 9.30.

By setting v = 0 and n = 0, one can recover the standard MRAC adaptive
laws with the predictor model. Comparing robustness of the three controllers, the
optimal control modification has the largest time-delay margin of 0.1165s, whereas
the standard MRAC has the smallest time-delay margin of 0.082s.
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Fig. 9.30 Estimation of control input effectiveness and disturbance with optimal control modifi-
cation
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9.12 Adaptive Control for Singularly Perturbed Systems
with First-Order Slow Actuator Dynamics

When there exists a timescale separation between a fast plant and a slow actuator
which prevents the plant from following a reference model, a singular perturbation
approach can be used to separate the time scale between the plant and actuator
and then modify the adaptive law to account for the slow actuator in the singularly
perturbed system [32]. The singular perturbation approach transforms the original
system into a reduced-order system in slow time. A model matching condition is
applied to the reduced-order system and the reference model in the transformed slow
time coordinate that results in changes in the actuator command to accommodate
the slow actuator dynamics. The resulting control signal can then track the reference
model better than if the actuator command is not modified.
Consider a linear plant as

¥=Ax+B(u+0*Tx) (9.505)

where x (t) € R” is a state vector, u (t) € R" is a control vector, A € R” x R" and

B € R™™ with m > n are known matrices such that the pair (A, B) is controllable

and furthermore A is Hurwitz, and ®* € R™ x R” is an unknown constant matrix.
The controller u (¢) is subject to slow first-order actuator dynamics

u=¢eG W —u.) (9.506)

where u. (tf) € R™ is an actuator command vector, ¢ is a positive constant, and
G € R™™ is a known Hurwitz matrix.
The objective is to design the controller u (¢) that enables the plant to follow a
reference model
Xm = AmXpm + Byr (9.507)

where A,, € R" x R" is Hurwitz and known, B,, € R" x R? is also known, and
r(t) € R? € %, is a bounded command vector.

If the actuator dynamics are sufficiently fastrelative to the reference model dynam-
ics, that is, € ||G|| > || A, ||, then the effect of actuator dynamics may be negligible.
This is generally the case for most applications whereby the actuator dynamics typi-
cally are several times faster than the plant dynamics to be controlled. The robustness
issues with unmodeled actuator dynamics can then be avoided. Then, we design a
controller u (¢) to follow an actuator command as

e = K*x + K'r — g (9.508)

where K7 € R” x R" and K € R"™ x R? are known nominal gain matrices, and
uqq (t) € R™ is an adaptive signal.
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The control gain matrices K and K can be chosen to satisfy the model matching
conditions A+ BK} = A,, and BK = B,,, and the adaptive signal u,4 (¢) is chosen
to be

Ugg = O D (x) (9.509)

where ©® (t) is an estimate of ®*.
Defining the tracking error as e (t) = x, (f) — x (¢), then the tracking error
equation becomes
é=Ane+ BO x (9.510)

where @ (1) = O (1) — O* is the estimation error.

In the case of slow actuator dynamics when ¢ « 1 is a small parameter and
e |G|l < ||A]l, then x (¢) has “fast” dynamics and u (¢) has “slow” dynamics. This
will lead to robustness issues. To decouple the fast state x (#) and slow state u (1),
we perform a timescale separation by applying the singular perturbation method.
Toward that end, we consider a slow time transformation

T =¢t (9.511)
where 7 is a slow time variable.

Then, the plant and actuator models are transformed into a singularly perturbed
system as

d
e5= = Ax+ B (u+0"Tx) (9.512)
T
d
X Gu—u,) 9.513)
dt

The Tikhonov’s theorem can be used to approximate the solution of the singularly
perturbed system with the solution of a “reduced-order” system by setting ¢ = 0 [33].
Then, x (u, €) is on a fast manifold. The fast dynamics result in x (u, €) tending to
its asymptotic solution in near zero time as ¢ — 0. Thus, the reduced-order system
is given by

d
e~ = Axo + B [ug+ 67T = 0 (9.514)
T
d
T = G wo—u) (9.515)
dt

where x () and ug (t) are the “outer” solution of the singularly perturbed system.
The term “outer” is in connection with the concept of “inner” or “boundary layer”

and “outer” solutions which have the origin in the boundary layer theory due to

Prandtl. The “inner” or “boundary layer” solution for this system is obtained from

X = Ax; + B [u; + 0 x;] (9.516)
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i; =G Ww; —u.) =0 (9.517)

The solution is then expressed as
x (1) = xo (1) + x; (1) — xmag (1) (9.518)
where xp4g (f) is a correction term by a matched asymptotic expansion method
applied to both the inner and outer solutions [34]. The outer solution is in fact the

asymptotic solution of the original system as t — 00.
The solution of xq () is obtained as

xo=—(A+BO*T) " Bug (9.519)

Differentiating Eq. (9.519) with respect to the slow time variable and then substi-
tuting the actuator model into the result yield

dxo «T -1
=" (A+BO*T)" BG (up — u.) (9.520)
From Eq. (9.514), we have
uyp=—B"Axo — ©*Txq (9.521)

where B~' = BT (B BT)_1 is the right pseudo-inverse of B.
Hence, we obtain the following reduced-order plant model constrained by the
slow actuator dynamics:

% = (A+B0"T) " BG (B ' Ao+ 0" Txo+u)  (9.522)

Using the matrix inversion lemma, we obtain

(A+BO* ) '=A'—A'B(1+6"TA'B) 0 TA! (9.523)

LetW*T = A'B(1+©®*TA"'B)"' ©*TA~!. Then,

% =A"'BGB'Axog+ [-¥*"BGBT'A+ (A7 —¥*T) BGO* | x

+ (A" = w*T) BGu, (9.524)

We will consider the asymptotic solution of the singularly perturbed system. In
effect, the inner solution is neglected so that x (¢) = xq (¢). The reduced-order model
is expressed as
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d
d_x = Ax + BA (u, + 01 x) (9.525)
T

where A, = A"'BGB™'A, B, = A7'BG, B,A = (A”' —¥*T)BG, and
B,AO!T = —w*TBGB~'A+ (A~ —w*T) BGO*T.

If Ay is Hurwitz and ®; = 0, then the Tikhonov’s theorem guarantees that the
reduced solution with ¢ > 0 converges to the solution of the original system as
e — 0[33].

Because of the slow actuator dynamics, the time scale of the response of the
plant cannot exceed that of the actuator. Thus, if the reference model is faster than
the actuator model, the tracking error cannot be guaranteed to be small even with
adaptive control due to the model mismatch. A possible solution is to revise the
reference model to match the actuator-constrained plant model, or alternatively to
redesign the actuator command to reduce the tracking error.

In slow time, the reference model is expressed as

dx, 1
- = — (ApXm + Bur) (9.526)
dt €

We make the following choice for the actuator command signal:
U, = Kx + Kor —ugg (9.527)

where K, and K, are nominal control gains for the normal plant without the slow
actuator dynamics and u,4 (¢) is of the form

U = AK, () x + AK, () r — O] () x = =27 (1) D (x,7) (9.528)

where 27 (1) = [©] (1) — AK, (1) —AK, ()] and @ (x,r) = [xT 7] .
We assume that there exist ideal control gain matrices AK} and AK that satisfy
the following model matching conditions:

%Am = A, + B,A (K, + AK?}) (9.529)
1 *
gBm = B, A (K, + AK}) (9.530)

Then, the closed-loop system becomes

dx

1 -
— = — (Auxy, + B,r) — B,AQT® (x,r) (9.531)
dt e

where 2, (f) = 2, (1) — Q7.
The tracking error equation in slow time is obtained as
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de dx dx 1 ~
A U= B, AT (x, 9.532
dt dt dt e [ ete > r)] ( )

Since A,, is Hurwitz and if £2 (t) is bounded, then the Tikhonov’s theorem guar-
antees that the reduced solution with ¢ > 0 converges to the solution of the original
system as € — O.

Transforming into the real time, the tracking error equation becomes

é=Ape+eB, AR ® (x,r) (9.533)

If A is a diagonal matrix of known sign, then the optimal control modification
adaptive law in real time is given by

Q2 =—el'® (x,r)[e" PsgnA —ev®T (x,r) 2B/ PA,'] B, (9.534)

m

However, this assumption is not always guaranteed since A can be of mixed sign.
The bi-objective optimal control modification adaptive law can be used to estimate
A using the following predictor model:

X = Apk + (8A; — Ap) x + 6By A (u, + 0] x) (9.535)

Then, the bi-objective optimal control modification adaptive laws are expressed
as

@ =—elg® () [e"P+evu  ATBTPAL 4 o] W

—en[u+20]® (0]  ATB WA } B, A (9.536)
6, = —eTox{egW —en[u+20]0 0] ATBIwa, '} B4 ©9537)

AT = —eIy [u+ 67 @ (x)] [esw —enfu+20]0 @] ATB Wa,'| B,
(9.538)
where e, (1) = % (1) — x ().
Example 9.18 Consider the following simple scalar system:
X=ax +bu+0*x +w(@)
with slow first-order actuator dynamics

=¢egu—u)

wherea < 0,g <0,¢e > 0, |eg| < |al, and w (¢) is a disturbance signal.
The reference model is
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).Cm = amXm + bmr

where a,, < 0.
The actuator command for the slow actuator dynamics is designed as

u,=kx+kr— 270 (x,r)

— T
where k, = dmba, ky = %,andé (x,r)= [X r]

Note that, if the actuator dynamics are fast, then the actuator command is
U, =kx +k.r —0x
The optimal control modification adaptive law for the slow actuator dynamics is
Q2 =—el® (x,r)[esgnk —ev®@ ' (x,r) 2b,a,,'| b

where by, = % and A = aJr”—bg*, and for the fast actuator dynamics is

6=—Tx (e — vx@ba,;l) b

If a and g are nominally of the same order of magnitude, then we note that, for
the slow actuator dynamics, the effective adaptive gain is reduced by ¢ for a similar
performance as that for the fast actuator dynamics.

For the numerical example, we leta = —1,b =1,60* =0.1, g = —1, ¢ = 0.1,
an = —5,b, = 1,r (t) = sint, and w (¢) = 0.05 sin 10z. The responses due to the
standard MRAC adaptive law and optimal control modification adaptive law with the
singular perturbation approach are shown in Fig.9.31. The response for the standard
MRAC exhibits more initial transients than that for the optimal control modification
using the same adaptive gain.

Figure 9.32 is the plot of the control input and actuator command with the singular
perturbation approach. As can be seen, the actuator command signal is quite large
relative to the control input. This is due to the fact that the actuator dynamics are
slow so a large actuator command does not translate into the same control input in
a finite time. The effectiveness of the optimal control modification is demonstrated
by the reduced amplitude of oscillations in the control input significantly over that
due to the standard MRAC.

Figure 9.33 shows the responses due to the unmodified actuator command for the
fast actuator dynamics. As can be seen, the control input is insufficient to allow the
plant to follow the reference model even with adaptive control.
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Fig. 9.32 Control and actuator command for slow actuator dynamics with MRAC and optimal

control modification

MRAC I'=1000

Fig. 9.33 Responses for slow actuator dynamics due to unmodified actuator command
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9.13 Optimal Control Modification for Linear Uncertain
Systems with Unmodeled Dynamics

Consider the system

XxX=Ax+ Bu+ A (x,z,u) (9.539)
7= f(x,z,u) (9.540)
y=Cx (9.541)

where z () is an internal state vector, A (x, z, u) is the plant model error that is
unknown and not accounted for, z (¢) is the unmodeled dynamics, and y (¢) is the
plant output vector.

When the tracking error based on only the output signal y (¢) is used for MRAC,
such a class of adaptive control is called output feedback adaptive control. If a
stable first-order reference model y,, (¢) is specified for the output y (¢) to track, then
model-reference adaptive control is feasible if the plant transfer function satisfies a
certain property called strictly positive real (SPR) condition. Therefore, an essential
requirement for output feedback adaptive control is the SPR condition that the transfer
function must satisfy. In Chap. 8, we see that the standard MRAC is unstable for non-
minimum phase plants (see Example 8.3). Non-minimum phase systems do not have
SPR transfer functions. Therefore, output feedback adaptive control of systems with
non-SPR transfer functions can be challenging.

The strictly positive real condition is defined as follows:

Definition 9.1 Consider a proper SISO transfer function

. Z(s)

G (s) 0

(9.542)

where Z (s) and R (s) are polynomials of degrees m and n, respectively, withn > m.
The relative degree is defined as n — m. If the relative degree of G (s) is not greater
than 1 and the real part of G (s) is at least positive for all o > 0 where s = 0 + jo,
that is, M (G (s)) > 0 for o > 0, then the transfer function is said to be positive real
(PR). Furthermore, if G (s — ¢) is positive real for some ¢ > 0, then G (s) is strictly
positive real (SPR) [30].

Example 9.19 e Consider the transfer function in Example 8.2

s+ 1

G(G)=—5—""T"—
s) s2+55+6
Expressing in the complex variables o and w, we get

G () (03+602+oa)2+110+4a)2+6)+ja)(—02—20—w2+1)
S) =

(02 + 50 —w2+6)2+w2 (20 +5)°
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We see that R ((G (s))) > Oforallo > 0 and w > 0. If we let 0 = —e and
w=0,then N (G (s)) > 0for0 < & < 1. So, G (s) is SPR and is a minimum
phase, stable transfer function with relative degree 1.

e Consider the transfer function

s _ (074507 + 00’ + 60 +50°) + jo (—0° — w® +6)

GO = s 6 " 2 el >
554085 + (62450 —@?+6)" + @? (20 +5)

We see that R (G (s)) > O forall o > 0 and w > 0. So, G (s) is only PR but not
SPR. Note that G (s) is a stable transfer function with a zero on the jw axis.
e The transfer function in Example 8.2

s—1
s2+554+6
(03 +40? +ow? +0 + 60 —6) + jo (—0? +20 —w* +11)
(02450 —? +6)" + w? 20 +5)°

G(s) =

is not SPR since % (G (s)) can be negative for some values of 0 > 0 and w > 0.
Note that G (s) is non-minimum phase.
e The transfer function

s+1
s2—554+6
(03—402+aa)2+a—6a)2+6)+jw(—02—20—a)2+11)
((72—50—a)2+6)2+w2(2(f—5)2

G(s) =

is not SPR since % (G (s)) can be negative for some values of ¢ > 0 and w > 0.
Note that G (s) is unstable.
e The transfer function

1
s24+55+6
(02+56—a)2+6)—jw(20+5)
(c72+5(r—a)2+6)2+w2(2a+5)2

G(s) =

is not SPR since % (G (s)) can be negative for some values of 0 > 0 and w > 0.
Note that G (s) has relative degree 2.

Research in robust adaptive control was motivated by instability phenomena of
adaptive control. In fact, instability of adaptive control in the early 1960s which
contributed to the crash of one of the NASA X-15 hypersonic vehicles caused a
great deal of concern about the viability of adaptive control. Rohrs et al. investigated
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various instability mechanisms of adaptive control due to unmodeled dynamics [1].
The Rohrs counterexample demonstrates the weakness of MRAC in its lack of ro-
bustness. Let us revisit the topic of unmodeled dynamics as discussed in Sect. 8.4
[20].

The open-loop transfer function of a first-order SISO plant with a second-order
unmodeled actuator dynamics is given by

y(s) ba?
W(s) (5 —a) (52 +20wns + w2 (9.543)

where a < 0 is unknown, b is unknown, but » > 0 is known, and ¢ and w, are
known.

The system has relative degree 3 and therefore is not SPR.

The transfer function of the reference model is specified as

ym (s) _ bWL
r(s) S —dp

(9.544)

The reference model is SPR with relative degree 1. Since the relative degree of
the reference model is less than the relative degree of the plant, perfect tracking is not
possible. Adaptive control of systems with relative degrees greater than 1 is generally
much more difficult to handle since the model reference cannot be chosen to be SPR
[30].

The controller is given by

u=k,(t)y+k t)r (9.545)
ky = yeye (9.546)
k. = yre (9.547)

where e (1) = y,, (t) — y (©).
ky (¢) and k, (t) are initialized with k, (0) = —1 and k, (0) = 1.
The reference command signal is given by

r = ro sin wot (9.548)

where ry = 1 and wy = /30 rad/s is the frequency at which the closed-loop transfer
function has zero phase margin.

The closed-loop system is unstable as shown in Fig.9.34.

The underlying cause of instability is the lack of robustness of the closed-loop
system. Changing either the initial condition of k, (t) and or the frequency in the
reference command signal can result in stabilization of the closed-loop system if it
has a sufficient phase margin.



9.13 Optimal Control Modification for Linear Uncertain Systems ... 317

The optimal control modification adaptive law can be designed to handle linear
systems with unmodeled dynamics by utilizing the linear asymptotic property.
Suppose the open-loop plant is expressed in general by the following transfer
function:
Z P (s)

W, (s) = kpR—(s) (9.549)
14

y($) A
u(s)

where k, is a high-frequency gain, and Z, (s) and R/, (s) are monic Hurwitz poly-
nomials of degrees m , and n,, respectively, and n, —m, > 0 is the relative degree
of the plant.

The reference model is given by a transfer function

) 8y g D)
rs) Ry ()

(9.550)

where k,, is a high-frequency gain, and Z,, (s) and R, (s) are monic Hurwitz poly-
nomials of degrees m,, and n,,, respectively, and n,, — m,, > 0 is the relative degree
of the reference model.

Letn, —m, > n, — m,. So the SPR condition is no longer possible to ensure
tracking of the reference model. Stability of the closed-loop system cannot also be
guaranteed with the standard MRAC.

0 5 10 5 10
t t
-0.5 4
-1
3
x-15 ~x"
2
-2
2. 1
0 5 10 0 5 10

Fig. 9.34 Instability of MRAC by Rohrs counterexample

Suppose the adaptive controller is redesigned with the optimal control modifica-
tion as
u=kyy+k-r (9.551)

where )
ky = vy (ve — vy*ky) (9.552)

ky = v (re — vrik,) (9.553)
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Using the linear asymptotic property of the optimal control modification, the
asymptotic value of the adaptive controller u can be computed as y, — oo and

y, — o< in the limit. Then,
_ 2y, —2y
U= ——" (9.554)
v

The asymptotic closed-loop transfer function can now be computed as

y _2Wp () Wn(s) 2kmkpZp () Zin (5) 9.555)
r vH2W, () Ru(s) (VR, (s) +2k,Z, (5)) '

By a suitable selection of the modification parameter v, the asymptotic closed-
loop transfer function can be designed to have the closed-loop stability. Once the
modification parameter v is chosen, the adaptation rates y, and y, can be selected
to be any reasonable values without compromising the closed-loop stability of the
adaptive laws.

Referring back to the first-order plant with the second-order unmodeled actuator
dynamics, the adaptive controller asymptotically tends to

2ym =2y  2byr _ 2_y

= = (9.556)
% v(s —ay) %
as yy, — oo and y, — o0.
Then, the asymptotic closed-loop transfer function is obtained as
VoA 2bw?b,,
2L2G(@6) = (9.557)
-

w2
V(S — ay) [(s —a) (s> 4+ 2¢wus + @2) + %]
Note that the closed-loop transfer function has arelative degree 4 while the transfer
function of the reference model has a relative degree 1. This prevents the output y (¢)
from tracking y,, (¢).
The characteristic equation of the transfer function G (s) with an input time delay
is computed as

3 2 2 2 2bw, —tgs
s+ 2w, —a)s” + (a)n — 2a{a),,) s —aw, + ——e " =0 (9.558)
%

Substituting s = jw yields

2bw?
—jo’—QCw, — a) a)2+(a),21 - 2a§a)n) jo—aw?+ On

(coswty — jsinwty) =0

(9.559)
This results in two frequency equations
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2bw?
— 2w, —a)w* — aa),zl + On

coswty; =0 (9.560)

2

2b
— 0+ (0 — 2aL0,) © — 2 sinwry =0 (9.561)
Vv

We then obtain the cross-over frequency and phase margin as functions of the
modification parameter v in the following expressions:

4b2
o + (a* + 4%0; — 20;) 0" + (0] + 4a’¢* — 2a%) wr 0’ (a ——)wt=0
(9.562)
w + (a) — 2a§a)n
= t; =t -1 9 563
¢ = wty = tan |: Claon — @ ol +aw? i| ( )

Note that the cross-over frequency at zero phase margin wy = /w2 — 2alw, is
still the same as that without modification (see Sect. 8.4). However, this cross-over
frequency corresponds to a modification parameter v,,;,. By choosing a modification
vV > v, that meets a certain phase margin requirement, the closed-loop adaptive
system can be made robustly stable.

Example 9.20 Consider Example 8.5 with the following parameters: a = —1,b =
1,a, = -2,b, =2, w, = 5rad/s, and ¢ = 0.5. The cross-over frequency at zero
phase margin is computed to wy = /30 rad/s. The cross-over frequency and phase
margin as a function of the modification parameter v are shown in Fig. 9.35.

The modification parameter v corresponding to zero phase margin and 90° phase
margin are v,,;, = v9 = 0.3226 and v, = vooe = 0.9482, respectively. So, the
adaptive systems with the unmodeled dynamics can be stabilized with the selection of
the modification parameter v between these two values. The cross-over frequencies
at the zero phase margin and 90° phase margin are wy = /w2 —2alw, = V30

2 . . .
rad/s and wgge = |/ — 24_”@‘”"7 — =,/ % rad/s, respectively. So, robustness is achieved

with the optimal control modification by reducing the cross-over frequency of the
closed-loop system.

Suppose a 45° phase margin is selected. Then, the cross-over frequency can be
computed from Eq. (9.563) as the root of the following equation:

o+ Qtw, —a) w® + (Zafwn - a),zl) o+ aa),% =0

which yields w450 = 3.7568 rad/s. Then, the modification parameter v is computed
from Eq. (9.562) to be vs50 = 0.5924.
The asymptotic closed-loop transfer function with vsse = 0.5924 is computed to

be
100

G(s) =
s4+ 853 4+ 4252 + (85+ 20) 5450+ 10
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If r (¢) is a constant command signal, then in the limit as ¢t — oo, G (0) =

3 +‘2)450 = 0.7715 as compared to the steady-state value of the transfer function of the
Y ($)

reference model = o = 1. Thus, tracking of the reference model is not achieved,
but in return the closed-loop adaptive system is robustly stable.

o

o, rad/sec
o

&)

I

0 0.2 0.4 0.6 0.8 1
v

v

Fig. 9.35 Asymptotic phase margin and cross-over frequency as functions of v

For the simulations, the time step is chosen to be 1 x 107® sec to permit the
adaptation rates y, and y, to be set at 1 x 10° to simulate fast adaptation. The
reference command signal is 7 (f) = sin +/307. The asymptotic response  (¢) and
control signal u (¢) evaluated analytically agree very well with the simulation results
of y (¢) and u (¢), respectively, as shown in Fig. 9.36. The control signal u (¢) exhibits
sharp spikes due to the adaptive gain k, (¢) but otherwise tracks the asymptotic control
signal u (¢) very well. Thus, the linear asymptotic property of the optimal control
modification is demonstrated to be able to facilitate the stability analysis of linear
uncertain systems with unmodeled dynamics, time delay, or non-minimum phase
behaviors. In this study, the optimal control modification can handle systems with
relative degrees greater than 1 with relative ease.

1 - 4 -
Yy -~y —u---u
05 2
1> (=]
-05 -2
-1 -4
0 5 10 0 5 10
t t
100 100
50 50
A(>' -
0 0
-50 -50
5 10 5 10

Fig. 9.36 Closed-loop response with optimal control modification (v = 0.5924, y, = y, = 10°)
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Example 9.21 Consider the Rohrs’ counterexample problem in Example 8.6 [1].
The cross-over frequency and phase margin as a function of the modification para-
meter v are shown in Fig.9.37. The cross-over frequency at the zero phase margin

and 90° phase margin are wy = /259 rad/s and wggpe = ,/ 23%9 rad/s, respectively.

The corresponding modification parameters are vy = 0.1174 and vgge = 1.3394.

We select vg50 = 0.4256 corresponding to a 45° phase margin and a cross-over
frequency wase = 7.5156 rad/s for the optimal control modification adaptive laws.
The closed-loop response is shown in Fig.9.38. The closed-loop adaptive system is
robustly stable.

All the three robust modification schemes, namely o modification, e modification,
and optimal control modification exhibit minimum values of the modification para-
meters at which the plant in the Rohrs counterexample begins to stabilize. The ¢ and
e modification parameters can be found by trial-and-error. In contrast, the modifica-
tion parameter v is found analytically by taking advantage of the linear asymptotic
property of the optimal control modification method.

30,

, rad/sec
n
o

=)

o

6, deg

Fig. 9.37 Asymptotic phase margin and cross-over frequency of Rohrs counterexample with
optimal control modification
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Fig. 9.38 Closed-loop response of Rohrs counterexample with optimal control modification
(v=04256,y, =y, = 1)
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9.14 Adaptive Control of Non-Minimum Phase Plants with
Relative Degree 1

Non-minimum phase plants generally pose more difficulty to model-reference adap-
tive control than minimum phase plants. Output feedback adaptive control generally
relies on the SPR property to ensure stability. Non-minimum phase plants do not
possess SPR transfer functions. Therefore, adaptive control for non-minimum phase
plants cannot be designed using the SPR property. The difficulty with adaptive control
design for non-minimum phase plants is due to the ideal property of model-reference
adaptive control which attempts to seek asymptotic tracking. This results in a pole-
zero cancellation in the right half plane for non-minimum phase systems which leads
to unbounded signals.

The linear asymptotic property of the optimal control modification can be used for
adaptive control of non-minimum phase plants. By modifying the standard MRAC,
the pole-zero cancellation in the right half plane can be prevented. This then results
in bounded tracking as opposed to asymptotic tracking. Closed-loop stability can be
obtained by a judicious choice of the modification parameter v. In this section, we
will demonstrate an adaptive control method for non-minimum phase plants with a
relative degree 1 using the optimal control modification method [20].

Consider the following SISO plant:

X =ax +bu+ gz (9.564)
z=hz+Ix +mu (9.565)
y=2x (9.566)

where z (¢) is the unmeasurable state with internal dynamics, a unknown but all the
other parameters are known, and 2 < 0.

The objective is to design an output feedback adaptive controller to track the
following reference model:

Zn (8) byr
=W, = ky, = 9.567
y OV =k T = (9.567)
where a,, < 0 and k,,, = b,,.
The transfer functions of the plant is expressed as
V4 b(s—h

Y oW, () =k, 22 () _ _bl=—m+gm (9.568)

u R, (s) (s—a)(s—h)—gl

where k, = b.
Note that W, (s) is SPR with a relative degree 1. The plant also has a relative
degree 1 and is assumed to be stable. So, R, (s) = (s — a) (s — h) — gl is Hurwitz.
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The ideal output feedback adaptive controller is designed to be of the form

b—le* * b—le* *
Wt = —bory* — s_2/\y _ S_3; +bb,r (9.569)

where A < 0 is a chosen parameter, and 6, 65, and 65 are unknown constants.
u* (s) is obtained explicitly as

b1 [=0% (s — 1) — 03] y* + b1b,, (s — A
oo e = — 6]y s Mr (9.570)
s—A+b7105

Then, the ideal output y* (s) is written as

e Zp() [0 =) = 63]y b (s —M)r
Ry () S—h+b 16}

(9.571)

We consider the following cases:

9.14.1 Minimum Phase Plant

If the plant is minimum phase, then Z,, (s) is Hurwitz.
Then, the pole-zero cancellation can take place in the left half plane. Therefore,
it follows that

Z,(s)=s—A+b'6; (9.572)

This results in
0; =b(—h)+gm (9.573)

The ideal controller u* (s) then becomes

—1[_px* _ _ px* * —1 _
e b [—0r (s — 1) — 03]y + b7 b (s — )1 ©.574)
Z,(s)

The ideal output y* (s) is then obtained as

L [0 = = 03]y A b (s — ) r

9.575
(s—a)(s—h)—gl ( )
This results in the following ideal closed-loop transfer function:
* b (s — X
> (s = 4) (9.576)

r s?—(a+h—06f)s+ah—gl— 0] + 05
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We want the ideal closed-loop plant to track the reference model. So, the ideal
closed-loop transfer function must be equal to the reference model transfer function
Wi (s). Thus,

bm (S — )\) bm

s2—(a+h—91*)s+ah—gl—wl*+92*:s—am ®577)
This leads to the following model matching conditions:
a+h—6=xr+ay (9.578)
ah — gl — \0{ + 6 = hay, (9.579)
0y and 6, are then obtained as
0y =a—auy+h—»x (9.580)
0y =gl—ah+r(a+h—21) (9.581)
The adaptive controller is now established as
w=—b"6y - blooy b0y (9.582)

s — A s —A

where 6; (¢), 6, (¢), and 65 (¢) are the estimates of 6, 65, and 05, respectively.
Let 6, (1) = 6, (t) — 6,6, (t) = 6, (t) — 6, and 05 (t) = 65 (t) — O} Then, the
output y (s) is expressed as

Wn () [ ~ 6 Osu
y=Wu(s)r— ()(91y+ AR ) (9.583)
b, s—A Ss—A

Define the tracking erroras e (f) = y,, (t)—y (¢). Then, the tracking error equation
is obtained as ~
é=ane+ 0D (1) (9.584)

where @ (1) = [, (1) 6> (1) B3 (1) ] and & (1) = [ 1 (1) 62 (1) B3 ()]
The adaptive law is given by

O=-TdM)e (9.585)

where
$r=y (9.586)

$r=Apr+y (9.587)
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¢3 = A3 +u (9.588)

Therefore, all signals are bounded, and the tracking error is asymptotically stable.

9.14.2 Non-Minimum Phase Plant

For non-minimum phase plants, because the standard MRAC attempts to seek as-
ymptotic tracking by performing a pole-zero cancellation in the right half plane, the
resulting adaptive controller will become unbounded. Thus, if the adaptive law can
be modified to seek only bounded tracking instead of asymptotic tracking, then this
would prevent a pole-zero cancellation in the right half plane. The plant then can be
stabilized.

For non-minimum phase plants, we consider two possible adaptive controllers.

1. We use the same adaptive controller in Eq. (9.582), but with the optimal control
modification adaptive law

O=-TPt)[e—ved' (1)Oa,'] (9.589)

By invoking the linear asymptotic property of the optimal control modification
as I' — oo, we get

OTd (1) = M (9.590)

Then, the asymptotic linear controller tends to

_ amy + [‘)bm _ame (S)]r
Y vb

(9.591)

Comparing the ideal controller with the asymptotic linear controller, we see that
the adaptive controller does not attempt to cancel the unstable zero of W, (s)
since it has a stable pole at s = a,, due to the term W,, (s). Otherwise, the pole-
zero cancellation would take place in the right half plane since Z, (s) is unstable.
Therefore, the stability of the adaptive controller is no longer affected by the
non-minimum phase behavior of W), (s). The stability of the closed-loop plant is
then determined by a proper selection of the modification parameter v such that
v > 0 and the closed-loop transfer function is stable.

The asymptotic closed-loop transfer function is expressed as

X _ Wp (S) [me —ap Wm (S)]
ro vb —a, W, (s)

(9.592)

As I' — o0, the equilibrium value of y (¢) tends to



326 9 Robust Adaptive Control

Wp 0) [vby — awW,, (0)]
vb —a, W, (0)

y= (9.593)
Thus, the tracking is bounded regardless whether or not W, (s) is minimum
phase. The closed-loop plant therefore is robustly stable with the optimal control
modification. However, poor tracking will result if v is too large to guarantee the
closed-loop stability.

2. We use a simple adaptive controller for the first-order SISO plant as if the non-
minimum phase dynamics do not exist with z (t) = 0

u(t) =ky (t)y +kr (9.594)

where k, = b~'b,, and k, () is computed by the optimal control modification
adaptive law ]
ky = vyy (e + vykyba,') b (9.595)

By invoking the linear asymptotic property of the optimal control modification,
we get
am - Jm
kyy = M (9.596)
vb

Then, the asymptotic linear controller tends to

a,, vby, —ap, W, (s)]r
_any | )]

= — 9.597
vb vb ( )

Note that this asymptotic linear controller is the same as that with the first adaptive
controller. Thus, even though both adaptive controllers are different, the closed-
loop plants for both controllers behave the same in the limit.

We now will formalize the proof of the optimal control modification for the non-
minimum phase plant with relative degree 1 described by Egs. (9.564) and (9.565)
with a unknown but all the other parameters are known and 4 < 0. The adaptive
controller is given by Egs. (9.594) and (9.595).

The closed-loop plant becomes

Y = any + bur +bkyy + gz (9.598)
i =hz+ (I+mk})y+ mkyy + mk,r (9.599)

where ky (1) = ky (1) — k and k¥ = %2~
The tracking error equation is given by

é=a,e— blzyy — gz (9.600)

We define the reference internal state dynamics as
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Zm = hzm + (l + mkf) Vi + mk,r (9.601)

Let & (t) = z,, (t) — z (¢) be the internal state tracking error. Then, the internal
state tracking error equation is given by

& =he + (I +mk}) e —mkyy (9.602)

Proof Choose a Lyapunov candidate function

\% (e, g, Izy) = ae? + ,36‘ + Ol)/_lk2 (9.603)

where « > 0 and 8 > 0.
1% (e, g, l;y) is evaluated as

% (e, ¢, lzy) —20ame? — 208 (zm — &) e + 2Bhe® + 28 (l + mk;) ee — 2pmhyye
+2avb?a, Ey (B + 1) v = =20 lan llel + 2 gl 1z el

— 281l lle]> +2|ag + B (1 +mk})

— 2aqvb? |an_11| ||y||2 H/;y ”2 + 2avb? |a,;1|

*
k3

iz &] @604

Using the inequality 2 ||a|| ||b]| < 82 ||a|| + “@‘ , we get

% (e, e, k) < =2 |ay| el + 2 Igl 1zl llell — 28 1] le]®
« > 2 ”8”2
+ |otg +B(l +mky)| 87 llell” + v
1
le |2
+ﬁ|m|(8z e & o

- n2
— 2avb? |a;!| Iy ‘k},

+ 20002 [ay '] K] Iy 1P Hky H (9.605)

2
Note that the negative definite term —2avb? |a,; '| Iyll? [ky|| of the optimal

control modification can be made to dominate the positive definite term
5z
B1m| 83 Iy &

Letei = 2a lan| — |ag + B (I + mk?)| 82, ¢, = 28 ] — LEEEmOL _ gl

8 8

2 . -
to enable V (e, g, ky) to be negative definite.

y

b -1 k*
¢3 = 20vb? |an_11‘ — B|m| 82, and ¢y = Lw Then,
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2
—ca) +esd Iy
(9.606)

We note that ||y||* < [lell* 4 2 [le|l [lym |l + |y I*. The ultimate bounds of ||y,,||
and ||z, || can be shown to be ||y, |l < cyro and ||z, || < c.ro where ¢, = ‘anjlbm
c: = |h'mk.| + [B7 (1 +mk})| |ay b
_ (algle4esciey)ro

Cs

V (e ky) < —cr lel®+2algl lzml llel =2 llel —e3 11 (| &y

>

,and rg = ||r|l. Let ¢cs = ¢ — C3cZ,

Ce ,and ¢; = 05c§ + C3Cﬁc%r§. Then,

. ~ ~ 2
V(e k) = —es el = e = 2 lell? = s Iy I (& | = )+ 0607

v, «, B, 81, and §, are chosen such that c; > 0, ¢c3 > 0, and ¢5 > 0. Then, it
follows that V7 (e, &, &,) < 0 if

C
lel =ce+ /=~ =p (9.608)
Cs
lell > /< =¢q (9.609)
¢

Hléy H Seit [— T (9.610)

& (p+eyro)’

Thus, the closed-loop non-minimum phase system is stable with output feedback
adaptive control with the optimal control modification. The ultimate bound of ||e|| is
then obtained as

llell < \/pz + ng + vy k2 (9.611)

It should be noted that the aforementioned output feedback adaptive control de-
sign is feasible only if the knowledge of the plant transfer function is mostly known
with the exception of the parameter a. This requirement imposes a severe restriction
on the design of output feedback adaptive control for non-minimum phase plants
since in many cases such knowledge may not exist if the plants are uncertain. An-
other drawback with this approach is that the desired tracking performance is not
guaranteed. In practical situations, this poor tracking performance can be a major
issue.

Example 9.22 Consider the system

X=ax+bu+gz
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z=-z+u
y=x

where a < 0 is unknown but @ = —2 for simulation purposes, and b = 1 is known.
The reference model is given by the transfer function W, (s) with a,, = —1 and
by = 1.
The open-loop transfer function is

s+1+¢g

M= CaetD

The system is minimum phase if g > —1. Consider a minimum phase plant with
g = 2. Then, we design the output feedback adaptive controller according to Eq.
(9.582). Let A = —1, ' = I, and r () = 1. Figure 9.39 shows the response of the
closed-loop plant which tracks the reference model very well in the limit as t — oo.

Consider a non-minimum phase plant with g = —2. We use both adaptive con-
trollers given by Eqgs. (9.582) and (9.594).

The asymptotic closed-loop transfer function is given by

S s—av—a)(s+1)—au(s— D]

X (S - 1) [me (S - am) - ambm]
r

The steady-state closed-loop transfer function is equal to

y_ by (W+1)
roova—a,
For a = —2 and a,, = —1, the transfer function is stable for v > 0.5. Choose
v = 2 and y, = 1. The steady-state closed-loop output is equal to y () = —1.

Figure 9.40 shows the stable closed-loop responses of the non-minimum phase plant
with both the adaptive controllers. The adaptive controller 1 with the adaptive pa-
rameter @ (¢) has a faster response than the adaptive controller 2 with the adaptive
parameter k, (¢). Both adaptive controllers tend to the same steady-state closed-loop
response.

The closed-loop plant tracks the reference model very poorly as expected, but
the response is stable and tends to an equilibrium value y = —1 which agrees with
the analytical result from the steady-state closed-loop transfer function. The poor
tracking performance is typical of a non-minimum phase system with the output
generally exhibiting an opposite response to the input.

As can be seen from Example 9.22, while the optimal control modification can
stabilize a non-minimum phase plant, the tracking performance is quite unaccept-
able. The issue at hand is the requirement for a non-minimum phase plant to track
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Fig. 9.40 Closed-loop response of non-minimum phase plant with optimal control modification

a minimum phase reference model with the same relative degree. This is a very de-
manding and perhaps unrealistic requirement. As a consequence, MRAC attempts to
seek asymptotic tracking which results in an unstable pole-zero cancellation. If the
reference model could be redesigned so that the unstable pole-zero cancellation can-
not occur while the tracking performance can still be met, then the output feedback
adaptive control design would be more acceptable. One such approach is to design
an observer state feedback adaptive control using the Luenberger observer design.
Consider a MIMO system as

) X1 A Ap || X B
=A Bu&|. | = 9.612
X x + Bu |:x2] |:A21 A22:| |:x2]+|:32:|u ( )

y=Cx=[Ci0] [2} =Cix (9.613)



9.14 Adaptive Control of Non-Minimum Phase Plants ... 331

where x; (1) € R, x, (1) e R"77,u(¢t) e R", y (¢t) € R? with p > m, A} € RP*P
is unknown, A, € R?*"=P) and A,; € R™"=P*P are known, Ay € RU—P*@=p) jg
known and assumed to be Hurwitz, B; € R?*" and B, € R"~P*" are known, and
C, € RP*? js known and has full rank. We assume the pair (A, B) is controllable
and the pair (A, C) is observable. This partitioned form of the plant can be used
advantageously to design an output feedback adaptive control. The system expressed
in this form is sufficiently general for many practical applications. For example,
systems with unmodeled dynamics could be expressed in this form with x; () being
the plant state variable and x; (¢) being the unmodeled state variable.

The Kalman-Yakubovich lemma [30] can be used to determine if the transfer
function matrix G (s) = C (sI — A)~' B is SPR. If A is Hurwitz and there exist
P=PT eR™ >0and Q = Q" > 0 € R™*" such that

PA+ATP=-0 (9.614)
B'P=C (9.615)

then G (s) is SPR.

We assume that A = Ay + AA where Ag is known and AA is a small un-
known perturbation of Ay due to the uncertainty in A;;. The transfer function
G (s) = C (sI — A)~" Bisassumed to be non-SPR. The Luenberger observer design
constructs an observer state-space model of the plant as

X=A%+L(y—3)+Bu (9.616)

where X (¢) is the observer state which estimates the plant state x (¢), A () is the
estimate of A, § (f) = Cx (¢) is the observer output which estimates the plant output
y (1), and L is the Kalman filter gain matrix computed using Ay.

A full-state feedback controller can be designed to enable the output y () to track a
reference command signal r (¢). For example, we can use the LQR method to design
the full-state feedback controller using the following cost function for tracking a
constant reference command signal r(¢):

J = lim % ' [(Cx—r)T Q(Cx —r)+u"Ru]d: (9.617)

tf — 00 0
Then, the control gains can be computed as

K'=-R'B'W (9.618)

K, =—R'BT(AT—wBR'BT)'CTQ (9.619)

where W is the solution of the Riccati equation
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WA+ AW —-WBR'B"W+C'QC=0 (9.620)

Then, areference model is constructed from this LQR design with A,, = A+BK
and B,, = BK,.
If A is unknown, then we can design the following adaptive controller:

u=K,®)x+K,r (9.621)

where the observer state X (r) replaces the plant state.
The tracking error is defined as e (t) = x,, (t) — X (¢). We also define the state
estimation error as e, (1) = x () — X (¢). Then, the error equations are

é=Aye—LCe, — A% — BK, % (9.622)

ép= (A, + AA)e, — A% (9.623)

where A (1) = A(t) — A, K, (t) = K, (1) — K*, A, = Ag— LC,and A, + AA is
Hurwitz by a suitable choice of L.

Note that the state estimation error signal e, (¢) is generally not available, but for
the class of MIMO systems under consideration, it can be constructed. Since C; is
invertible, then x; (¢) can be constructed from y (¢). Let z (f) = x5 (¢) be the internal
state, then z (¢) can be computed from the following equation:

i = Apnz+ AnC; 'y + Bu (9.624)

with z (0) = zo and Aj;, Ay, and B, known.
Then, the plant state can be constructed as x (1) = [y (1) C; " 2" (1) ]
A stable adaptation of the non-SPR plant of Egs. (9.612) and (9.613) can be
achieved by the optimal control modification adaptive laws based on the observer
state X (¢) and the constructed state x (r) from the output y (¢) and the internal state

z (1)

T

Kl =Li(e"P+vi'K]B'PA,")B (9.625)

AT =i (eTP +el W+ n)eTATPA,;l) (9.626)
where P = PT > 0and W = W' > 0 are solutions to the Lyapunov equations
PA,+AlP=-0 (9.627)

WA, + AW =—R (9.628)

withQ = QT >0and R =RT > 0.
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The stability of the observer output feedback adaptive control using the optimal
control modification is provided as follows:
Proof Choose a Lyapunov candidate function

\% (e, ey, Ky, A) =e¢' Pe+ e;Wep + trace (IE'XFX_'I%I) -+ trace (AFA*IAT)
(9.629)
Then, V (e, ep, I?x, A) is evaluated as

Vv (e, €p, K., A) =—¢'Qe— e;ReP — 2eTPLCe,, + ZUJETK;BTPA,ZIBI@)?
+ i TATPAL AR < —cillel® — e ||e, |* + 2 llell e, |
—vea |3 (

—nee |12 (4] - c7)2 +neec? | £ (9.630)

- 2
Rl = es) +vesc |77

where R = R — WAA — AATW, ¢1 = hnin (@), 2 = hpin (R), c3 = IIPLC],

- - K:"BTPA,'B - -
¢ = dunin (BTA,T0ALB), s = LA g — 5 (4,7 04,)), ¢ =
a4 paz']
Co :

We utilize the inequality 2 la| 6]l < [lall> + |5]* and also note that | %]
lell* +2 llell ll Il + 1217 Then, V (e, ep Ko, /i) is bounded by

IA

1% (e, ep, K., A~) < - (cl —c3 — vC4c§ — nc6c%) lell®> +2 (VC4C§
2 112
—es) = e i

(HA H - 67)2 + (veacs + neecs) x> (9.631)

ncecd) llell ol = (e = e3) ey |* = ves |2 (| &2

Note that the ultimate bound of |x, || can be expressed as ||x,|| < c.ro. Let

_ (UC4C§+T]CﬁC%)CX ro

2 2
Cg = C1 — €3 — VC4C5 — NCeCq, C9 = ,Clo = ¢ —c3,and ¢ =

Cg

cscs + (vescs + neee3) cirg. Then, 1% (e, ey, Ky, A) < 0 outside the compact set

S = {e(t) eR", e, (t) eR", K, (1) e R”™, A(t) € R™" : cg (||e]l — co)?

+cuo flep|* 4+ vea | £ (| R

- c5)2 +ee |27 (| 4] - c7)2 < cn} (9.632)

by choosing L, Q, R, v, and n appropriately such that cg > 0 and c¢jp > 0.
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By setting v = 0 and n = 0, we recover the standard MRAC. Then, it can be
shown by Barbalat’s lemma that 1% (e, ep, IZX, A) is uniformly continuous since

v (e, ep, IZ,C, A) is bounded. It follows that e (1) — O and e, — O as t — oo.

]
Note that if the reference model is not derived from the ideal controller of the
non-SPR plant, the standard MRAC will not be able to stabilize the plant. On the
other hand, the optimal control modification adaptive law can handle the mismatch
between the plant and the reference model. Therefore, for a stable adaptation using
the standard MRAC for output feedback adaptive control, the reference model must
be established from the ideal controller design of the non-SPR plant. The mismatch
between the reference model and the non-SPR plant causes MRAC to continue to
seek a high-gain control in order to achieve asymptotic tracking. This would lead to
instability.
Suppose a reference model is specified as

X = A% Xy + Br (9.633)

where A}, is not established from the non-SPR plant. Then, the model matching
condition cannot be satisfied since there exists no solution of K. To show this, we
see that suppose K} exists and can be solved using the pseudo-inverse of B with
m < p<nas

K:=(BTB)" BT (A% — A) (9.634)

But
A+BK*=A+B(B"B)” BT (A%, — A) # A7, (9.635)

For the standard MRAC, the tracking error equation in the presence of the
mismatch between the reference model and the non-SPR plant is established as

é=Ahe+ (A}, — An) X — LCe, — AX — BK, % (9.636)

Because the optimal control modification only seeks bounded tracking, so the
model matching condition is not satisfied. Using the linear asymptotic property of
the optimal control modification, the asymptotic value of K, (¢) and A (t) can be
computed from Eqs. (9.625) and (9.626) by letting I" — oo. Then, K, (1) — K,
and A (t) — A for a constant reference command signal r (¢). From the linear
asymptotic property, we get

1 B
——(BTA5TPB) " B Pe (9.637)
%

>

=
=>
Il

. 1
A% = —=P7'A;T (Pe+ We)) (9.638)
U
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where P = PT > 0 now solves the Lyapunov equation
PA* +AXTP=-0Q (9.639)

We redefine the estimation errors as K, (t) = K, (1) — K, and A (1) = A (1) — A.
Then, the error equations are established as

1 - 1
é= [A:;, +-B(BTASTPB) BTP+ —P‘lA*TP} e
v n

m

1 . N
- (LC - —PlA;;TW) e, + ALx — AR — BK,X (9.640)
n

1 1 .
é,=—P A Pe+ (Ap + —P—'A;;TW) e, + A% — AASR (9.641)
n n

The standard MRAC results in instability due to the mismatch between the refer-
ence model and the non-SPR plantif A+ BK} = A,, # A}, and PA,, + A P £ 0,
whereas a stable adaptation of the plant can be achieved with the optimal control
modification.

Proof Choose the same Lyapunov candidate function in Eq. (9.627). Then, for the

standard MRAC, 1% (e, ep, Kx, AN) is evaluated as

V(e ep i A) = €T (PAL + AL P) e+ e P (4], — An) &

+£7 (AL — A,)) Pe
—2¢' PLCe, — e, Re, (9.642)

Upon substituting x (¢) = x,, (t) — e (t), we get

V(eep R A) =T (PAn+ Ay P)e+2eT P (A}, = An)xm—2¢T PLCep—e] Rep
(9.643)

Note that PA,, + A P is not necessarily negative definite. Therefore,

V (evep Ras &) = [PAw+ALP[ el + | P (47, = 4n)| (Il + al?)

m

s (el + ey |*) = 2 ey | (9.644)

Thus, V (e, ep, IZX, A) j_( 0. Therefore, the tracking error is unbounded and the
closed-loop system is unstable.
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On the other hand, for the optimal control modification, 1% (e, ep, kx, A) is
evaluated as

. . ~ 1 1 -1 -T
% (e, ep. Ky A) =e' l—;Q +=PB [(BTA:;TPB) + (BTA;;;TPB) ] BTP} e’
1
+2eT PAL T, — 2" [PLC — = (AT + Pa P YW ATW} e
n
1
-I—e;,r [—R +-W (P*IA;T + A;P*I) W] ep+ 2e;,rWAxm
n

+ 208 K BTPABK & +nviT AATPA AR (9.645)

Note that P~'A*T + A* P~! = —P~1Q P! Then,

% (e, ep, Ke, A) < —cillel® = i3 e, |* +2c1a llell |lep|| + 215 llell + 2¢16 | e |

2 - 2
—es) +veacd £ = nes |2 (|A] = 1) +neocd 2]
(9.646)

—vea 7] (| %

where ¢i = Amin (%Q ~1lpB [(BTA;;;TPB)" + (BTA;;—TPB)‘T] BTP),
13 = Apin (R ~lwp- QP—IW), = HPLC +lop-twraATw
|| PA}, || cx10, €16 = ||[WA||l cyxro, and c4 56,7 are defined previously.

A112

2] < llell* + 2 llell 1%l + llx|I* leads to

» C15 =

Further simplification using

V (erep, Re &) = —cir (lell = 19 = 1o ([lep | = )" = vea | 7]

(
where ¢17 = c12 — c14 — VC4C§ - 770603, Cig = M, Cl9 = €13 — Ci4,
0 = £, and ¢y = c17¢ts + c1963y + (veacs + neecs) cirg.
Choose L, Q, R,v,and ny suchthatc;; > Oandcjg9 > 0. Then, Vv (e, ep, I?X, A) <0
outside a compact set. Therefore, the closed-loop system is uniformly ultimately

bounded with the optimal control modification.

~ 2 - 2
K, —05) — NCe H)%Hz (HAH —07) + ¢ (9.647)

Using the linear asymptotic property of the optimal control modification, L, Q, v

and 7 can also be chosen such that the closed-loop matrix formed by (x (1), i (t))
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A 1B (BTA; TPB) ' BTP
Ac=|LC—L1P'AsTW —LC+1B(BTA;TPB) ' BTP (9.648)
+%P*1A;;T (P+W)

is Hurwitz.
To demonstrate the observer state feedback adaptive control, we return to Example
9.22.

Example 9.23 The non-minimum phase plant in Example 9.22 is defined by the

following matrices:
_|a g | b .
A_|:0 1]3_[1],C_[10]

wherea = —2,b = 1,and g = —2.
The Kalman filter gain is computed as

L _ [ 04641
~ | —0.2679

Using Q = 100 and R = 1, the LQR control gains are obtained as

K} =[-27327 —5.4654], k, = —9.8058

Choose I'y =1, I’y =0.11, Q = I, and R = I. Figure9.41 shows the closed-
loop response with the standard MRAC of the plant output y () which tracks the
redesigned reference model very well. Notice that the reference model now has a
non-minimum phase behavior as evidenced by the reversal in the initial response.
All the control and adaptive parameter signals are bounded.

Suppose, instead of the reference model computed from the LQR, we use the ideal
minimum phase first-order reference model described by the following matrices:

*_amo _bm
=[5 5] o= [5]

Figure 9.42 shows the unstable closed-loop response with the standard MRAC
which no longer tracks the reference model. The adaptive parameters are unbounded
and drifting as t — oo.

The optimal control modification is then used with v = 0.13 selected. Figure 9.43
shows the closed-loop response with the optimal control modification which is able
to track the ideal reference model very well. All the control and adaptive parameter
signals are bounded.
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Fig.9.41 Closed-loop output response to LQR non-minimum phase reference model with observer
state feedback MRAC
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Fig. 9.42 Closed-loop output response to ideal minimum phase reference model with observer
state feedback MRAC

Example 9.23 illustrates the significance of the reference model in adaptive con-
trol of non-minimum phase plants. If the reference model can be redesigned to be
non-minimum phase, then the standard MRAC can achieve asymptotic tracking, al-
beit with a non-minimum phase behavior. Otherwise, even with the observer state
feedback adaptive control design, if the reference model is minimum phase, instabil-
ity will still result with the standard MRAC. On the other hand, the optimal control
modification can produce bounded tracking for both types of reference models.

We have simplified the analysis of the Luenberger observer state feedback adaptive
control. There are some excellent textbooks that cover in-depth the subject of output
feedback adaptive control. The reader is referred to the textbooks by Ioannu [5] and
by Narendra and Annaswamy [35]. The textbook by Lavretsky and Wise presents a
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Fig. 9.43 Closed-loop output response to ideal minimum phase reference model with optimal
control modification

Luenberger observer state feedback adaptive control method based on squaring up
the control input matrix to satisfy the SPR condition for MIMO systems [36]. This
section illustrates the general challenges with adaptive control design for systems
with only output information.

9.15 Summary

Robust adaptive control is a well-researched topic. The primary objective of robust
adaptive control is to improve robustness of adaptive control systems to the parame-
ter drift, time delay, unmodeled dynamics, and other destabilizing effects. Various
robust modification schemes have been developed to ensure boundedness of adaptive
parameters in the last several decades. The principle of robust modification is based
on two central themes: (1) limiting adaptive parameters and (2) adding damping
mechanisms to model-reference adaptive control. The robustness issues with the pa-
rameter drift, non-minimum phase behaviors, time delay, unmodeled dynamics, and
fast adaptation are largely ameliorated with these robust modification schemes, but
are not entirely eliminated if the nature of the uncertainty is not completely known.

The standard techniques for robust adaptive control include the dead-zone method,
the projection method, the o modification, and the e modification. Normalization and
covariance adaptive gain adjustments are two other techniques common to all adap-
tive control methods. More recent methods include the optimal control modification,
the adaptive loop recovery modification, and the £ adaptive control, and many oth-
ers which have been developed in the recent years. These new methods add more
richness to this fertile field of endeavor. In particular, the optimal control modifi-
cation is an adaptive optimal control method that seeks to minimize a .%, tracking
error norm bounded away from the origin to provide improved robustness. The linear
asymptotic property of the optimal control modification for linear uncertain plants
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results in asymptotic linear plants in the limit which can be exploited in adaptive
control system design and analysis using many existing linear control techniques.
For systems with input uncertainty, the bi-objective optimal control modification
provides an adaptation mechanism based on both the tracking error and the predictor
error using a predictor model that approximates the plant dynamics. For systems with
slow first-order actuator dynamics, a singular perturbation method is developed by
scaling the adaptive law to allow the plant to track a reference model. An output feed-
back adaptive control approach based on the optimal control modification method
is shown to be able to stabilize first-order plants with unmodeled dynamics having
relative degree greater than 1 by taking advantage of the linear asymptotic prop-
erty. This approach is extended to non-minimum phase plants with relative degree 1.
For these non-minimum phase plants, the optimal control modification adaptive law
can be designed by a suitable selection of the modification parameter to ensure the
closed-loop stability by preventing an unstable pole-zero cancellation typically oc-
curred with the standard MRAC. The potential degraded tracking performance of the
output feedback adaptive control for non-minimum phase systems can be addressed
by observer state feedback adaptive control using the Luenberger observer design.

9.16 Exercises

1. Consider a time-delay second-order SISO system
¥+ 2603 + wpy = bu (t —14)

where b = 1,1t; = %s, and ¢ and w, are unknown but their actual values are

—0.5 and 1 rad/s, respectively.
The system is designed to track a second-order reference model

j;m + 2€mwm).)m + a),%,ym = bmr (t)
where ¢, = 0.5, w,, = 2rad/s,b,, = 4,andr (t) = 1, with an adaptive controller
u=K,@®)x+kr

where x (1) = [y (1) ¥ (1) ]T and K, (t) = [k, (1) kq (1) ].

a. Calculate the fixed-gain values of k. and kg,
of 60° and a time-delay margin of 1/3s.
b. Define a convex set described by an ellipse that contains &, (t) and k; ()

ko\2 (ka)\
g(kp,kd)z(;") +(;") ~1<0

to achieve a phase margin
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where a and b are to be determined from &, . and k4, . Design a projection
method for the adaptive controller to ensure robustness in the presence of
time delay. Write down the adaptive law. Implement the adaptive controller
in Simulink using the following information: y (0) = 0,y (0) = 0, K, (0) =
0, and I, = 0.2 with a time step At = 0.001 s. Plot the time histories of
vy (@), u(), k, (t), and ky (t) for t € [0, 600]s. What happens when the
projection method is removed from the adaptive law?

2. Implement in Simulink the o modification and e modification for the Rohrs’
counterexample with the reference command

r =034 1.85sin16.1¢

using the same initial conditions k, (0) and k, (0) with y, =y, = 1,0 = 0.2,
and 4 = 0.2 and At = 0.001s. Plot the time histories of y (¢), u (¢), ky (¢),
and k, (¢) for ¢t € [0, 100]s. Experiment with different values of o and p and
determine by trial-and-error the values of o and p at which the system begins
to stabilize.

3. Consider a first-order SISO system

X=ax +bu—+w

where a is unknown, b is known, and w is an unknown disturbance.
To prevent the parameter drift, the o modification is used in an adaptive regulator
design

u==k,(x)x

fcx = —Yx (xzb + ka)

Suppose x (¢) is a sinusoidal response where x (t) = sint.

a. Derive the general time-varying disturbance w (¢) that produces the given
response x (¢) interms of a, b, y,,0,and k, (0). Leta =1,b =1, y, = 10,
o =0.1,x (0) =0, and k, (0) = 0. Express w (z).

b. Implement in Simulink the control system with a time step At = 0.001 sec.
Plot the time histories of x (¢), u (¢), w (¢), and k, (¢) for t € [0, 20] sec.

c. Repeat part (b) with the standard MRAC by setting o = 0. Does the system
exhibit the parameter drift?

4. Consider a linear system
X = Ax + Bu

y=Cx

Design a reference model for tracking the output y (#) with a constant refer-
ence command r (¢) using the optimal control approach and the following cost
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function:
Iy

J = lim % [(Cx—r)T Q(Cx —r)+u"Ru]dt

[f-)OO 0
Derive the expressions for the optimal control gain matrices K, and K, for the

closed-loop system
x=(A+ BK,)x+ BK,r

[0

v=[10]

Given

r =sins — 2cosds — 2e " sin® 4t

Implement in Simulink the control system. Let Q = g and R = é. Determine

a suitable value of ¢, K,, and K, such that /37 Olf (y —r)?dt < 0.05 for

t € [0, 10]s. Initialize with x (0) = [—2 1 ]T. Plot the time histories of y (¢)
and r () on the same plot, and e (#) = y (t) — r (¢).

. Consider a time delay second-order SISO system

V=y+y=u(—1)

where t; = 0.1s is a time delay.
The unstable open-loop plant is stabilized with an adaptive controller

u=K.x

where x (1) = [y (1) y (t) ]T € R? and K, (t) = [k, (t) kq (1) ], to achieve an
ideal reference model
j}m + 6ym + Ym = 0

a. Express the optimal control modification adaptive law for K, (¢). Let I —
oo and Q = I, calculate the equilibrium values of K, (¢) as a function of
the modification parameter v.

b. Determine numerically the value of the modification parameter v to achieve
the maximum time-delay margin to within 0.001. Compute the equilibrium
values of K, (¢) corresponding to this modification parameter v. Implement
the adaptive controller in Simulink with this modification parameter using
the following information: I" = 10/, y (0) = 1, y (0) = 0, and K, (0) =0
with a time step At = 0.001s. Plot the time histories of x (¢), u (¢), and
K. (t) fort € [0, 10]s.
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c. Increase the adaptation rate to I" = 10000/. Repeat the simulations with a
time step At = 0.0001s. Compare the steady-state values of K, (¢) at 10s
with those results computed in part (b).

6. Consider a first-order SISO plant as
X=ax+bu+6x+w)
witha =—1,b=1,6* =2, and
w =cost +4sint — 4e " sint — (cos 2t + 2sin2¢) sint
This disturbance will cause a parameter drift when the standard MRAC is used

in a regulator design.
An adaptive controller is designed as

u=kr—0(@x—w({)
to enable the plant to follow a reference model
)‘Cm = AuXm + bmr

where a,, = —2,b,, =2,and r () = 1.

a. Calculate k,. Express the adaptive loop recovery modification adaptive laws
for 6 (¢) and w (r) using a modification parameter n = 0.1.

b. Implement the adaptive controller in Simulink using the following informa-
tion: x (0) = 0, 6 (0) = 0, d (0) =0, and y = y,; = 100 with a time step
At = 0.001 s. Plot the time histories of x (¢), u (¢), 0 (t), and d (t) and d (1)
together on the same plot for ¢ € [0, 100]s.

7. Consider a second-order SISO plant
F 420wy +wpy =bu (t —14)
where ¢ = —0.5 and w, = 1 rad/s are unknown, » = 1 is known, and ¢, is a
known time delay.

Design an adaptive controller using the normalized MRAC without the projection
method to allow the plant to follow a reference model

j;m + 2§mwm5]m + wyznym = bmr (t)

where ¢, =3, w,, = 1,b,, = 1,and r (t) = rysint.
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Implement the adaptive controller in Simulink using the following infor-
mation: ; = 0, x (0) = 0, K, (0) = 0, and I, = 100/ with a time step
At = 0.001 s for the standard MRAC by setting R = 0 with ry = 1 and
ro = 100. Plot the time histories of y (¢) and y,, (t), e; (t) = y,, (t) — y (?),
u (t), and K, (¢) for t € [0, 100]s. Comment on the effect of the amplitude
of the reference command signal on MRAC.

Repeat part (a) for the normalized MRAC with R = I and ry = 100 for
ty, = 0and r; = 0.1s. Comment on the effect of normalization on the
amplitude of the reference command signal and time delay.

8. For the Rohrs’ counterexample, design a standard MRAC with the covariance
adjustment method without the projection method.

a.

Implement the adaptive controller in Simulink using the following infor-
mation: y (0) = 0, k, (0) = —0.65, k. (0) = 1.14, , (0) = ¥, (0) = 1,
and n = 5 with a time step At = 0.01s. Plot the time histories of k, (),
ky (), yy (t), and y, (¢) for ¢t € [0, 100]s. Note: plot y, (t) and y, (t) with
the logarithmic scale in the y axis for better visualization.

Repeat part (a) with ¢ € [0, 1000]s. Do k, (¢) and k, (¢) reach their equilib-
rium values or do they exhibit a parameter drift behavior?

9. Consider a first-order SISO plant

f=ax+br[u(t—1)+0* )] +w

where a = —1 and b = 1 are known, A = —1 and 8* = 0.5 are unknown,
but the sign of A is known, ¢ (x) = x2,t; = 0.1s is a known time delay, and
w(t) = 0.02 4+ 0.01 cos 2¢.

The reference model is given by

X = QX + byt

where a,, = —2, b,, = 2, and r () = sint.

a.

b.

Design an adaptive controller using the standard tracking error-based opti-
mal control modification method. Express the adaptive laws.

Implement the adaptive controller in Simulink using the following informa-
tion: x (0) =k, (0) =k (0) =60(0) =0and y, = 3, = 9 = 20 with a
time step At = 0.001 sec for the standard MRAC with v = 0 and for the
optimal control modification with v = 0.2. Plot the time histories of x (¢)
and x,, (¢) on the same plot, u (¢), k, (t), k. (t), and 0 (¢) for ¢t € [0, 60] sec.
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10. For Exercise 9.9, suppose A is completely unknown.

a. Design an adaptive controller using the bi-objective optimal control modi-
fication method. Express the adaptive laws.

b. Implement the adaptive controller in Simulink using y; = y, =20, n =0,
and the rest of the information in Exercise 9.9 along with the initial conditions
x (r) = 1 and w () = 0. Plot the time histories of x (¢) and x,, (¢) on the
same plot, u (¢), k. (¢), k. (1), 6 (1), A (t) and w (t) and w on the same plot
fort € [0, 60]s.

c. Comment on the results of Exercises 9.9 and 9.10. Which method seems to
work better?
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Chapter 10
Aerospace Applications

Abstract This chapter presents several adaptive control applications with a partic-
ular focus on aerospace flight control applications. Two relatively simple pendulum
applications are used to illustrate a nonlinear dynamic inversion adaptive control
design method for tracking a linear reference model. The rest of the chapter presents
several adaptive flight control applications for rigid aircraft and flexible aircraft.
The chapter concludes with an application of the optimal control modification to a
F-18 aircraft model. The flight control applications for rigid aircraft include the o
modification, e modification, bi-objective optimal control modification, least-squares
adaptive control, neural network adaptive control, and hybrid adaptive control which
combines model-reference adaptive control with a recursive least-squares parameter
identification method. An adaptive control design for a flexible aircraft is presented
using a combined adaptive law with the optimal control modification and adaptive
loop recovery modification to suppress the dynamics of the aircraft flexible modes.
An adaptive linear quadratic gaussian (LQG) design based on the optimal control
modification for flutter suppression is presented. By taking advantage of the linear
asymptotic property, the adaptive flutter suppression can be designed to achieve a
closed-loop stability with output measurements.

Adaptive control is a potentially promising technology that can improve performance
and stability of a conventional fixed-gain controller. In recent years, adaptive con-
trol has been receiving a significant amount of attention. In aerospace applications,
adaptive control technology has been demonstrated successfully in both unmanned
aircraft and man-rated aircraft arenas. During 2002 to 2006, NASA conducted the
intelligent flight control system (IFCS) program to demonstrate the ability of a neu-
ral network intelligent flight control system onboard a NF-15B research aircraft (tail
number 837), shown in Fig. 10.1 for enhanced aircraft flight control performance
under faults and failures [1, 2]. The flight demonstration program was a joint collab-
oration between NASA Ames Research Center, NASA Armstrong Flight Research
Center, the Boeing Company, and other organizations. The intelligent flight control
system was based on the e modification [3] with the sigma-pi neural network based
on the work by Calise [4]. The first phase of the flight test program revealed that
the intelligent flight control system did not perform as well as it was in simulations.
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In some instances, the intelligent flight control system generated large commands
that caused load limit excursions. A subsequent modification to simplify the neu-
ral network demonstrated an improvement in the intelligent flight control system
in simulations. However, during the final phase of the flight test experiment, mixed
results were obtained. Lateral pilot-induced oscillations were experienced during an
in-flight simulated stabilator failure. Consequently, a further study was conducted at
the conclusion of the IFCS program in 2006. It was noted during this study that the
normalization method performed well in simulations.

Fig. 10.1 NASA NF-15B research aircraft (tail number 837)

During 2010 to 2011, NASA conducted a follow-on flight test program of adaptive
control onboard a F/A-18A aircraft (tail number 853) shown in Fig. 10.2. The adaptive
controllers were a simplified MRAC with @ (x) = x and the optimal control modifi-
cation with and without normalization [5-8]. Prior to the flight test program, several
adaptive controllers were evaluated by eight NASA test pilots in the Advanced Flight
Concept Simulator at NASA Ames Research Center in 2009 [9, 10]. The evaluation
study showed that the optimal control modification performed well across different
failure scenarios [7, 9]. NASA Armstrong Flight Research Center conducted a fur-
ther investigation of the optimal control modification and simulation experiments in
a F-18 flight simulator [11]. The simulation results supported the improved perfor-
mance with the optimal control modification in a simplified adaptive control design.
In addition, the normalization method was also implemented in conjunction with the
optimal control modification based on the previous study during the IFCS program
[12]. The flight test program showed improvements in the adaptation process under
most failure scenarios [5-8].

The use of adaptive control potentially could help reduce the development cost
of production flight control systems for aerospace vehicles. Typically, in aerospace
production systems, accurate plant models must be developed to ensure high con-
fidence in a flight control design. The model development of a typical aerospace
system in general can be quite expensive since extensive experimental validation in
wind tunnel facilities and in flight is often required. Adaptive control may permit
the use of less accurate plant models since the adaptation process can accommodate
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Fig. 10.2 NASA F/A-18A research aircraft (tail number 853)

the uncertainty in the plants. For this to happen, certification barriers for adaptive
control must be overcome.

In aerospace applications, the ability of an adaptive controller to modify a pre-
designed control system is viewed as a strength and a weakness at the same time.
On the one hand, the premise of being able to accommodate system failures is a
major advantage of adaptive control. On the other hand, potential problems with
adaptive control exist with regard to robustness. Therefore, in spite of the many
recent advances in adaptive control, currently there are no adaptive controllers that
have yet been certified for mission-critical or safety-critical systems. This is not to
say that adaptive control is generally not considered as a viable option. Quite the
contrary, in a number of major aerospace systems, adaptive control has been viewed
as an option in the recent years.

The development of certifiable adaptive flight control systems represents a major
challenge to overcome. Adaptive control will never become part of the future unless it
can be proven that it is is highly safe and reliable. Technical challenges are continued
to be addressed by the research community.

To demonstrate the potential benefits of adaptive control, this chapter presents
some example adaptive control applications with a particular focus on aerospace
flight control. The learning objectives of this chapter are:

e To be able to design adaptive controllers for a variety of applications;

e Tobe able to design nonlinear dynamic inversion adaptive controllers for nonlinear
systems;

e To develop a familiarity with various aircraft applications and a basic understand-

ing of aircraft flight control;

To learn how to design adaptive controllers for systems with partial-state informa-

tion using the Kalman filter; and

To be able to combine both direct MRAC and indirect least-squares parameter

estimation to improve effectiveness of adaptive controllers.

10.1 Inverted Pendulum

An inverted pendulum, shown in Fig. 10.3, is an unstable nonlinear system that is
fairly analogous to a launch vehicle. When the pendulum is in equilibrium at the top,
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a slight perturbation will cause the pendulum to swing down to the stable equilibrium
in the vertically downward position.

Fig. 10.3 Inverted pendulum

Consider the equation of motion of a simple inverted pendulum

1 | .

5mLze) — EmgL sin@ + ¢ = u (t — tg) (10.1)
where m is the mass of the pendulum, L is the length, g is the gravity constant, c is the
damping coefficient which is assumed to be unknown, 6 (¢) is the angular position
of the pendulum, u (¢) is the control input which represents the motor torque, and ¢4
is a time delay which represents the motor actuator dynamics.

Let x| (f) = 6 (1), x, (t) = 6 (), and x (1) = [x1 (t) x2 (1) ] Then,

i=f )+ Blult—1tg) — cxal (10.2)
where
)= [;_i ;Ciznxl} (10.3)
B= [i] (10.4)
=

We want to design an adaptive controller that enables the closed-loop plant to
follow a reference model
Xm = ApXy + Bur (10.5)
Using the pseudo-inverse, the adaptive controller is obtained as
u=(B"B)" BT [Apx + Bur — f ()] + (D) x2 (10.6)
The delay-free closed-loop plant is described by

X = A,x + B,,r + Bcx; (10.7)
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The delay-free tracking error equation is expressed as
é=Aye — Bcxp (10.8)
The standard MRAC adaptive law for ¢ (¢) is then given by
¢ =yxe PB (10.9)

However, in the presence of time delay, the adaptive law may be modified to
include the optimal control modification as

¢ =y (x2e' PB+vxl¢BTPA,'B) (10.10)

v can be chosen to guarantee stability in the presence of the time delay by using
the linear asymptotic property of the optimal control modification which yields

1 B
Béx, =——(BTA;"P)" BT Pe (10.11)
v

asy — oo.
The closed-loop plant with the time delay is expressed as

X=fx)—f(x(@—12)+Anx (t —13) + Bpyr (t —17) + BE(t — 1) xp (t —t3) — Bexp
(10.12)

The nonlinear term f (x) does create a problem since linear stability analysis
cannot be used. However, consider the case when ¢, is small, then

53 sinx; — ;—L sinxy (t — t3) (10.13)

f(x)—f(x(t—td))=[3g m—xz(l—td) }

If ¢, is small, then using a first-order finite-difference method, we obtain

sinx; — sinxy (t — 1) N d sin x|
tq dt

= X1 COS X] = X, COS X (10.14)

Therefore,

(10.15)

)= f—ta)~ [’“2_”"“_”’)]

3g
ﬁlde COS X

The worst case for linear stability is when cos x; = 1. So,

EF=Al)x = AO)x (1 — 1g) + [Am + % (BTA,;TP)_1 BTP]x (t = 1a) + Bur (t — 12)

- % (BTA,;TP)_I BT Pxp (1 — 1g) — Bexa (10.16)
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where

01
A@) = 10.17
) [O 3 t} (10.17)

It is noted that this approach is a bounded linear approximation for stability
analysis. It is not always possible to bound a nonlinear system with a linear system
for stability analysis. In general, the Lyapunov stability theory for time delay systems
must be used if a system is nonlinear. However, the Lyapunov stability theory for
nonlinear time delay systems can be very challenging and generally produces very
conservative results [13].

Examplg 10.1 Letm = 0.1775 slug, L =2 ft,c = 0.2 slug—ftz/s, t; = 0.05 s, and
0 (0) = 6 (0) = 0. The reference model is specified by
O + 2@ + wfnem = a),z,,r
where ¢, = 0.5, w,, = 2, and r (t) = 15°.
The response of the closed-loop system with the optimal control modification
using y = 100 and v = 0.5 is shown in Fig. 10.4.

, deg/sec

m

o
6,6

t, sec t, sec

u, Ib-ft
RN o
A
¢, Ib-ft-sec
ISI=}
M = o

“o 5 10 0 5 10
t, sec t, sec

Fig. 10.4 Closed-loop response with optimal control modification

10.2 Double Pendulum in Robotic Applications

Robotic arms are usually modeled as a double linkage pendulum as shown in
Fig. 10.5. The control objective of the double pendulum is to achieve a certain con-
figuration described by the angular positions of the linkages.

The equations of motion of a double pendulum are given by
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1 o 1 .. 1 5 .
g (my 4+ 3my) L191 + EmleLzez cos (6, — 0y) — 5m2L1L202 sin (6, — 6;)

1 . .
+ 5 (mq1 +2my) gL1sin0; + (c1 +¢2) 01 — 260 = uy (t — tg) +us (t — 1)
(10.18)

Fig. 10.5 Double pendulum

1 . 1 . 1
3mngez + EmleLze1 cos (6, — 6;) + §m2L1L2912 sin (6, — 6y)

1 .
+ Emgng Sin 6, + c60r = uy (t — ty) (10.19)

where m| and m, are the masses of the linkages, L and L, are the lengths, ¢; and c;
are the friction coefficients at the joints which are assumed to be unknown, g is the
gravity constant, 9 (¢) and 6, (¢) are the angular positions of the double pendulum,
uy (t) and u, (¢) are the control variables which represent the motor torques at the
joints, and #; is the time delay due to the motor actuator dynamics.

These equations can be recast as

(mi+3m)L3  myLy Ly cos(6,—6)) g
3 2, o
my Ly L, cos(6,—06)) myL5 92
2 3

p(x1)
|:m2L]L2022 sin@—01) _ (m+2ma)gL, sin :|
2

2
_mzL|L20]2 sin(9279|) _ leng Sil’l92
2 2

fGxn)

11 [uy (2 —1a) = o 1T
+|:01i||:uz(t—td)]+|: 0 —Cz][éz:| (10.20)
~——— .
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Let x; (1) = [6i06®], @) = [660)6@0], and u@) =
[ur (1) uz (1) ]T. Then, the equations of motion become

=p ) f@)+p ) Cut —1a) + p~' (x1) D (10.21)

We want to design an adaptive controller that enables the closed-loop plant to
follow a reference model

Xm | | O 1 X, 0
s e A O e
—_——— ——

A m B m

where K, and K are the proportional and derivative control gain matrices such that

— my
0 @,

2
Kp — [ D 02 i| — dlag (—0)31]’ _wZ ) (10.23)

—28m, O 0 .
K; = [ 0‘ ! —ZCmemz] = diag (—me,wmp —2§mzme) (10.24)

The adaptive controller can be found by inverting the delay-free equations of
motion with z; = 0 such that

Kpxi+ Kgxy — Kpr =3 = p~' (x1) f (x)) + p~' (1) Cu+ p~' (x1) D (1) x2
(10.25)
This yields
u=C"p)(Kpxi +Kgxa—Kpr) —C' f(x) —C'D(t)xa  (10.26)
The delay-free closed-loop plant is then described by
%y = Kpx1 + Kgxy — Kpr — p~' (x1) D (£) x2 (10.27)

The term p~! (x;) D (t) x5 (t) can be evaluated as

1 myL3 maLi Ly cos(6,—6;)
-1 D - 3 - 2
p () D (1) xy = det p(x1) __maL Ly cos(6,—6)) (m+3ma)L?
2 3
—C1—C G || 6
0 —C Qz
_mzL%(f'lJrf'z) m> L3¢ 0 moLi1 LGy
— 3 3, 2
0 _ miA3ma)LiCy myL \Ly(E14¢)  maLiLyd

3 2 2

eT



10.2 Double Pendulum in Robotic Applications 357

6y
det p(x1)
0>

jlapon | =0T (x1,x) (10.28)

. det p(xy)
6, cos(6,—6))
det p(xy)

D (x1,x2)

Then, this implies A
D(t)x; =p(x1) O ® (x1,x2) (10.29)

So, the adaptive controller becomes

u=C"p @) (Kpxi+ Kgxo — Kpr) = C7 ' f (x1) = C ' p (x) OT & (x1, x2)

(10.30)
Thus, the closed-loop plant can be expressed as
xl _ 0 I X1 0 B 0 -
[562]_[1(,, Kdi||:x2i|+|:_[(p:|r [1]@ P (x1, x2) (10.31)
~——— —_—— -

A By B

Lete (1) =[x, (1) — x{ (t) x,, (t) —x; (¢) ]T, then the tracking error equation
is obtained as

¢ =Ape+ BOTD (x1, x2) (10.32)
where
0 0 1 0
0 0 0 1
A, = 2 0 —2mom 0 (10.33)
0 —a),znz 0 =28, W,
00
00
B=|, (10.34)
01

Due to the presence of the time delay which represents the motor actuator dynamics,
the adaptive law for @ (¢) should include a robust modification scheme or the pro-
jection method. For example, the adaptive law for ® () with the o modification is
given by

©=-T[®(x;,x2)e PB+00O] (10.35)
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Fig. 10.6 Closed-loop response with MRAC

Example 10.2 Letm; = m, = 0.1775slug, Ly = L, =2 ft, ¢; = ¢, = 0.2 slug-
ft’/s, t; = 0.005 s, and 6; (0) = 6, 0) =6,(0) = 6, (0) = 0. The reference model
is specified by wy,, = @y, = 2 rad/s, {n, = &m, = 0.5, and r () = [90° 180"]T
rad. Let I’ = 10/ and 0 = 1.

The responses of the closed-loop system with the standard MRAC and ¢ modifi-
cation are shown in Figs. 10.6 and 10.7. The closed-loop response with the standard
MRAC is very poor due to the time delay. The adaptive control signals are very large,
and the adaptive parameters appear to be drifting. In other words, the closed-loop
system is on the verge of instability. On the other hand, the o modification produces
a very good closed-loop response. The adaptive control signals exhibit some ini-
tial high-frequency oscillations but then settle to steady-state values. The adaptive
parameters all converge to zero.
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Fig. 10.7 Closed-loop response with o modification
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10.3 Adaptive Control of Aircraft Longitudinal Dynamics

The motion of an aircraft is unconstrained in a three-dimensional space. Therefore,
aircraft dynamics possess all six degrees of freedom involving translational and
angular velocities in the roll, pitch, and yaw axes. The combined motion of aircraft
can be decomposed into a symmetric or longitudinal motion in the pitch axis and
asymmetric or lateral-directional motion in roll and yaw axes.

Fig. 10.8 Aircraft longitudinal dynamics

The longitudinal dynamics of an aircraft are described by the airspeed V, the angle
of attack «, and the pitch rate g as shown in Fig. 10.8. There are two longitudinal
modes: the phugoid mode and the short-period mode. The short-period mode involves
the angle of attack and pitch rate that affect the aircraft longitudinal stability.

The equations of motion for a symmetric flight are given by [14]

mVa =—CpgS —Tsina+mgcos(@ —a)+mVgq (10.36)
Iyyg = CngSc+ Tz, (10.37)

where m (t) is the aircraft mass, g (¢) is the dynamic pressure, S is the wing reference
area, ¢ is the mean aerodynamic chord, T (¢) is the engine thrust, V' (¢) is the airspeed,
« (1) is the angle of attack, 0 (¢) is the pitch attitude, g (¢) = 6 (¢) is the pitch rate,
I,y () is the mass moment of inertia about the aircraft pitch axis, Cp, (¢) is the lift
coefficient, and C,, (¢) is the pitching moment coefficient about the aircraft center
of gravity. Note that the aircraft mass and inertia properties as well as aerodynamic
coefficients are time-varying due to the fuel burn.

The motion can be decomposed into a trim motion and a perturbed motion. The
trim motion is a motion when the aircraft is in an equilibrium for a steady-level flight
for which V () = V,a (1) = &, and q (t) = g = 0. The perturbed motion is a small
amplitude motion about the trim condition. Because the amplitudes are assumed to
be small, linearization of the equations of motion can be performed to derive the
linear equations of motion for the perturbed motion. The equations of motion are
linearized as
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de:—(CLa+CL +C

+C 7S +mgsiny (a —0) +mV
« X7 L,,ZV Ls, )q gsiny ( ) q

(10.38)

na=(c,arc, % 1c, 1€
wi < AT g TGy

+ Cns, 8 ) qSc (10.39)
where 7 = 6 — @ is the trim flight path angle; 8, (¢) is the elevator control surface
deflection; Cy, Cyp,, Ce, and Cp,, are stability and control derivatives of Cp; and
Cinys Cimgs Cm,» and Cyp, are stability and control derivatives of Cy,.

Assuming y = 0 and neglecting C;,, and C;,, which are generally small, then the
equations of motion can be written as

o % 0 1 o
0| = 0 0 1 0
q q
——
X A X
Zs,
+ A 0 Se(t—td)+[9;‘09q*] 0 + | wp
My Zs, —— ——
Ms, + =5 u(t—1g) T q Wq
B X
(10.40)
G CL, S
where Z, = —M and Z;, = Lfni are the normal force derivatives (positive
G52 Cng, 45¢ Cy §SE o 758
down); M, T8, My, = oMy = T"V‘ nd M, = z;qv are the

pitching moment derlvatlves (positive nose up); 6 and ¢, are the uncertainty in
a (t) and g () due to failures; A is the uncertainty in the control effectiveness of the
elevator control surface; and #, is a time delay which represents the elevator control
surface actuator dynamics.

Suppose an adaptive pitch attitude controller is to be designed to enable the pitch
attitude to follow a reference model specified as

ém +2§mwmém +a)§19m =w,2nr (10.41)
For perfect tracking, the pitch attitude should have the same dynamics. Therefore,
6 = —20,0nq — > (0 —1) (10.42)

The delay-free pitch rate equation is written as

> MaZot : MaZ(S
9—<MD,+ a )a—(Mq—l—Md)@:(M,ge—{— %

) (8. + ©*Tx) (10.43)



10.3 Adaptive Control of Aircraft Longitudinal Dynamics 361

where ©* = [6: 06 ] andx (1) = [« () 6 (1) g ()] .
Therefore, the elevator control surface deflection §, (¢) can be designed by invert-
ing the pitch rate equation. This yields

Se = ko + ko (0 —1) +hkyqg — O (1) x (10.44)
where 7
ke = _M“JF—MVZ (10.45)
M&, + TF
2
w
ko = ———7- (10.46)
Ms, + Tae
2é‘ma)m + M + Md
ky = — M‘i 7 (10.47)
M, + =

Thus, the attitude controller is a proportional-integral (PI) controller of the pitch
rate, where k, is the proportional gain and kg is the integral gain. The feedback gain
ko in o (¢) is designed to cancel out the angle-of-attack dynamic in the pitch rate
equation.

Using the nominal controller with no adaptation, i.e., ® (t) = 0, the full-state
reference model can be established as

. Zo+Zs ke Zs ko Zs, Ky _ Zsd}
%m v v 1+ v ®m Ms, V+MyZs,
On | = 0 0 1 On |+ 0 r (10.48)
; 2
dm 0 —w, — 2 Cm Wy m 6051
—— - =
S Am Xm B,

The delay-free tracking error equation is
é=Ane+BO'x (10.49)

The optimal control modification can be used for the adaptive law to take advan-
tage of the linear asymptotic property that allows the modification parameter v to
be computed to guarantee stability of the closed-loop system in the presence of time
delay.

The adaptive controller is designed using the bi-objective optimal control modi-
fication adaptive laws as follows:

u=K.x+kr+uyuy (10.50)

where
Ugg = AK, (1) x + Ak, (t) r — e ) x (10.51)
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Then, AK, (1), Ak, (¢),and @ T (¢) are computed from the following bi-objective
optimal control modification adaptive laws:

AKT = Ig.x (eTP + vu;[,iBTPA,;l) Bi. (10.52)

Ay = yir (7P +vul BT PALY) B (10.53)

. ~ Ta ~
O =—Tox (JP +vugABTPA e P —p {[u +20"® (x)] ABT +wT L PALY) BA
(10.54)

=y [u+07x] (;;ZP _ [[u +2070 ()] ABT + W} PA,;‘) B

(10.55)
BT = (e;P _ {[u +2070 (0] ABT + fvT] PA,;I) (10.56)

Example 10.3 The short-period mode dynamics of a transport aircraft at Mach 0.8
and 30,000 ft are described by

¥=Ax+Br[u(t —ty) + 0" x]
where A = 0.5 represents an uncertainty in the effectiveness of the elevator control

surface, t; = 0.05 s is the time delay which the elevator actuator dynamics, and the
matrices A, B, and ®* are

—0.7018 0 0.9761 —0.0573 0.5
A= 0 0 1 , B = 0 , OF = 0
—2.6923 0 —0.7322 —3.5352 —-0.4

The reference model is specified by ¢, = 0.75 and w,, = 1.5 rad/s to give
a desired handling quality. A nominal controller is designed with k, = —0.7616,
kg = —k, = 0.6365, and k, = 0.4293. The closed-loop eigenvalues of the nominal
plant are —0.6582 and —1.2750 4= 0.7902i. The reference model is then established
from the closed-loop nominal plant with

—0.6582 —0.0365 0.9466 0.0365
A, = 0 0 1 , By, = 0
0 —2.2500 —2.5500 2.2500

The parametric uncertainty ®* and the control input uncertainty XA result in a
short-period mode damping ratio of 0.2679, which is 34% less than the nominal
short-period mode damping ratio of 0.4045.
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The adaptive flight control architecture for the bi-objective optimal control mod-
ification is illustrated in Fig. 10.9 [15].

Figure 10.10 shows the aircraft response due to the baseline controller. With no
adaptation, the closed-loop plant does not track the reference model well.

Figure 10.11 is the plot of the aircraft response with the standard MRAC for the
adaptation rates I'y, = I'p = 501 and y, = 50. The attitude angle command tracking
has improved considerably. However, there are large initial transients in the pitch
rate response as well as high-frequency oscillations.

Figure 10.12 shows the aircraft response with the bi-objective MRAC for the
adaptationrates I, = ' = 50/ and y, = y, = y,, = 50bysettingv = = Ointhe
bi-objective optimal control modification adaptive laws. The closed-loop becomes
unstable after 14 s. The instability of the adaptive laws is consistent with the theory
which shows that 1 cannot be zero when an external disturbance w (t) exists due to
the term cg in the stability theorem. Moreover, it is also consistent with the MRAC
theory which establishes that the standard MRAC generally exhibits a parameter drift
in the presence of a disturbance. To prevent a parameter drift, the disturbance estimate
w () must be bounded by setting n > 0. If the disturbance w (¢) is not estimated by
setting y,, = 0, then the bi-objective MRAC is stable as shown in Fig. 10.13 since
the term cg becomes bounded when the adaptive law for w () is not present. The
bi-objective MRAC with y,, = 0 has a very similar tracking performance to that with
the standard MRAC.

Figure 10.14 shows the aircraft response with the bi-objective optimal control
modification for the same adaptation rates with v = n = 0.4. The closed-loop
response with the bi-objective optimal control modification is significantly improved
with a very good tracking performance and no high-frequency oscillations.
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Fig. 10.9 Adaptive flight control architecture for bi-objective optimal control modification
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Fig. 10.10 Aircraft response with baseline controller
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Fig. 10.11 Aircraft response with standard MRAC
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Fig. 10.12 Aircraft response with bi-objective MRAC (y,, > 0)
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Fig. 10.14 Aircraft response with bi-objective optimal control modification

Figure 10.15 compares the elevator deflections produced by all the various con-
trollers. The elevator deflections with the standard MRAC and bi-objective MRAC
with y,, = 0 exhibit significant high-frequency oscillations and high amplitudes.
The elevator deflection with the bi-objective MRAC with y,, > 0 is in full satura-
tion before the controller goes unstable at 14 s. In contrast, the bi-objective optimal
control modification produces a well-behaved control signal for the elevator deflec-
tion with no discernible saturation or high-frequency oscillations. The amplitude of
the elevator deflection produced by the bi-objective optimal control modification is
roughly double that for the baseline controller to account for the 50% reduction in
the control effectiveness of the elevator.
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Fig. 10.15 Elevator deflections

10.4 Recursive Least-Squares and Neural Network Pitch
Attitude Adaptive Flight Control

Consider the short-period dynamics of an aircraft with a matched unstructured uncer-
tainty f («) as a function of the angle of attack due to nonlinear aerodynamics [16]

& Z 0 1 o .
| = 0 0 1 6 |+ 0 8. + f (@)]
q Mo+ YaZe 0 M, + My | | g M, + MiZs

(10.57)
A pitch attitude controller is designed to track a desired second-order pitch attitude
dynamics. The pitch rate equation is written as

. MyZ, . MyZs
6 — (Ma + - >a— (M, + M) 0 = <M5” + - ) [8. + f (a)] (10.58)

The elevator input is designed with the following proportional-integral (PI) control
law:

80 = koot + kg (0 — 1) +kyq — f (@) (10.59)
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where x (1) = [a ®Hoe@gq (t)]T, K, = [ka ko kg ]T, and f(oz) is the function
approximation of the unstructured uncertainty f («).

The plant modeling error is computed as € (f) = x4 (t) — X (t) = Aux (1) +
B,,r (t) — x (¢), where X (¢) is estimated by a backward finite-difference method.
The uncertainty is modeled with the first four terms of the Chebyshev orthogonal
polynomials

f@)=0Td (@) =6 +6ia+6, (20° — 1) + 65 (4o’ — 3a) (10.60)

® (1) is estimated by both the least-squares gradient adaptive law

& =-I'd e B(B'B)” (10.61)

and the RLS adaptive laws
& =—Ro(@)e B(BTB) (10.62)
R=—nR® ()@ (@) R (10.63)

Note that the adaptive laws are implemented with the scaling of the B matrix by
(BTB)_l to keep the RLS parameter n < 2 (see Sect.7.3.2).

As discussed in Sect. 6.6, the signal x (#) may not be necessarily available and
therefore needs to be estimated. The predictor model of the plant can be implemented
to estimate the signal x () as follows:

I=Ani+(A—A)x+Bu+06070 (@] (10.64)

Then, the predictor-based least-squares gradient and RLS adaptive laws are given
by

&=-Id@e B(B'B) (10.65)

©=-R®(@)e) B(BTB)" (10.66)

where ¢, (1) = %4 (1) — % (1).
For comparison, the least-squares gradient adaptive controller is replaced by the
standard MRAC using the same Chebyshev orthogonal polynomials

®=-I'®(@)e PB (10.67)

where e (t) = x,,, (t) — x ().

In addition, instead of using the Chebyshev orthogonal polynomials, a two-layer
neural network with a sigmoidal activation function is used to approximate the
unstructured uncertainty as
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f@=0Tc(W'a) (10.68)

where @ (1) = [ 1 a (1) ]T and o () is the sigmoidal activation function.
The neural network adaptive controller is specified by the following adaptive laws:

O =-Ted (W'a)e PB (10.69)
W = —Iyae PBV o (W'a) (10.70)
where ©T (1) = [Vo (1) VT (1) ].

Example 10.4 The numerical model of the short-period dynamics for a transport
aircraft at Mach 0.8 and 30,000 ft is given by

& —0.7018 0 0.9761 o —0.0573
6| = 0 0 | 0|+ 0 [8e + f ()]
g —2.69230 —0.7322 | | ¢ —3.5352

For simulation purposes, the unstructured uncertainty that represents nonlinear
aerodynamics is described by

f (@) = 0.1cose’ — 0.2 sin 10c + 0.05¢ "

The least-squares gradient and RLS adaptive controllers are implemented with
n = 0.2and I' = R (0) = I. The aircraft longitudinal responses with the nominal
controller and with the least-squares gradient and RLS adaptive controllers are shown
in Figs. 10.16, 10.17 and 10.18.
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q, deg/sec

Fig. 10.16 Aircraft response with nominal controller
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The aircraft response with the nominal controller is seen to be extremely poor with
the maximum angle of attack of almost 14° which is well into stall. The benefit of
the least-squares gradient adaptive control is clearly demonstrated by the simulation
results which show a very good tracking performance. However, the RLS adaptive
control does not perform well. This could be due to the slow parameter convergence of
the RLS adaptive control which can improve stability robustness of adaptive control
in the presence of time delay or unmodeled dynamics at the expense of the tracking
performance.
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Fig. 10.17 Aircraft response with least-squares gradient adaptive control
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Fig. 10.18 Aircraft response with RLS adaptive control (n = 0.2)
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Fig. 10.19 Aircraft response with predictor-based least-squares gradient adaptive control

o, deg

0
—q -y
VA V4 ~

10 20 30 40 50 60
t, sec

q, deg/sec
(=}

L
o

Fig. 10.20 Aircraft response with predictor model-based RLS adaptive control (n = 0.2)

Figures 10.19 and 10.20 illustrate the use of the predictor-based plant modeling
error ¢, (¢) in the least-squares gradient and RLS adaptive control instead of the
true plant modeling error ¢ (¢). The predictor-based least-squares gradient adaptive
controllers provide a very good tracking performance as compared to its counterpart
using the true plant modeling error. The pitch rate response exhibits some small
initial high-frequency oscillations. The predictor-based RLS adaptive controller is
observed to provide much better tracking after 20 s than the original RLS adaptive
controller, but overall both the RLS adaptive controllers perform worse than the least-
squares gradient adaptive controllers. The results indicate that the predictor model
can provide a good estimation of the signal x (#) without differentiation which can
introduce noise in practical applications.
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Fig. 10.22 Aircraft response with neural network MRAC

The aircraft responses with MRAC (I" = 'y = I'y = 101) using the Chebyshev
orthogonal polynomial and the neural network are shown in Figs. 10.21 and 10.22.
The responses in Figs. 10.21 and 10.22 both exhibit initial high-frequency oscilla-
tions, but the subsequent tracking performance is very good. The neural network
MRAC has much more pronounced high-frequency oscillations which are due to the
initialization of the neural network weights with random numbers that range between
—1 and 1. As a result, a saturation in the elevator is encountered.

The elevator commands for all four adaptive controllers are shown in Fig. 10.23.
Both the MRAC and neural network MRAC produce high-frequency control input
signals in the first 10's. This is generally undesirable and therefore should be avoided.
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Fig. 10.23 Elevator deflections

To illustrate the issue of robustness and show that the RLS adaptive controller
is actually better able to handle time delay or unmodeled dynamics than the least-
squares gradient adaptive controller or MRAC, a numerical evidence of the time-
delay margin is computed for each of the four adaptive controllers using a time step
of 0.001 s. The results are shown in Table 10.1.

Table 10.1 Estimated time-delay margins

Adaptive law Numerical evidence of time delay Margin
Least-squares gradient 0.073 s
Predictor-based least-squares gradient 0.032 s
RLS with n = 0.2 0.269 s
Predictor-based RLS with n = 0.2 0.103 s
MRAC 0.020 s
Neural network MRAC 0.046 s

The RLS adaptive controller has the best time-delay margin than the other three
adaptive controllers. The standard MRAC has very poor robustness which is a well-
known fact [17]. Generally, the standard MRAC has to be modified to improve
robustness using the projection method or various modification techniques, such
as the o modification [18], e modification [3], optimal control modification [19],
and adaptive loop recovery modification [20]. The time-delay margin for the neural
network MRAC varies with the initialization of the neural network weights. It should
be noted that both the predictor-based least-squares adaptive controllers suffer a
significant reduction in the time-delay margin by a factor of more than 2.
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The aircraft responses due to a 0.020 s time delay for the four adaptive controllers
are shown in Figs. 10.24, 10.25, 10.26, and 10.27. As shown, the least-squares gra-
dient adaptive controller maintains a very good tracking performance with a 0.020s
time delay. The MRAC and neural network MRAC exhibit high-frequency oscilla-
tions. The RLS adaptive controller exhibits low-frequency transients as it is much
more robust than the other three adaptive controllers. Thus, overall, the least-squares
gradient adaptive controller seems to perform the best among all of the adaptive
controllers.
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Fig. 10.24 Aircraft response with least-squares gradient with 0.020 s time delay
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Fig. 10.25 Aircraft response with RLS with 0.020 s time delay (n = 0.2)



374 10 Aerospace Applications

q, deg/sec

0 10 20 30 40 50 60

o, deg

0 10 20 30 40 50 60
t, sec

0, deg

0 10 20 30 40 50 60
t, sec

q, deg/sec
OO =] g
)
]
I
o
3

10 20 30 40 50 60
t, sec

Fig. 10.27 Aircraft response with neural network MRAC with 0.020 s time delay

10.5 Adaptive Control of Flexible Aircraft

Lightweight aircraft design has received a considerable attention in recent years as
a means for improving cruise efficiency. Reducing aircraft weight results in lower
lift requirement which directly translates into lower drag, hence reduced engine
thrust requirement during cruise. The use of lightweight materials such as advanced
composite materials has been adopted by airframe manufacturers in many current
and future aircraft. Modern lightweight materials can provide less structural rigid-
ity while maintaining the required load-carrying capacity. As structural flexibility
increases, aeroelastic interactions with aerodynamic forces and moments become an
increasingly important consideration in aircraft design. Understanding aeroelastic
effects can improve the prediction of aircraft aerodynamic performance and pro-
vide an insight into how to design an aerodynamically efficient flexible airframe to
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reduce the fuel consumption. Structural flexibility of airframes can also cause signif-
icant aeroelastic interactions that can degrade vehicle stability margins, potentially
leading to degraded flying qualities. There exists a trade-off between the desire of
having lightweight, flexible structures for weight savings and the need for maintain-
ing sufficient robust stability margins in consideration of flight dynamics, stability,
and control.

It is of interest to examine the effect of aeroelasticity on the short-period mode
of an aircraft. The aeroelastic effect on an aircraft is assumed to be contributed only
by the flexible wing structures. Aeroelastic contributions by the fuselage and tail
empennage are assumed to be negligible. For simplicity, only the first symmetric
bending mode (1B) and first symmetric torsion mode (1T) are considered. Quasi-
steady aerodynamics assumption is invoked to simplify the model. The coupled
aeroelastic flight dynamic model of an aircraft that accounts for interactions between
wing bending and torsion on aircraft performance and stability in the pitch axis can
be expressed in the following state-space form [21]:
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where § 7 (¢) is a symmetric flap control surface deflection on the wing and m, 744,
and m,, are defined as
Voo Cp,e
Mgy = 000 | TLa€ (10.72)
N 2V

C @
Mgy = ——iC (10.73)
W
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Iyy

= 10.74
qooSC ( )

Mgq

The subscripts w; and 0; denote the first bending and first torsion quantities,
respectively. The symbols m, ¢, and k denote the generalized mass, generalized
damping which includes both structural and aerodynamic damping, and generalized
stiffness, respectively. The subscripts o and g denote the angle of attack and pitch
rate, respectively. The symbols & and g denote the generalized forces acting on the
wing structure due to the rigid aircraft states « (#) and g (¢) and due to the symmetric
flap control surface deflection & (), respectively.

Example 10.5 Consider a flexible wing aircraft at a midpoint cruise condition of
Mach 0.8 and 30,000 ft with 50% fuel remaining. For the configuration with 50%
fuel remaining and assuming a structural damping of ¢; = 0.01, the A matrix is
given by

—8.0134 x 1071 9.6574 x 10~ 1.2608 x 10™2 5.0966 x 10~! 5.4634 x 10™4 —2.4249 x 10~3
—2.4526 x 100 —9.1468 x 10~1 4.6020 x 1072 2.1726 x 109 3.5165 x 10™3 —6.2222 x 10~2

. 0 0 0 0 1 0
0 0 0 0 0 1

1.4285 x 103 1.5869 x 101 —3.1602 x 101 —1.4029 x 103 —2.4360 x 100  5.2088 x 10°

—3.9282 x 102 —1.8923 x 100 5.6931 x 100 —2.8028 x 102 3.2271 x 10~} —6.1484 x 100

The eigenvalues of the short-period mode of the rigid aircraft can be computed
from the 2 x 2 upper left matrix partition of the A matrix. These eigenvalues are
stable as shown

Asp = —0.8580 £ 1.5380i

The eigenvalues of the 4 x 4 lower right matrix partition corresponding to the 1B
and 1T modes are also stable as shown

A1p = —2.0955 £ 8.2006i
Ar = —2.1967 £ 15.1755i

The eigenvalues of the flexible aircraft are also stable, but with a reduced damping
in the 1 T mode, as shown

Asp = —0.5077 £ 0.5229i
Ap = —3.1878 £+ 8.3789i
Ar = —1.4547 £ 15.1728i
The computed frequencies and damping ratios of the short-period mode, and the

1B and 1 T modes with 50% fuel remaining are shown in Table 10.2. The short-period
mode can be seen to be significantly affected by the aeroelastic coupling of the rigid
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aircraft flight dynamics with the 1B and 1T modes. The frequency of the coupled
short-period mode is significant reduced, but the damping increases.

Table 10.2 Frequencies and damping ratios at Mach 0.8 and 30,000 ft for flexible aircraft

Mode Short period 1B 1T
Uncoupled frequency, | 1.761 8.4641 15.3337
rad/s

Coupled frequency, 0.7288 8.9648 15.2424
rad/s

Uncoupled damping | 0.4872 0.2476 0.1433
ratio

Coupled damping ratio | 0.6966 0.3556 0.0954

The frequencies and damping ratios as a function of the airspeed at the same
altitude of 30,000 ft are shown in Figs. 10.28 and 10.29. Generally, the frequencies
of the short-period mode and 1B mode increase with increasing the airspeed, while
the frequency of the 1 T mode decreases precipitously with increasing the airspeed.
The divergence speed is the airspeed at which the torsion modal frequency becomes
zero.

The damping ratios for both the short-period mode and 1B mode generally increase
with increasing airspeed. The damping ratio for the 1 T mode increases with increas-
ing the airspeed up to Mach 0.7 and thereafter decreases rapidly. The flutter speed is
the airspeed at which the damping ratio of any aeroelastic modes becomes zero. It is
apparent that the 1 T mode would exhibit a zero damping at a flutter speed of about
Mach 0.85. The low damping ratio of the 1 T mode can be a problem for aircraft sta-
bility. Uncertainty in aeroelastic properties can adversely affect the performance and
stability of a flexible aircraft. Active feedback control can potentially help improve
the stability margins of the aeroelastic modes.
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Fig. 10.28 Frequencies of flexible aircraft modes
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Fig. 10.29 Damping ratios of flexible aircraft modes

|

Consider a linearized model of a flexible aircraft with a matched uncertainty
X=Ax+Bu+0"Td (x,)] (10.75)
x, = Cx (10.76)

where x (1) € R” is a state vector that is composed of a rigid aircraft state vector
X, () € R™ and an elastic wing state vector x, () € R*™ ™™ wu(t) € R" is a
control vector, A € R" x R"” and B € R" x R™ are constant and known matrices,
®* € RP*™ is a constant and unknown matrix that represents a matched parametric
uncertainty in the rigid aircraft state, and @ (x,) € R” is a vector of known regressor
functions of the rigid aircraft states.

Assuming that there is a sufficient frequency separation between the “slow” rigid
aircraft dynamics and “fast” elastic wing dynamics, then the fast and slow dynamics
can be decoupled using the standard singular perturbation method. The fast dynamics
of the elastic wing modes are assumed to approach the equilibrium solution infinitely
fast. Therefore, the rigid aircraft dynamics with approximately zero-order elastic
wing dynamics can be obtained by setting X, (f) = & (x), where € (x) is a small
parameter [22]. Thus,

[i} - [fl i} [i} + [g} [u+ 0T (x,)] (10.77)
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Then, the elastic wing dynamics are approximated by
_ a1 4l 4l *T
xe=A' e (x) — A Apx, — AL B, [u+ 0T & (x,)] (10.78)

Substituting x, (¢) into the rigid aircraft dynamics yields

X =Apx, + B, [u+ 0@ (x)]+ A ) (10.79)
where
Ay = Ay — AreA A, (10.80)
B, =B, — A, A,'B, (10.81)
A(x) = A AL e (x) (10.82)

The term A (x) represents the effect of unmodeled dynamics of the elastic wing
modes. The reduced-order plant matrix A, is assumed to be Hurwitz. Otherwise, an
output feedback adaptive control design would be necessary.

The objective is to design an adaptive control that enables the rigid aircraft state
vector x, (t) to tracks a reference model

Xm = ApXy + Byr (10.83)
where A,, € R"™ xR™ is aknown Hurwitz matrix, B,, € R" x R" is aknown matrix,
and r (t) € R” is a piecewise continuous bounded reference command vector.

The adaptive controller is designed with

u=Kx, + K,r —07® (x,) (10.84)

where ©® (t) is an estimate of @* and it is assumed that K, and K, can be found such
that the following model matching conditions are satisfied:

A, +B,K, =4, (10.85)

B,K, = By, (10.86)

Defining the tracking error as e (t) = x,, (t) — x, (¢), then the tracking error
equation becomes

é=Ane+ BOT® (x,) — A(x) (10.87)

where @ (1) = © (t) — O* is the estimation error.
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Because of the presence of unmodeled dynamics, the standard model-reference
adaptive law that adjusts ® (¢) which is given by

®=—-I®(x,)e' PB (10.88)

is notrobust. As the adaptive gain I” increases, the adaptive law becomes increasingly
sensitive to the unmodeled dynamics A (x) that can lead to instability [17].

To improve robustness to unmodeled dynamics, we use the optimal control modifi-
cation adaptive law to estimate the unknown parameter ®* [19]. The optimal control
modification adaptive law is given by

©=-T[®x)e PB—v® (x,)®" (x,) OB PA,'B] (10.89)

where ' = I'T > 0 € R” x RP is the adaptation rate matrix, v > 0 € R is the
modification parameter, and P is the solution of the Lyapunov equation

PA,+A)P =-0 (10.90)

Alternatively, the adaptive loop recovery modification adaptive law [20] can be
used to adjust © (¢) as

(10.91)

- @ (x,) doT (x,
@:—F|:q§(xr)eTPB+nd ) d (x)@]

dx, dx,

where n > 0 € R is the modification parameter.
Both the optimal control modification and the adaptive loop recovery modification
adaptive laws can also be blended together in a combined adaptive law as follows:

d® (x;)do "
& =-r [q) (x))e PB—v® (x,)® ' (x,) OB PA,'B + r)ﬂ&@

dxy dxy

(10.92)

Example 10.6 The reduced-order model of the flexible aircraft in Example 10.5
that retains only the rigid aircraft states is given by

a| | —0.2187 0.9720 o —0.0651 w1 | @
[4] = [—0.4053 —0.8913:| |:q:| * [—3.5277} (& + 10207 |:q:|>
Ay (x) Ja ()
+ +
[Aq (X)} [fq (t)}
where 6" = 0.4and 6; = —0.3071 represent a parametric uncertainty corresponding

to a short-period frequency of 1.3247rad/s and a damping ratio of 0.0199 which is
close to neutral pitch stability.
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The time-varying functions f, () and f, (¢) are disturbances due to a moderate
vertical wind gust modeled by the Dryden turbulence model [14] with a vertical
velocity amplitude of about 10ft/s and a pitch rate amplitude of 1.5 deg/s as shown
in Fig. 10.30.

A desired reference model of the pitch attitude is given by

é.m + 2Cwmém + w,zngm = a)ﬁr

where ¢,, = 0.85 and w,, = 1.5 rad/s are chosen to give a desired handling charac-
teristic.

Let x, (1) = [a()6()q (t)]T, u(t) = 8.(t), and ©*T = [6:067]
A nominal controller is designed as u (t) = K,x (t) + k,r (¢) where K, =
—5 (@31 @) 26w, +azz] = [-0.1149 0.6378 0.4702] and k, = jop =
—0.6378. The closed-loop eigenvalues are —0.2112 and —1.2750 % 0.7902i. The
nominal closed-loop plant is then chosen to be the reference model as

(5{,,, —0.2112 —0.0415 0.9414 oy 0.0415

6, | = 0 0 1 Om | + 0 r

qm 0 —2.2500 —2.5500 m 2.2500
—— ——— ———

Xm Am Xm By,

t, sec

q, deg/sec
07

t, sec

Fig. 10.30 Vertical wind gust model

An adaptation rate I” = 100/ is used for the adaptive controller with the input
function chosen as @ (x,) = [ labgqg ]T whereby the bias input is needed to handle
the time-varying wind gust disturbances.

For the optimal control modification, the modification parameter is set to v =
0.2. For the adaptive loop recovery modification, the modification parameter is set
to n = 0.2. Also, the Jacobian of the input function d® (x,) /dx, is simply an
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identity matrix, thereby making the adaptive loop recovery modification effectively
a o modification adaptive law [18].

A pitch attitude doublet is commanded. The response of the flexible aircraft with-
out adaptive control is shown in Fig. 10.31. It is clear that the aircraft response does
not track well with the reference model. Moreover, the high-frequency oscillations
in the pitch rate response due to the aeroelastic interactions with the bending and
torsion modes are highly objectionable from the pilot handing quality perspective.

t, sec

Fig. 10.31 Longitudinal response of flexible aircraft with no adaptive control

o, deg
o
h
)
é"
. )
I
|
3

t, sec

Fig. 10.32 Longitudinal response of flexible aircraft with standard MRAC (I" = 1007)

Using the standard model-reference adaptive control (MRAC) by settingv = 1 = 0,
the pitch attitude tracking is much improved as shown in Fig. 10.32. However, the
initial transient in the pitch rate is quite large and is characterized by high-frequency
oscillations in the pitch rate response.
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Fig. 10.33 Longitudinal response of flexible aircraft with optimal control modification (OCM)
(I' =1001,v =0.2)
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Fig. 10.34 Longitudinal response of flexible aircraft with adaptive loop recovery modification
(ALR) (I" = 1001, n = 0.2)

In contrast, Fig. 10.33 shows that the optimal control modification adaptive law
is able to suppress the large initial transient of the pitch rate and the amplitude of
the high-frequency oscillations. The response of the aircraft due to the adaptive loop
recovery modification adaptive law as shown in Fig. 10.34 is very similar to that with
the optimal control modification adaptive law.

The aeroelastic wing tip bending deflection and torsional twist are shown in
Figs. 10.35 and 10.36 for the four different controllers: baseline nominal controller,
standard MRAC, optimal control modification, and adaptive loop recovery modi-
fication. The aeroelastic wing is modeled to be rather flexible to demonstrate the
aeroelastic effects on adaptive control. The rigid aircraft pitch attitude command
and wind gust result in a bending deflection amplitude of 5ft and a torsional twist
amplitude of about 3 deg at the wing tip. The aeroelastic deflections are quite signif-
icant since the flight condition at Mach 0.8 is approaching the flutter speed at Mach
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0.85. It is noted that the standard MRAC results in a very large initial transient of
the torsional twist. This large torsional twist is clearly not realistic and in practice
would result in excessive wing loading and wing stall. These effects are not taken
into account in the simulations. Nonetheless, this illustrates the undesirable behavior
of the standard MRAC in the flight control implementation for flexible aircraft.

Py

Wing Tip Deflection, ft
o

Wing Tip Deflection, ft
(=]

Baseline MRAC I'=100
-10 -10
50 100 0 50 100
t, sec t, sec
= 10 = 10
g g
5 5 5 5
2 2
8 o 8 o
o o
= -
> 5 > 5
< OCM =100 v=0.2 < ALR, I'=1001=0.2
s _ = _
10 10
0 50 100 0 50 100
t, sec t, sec

Fig. 10.35 Wing tip deflection of first bending mode

Figure 10.37 is the plot of the elevator deflections for the four controllers. The
standard MRAC produces a significant control saturation during the initial transient.
This saturation leads to an undesirable rigid aircraft response and aeroelastic deflec-
tions. Both the optimal control modification and adaptive loop recovery modification
adaptive laws produce quite similar elevator deflections. Also, it is observed that the
elevator deflection for the baseline controller has a lower-frequency content than
those corresponding to the optimal control modification and adaptive loop recovery
modification adaptive laws. This indicates that the adaptive controllers effectively
account for the aeroelastic wing dynamics in the elevator deflection commands to
suppress the responses of the aeroelastic wing modes, whereas the baseline controller
has no knowledge of the effect of the aeroelastic wing dynamics.

This study shows that adaptive control can be used to accommodate uncertainty for
flexible aircraft. The effect of aeroelasticity is captured in the reduced-order model
as unmodeled dynamics. The results show that the standard MRAC is neither suffi-
ciently robust nor able to produce well-behaved control signals. Excessive torsional
twist and control saturation due to the standard MRAC are noted. Both the optimal
control modification and adaptive loop recovery modification adaptive laws are seen
to be more effective in reducing the tracking error while maintaining the aeroelastic
deflections to within reasonable levels.
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Fig. 10.37 Elevator deflection

10.6 Adaptive Linear Quadratic Gaussian Flutter
Suppression Control

Flutter is a structural dynamic phenomenon in aircraft flight dynamics that mani-
fests itself as an aeroelastic instability which can result in structural failures. Air-
craft are designed to ensure that their flutter boundaries are far away from their
flight envelopes. As modern aircraft begin to employ lightweight materials in air-
craft structures for improved fuel efficiency, increased aeroelastic interactions and
reduced flutter margins become a definite possibility. Active flutter suppression con-
trol is a structural feedback control that suppresses structural vibration and increases
aeroelastic stability of aircraft structures. This study illustrates an application of
adaptive augmentation Linear Quadratic Gaussian (LQG) control for flutter suppres-
sion for a new type of aircraft flight control surfaces. Optimal control modification
adaptive law will be used as the adaptive augmentation controller.
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In the recent years, NASA has developed a new type of aircraft flight control sur-
faces called the Variable Camber Continuous Trailing Edge Flap (VCCTEF) [23-25].
The VCCTEEF, illustrated in Fig. 10.38, is a wing shaping control device designed to
reshape a flexible aircraft wing in-flight to improve the aerodynamic performance
while suppressing any adverse aeroelastic interactions. It employs three chordwise
flap segments to provide a variable camber to change the wing shape for increas-
ing the aerodynamic performance. The flap is also made up of individual spanwise
sections which enable different flap settings at each flap spanwise position. This
results in the ability to control the wing shape as a function of the wing span, thereby
resulting in a change to the wing twist to establish the best lift-to-drag ratio at any
aircraft gross weight or mission segment. The individual spanwise flap sections are
connected with a flexible elastomer material to form a continuous trailing edge with
no flap gaps in the wing planform for drag and noise reduction purposes.

Fig. 10.38 Variable camber continuous trailing edge flap concept

Consider a notional aircraft equipped with highly flexible wings. The flexibility
of modern transport wings can cause a reduction in the flutter margin which can
compromise the stability of an aircraft. A flutter analysis is conducted to examine
the effect of the increased flexibility of a conventional aircraft wing based on a NASA
Generic Transport Model (GTM) [26]. The baseline stiffness of the GTM wing is
reduced by 50%. This configuration is referred to as the flexible wing GTM. The
flutter analysis computes the aeroelastic frequencies and damping ratios over a range
of the airspeed as shown in Figs. 10.39 and 10.40 [27]. When the damping ratio of
an aeroelastic mode encounters a zero crossing, a flutter speed is noted. The lowest
flutter speed establishes a flutter boundary.
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Flexible Wing GTM 80% Fuel Anti-Symmetric Mode @ 35K ft
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Fig. 10.39 Natural frequencies of antisymmetric modes of flexible wing GTM
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Fig. 10.40 Damping ratios of antisymmetric modes of flexible wing GTM

Table 10.3 shows the flutter speed prediction at 35,000 ft for the stiff wing GTM
and the flexible wing GTM. The critical flutter mode is an antisymmetric mode. The
flutter boundary is significantly reduced by 31% with the flexible wing GTM.

The FAA (Federal Aviation Administration) requires the aircraft certification to
demonstrate a flutter margin of at least 15% above the dive speed which is normally
determined from flight testing. For a maximum operating Mach 0.8, the dive speed
may be estimated to be about 15% over the maximum operating Mach, or Mach 0.92.
Thus, the flutter clearance for this notional aircraft would require a minimum flutter
speed of Mach 1.06 at 35,000 ft. The stiff wing GTM meets this flutter clearance,
but the flexible wing GTM does not. To increase the flutter speed, active flutter sup-
pression is an option. Currently, active flutter suppression has not been certified for
transport aircraft, but this situation may change as the FAA has begun to investigate
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certification requirements for active flutter suppression control for commercial trans-
port aircraft.

Table 10.3 Flutter speed prediction

Symmetric mode Antisymmetric mode
Flutter Mach @ 35K ft (Stiff | 1.358 1.310
Wing)
Flutter Mach @ 35K ft 0.938 0.925
(Flexible Wing)

Consider a general aeroservoelastic (ASE) state-space model of the form

. )

n Ajp A || n By Bix Bz :
= ) 10.93
[Mj| |:A21 Azz][u]+|:321 By 323} 5 ( )
y = Cin+ Cop + D18 + D25 + D38 (10.94)

where w (¢) is a fast state vector that contains the generalized aeroelastic states
for high-frequency aeroelastic modes, 7 (¢) is a slow state vector that contains the
generalized aeroelastic states for lower-frequency aeroelastic modes as well as the
rigid aircraft states, 8 (¢) is the control surface deflection vector, and y (¢) is the output
vector.

Note that the aeroelastic states are dependent on the velocity and acceleration of
the control surface deflection vector § (¢). This dependency is usually neglected in
rigid aircraft flight dynamics, but can be significant in aeroservoelasticity especially
for flutter suppression.

The quality of fast and slow states can be examined by the eigenvalues of the
partitioned matrices A, and Aj,. Since w (¢) is a fast state vector, then we can write
el|A11ll < ||Axll, where € is a small quantity.

In general, an ASE state-space model contains both the rigid aircraft modes, which
usually have low frequencies, and the aeroelastic modes which are at much higher
frequencies than the rigid aircraft modes. Flutter modes are usually associated with
those aeroelastic modes in the low-frequency range. As a result, high-frequency
aeroelastic modes normally do not participate in a flutter response. In a control
design, it is usually expedient to remove high-frequency modes in order to simplify a
controller design. By removing the high-frequency aeroelastic modes, the ASE state-
space model is reduced in the model order. We will employ the singular perturbation
method to reduce the order of an ASE state-space model [28]. The advantage of the
singular perturbation method is that the physical modes are properly retained for a
flutter suppression control design.

Using the singular perturbation approach, the fast and slow dynamics can be
decoupled. To decouple the fast and slow states, we perform a time scale separation
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by applying the singular perturbation method. Toward that end, we consider the usual
slow or stretched time transformation

T = ¢t (10.95)
where 7 is a slow time variable.

Then, the fast and slow state-space models are transformed into a singularly
perturbed system as

i=Apn+ A+ B8+ Bipd + Bi3b (10.96)
du . .
EE = A+ Apu + By16 + Bxd + By3d (10.97)

The Tikhonov’s theorem can be used to approximate the solution of the singularly
perturbed system with the solution of a “reduced-order” system by setting ¢ = 0 [22].
Thus, the reduced-order system is given by

flo = A1ino + Ao + B8 + Biad + Bi3d (10.98)

Aaino + Axajio + Baid + Band + Ba3d =0 (10.99)

where 1o (t) and 1 (7) are the “outer” solution of the singularly perturbed system.
The term “outer” is in connection with the concept of “inner” or “boundary layer”

and “outer” solutions which have the origin in the boundary layer theory due to
Prandtl. The “inner” or “boundary layer” solution for this system is obtained from

Anni + A + B8 + Biad + B3 =0 (10.100)
[ti = Axini + Anpi + B2t + Bnd + Byd (10.101)
The solution is then expressed as
n="no+ N —NMAE (10.102)
W= o+ i — UMAE (10.103)

where nyag () and pp 4p (f) are correction terms by a matched asymptotic expan-
sion method applied to both the inner and outer solutions [29]. The outer solution is
in fact the asymptotic solution of the original system as t — o0.

Since the asymptotic behavior of a closed-loop system is an important consider-
ation for stability implication, the outer solution of the singularly perturbed system
is of significant importance. Thus, we obtain the outer solution as the reduced-order
model using only the outer solution of the slow state vector ng (¢) as
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o= | Aii — AnAy Ax | no
—_—————
Al]
N Bii — A1pA) Boy Bio — AnAy,) By Bis — A1 Ay Bos g L Ao
By By» B3 Ky
(10.104)
y=|C— C2A£21A21 no+ | D1 — CzA;; By |6+ | Dy— CzAglezz $
—_— —_—— —_—
Ci D D,
+ | D3 — C2AL) By | § 4+ Ay (10.105)
—_————
Ds

We will use the slow state vector 1 (¢) as the approximation of the actual slow
state vector 1 (t).
Now, consider a simplified second-order actuator model

8 +2¢wpd + 08 = w28, (10.106)

The state-space representation then becomes

U] Ay By — Bjzw? By — 2B13¢w, n Bz} An

|=1] 0 0 1 s |+ 0 S +] O

) 0 —? —2Lw, ) w? M 0
— ~—— —— ——

X A x B Ax
_ (10.107)

- - - - n _
y=[C\ Di — D3? Dy —2D3¢w, | | 8 |+ Dsw; 8. +Ay (10.108)
S ——
c - D u

which can be expressed in the canonical form
X=Ax+Bu+A (10.109)
y=Cx+ Du (10.110)

where A is the residual high-order dynamics of the high-frequency aeroelastic modes.
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Example 10.7 To illustrate the model reduction, the ASE state-space models with
22 modes at various flight conditions are developed for the flexible wing GTM roll
dynamics coupled to the wing antisymmetric modes [30]. The open-loop ASE model
has two unstable modes at Mach 0.86 and an altitude of 10,000 ft. Using the model
reduction method above, it can be shown in Table 10.4 that a reduced-order model
using only the first 8 modes can capture all the unstable modes and approximate the
first 6 modes of the higher-order ASE model quite well [28].

Table 10.4 Antisymmetric modes of ESAC wing @ Mach 0.86 and Altitude 10,000 ft

Mode |n =6 n="17 n=3_8 n = 22 (Full)
Rigid | —2.7392 —2.7395 —2.7385 —2.7385
1 2.7294 +19.8683i |2.7512 +19.8529i |2.7804 £+ 19.8561i |2.7842 4+ 19.8513i
2 —0.1553 £ 24.3565i | —0.1557 £ 24.3562i | —0.1547 £ 24.3553i | —0.1549 + 24.3552i
3 —6.3434 +24.0892i | —6.3272 £ 24.0739i | —6.4220 £ 23.9949i | —6.4174 + 23.9920i
4 —0.3902 + 37.1580i | —0.3782 +37.1461i | 0.0571 +37.4423i | 0.0584 + 37.4846i
5 —20.0160 + —20.2813 + —20.4217 + —20.4833 +
32.3722i 32.3013i 32.4999; 32.5445i
|

Suppose we introduce an uncertainty into the nominal ASE state-space model as

¥=(A+AA)x+ (B+AB)u (10.111)

y =Cx + Du (10.112)
where A e R" xR", Be R" xR",C € R? xR", D € R? x R" with p > m,
AA =544, and AB = 55 B are known perturbations of the A and B matrices, and
84 and §p are assumed to be small parameters that represent multiplicative model
variations.

Observer state feedback control based on output measurements is generally used
for flutter suppression control since the full-state information is not measurable. The
idea is to design an adaptive augmentation controller that is robust to the perturbation
in the nominal plant model due to the model variation. Toward that end, we assume
the pair (A, B) is controllable, and the pair (A, C) is observable.

In general, output feedback adaptive control of MIMO systems can be quite dif-
ficult. The SPR condition for a system transfer function matrix is required as is the
case with a SISO system for stable adaptive control. In general, the system transfer
function matrix from u (¢) to y (¢) can be non-square, hence non-SPR, if the number
of inputs and the number of outputs are different. The Kalman—Yakubovich lemma
[31] can be used to determine whether the transfer function G (s) = C (s — A)~' B
is SPR by the following conditions:
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PA+ATP=-0 (10.113)
PB=C" (10.114)

forany P=P" >0and Q = Q" > 0.
Equation (10.114) leads to the following necessary and sufficient condition for a
SPR transfer function matrix [32]:

B'"PB=B'C"=CB>0 (10.115)

Therefore, the condition C B > 0 requires C B to be a symmetric positive-definite
square matrix. This condition requires as a minimum that rank (CB) = m. This
implies that the number of inputs is equal to number of outputs. If the numbers of
inputs and outputs are not equal, we will assume that the number of outputs is greater
than the number of inputs m. This condition will lead to an easier output feedback
adaptive control design by employing various methods of squaring up a non-square
matrix [33, 34]. These methods are used in a number of adaptive output feedback
control approaches such as the observer state feedback adaptive control method by
Lavretsky and Wise [35].

As shown in Sects.9.13 and 9.14, the optimal control modification method can
be used to control non-SPR SISO systems with non-minimum phase behaviors or
with relative degree greater than 1. We will extend this approach to MIMO sys-
tems by taking advantage of the linear asymptotic property of the optimal control
modification.

The LQG method is a standard technique for control design of systems with output
or partial-state information. A Luenberger state observer is constructed to estimate
the nominal plant model using the Kalman filter optimal estimation method as

X=A%+L(y—3)+Bu (10.116)
where * (¢) is the observer state vector, L is the Kalman filter gain, and § (¢) is the

observer output given by
Cx + Du (10.117)

y

A loop transfer recovery technique can be applied to improved the closed-loop
stability margin of the observer system.
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We employ the separation principle of control and estimation by invoking an
assumption that a full-state feedback design provides a stabilizing controller for the
observer system.

Consider an ideal full-state observer controller

w =Kx+ K (y—3)+K}r (10.118)
The ideal closed-loop observer model is then expressed as
X=AR+L(y—9)+BKx+BK:(y—3)+BKr (10.119)

The objective is to design a closed-loop full-state observer model that track a
reference model

Xm = AmXm + Bur (10.120)
where
A+ BK; = A, (10.121)
BK* = By, (10.122)
BK; =-L (10.123)

Then, the adaptive controller is designed as
u=K.OX+K,0)(y—3)+K O)r (10.124)

LetK, (1) = K, (1)—K* K, (t) = K, (1) — K*,and K, (1) = K, (t)— K be the
estimation errors of K, (¢), K, (t), and K, (t), respectively. Then, the closed-loop
plant is written as

X = Anf + Bur + BK.% + BK, (y — §) + BK,r (10.125)

Let e, (1) = x () — X () be the state estimation error. Then, the state estimation
error equation is computed as

ép=Ape, + AA(ep + %) + AB (KX + K,Ce), + K, 1) (10.126)

where A, = A — LC is Hurwitz.
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Let e (t) = x, (t) — X (¢) be the tracking error, then the tracking equation is
expressed as ~ ~ _
é=Ane— BK.X — BK,Ce, — BK,r (10.127)

The adaptive laws for K, (¢), K, (), and K, (¢) using the optimal control modi-
fication [28] are given by

Kl =ri(e"P+v2"KB"PA,)B (10.128)
KT = [ TPt (y—3) KyTBTPA,;l] B (10.129)

K =rLr(e"P+vr K BTPA,")B (10.130)
with the initial conditions K, (0) = K,, K, (0) = K,, and K, (0) = K,, where
Iy=r>0,Iy=T] >0,and I, = I, > 0 are the adaptation rate matrices;
vy > 0 v, > 0, and v, > 0 are the modification parameters; and P = PT > 0isthe
solution of the Lyapunov equation

PA,+AP+0=0 (10.131)
where 0 = QT > 0.

As discussed in Sect.9.14, if the reference model is SPR and the plant is non-
SPR, then an adaptive control design with the standard MRAC is infeasible unless
the reference model is modified to be non-SPR from the ideal control design for
the non-SPR plant. The optimal control modification has been shown to be able
to handle non-SPR plants with either SPR or non-SPR reference models. For an
adaptive augmentation design, the robust baseline controller can also serve to reduce
the sensitivity of the closed-loop plant to the non-minimum phase behavior if a robust
modification or the projection method is used.

Consider an adaptive augmentation regulator design with the following adaptive
controller:

u=Kx+AKS+K,(y—7) (10.132)

where K, is obtained from the Linear Quadratic Regulator (LQR) design of the
full-state equation, and the adaptive laws for AK (¢) and K, (¢) are given by

AK] = - 337 (P — v, AK/B"PA,") B (10.133)

K == (=3[P —v, (v=5) K] BTPA,'| B (10.134)

The adaptive laws can be shown to be stable as follows:

Proof Choose a Lyapunov candidate function
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\% ()2, ep, AKy, Ky) =2Tpz +e;,rWep + trace (AIE'XFX_IAI%;) + trace (I%y['y_llg;

(10.135)
where

WA, + A;W =—R<0 (10.136)
Then, evaluating 1% ()? ep, Algx, K y) yields

V(% ep, AR, Ry )

=—2T0% —e) Rep+2e, WAA (e + £) +2¢) WAB (K& + AK & + K, Cep)
+2u, 8T AKT BT PA BAR & +2vye) CTK ] BTPA,'BK Ce)

=—2"0% —eyRep — vk AR BT A, T QA 'BAR &
—vye, CTRJBTA, T QA 'BR Cep + 20,2 TAKFTBT PA BAK &
+2vye, CTK}TBTPA,'BR Ce)y

T *
+26pW AA—I—ABKyC ep
— ————
AA,

+2e, W | AA+ ABK, + ABAK} | & +2e), WABAK % +2¢, WABKCe,

AAp
(10.137)

% (x ey, AR, IZy) is bounded by

. o )
V(5 ep 4 By) ==t |8 e |5 |k

+2vsc0es B[ [ AR | = (e = 267) e |

205 |2 21 2 R
— s lepl? | B+ 2uyeses e I [ &y ] + 265 121 e

+2c9 7] Jep | |4Rx

+2e10 Jlep|* |y | (10.138)

_ _ BTPA,ZIB AK}
where ¢; = Anin (Q), 2 = Amin (BT A, QA,'B), c3 = le'ray sllakc] ., —

c
BTPAS B[] K:|IC]
honin (R), 5 = €2 I CIP g = LELABNIGING o)y 2a,
co = |[WAB||, and c10 = ¢ [|C]|.
Using the inequality 2 ||a|| [|b]| < llall> + 1511%, we obtain

, 08 = ” WAA, “,
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v (s . ) a2l ae |7
(x,ep,AKx,Ky) <—{(c; —cg) ||x|| — (Ve — c9) Hx“ HAKX

+ 2vxcoc3 ||)2H2 HAI%X — (¢4 —2¢7 — cg — ¢9) Hep H2

_ 2 ~
—vyes ep HKy H +2 (vyeses + <o) ep ] HKy H

(10.139)
With further simplification, we get
. ~ ~ V2(,‘26‘2
A 2€3 ~l12
% <x,ep, AKy, Ky) < — (cl —cg — 1&;627—@ Hx”
2
R - VyCoc
- ey =) 3] (ko] - 22 )
VyC2 — €9
2
VyC5C6 + €10
- |:C4 —2¢7 —cg —c9 — (})i| ||ep ||2
VyCs
2 7 2 VyC5¢6 + €10 2 10.140)
sl ([ - o)
We choose Q, R, vy, and v, to satisfy the following inequalities:
222
o —cg— —x02G g (10.141)
VxC2 — C9g
Vecp —cog >0 (10.142)
(Vyc5c6 + 010)2
Cq4 — 2C7 —Cg—Cg— —— > 0 (10143)

VyCs

Then, V ()2, ep, A K o K y) < 0. Therefore, the adaptive regulator design is stable.
[ |

Note that this adaptive augmentation controller is designed to tolerate the uncer-
tainty due to the plant model variation, but does not attempt to accommodate the
uncertainty by canceling the uncertainty. The goal is to enable the adaptive control
design to have a sufficient robustness due to the plant model variation. In the event
the plant model variation is zero, then ¢; = 0, cs = 0, c9 = 0, and ¢;9 = 0. This
implies v, < Ci—‘cg and v, < C% On the other hand, if the plant model variation is
large, it is possible that there are no suitable values of v, and v, that can stabilize the
plant.

The Lyapunov stability analysis shows how the modification parameters v, and
v, could be selected to ensure a stable adaptation. As discussed in Sect.9.5.3, the
Lyapunov stability analysis often results in a high degree of conservatism that could
render the selection of the modification parameters infeasible. Therefore, in practice,
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the linear asymptotic property of the optimal control modification can be invoked to
find suitable values of v, and v, to ensure the closed-loop stability. In the limit as
I' — o0, the following adaptive parameters tend to:

1 -
BAK,— —B(BTA;, PB)” BTP (10.144)
v
1 -
BK,y — —B(BA;"PB)” BT P& (10.145)
Vy

Using this linear asymptotic property, it is possible to estimate stability margins of
the closed-loop system in the limit as shown in Sects. 9.13 and 9.14. The closed-loop
system then tends to an asymptotic linear system in the limit as

. - 1 1 T._T L
= (1404 Ax+(14085) BR S+ — + — (1+83)B(B A PB) BT P2

Vy Vy
(10.146)
: . 11 -
X = |:A — LC + BK, + <— + —) B(BTA, PB)'BTP|%+LCx
Vy Vy
(10.147)

Thus, stability margins can be determined for the closed-loop plant matrix which
is given by

(1+84) A (1+85) BK, + (VL I %> (4850 B (BTA-TPB) " BTP
e A—LC+BR + (3 +8)B(BTA, PB) " BTP
(10.148)

c

Then, v, and v, can be chosen to provide the closed-loop stability.

It is noted that K (¢) accounts for the model variation in the Luenberger state
observer design. Alternatively, K, (f) could be eliminated if the observer design
is sufficiently robust using the loop transfer recovery method. Then, the observer
feedback adaptive control with the optimal control modification comes down to
selecting a suitable value of v, to ensure the closed-loop stability.

Example 10.8 The ASE state-space model in Example 10.7 contains 45 states,
64 outputs, and 4 inputs. The states include the aircraft roll rate p (t) and two
generalized states for each of the 22 aeroelastic modes. The outputs include the
aircraft airspeed V (7), angle of attack « (7), sideslip angle B (¢), aircraft angu-
lar rates [ p (t) q (1) r (t) ]T, aircraft position [ x (1) y (t) h (1) ]T, aircraft attitude
[ ()6 @) ¥ @) ]T, accelerations in the three axes (N, Ny, N;) at the forward and
aft locations of the wing tip, and the four hinge moments of the control surfaces.
The control surfaces are the four outboard third camber segments of the VCCTEF.
All these surfaces are blended together to provide a single input to address the
relative constraints imposed by the elastomer material. For the flutter suppression
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control design, only the two N, acceleration measurements are used as the outputs.
Figure 10.41 illustrates the input and output locations [28].

All the control surfaces are not entirely independent in their motions due to the
physical constraints imposed by the elastomer material. This material has certain
displacement and rate limits. Thus, any adjacent control surfaces will also have
relative displacement and rate limits. These limits are in addition to the normal
position and rate limits that each of the control surfaces is subjected to. Thus, these
relative constraints can cause challenges in a control design of this system.

Consider the following relative displacement and rate constraints:

18i+1 — il < AS (10.149)
18141 — 8i] < AS (10.150)

wherei =1, 2, 3.

For the VCCTEF design, the relative motion between any adjacent flap sections
is allowed to be within two degrees. The rate constraint imposed by the elastomer
material is not yet defined and thus is assumed to be large. The actuator dynamics
are modeled as a second-order system. This actuator model is highly simplified since
it does not take into account the hinge moment which is a function of the states and
the dynamics of the elastomer material in the overall actuator model.

To address the relative displacement limit, a concept of virtual control is introduced
[36]. The control surface deflections are described by a shape function. This shape
function can be any reasonable shape function with a smooth and gradual slope.
One simple function is a linear function. The control surface deflections are then
parametrized as a linear function

8 = % (10.151)

where i = 1, 2, 3, 4 such that §; (¢) is the inboard flap and §,4 (¢) is the outboard flap,
and §, (¢) is the virtual control surface deflection.

Since the inboard flap section §; (¢) cannot deflect more than two degrees relative
to the stationary flap adjacent to it, then §, (#f) < 8 deg. Also, the outboard flap
deflection 84 (¢) is the same as the virtual control surface deflection. Thus, one can
think that the outboard flap 84 (f) is a master control input, while the other three
control surfaces are slave control inputs since their motions are dependent on the
master control input.

Thus, the virtual control derivatives are computed as

4 iBijk
Bjkzz n (10.152)
i=1

where By, is the control derivative of mode jth with respect to the displacement
(k = 1), velocity (k = 2), and acceleration (k = 3) of flap section ith.
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Fig. 10.41 Flutter suppression control surfaces and accelerometer locations

The simulation is conducted with only the reduced-order aeroservoelastic state-
space model for a flight condition at Mach 0.86 and an altitude of 10,000 ft. There
are two unstable aeroelastic modes: mode 1 and mode 4, as shown in Table 10.4.
Process noise and sensor noise are introduced to simulate the structural response to
atmospheric turbulence. The baseline full-state feedback controller is designed with
aLQR controller tuned to give good performance. A LQG output feedback controller
is then designed using the ideal full-state feedback gain. The adaptive augmentation
controller is then turned on. The adaptation rate matrices and modification parameters
are selected tobe I'y = I, = 1 and n, = n, =0.1.

The root locus of the open-loop transfer functions between the accelerometers and
the virtual control are shown in Figs. 10.42 and 10.43. It is shown that the individual
transfer functions have two unstable poles corresponding to the two unstable modes
and zeros on the right half plane. However, the transmission zeros of the MIMO
system transfer function actually are stable.

Aninitial roll rate of 0.1 rad/s is specified. Figures 10.44, 10.45, and 10.46 show the
responses of the roll rate, the generalized displacement of mode 1, and the generalized
displacement of mode 4, respectively, without the process and sensors noises for the
baseline full-state feedback LQR controller and the output feedback LQG controller
with and without the adaptive augmentation controller. The full-state feedback LQR
controller performs much better than the output feedback LQG controller with and
without the adaptive augmentation controller using only the two accelerometers at
the wing tip. The LQG controller does seem to need further tuning. The adaptive
augmentation controller causes an increase in the overshoot of the responses due to
the output feedback LQG controller as well as injects high-frequency contents into
the modal responses. Nonetheless, all the controllers are able to suppress the two
unstable aeroelastic modes.

The effects of process and sensor noises are examined. Figures 10.47, 10.48, and
10.49 show the responses of the roll rate, the generalized displacement of mode
1, and the generalized displacement of mode 4, respectively, with the process and
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Fig. 10.42 Root locus of open-loop transfer function of forward accelerometer
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Fig. 10.43 Root locus of open-loop transfer function of aft accelerometer

sensor noises for the baseline full-state feedback LQR controller and the output
feedback LQG controller with and without the adaptive augmentation controller. All
the controllers are able to maintain good performance in the presence of the process
and sensor noises.

Figures 10.50 and 10.51 show the root locus plots of the closed-loop transfer
functions of the accelerometers with the adaptive augmentation controller using the
final gain matrix. As can be seen, the closed-loop transfer functions are completely
stable. Figures 10.52 and 10.53 are the frequency response plots for the open-loop and
closed-loop transfer functions of the accelerometers. The largest frequency response
is due to mode 4. The closed-loop frequency response is significantly less than the
open-loop frequency response, indicating the effectiveness of the aeroelastic mode
suppressioncontroller.

Next, the plant model variation is introduced into the aeroservoelastic state-space
model by specifying AA = 0.054 and AB = —0.1B. The process and sensor
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Fig. 10.46 Mode 4 generalized displacement response for LQR and LQG controllers without
process and sensor noises
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Fig. 10.51 Root locus of closed-loop transfer function of aft accelerometer
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Fig. 10.53 Frequency response of aft accelerometer

noises are also included. The output feedback LQG controller without the adaptive
augmentation controller is unstable as shown in Figs. 10.54, 10.55, and 10.56. On the
other hand, the adaptive augmentation controller is able to stabilize the aeroelastic
modes in the presence of the plant model variation. The closed-loop plant matrix
without the adaptive augmentation controller is in fact unstable. Stability of the
closed-loop plant is restored in the presence of the adaptive augmentation controller.
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Fig. 10.54 Roll rate response with and without adaptive augmentation controller
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Fig. 10.55 Mode 1 generalized displacement response with and without adaptive augmentation
controller
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Fig. 10.56 Mode 4 generalized displacement response with and without adaptive augmentation
controller

Figure 10.57 is the plot of the time history of the virtual control command for
the output feedback LQG controller with and without the adaptive augmentation
controller. The largest amplitude of the stabilizing virtual control command for the
adaptive augmentation controller is 6.22°. The linear mapping between the virtual
control command and the physical control commands results in 1.56° which meets
the physical constraint of 2° on the relative deflection of the VCCTEF.
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Fig. 10.57 Virtual control command with and without adaptive augmentation controller

10.7 Adaptive Flight Control

Flight control is an important aircraft system that provides many critical functions to
enable safe operations of an aircraft. A pilot controls an aircraft by moving a control
input device such as a control yoke, rudder pedal, or side stick. A pilot command
signal is sent to a flight control system which processes the signal further and converts
it into an actuator command signal. This signal is then sent to an actuator system that
drives the position of a flight control surface such as the aileron, elevator, or rudder.
This flight control feature is called a pilot command tracking task. Another important
flight control feature is to enhance aircraft stability via a stability augmentation
system (SAS). The SAS provides the additional damping to the rigid aircraft modes
by feedback control. A typical SAS on an aircraft is a yaw damper.

Connections between control input devices to flight control surfaces can be made
via mechanical linkages which exist in older aircraft. Hydraulic flight control systems
use hydraulic fluid circuits in conjunction with partial mechanical flight control sys-
tems to drive flight control surfaces. Hydraulic flight control systems are still found
in many aircraft in operation nowadays. Modern aircraft usually employ fly-by-wire
(FBW) flight control systems which replace mechanical systems with electronics. A
pilot command is converted into an electrical signal transmitted to a flight control
computer for processing. The flight control computer computes actuator command
signals and transmits these signals to hydraulic actuators to drive flight control sur-
faces.

A typical flight control system consists of an inner-loop stability augmentation
system and an outer-loop autopilot system as illustrated in the Fig. 10.58. The com-
mand input into a flight control system can be accomplished via a pilot’s direct
mechanical input or an autopilot. When engaged, the autopilot generates an attitude
command of the attitude angles or an altitude command for a selected autopilot task
such as cruise or landing. This command is processed as a feedforward signal and
then is summed with the SAS to form a control signal. The SAS uses feedback of
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aircraft’s sensed angular rate variables, such as the roll rate, pitch rate, and yaw rate
to provide the additional damping to the aircraft dynamics. The control signal is
transmitted to flight control actuators that drive flight control surfaces to change the
aircraft dynamics.

Mation

Command | Command + : Central Variabies
" e o {1 Flight Conirol - So01 » At |

\ i
Matian
Sensors

|
i

: | Stabs ity
I Augmentation
i

Fig. 10.58 Flight control system

Most conventional flight control systems utilize extensive gain-scheduling
schemes via table-lookups in order to achieve desired handling qualities through-
out a flight envelope. While this approach has proven to be very successful, the
development process can be expensive and often results in aircraft-specific imple-
mentations. In rare occurrences when a failure or damage occurs to an aircraft, a
conventional flight control system may no longer perform pilot command tracking
tasks as intended since the aircraft flight dynamics may deviate from its design char-
acteristics substantially, thereby causing a degradation in the performance of the
flight control system. Adaptive flight control can offer a possibility for restoring the
performance of a flight control system in an event of failure or damage to an aircraft.

The linearized equations of the angular motion for an aircraft with failures or
damage can be expressed in general as [19]

#=(C+AC)x+ (D+ AD)u+ (E + AE)z (10.153)

where x (1) = [ p@) g (@) r() ]T is an inner-loop state vector comprising the roll,
pitch, and yaw rates; u(t) = [8,(t) 8. (1) 3. (1) ]T is a control vector
comprising the aileron, elevator, and rudder control surface deflections;
z (1) = [QS OHa@) @ V(Ee)h@) o(r) ]—r is an outer-loop state vector comprising
the bank angle, angle of attack, sideslip angle, airspeed, altitude, and pitch angle;
C e R*xR3, D e R*xR? and E € R? x R are the nominal aircraft plant matrices
for the inner-loop dynamics; and AC, AD, and AE are the changes in the inner-loop
plant matrices due to failures or damage.

In general, the inner-loop state variables; namely, the angular rates have faster
dynamics than the outer-loop variables. This frequency separation allows the inner-
loop dynamics to be decoupled from the outer-loop dynamics in a flight control
design. This can simplify the design significantly. The outer-loop dynamics are
described by the following equation:
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z=(F+AF)z+(G+ AG)u+ (H+ AH)x (10.154)

where F € R x R®, G € R® x R3, and H € R® x R? are the nominal outer-loop
aircraft plant matrices; and AF, AG, and AH are the changes in the outer-loop plant
matrices due to failures or damage.

Consider the following inner-loop rate command adaptive flight control archi-
tecture as shown in Fig. 10.59. The control architecture comprises: (1) a reference
model that translates a rate command r (¢) into a reference acceleration command
Xm (1), (2) a proportional-integral (PI) feedback control for stability augmentation
and tracking, (3) a dynamic inversion controller that computes actuator commands
u. (t) to achieve a desired acceleration command x, (¢), and (4) an adaptive control
augmentation that computes an adaptive signal u,, (¢) that augments the reference
acceleration command to form a desired acceleration command for the dynamic
inversion controller. The adaptive control augmentation is the standard MRAC with
any robust modification schemes, such as the projection method, o modification, e
modification, optimal control modification, and adaptive loop recovery modification
with or without the normalization and covariance adjustment methods.

r [ Model | 4w % [Nominalpi| 1 % [ pynamic | 4 | [ |
J | By e I N g % oynamic | # | o0
Reference r Controller ; Inversion |
Hgg| u
. - ’ 1
| Adegite | X | peran
Contral | |
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Fig. 10.59 Adaptive flight control architecture

For rate command attitude hold (ACAH) flight control, a first-order reference
model is used to filter the rate command 7 (¢) into a reference acceleration command
X (1) as

Xp=—82 (X — 1) (10.155)

where 2 = diag (a) ps W s a),) is a diagonal matrix of the reference model frequencies.
The nominal controller is then specified as

t
u=K,(x,—x)+ Ki/ X, —x)dt (10.156)
0

where K, = diag (2¢,w), 2{,0,, 2¢,,) is the proportional gain matrix and K; =
diag (@7, ], }) is the integral gain matrix [37].

For transport aircraft, typical values of the reference model frequencies w,, @,
and o, are 3.5, 2.5, and 2.6, respectively; and typical values of the reference model

damping ratios ¢, {,, and ¢, are «/Li
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The desired acceleration is computed as
Xg =Xm +U — Ugq (10.157)
The adaptive signal u,4 (f) is designed to estimate the uncertainty in the aircraft
plant dynamics.
The desired acceleration is the ideal response of the nominal aircraft plant dynam-
ics. Therefore, the ideal aircraft dynamics can be expressed as

%¢=Cx+ Du+ Ez (10.158)

The dynamic inversion controller then computes the actuator command from the
closed-loop plant model of the ideal aircraft dynamics [37]

u.=D"" (x4 — Cx — E2) (10.159)

Substituting u. (¢) for u (¢) into the aircraft model, then the closed-loop plant
model of the aircraft is obtained as

X=Xn+u—ug+ ACx + ADu. + AEz (10.160)

Let@*T =[AC AD AE|and ® (x,u,,2) = [x" () u] (t) 2" (t)] . Then, the
adaptive signal u,, (t) can be designed as

X
Uaa = AC () x + AD (Y ue + AE () z=[AC AD AE] {m} =0T ()P (x,uc, 2)
Z

(10.161)

Then,
t ~
¥ =m+ Ky (o —x) + Ki/ (X —x)dT — O (x, u., 2) (10.162)
0

where @ (1) = © (1) — O* is the estimation error of the unknown matrices.
The tracking error equation is expressed as

Xm — X ==K, (xp —x) — K / (X —x)dt + OTe (x,ue, 2) (10.163)
0
Lete (1) = [ fi [x] (1) —xT ()] dz x (1) —x" ()] . Then,

é=Ane+ BO'® (x,u.,7) (10.164)

where
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I
Ay = [ i _KJ (10.165)

0
K
0
[1} (10.166)

Then, the adaptive law can be designed with any robust adaptive control scheme
such as the e modification

B =

©=-T[®(x,u.z)e PB+pule PB|O] (10.167)

Alternatively, if the optimal control modification is used, then

O=-T®(x,u,z)[e'P—vd" (x,u.,2) B PA,']|B (10.168)

Note that actuator dynamics can affect the closed-loop stability of an aircraft.
Therefore, a suitable selection of the modification parameter should be made to ensure
sufficient robustness. An actuator system must have a higher frequency bandwidth
than the frequency of a given mode in consideration. Roughly speaking, the frequency
bandwidth of an actuator should be at least several times greater than the highest
frequency of the aircraft modes. For example, the short-period mode is about 2.5 rad/s
and then the frequency of the actuator for the elevator could be about 10 times larger
or 25 rad/s. The damping ratio should be sufficiently large to provide a well-damped
control surface deflection.

For example, a second-order actuator system is modeled as

ii 4+ 2L,watt + 0 u = lu, (10.169)
where ©, > max (v,, 0,4, ;).

The response of an actuator is subject to both position and rate limits. Since flight
control surfaces are generally of a flap-type design, as the flap deflection increases
beyond a certain limit, the performance of the flap becomes degraded due to flow
separation. This would result in nonlinear aerodynamics. Therefore, flight control
surface positions are generally designed to operate within a linear range. Typically,
for the elevator and aileron, the position limits are maintained between +20°. For
the rudder, the position limit is smaller since the rudder is a powerful flight control
surface that can generate a significant structural loading on the vertical tail at a high
rudder deflection. The rudder position limit is also scheduled with the altitude and
airspeed. As the airspeed and altitude increase, the rudder position limit becomes
smaller.

Typically, the rate limit of an actuator system is established by the design of
the actuator. A typical rate limit is about 60°/s for transport aircraft. If an actuator
is operating normally, a pilot command would translate into an expected response.
However, when a rate limit occurs due to a degraded actuator performance, the
actuator would not produce a sufficiently fast response to meet the pilot command.
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Consequently, the pilot would tend to apply a greater command to try to overcome
the lag in the actuator dynamics. This actuator lag and the pilot positive feedback can
result in an adverse consequence known as pilot-induced oscillations (PIO), which
could lead to a catastrophic loss of control.

Example 10.9 Adaptive flight control is an effective method for controlling a dam-
aged aircraft. A transport aircraft with wing damage is shown in Fig. 10.60. The
wing damage is modeled as a 28% loss of the left wing [37]. Since the damage is
asymmetric, the motion of the damaged aircraft is fully coupled in the roll, pitch,
and yaw axes.

Fig. 10.60 Transport aircraft with left wing damaged

A level flight condition of Mach 0.6 at 15,0001t is selected. The remaining right
aileron control surface is the only roll control effector available. The reference model
is specified by w, = 2.0rad/s, w, = 1.5rad/s, w, = 1.0rad/s,and ¢, = ¢, = ¢ =
1/3/2.

The pilot pitch rate command is simulated with a series of ramp input longitu-
dinal stick command doublets, corresponding to the reference pitch angle +3.81°
from trim. The tracking performance of the nominal controller without adaptation
is compared against the standard MRAC, the e modification with u = 0.1, and the
optimal control modification with v = 0.1. The adaptive gains are selected to be
as large as possible within the numerical stability limit of the adaptive laws. This
results in I = 60 for the standard MRAC, I" = 800 for the ¢ modification, and
I" = 2580 for the optimal control modification. Thus, it can be seen that the opti-
mal control modification can tolerate a much larger adaption rate than the standard
MRAC. This large adaptation rate allows the optimal control modification to achieve
fast adaptation to better adapt to uncertainty than the standard MRAC.

The aircraft angular rate responses are shown in Fig. 10.61. The nominal controller
without adaptation produces arather poor tracking of the reference pitch rate. Both the
standard MRAC and e modification improve the tracking performance significantly.
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The optimal control modification (OCM) is able to provide a better tracking than
both the standard MRAC and e modification. Due to the asymmetric wing damage,
the roll axis is most affected. With the nominal controller, there is a significant roll
rate of as high as 20°/s. Both the standard MRAC and e modification reduce the
maximum amplitude of the roll rate to about 10°/s. The optimal control modification
further reduces the roll rate to a maximum value of about 4°/s. All the three adaptive
controllers significantly reduce the yaw rate to a very low level. The e modification
is observed to perform slightly better than the standard MRAC and optimal control
modification in the yaw axis.
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Fig. 10.61 Closed-loop responses of roll, pitch, and yaw rates

The aircraft attitude responses are shown in Fig. 10.62. When there is no adapta-
tion, the reference pitch attitude could not be followed accurately. With adaptive con-
trol, the tracking is much improved and the optimal control modification produces
the pitch angle tracking better than both the standard MRAC and e modification.
Without adaptation, as expected the damaged aircraft exhibits a rather severe roll
behavior with a large bank angle between —30° and 20°. Both the standard MRAC
and e modification reduce the bank angle significantly. However, the optimal control
modification shows a drastic improvement in the arrest of the roll motion with the
bank angle maintained very close to the trim value. All the three adaptive controllers
produce similar angle-of-attack responses. With the optimal control modification,
the sideslip angle is reduced to near zero, while both the standard MRAC and e
modification still produce considerable sideslip angle responses.
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Fig. 10.62 Closed-loop responses of pitch angle, bank angle, angle of attack, and sideslip angle

The control surface deflections are shown in Fig. 10.63. Because of the wing
damage, the damaged aircraft has to be trimmed with a rather large aileron deflection.
This causes the roll control authority to be severely limited. Therefore, a roll control
saturation is present in all cases. The elevator deflection is nominally similar for all
the four controllers and is well within its control authority. The rudder deflection
produced by the baseline controller is quite significant. Generally, it is desired to
keep the rudder deflection as small as possible in normal operation. Typically, the
rudder deflection limit is reduced as the airspeed and altitude increase. Both the
standard MRAC and e modification reduce the baseline rudder deflection to some
extent, but the optimal control modification is observed to produce the smallest rudder

deflection.
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Fig. 10.63 Closed-loop responses of aileron, elevator, and rudder deflections
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10.8 Hybrid Adaptive Flight Control

In the adaptive flight control design in Sect. 10.7, MRAC is used to estimate the
plant uncertainty due to AC, AD, and AE. However, it is well known that MRAC
is designed to drive the tracking error to zero, but is not designed with the primary
objective of parameter estimation. Least-squares methods on the hand are well-
known techniques for parameter estimation. It is possible to combine both the least-
squares parameter estimation and MRAC into a control architecture. This approach
for flight control is called hybrid adaptive flight control [37].
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Fig. 10.64 Hybrid adaptive flight control system

The hybrid adaptive flight control architecture is shown in Fig. 10.64. The archi-
tecture includes an indirect adaptive control that uses a least-squares parameter esti-
mation technique to estimate the true plant model of the aircraft in conjunction with
a direct MRAC designed to reduce the tracking error.

In the hybrid adaptive flight control approach, the dynamic inversion controller
computes the actuator command from a predictor or estimated plant model of the
aircraft dynamics rather than the ideal plant model. The estimated plant model is
expressed as

fc:(C+Aé)x+(D+Ab)u+(E+AE)z (10.170)

Setting the desired acceleration x, () equal to % (1), the actuator command is
computed from the estimated plant model by the dynamic inversion controller as
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Uy = <D + Ab)il [x,, - (c + Aé) x— (E + AE) z] (10.171)

The actuator command now depends on the estimates of the plant matrices AC,
AD, and AD which are computed from the indirect adaptive control using a least-
squares parameter estimation method. The plant modeling error ¢ (¢) is computed by
subtracting the plant model from the estimated plant model as

£ = iy—i = (Aé _ Ac) x+(A15 — AD) uc+<AE - AE) 1= 07 (x,u.,2)

(10.172)

The recursive least-squares (RLS) indirect adaptive laws for computing © () are
given by

© =—RP (x,uc,z2)e" (10.173)

R=—R® (x,ue,2)® ' (x,uc,2) R (10.174)

where R (t) = R" (t) > O is the covariance matrix that acts as a time-varying
adaptation rate matrix.

Alternatively, the least-squares gradient indirect adaptive law can be used by
setting R (¢) to be a constant.

The matrices AC (1), AD (1), and AE (#) are computed from © (¢) at each time
step and then are used in the dynamic inversion controller to compute the actuator
command.

Using Eq. (10.157), the closed-loop plant is expressed as

t
)'c:)'cm—i-l(p(xm—x)—i—l(i/ (X —x)dT —Ugg — € (10.175)
0

where u,, (¢) is a direct adaptive control signal computed as
Uogd = AOTD (x, u,, 7) (10.176)

where A® (t) is the residual estimate of the unknown plant matrices.
The tracking error equation is expressed as

é = Ape+ B (g + €) (10.177)

The direct MRAC law for computing A® (¢) can be selected to be any robust
modification scheme such as the e modification given by

A® = —T'[® (x,uc,z2)e' PB+ p|e’ PB| AO] (10.178)

The hybrid adaptive flight control thus uses the RLS indirect adaptive control to
estimate the plant uncertainty. The goal of the RLS indirect adaptive control is to



416 10 Aerospace Applications

drive the plant modeling error to zero. This information is then used in the dynamic
inversion controller to compute the actuator command. The control signal from the
actuator command produces a closed-loop aircraft response which is then compared
with the reference model to form the tracking error. However, because the plant mod-
eling error is reduced by the RLS indirect adaptive control, the resulting tracking error
will be smaller than if the RLS indirect adaptive control is not present. The MRAC
law further drives the residual tracking error to zero. Because the residual tracking
error is small, the adaptation rate for the direct MRAC can be set to a small value to
improve robustness. The RLS parameter estimation method is inherently robust, so,
together with the direct MRAC, the hybrid adaptive flight control architecture can
provide a very effective and robust adaptation mechanism.

Example 10.10 For the same wing-damage aircraft simulation in Example 10.9,
the hybrid adaptive flight control is implemented using the RLS indirect adaptive
control in conjunction with the direct adaptive control using the e modification. The
covariance matrix is initialized with R (0) = 1001. The closed-loop response of the
damaged aircraft due to the hybrid adaptive flight control is shown in Fig. 10.65.
The closed-loop response is exceedingly well-behaved. Both the roll and yaw rates
are much smaller than those with the e modification alone. The pitch rate and pitch
attitude both track the reference model extremely well. The bank angle and sideslip
angle are reduced close to zero as shown in Fig. 10.66. The saturation in the aileron is
still present, but the rudder deflection is much smaller than that with the e modification
alone as shown in Fig. 10.67. Thus, the performance of the hybrid adaptive flight
control is much better than the e modification alone.
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Fig. 10.65 Closed-loop responses of roll, pitch, and yaw rates
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Fig. 10.67 Closed-loop responses of aileron, elevator, and rudder deflections

10.9 Adaptive Flight Control for F-18 Aircraft with
Optimal Control Modification

Adaptive flight control can be used to provide consistent handling qualities and
restore stability of aircraft under off-nominal flight conditions such as those due to

failures or damage. Suppose an aircraft plant is described by

¥ =Anx+Apz+ B+ fi (x,2) (10.179)

Z=Anx+Apz+ Bu+ f(x,2) (10.180)
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where A;; and B;, i = 1,2, j = 1,2 are nominal aircraft matrices which are
assumed to be known; x (t) = [p O qg@)r@) ]T is an inner-loop state vector of
roll, pitch, and yaw rates; z () = [Aq& (t) Aa (t) AB(t) AV (t) Ah(t) A6 (1) ]T
is an outer-loop state vector of aircraft attitude angles, airspeed, and altitude;

u() = [A(Sa (1) Ab, (t) A, (1) ]T is a control vector of aileron, elevator, and rudder
deflections; and f; (x, z),i = 1, 2 is an unstructured uncertainty due to off-nominal
events which can be approximated as

fi(x,2) =0T (x,2) +8(x,2) (10.181)

where @7 is an unknown, constant ideal weight matrix, and @ (x, z) is the input
regressor function vector chosen to be

D (x,2)=[x" px"gxTrx" 2" u" (x, z)]T (10.182)

The inner-loop rate feedback control is designed to improve aircraft rate response
characteristics such as the short-period mode and Dutch roll mode. The reference
model is a second-order model that specifies desired handling qualities with good
damping and natural frequency characteristics as

(s* + 28p0ps + @) b = &pBiar (10.183)
(5% + 24045 + @]) O = 84Bion (10.184)
(5> + 25005 + @) B = &-8rua (10.185)

where ¢, (1), 6,, (t), and B, (t) are the reference bank, pitch, and sideslip angles;
wp, Wy, and w, are the natural frequencies for desired handling qualities in the roll,
pitch, and yaw axes; ¢, ¢;, and ¢, are the desired damping ratios; &;4; (1), §0n (1), and
8ruq (t) are the lateral stick input, longitudinal stick input, and rudder pedal input;
and g,, g4, and g, are the input gains.

Let py (1) = ¢ (1), gm (1) = O (1), and 1y, (1) = —Bm (1), then the reference
model can be represented as

t
Xm = —Kpxm — K,-/ Xy (t)dt 4+ Gr (10.186)
0

where x,, (1) = [P (1) g (1) 1 ()], K, = diag (22,0, 28,0, 25,0, ), K; = diag

(a)f,s CU;, a)rZ) = 92, G = dlag (gpv gqv gr)a and r (t) - [(Slat (t) (Slon (t) 8rud (t)]—r-
For the roll axis, the reference model could also be a first-order model

(s + ®p) P = 8pBiar (10.187)
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Assuming the pair (A, B;) is controllable and the outer-loop state vector z (¢)
is stabilizable, then the nominal PI feedback controller, defined by u (¢), is given by

i =K, (n —x) + K,»/ [ () — x (7)]d7 (10.188)
0

and the adaptive controller, defined by u,, (¢), is given by
U = O] @ (x,7) (10.189)
Assuming B; is invertible, then the dynamic inversion controller is computed as
u= By (i — Anx — Apz + it — tgg) (10.190)
In a more general case when the control vector has more inputs than the number

of states to be controlled, then an optimal control allocation strategy using a pseudo-
inverse method is used to compute the dynamic inversion controller as

w= B (BiB]) ™ (G — Ai1x — Apz + il — ttaq) (10.191)

Lete (1) = [ [, [xh ) —xT ()] dz x,) (1) —xT (1) ]T be the tracking error, then
the tracking error equation is given by

é=Ape+ B[O (x,2) — fi (x,2)] (10.192)
where 0
I
A, = [—Ki _KJ (10.193)
0
B = [1} (10.194)

Let Q = 2cl, where ¢ > 0 is a weighting constant and / is an identity matrix,
then it can be shown that

b, |:K,»_1K,) +I§_p—]1 (Ki + 1) - (11(: K;')} ~o (10.195)
K

PB=c [K;l (7 L Kf')} (10.196)

BTPA'B=—cK > <0 (10.197)

Then, the optimal control modification adaptive law for a nominal PI feedback
controller is specified by
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O1=-T[®(x,2)e PB+cvd (x,2) P (x,2) OK; ] (10.198)
which can also be expressed as
O1=-T[®(x,2)e PB+cvd (x,2) P (x,2) 0127*] (10.199)
Suppose the tracking error equation is of a proportional-derivative (PD) type
é¢=—Ksé—Kpe+ 6,0 (x,2) (10.200)

where e (1) = x,, (1) — x ()
Then, the optimal control modification adaptive law for a nominal PD feedback
controller is specified by

O =—T[®(x.2)e" PB+cv® (x,2) @' (x,2) O:K,7] (10.201)

where

K1
4

p

Furthermore, if the tracking error equation is of a proportional type
é=—Kye+ 0, (x,2) (10.203)

then the optimal control modification adaptive law for a nominal proportional con-
troller is specified by

O3 =—cI'[®(x.2)e' K, +v® (x,2) D" (x,2) O3K,7] (10.204)

An adaptive flight control design is implemented on an F-18 aircraft model of
NASA F/A-18 research aircraft (tail number 853) as shown in Fig. 10.2, with both
the standard baseline dynamic inversion controller and the adaptive controller with
the optimal control modification adaptive law [11]. The flight condition is a test point
of Mach 0.5 and an altitude of 15,000 ft. All of the pilot inputs used in the simulations
are from pre-selected piloted stick inputs for comparison purposes. A time delay of
0.01 s is injected at the actuators to account for the actuator lag.

The first simulation scenario is called an A matrix failure which is emulated by a
center of gravity (CG) shift so as to reduce the amplitude of the pitch stability deriva-
tive C,,, which is normally negative for a stable aircraft in pitch. Figure 10.68 shows
the responses of the aircraft. The failure is inserted at 13 s. Upon the failure insertion,
the closed-loop plant with the nominal controller can no longer track the reference
model. Excessive overshoots in the pitch rate and angle of attack are observed. With
the adaptive controller, the pitch rate tracks the reference pitch rate command quite
well and the overshoots are significantly reduced.
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Figure 10.69 shows the tracking errors in the roll, pitch, and yaw axes along with
the adaptation weights. With the adaptive controller, the roll rate tracking error is
essentially reduced to zero. Both the pitch rate tracking error and yaw rate tracking
error are reduced to no more than about 2°/s with the adaptive controller. The weights
exhibit some large initial transients but then converge to their steady-state values
quickly after 28 s.

Figure 10.70 shows the control surface deflections with the nominal controller and
the adaptive controller. The actuator models are high-fidelity fourth-order models
with time delays. The control surface deflections with the adaptive controller are
well-behaved and smaller in amplitudes than the control surface deflections with the
nominal controller.
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optimal control modification

2 om . . . o % — _-P,, A0
5 =001 - = 7 .o = By Mo Adap
g n
') 5 [ 15 20 25 30 ) 20
s "8 i / q,,, Ao
as | O e e -7 W U _ _q_“NoMap
3 :
B 5 10 15 20 3 30 E 0
£ e, Ty PG00
5 ° 7N T * —
" L L 1 1 L L N
(] 5 10 15 20 25 30 3 40
Time, §
§ 0.04
* ~
002
] /
F Foy' ) ) ) b+ ) . .
== 5 10 15 20 25 30 3 a0

Fig. 10.69 Tracking errors due to an A matrix failure (C,,, shift at 13 s) with and without optimal
control modification



422

10 Aerospace Applications

041 - : :
Q" S e X ot i o|=e— Al No Adap
et N L =
® -00sF - 1
01 ) N . X ) L
0 5 10 15 20 - 30 k- 40
3 ; B Stab Adap
FE o~ AN A 1
) 5 10 15 20 ] 0 ES L]
: T
g 3 o s = = —Lsat Adap
i 1 P £y I - —-—- L stab No Adap
g ¢ et R TN P s
F e
- -2 o) 1 1 L 1 £ 1 ki 1 L
] 5 10 15 20 = 0 35 0
g — ™=, A T
— i e N R Lty O [ty
5 0 _ .7 e A Fisd Mo
-5t = L = 4
E o 1 i I 1 L L 1
['] 5 10 15 20 % 30 40
Time, &
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control modification

The second simulation scenario is called a B matrix failure which is emulated by a
jammed left stabilator at +2.5° from trim. Figure 10.71 and 10.72 show the responses
of the aircraft in the pitch, roll, and yaw axes. The failure is inserted at 13 s. Upon the
failure insertion, the closed-loop plant with the nominal controller is unable to follow
the reference model. The pitch rate can longer track the reference pitch rate command.
The roll and yaw rates are quite large. With the adaptive controller, the pitch, roll,
and yaw rates are significantly reduced. The bank angle is also significantly reduced
from 12° with the nominal controller to about 5°. The sideslip angle is reduced from
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Fig. 10.71 Longitudinal states due to a B matrix failure (Stabilator Jammed at 2.5° at 13 s) with

and without optimal control modification
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Fig. 10.72 Lateral-directional states due to a B matrix failure (Stabilator Jammed at 2.5° at 13 s
with and without optimal control modification

Figure 10.73 shows the tracking errors in the roll, pitch, and yaw axes along with
the adaptation weights. The roll rate tracking error and pitch rate tracking error are
generally smaller with the adaptive controller than with the nominal controller. The
yaw rate tracking error is about the same for both the nominal controller and the
adaptive controller. The weights converge after about 20 s.
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Fig. 10.73 Tracking errors due to a B matrix failure (Stabilator Jammed at 2.5° at 13 s) with and
without optimal control modification

The optimal control modification adaptive control is shown to be able to achieve
fast adaptation with a good damping characteristic. The simulation scenario with
the A matrix failure is conducted with the adaptation rate changed from I = 0.5
to I' = 50 while keeping the modification parameter v = 1 constant. The failure
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is inserted at 2 s. Figure 10.74 shows the pitch rate tracking error for I = 0.5 and
I' = 50. Increasing the adaptation rate I" from 0.5 to 50 results in a significantly
smaller tracking error. This is as expected. The response is nicely damped with
I' = 50 without any high-frequency oscillations. The weights converge faster with
increasing the adaptation rate I". Thus, the simulation shows that a larger adaptation
rate can produce better tracking with the optimal control modification without causing
any high-frequency oscillations.
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Fig. 10.74 Pitch rate error and weights due to an A-matrix failure (C,,, Shift at 2 s) with optimal
control modification (I" = 0.5 and I" = 50 with fixed v = 1)

The modification parameter v provides the damping to the adaptive controller. The
same simulation scenario with the A matrix failure is conducted with the modification
parameter changed from v = 0.25 to v = 1 while keeping the adaptation rate I" = 5
constant. Figure 10.75 shows the pitch rate tracking errors for v = 0.25 and v = 1.
Increasing the modification parameter v from 0.25 to 1 adds more damping to the
adaptive controller. As a result, the pitch rate tracking error is well-damped with
v = 1 without any oscillations. All the weights converge faster with increasing the
modification parameter v. Thus, this simulation shows that a larger modification
parameter can help improved the performance of the adaptive controller.

This F-18 aircraft simulation study validates the effectiveness of adaptive control
in general and the optimal control modification in particular in improving the flight
control performance of a degraded aircraft. The study coupled with a piloted high-
fidelity F-18 flight simulator experiment established the basis for a flight test program
on NASA F/A-18 research aircraft (tail number 853) in 2010 and 2011.
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Fig. 10.75 Pitch rate error and weights due to an A-matrix failure (C,,, shift at 2 s) with optimal
control modification (fixed I' = 5 withv =0.25and v = 1)

10.10 Summary

Adaptive control enjoys many applications in aerospace. It has a long history dated
back to the 1950s with the first adaptive control deployed on NASA X-15 hyper-
sonic vehicles. Applications of adaptive control in other domains are numerous.
Adaptive flight control applications for aircraft longitudinal dynamics using the
bi-objective optimal control modification and least-squares adaptive control with
Chebyshev polynomial approximation and neural networks are illustrated. Adap-
tive flight control for flexible aircraft with aeroelastic interactions using the optimal
control modification and adaptive loop recovery modification is presented. An adap-
tive LQG control method is developed for a flutter suppression of a flexible wing.
A general adaptive flight control architecture based on a dynamic inversion with
adaptive augmentation control is outlined. Robust modification schemes based on
o modification, e modification, and optimal control modification are used in the
adaptive augmentation control to improve robustness. Hybrid adaptive flight control
is a robust adaptive flight control architecture that blends both direct MRAC and
indirect adaptive control using least-squares parameter identification together. This
technique can significantly improve the performance of a flight control system under
off-nominal operation of an impaired or damaged aircraft. Finally, an adaptive flight
control design for a F/A-18 A NASA aircraft based on the optimal control modifica-
tion is implemented in simulations. This implementation was later used in the actual
flight testing in 2010 and 2011.
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10.11 Exercises

1. Consider the equation of motion of an inverted pendulum

1 | .
gmLze — EmgL sinf +cl = u (t — ty)

a. Expand sin 6 using the Taylor series expansion about 6 (¢) = 0 for the first

two terms. Then, express the equation of motion in the form of
X=Ax+Bu(t—t)+ 60" @ (x)]

where x; (1) = 6 (1), x2 (1) = 6 (1), x (1) = [x1 (1) ;2 ()], @ (x) is com-
prised of the function in the nonlinear term of the Taylor series expansion of
sin € and the function in the damping term, and ®@* is a vector of parameters
associated with @ (x) which are assumed to be unknown.

. Letm = 0.1775slug, L = 2ft,c = 0.2 slug—ftzls, t; = 0.05sec,and 6 (0) =

6 (0) = 0. Using the equation of motion in part (a), design an adaptive
controller using the optimal control modification to enable the closed-loop
plant to track a reference model specified by

ém + Z{mwmém + w26, = wfnr

m

where ¢, = 0.5, w,, =2,and r = % Calculate K, and k,.

. Implement the adaptive controller in Simulink using the nonlinear plant with

T (0) = [0 0]andatime step A7 = 0.001 s for the standard MRAC with
I' = 100 and the optimal control modification with I = 100 and v = 0.5.
Plot the time histories of x () and x,,, (#) on the same plot, u (¢), and © (¢) for
t € [0, 10] s. Compare the closed-loop response with the optimal control
modification to that in Example 10.1. Does the linear nominal controller
design in this problem appear to work as well as the nonlinear nominal
controller design in Example 10.1?

2. Implement a longitudinal dynamic model of an aircraft.

X=Ax+B[u(t—td)+®*Tx]

where x (1) = [a (1) 0.(1) ¢ ()], u (t) = 8, (1), and ©* = [6; 067", with
the following information: V = 795.6251 ft/s, y =0, Z, = —642.7855 ft/s2,
Zy, = —55.3518 ft/s%, M, = —5.4898 572, M = —4.1983 572, M, = —0.6649
7, Mg = —0.2084 57,67 = 0.5,6; = —0.5,and 1, = 0.1 s.

a. Design an adaptive pitch attitude controller using the optimal control mod-

ification to enable the closed-loop plant to follow a second-order reference

model of the pitch attitude specified by ¢, = \/LE and w,, = 2 rad/s. Express
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the adaptive controller with the feedback gain values and the reference
model.

b. Implement the adaptive controller in Simulink using the following infor-
mation: x (0) = 0 and ® (0) = 0 with a time step At = 0.01 s for: 1) the
nominal controller, 2) the standard MRAC with I = 500, and 3) the optimal
control modification with I" = 500 and v = 0.5. The reference command
signal r (¢) is a pitch attitude doublet specified in the following plot.

r, deg

-2

-4

5 5 10 t1'5 20 2 30
For each controller, plot the time histories of each of the elements of x ()
and x,, (¢) on the same plot, and u () for ¢ € [0, 30] s. Plot in units of deg
for « (¢), 6 (t), and 8, (¢), and deg/s for g (t). Comment on the simulation

results.
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Suggested Exam Questions

1. For the following systems, determine the equilibrium points. Use the Lyapunov’s
direct method to determine the type of Lyapunov stability for each of the equi-
librium points. Determine all the invariant sets and the values of the Lyapunov
function on the sets. If an equilibrium point is stable, conclude if it is asymptot-
ically stable, and if so, show whether or not it is also exponentially stable.

a.
| G =xp) (xlz—i—x%— 1)

X1

X | —(X1+XQ)(X12+X§—1)
x| x%—xz
X | | —xi—x+1

x| X2

X2 | —x1 — (1 4+ sinxy) xp

2. Linearize the systems in problem 2 and determine the types of equilibrium points.
Plot phase portraits.

3. Given the following system

sl —2+4sin®x; 1 —sinx;cosxy | [ x

X | " | =1 +sinx;cosx, —2 —cos®x; X2
Determine the stability of this system about the origin using the Lyapunov can-
didate function

1
Vix)= ExTx

If asymptotically stable, determine if the origin is exponentially stable and find
the rate of convergence of || x||, where x (t) = [xl (1) x5 (1) ]T.

© Springer International Publishing AG 2018 431
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4. Given a linear system
X =Ax+ Bh(t)

where x () = [x1 (1) x2 (1) ]—r e R? and

A= |::41; _22:| B = |:i:| h(t)=(1+e")(sint + cosr)

a. Compute P that solves the Lyapunov equation
PA+A"P=-]

and also compute the eigenvalues of P to verify that P is positive definite.
b. Use the following Lyapunov candidate function

V(x)=x"Px
to compute V (x). Establish an upper bound on V (x) in terms of ||x||, and

then determine a lower bound on ||x|| that satisfies 1% (x) < 0 using the L,
norm and the Cauchy—Schwartz inequality

ICD] < ICIIID]
c. Find an analytical solution of an upper bound of the Lyapunov function

V (¢) as an explicit function of 7 from V (x)in part (b), given V (0) = 2, by
utilizing the following relationship for a positive definite function

dmin (PY 1212 <V (2) = 2T Px < dax (P) [1x]I?
and the following variable transformation
WD =V
d. Find the ultimate bound of ||x|| by finding the limit of V (¢) as t — oo. If

an ultimate bound exists, then the solution of x (¢) is uniformly ultimately
bounded.

5. Consider a first-order nonlinear SISO system with a matched uncertainty
X :ax—i—b(u—i—@*xz)

where a is unknown but b is known, and 6* is unknown.
A reference model is specified by

Xm = AmXm + bmr
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where a,, < 0 and b,, are known, and r (¢) is a bounded command signal.

a. Design a direct adaptive controller that enables the plant output x (¢) to track
the reference model signal x,, (f). Show by Lyapunov stability analysis that
the tracking error is asymptotically stable; i.e., e () — 0 ast — oo.

b. Implement the adaptive controller in Simulink, given b = 2, a,, = —1,
b, = 1, and r (t) = sint. For adaptation rates, use y, = 1l and y = 1.
For simulation purposes, assume a = 1 and 0* = 0.2 for the unknown

parameters. Plot e (¢), x (¢), x,, (t), u (¢), and 0 (¢) for ¢ € [0, 50].

c. Repeat part (b) for y, = 10 and y = 10. Plot the same sets of data as in
part (b). Comment on the simulation results for parts (b) and (c) regarding
the tracking of the reference model, the quality of the signal in terms of the
relative frequency content, and the convergence of k. (¢) and 0 (¢) as the
adaptation rates increase.

d. Repeat part (b) for r (#) = 1 (¢) where 1 (¢) is the unit-step function. Plot
the same sets of data as in part (b). Comment on the convergence of k, ()
and 6 (1) to the ideal values k} and 0*.

6. Given a first-order nonlinear system
% =ax + Bu + cx?

where x (1) € R, u (t) € R?, a is an unknown constant, B = [ 1 2] is known,
and ¢ is an unknown constant.
The reference model is specified as

X = QX + byt

where a,, = —1, b,, = 1, and r (¢t) = sint.
Express the system in the form of a matched uncertainty

i=ax+Bu+60*"d (x)]

Determine K}, K, and ®*. Write down the adaptive laws for K (¢) and ® ().
Implement the controller in Simulink. Use y, = yo = 1. Assume all initial
conditions to be zero and a = 1, ¢ = 0.2 for simulation purpose. Plot e (¢), x (¢)
versus x,, (), K, (t), and ® (¢) for ¢t € [0, 40].

7. The symmetric sigmoidal function
1 —e™*
1+e*

o(x)=

can be used to model a control actuator saturation, which frequently exists in
real systems.
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0.8 i

0.6 .

0.21 .

I
—

c

Saturation occurs when a control actuator ceases to be effective. When there are
more inputs than commands, a control allocation strategy should be developed
to allocate redundant control effectors in an optimal manner so as to produce an
output that tracks a command. Define y (u) as the output of a control allocator
as

y=V'o (WTu)

where y () e R\, Ve R" xR", W e R? x R",and u € R?, p > n.

V can be used to specify a saturation limit, while V"W plays the role of
a nonlinear B (1) matrix. Develop an optimal control allocation strategy by
computing the gradient of the following cost function with respect to u, i.e., V.J,

1
J )= <€
(u) 26 €

where € = y —r and r € R" are a command vector for which an optimal control
vector u is to be found to minimize the cost function.

Given r = 1 and
0.75 1.20.8
V:[o.s } W:[o.s 1.5}

Write a MATLAB code to compute u using the steepest descent method with
an adaptation rate ¢ = 0.1 and a number of iteration of n = 1000. Indicate the
final value of u and plot u.

. Adaptive control can be used for disturbance rejection. Disturbances are usually

time signals that may have multiple frequency contents. Unlike unstructured
uncertainty in the form of an unknown function f (x), an unknown function of
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time f (¢) should be approximated by a bounded function. This prevents adaptive
signals from blowing up in time. Both the sigmoidal and radial basis functions
are bounded functions, but a polynomial function is not. Consider a first-order
system with an unknown disturbance

X=ax+blu+ f )]

where a and f (¢) are unknown, but b = 2. For simulation purpose, a = 1 and
f (@) =0.1sin2.4t —0.3cos5.1¢ + 0.2 sin 0.7¢.
The reference model is given by

X = QX + byt

where a,, = —1, b,, = 1, and r (¢t) = sint.

Implement in Simulink a direct adaptive control using the least-squares gradient
method to approximate f (t) by a sigmoidal neural network with @ () € R>,
W (1) € R? x R* using the activation function o (x) = H% Write down
the neural net adaptive laws for k, (), ® (), and W (¢). All initial neural net
weights are randomized between 0 and 1. The initial condition for k, (¢) is zero.
Use I, = 101. Plot e (1), € (t), x (t) versus x,, (t) with disturbance rejection,
x (t) versus x,, (t) without disturbance rejection, k. (t), ® (t), and W (¢) for
t € [0, 40].

9. Given the following plant

X=-2x—z+u+w

z=-3z+4+4u
y=x
where x () is the plant output, z (¢) is an internal state, and w (f) = 1 is a

constant disturbance.

a. If a linear controller u (t) = k,x (¢) is used, where k, is constant, express
the transfer function from w (¢) to x (¢). Find all values of k, for which the
closed-loop plant is stable.

b. Find the equilibrium state x as a function of k, from part (a). Suppose an
adaptive regulator controller is designed with the o modification

u==k,({)x
I%x =—y (x2 + okx)
Find the minimum value of the modification parameter o,,;, to within 0.01

by finding the roots of a polynomial in terms of IEX_ for which one or more
roots satisfy the values of k, in part (a). Calculate k, and x.
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c. Implement the adaptive controller in Simulink with ¢ = 0¢,,;,, — 0.05 and

o = 0.5 using the following information: x (0) = 0, z (0) = 0, k, (0) =0,
and y = 10 using a time step At = 0.001s. Plot the time histories of
x (t) and 6 (¢) for ¢t € [0, 10]s for both values of 0. Comment on the two
responses. Calculate k, and X for o = 0.5 analytically and compare them
with the simulation results.

10. Given a first-order SISO system with a matched uncertainty

)'c:ax+b(u+9*x2)

subject to x (0) = xg, where a = 1 and b = 1 are known, and 6* = 2 is
unknown.

An adaptive controller is designed using the optimal control modification adap-
tive law to enable the plant to follow a reference model

X = QX + byt

where a,, = —1,b,, = 1,and r (1) = 1
The adaptive controller is given by

u=kex +kor—0 @) x>

a. Express the closed-loop system with the nominal (non-adaptive) controller

u = k,x in terms of the reference model parameters a,, and b,,. Determine
whether or not the closed-loop system with the nominal controller is uncon-
ditionally (globally) stable by explicitly integrating the plant model to find
the solution of x (7). If the closed-loop plant is not globally stable, find the
stability condition imposed on x.

. Express the optimal control modification adaptive law for 6 (¢). Use

Sect.9.5.3 to estimate the limiting value of the modification parameter
Vmay to within 0.001. If applicable, express ¢ (||x]||, [|xx|, v, 6™). Then,
Vmax can be found by trial and error to be the largest value for which
o (Ixl, 1%l s Vinax, %) = 0 such that ||x|| > [|x,|l. Express the ulti-

mate bound of ||e| and Hé” as a function ||x||, v, and y. Evaluate them
for y = 500.

. Implement the adaptive controller in Simulink with MRAC for which v = 0

and the optimal control modification with v = v,,,, determined from part
(b) using the following information: x (0) = 1, 6 (0) = 0, and y = 500
with a time step At = 0.001s. Plot the time histories of x (¢), u (¢), and
0 (t) for ¢ € [0, 10] s for both MRAC and the optimal control modification.
Comment on the responses of the two adaptive controllers and compare the
maximum tracking error ||e|| and maximum parameter estimation error H 6 H

due to the optimal control modification to those determined from part (b).
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11. Consider the equation of motion of an inverted pendulum constrained to move
horizontally by a control force u (¢)

T TTS s

o, Sons 1 _ L e o
=mL (4—3cos G)G—EmgLsmG—i—gmL 6% s5in20 + cf = 5L cosou (t — 1g)

where m is the mass of the pendulum, L is the length, g is the gravity constant, ¢
is the damping coefficient which is assumed to be unknown, 6 (¢) is the angular
position, u (¢) is the control input which represents the horizontal force at point
0, and 7, is a time delay which represents the motor actuator dynamics.

a. Let x; () = 0 (1), x2(t) = 0 (1), and x (t) = [x1 () x2 (1) ]T. Derive the
expressions for the nonlinear dynamic inversion adaptive controller and the
o modification adaptive law to estimate the unknown coefficient ¢ in order
to enable the closed-loop plant to track a reference model specified by

ém + 2§’mwmém + wi@m = a),ir
which can be expressed in general as
).Cm = Amxm + Bur

b. Given m = 0.1775 slug, g = 32.174 ft/s, L = 2 ft, ¢ = 0.2 slug-ft2/s,
&n = 0.75, wy, = 2,and r = 1”—2 sin 2¢. Implement the adaptive controller
in Simulink with the following information: x (0) = 0, ¢ (0) = 0, y = 100,
and a time step At = 0.001s for the following cases: (1) the standard
MRAC with t; = 0, (2) the standard MRAC with 7; = 0.01 s, and (3) the
o modification with ¢ = 0.1. For each case, plot the time histories of x ()
and x,, (¢) on the same plot, u (¢), and ¢ (¢) for ¢ € [0, 10]s. Plot in the units
of deg for x; (¢), deg/s for x, (¢), 1b for u (), Ib-ft-sec for ¢ (¢).
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12. Given a longitudinal dynamic model of an aircraft with a matched uncertainty

a | % 1 o
G| Mo+ MP= M, + Mg | g
+ VMD-,Z):|(8e(t_td)+[9; 9;][ i|)
M&,‘FT(S q

with the following information: V = 795.6251 ft/s, y = 0, Z, = —642.7855
ft/s2, Zs, = —55.3518 ft/s>, M, = —5.4898 sec 2, M;, = —4.1983 s72, M, =
—0.6649 sec™!, M, = —0.2084s7 !, oF = —5.4, 9;‘ = —0.3, and t; = 0.01 sec.

a. Design a nominal proportional-integral control
t
Se :kpoz—i—ki/ (a —r)dt +kyq
0

by finding the general expressions and the numerical values for &, k;, and
k4 to enable the aircraft to track a reference model of the angle of attack

o . 2 2
O + 2800y + @), 0y = @), T

where ¢, = 0.75 and w,, = 1.5 rad/s.
b. Let z (t) = fot (e (t) —r (1)) dr, provide the general expression and the
numerical value for the reference model of the aircraft as

Xm = ApXm + Bpr

where x (1) = [z () e () ¢ (1]

c. Let ®* = [O Oy 05 ]T. Design an adaptive angle-of-attack controller using
the optimal control modification to enable the closed-loop plant to track
the reference model. Express the adaptive controller and the adaptive law.
Given Q = 1001, select the modification parameter to guarantee stability of
the closed-loop plant by using the linear asymptotic property of the optimal
control modification and the following formulas to compute the crossover
frequency and time delay margin for MIMO systems. Plot v versus #; for
v € [0, 5] and determine v to within 0.01 for z; = 0.01s
For a general time delay system

X =Ax+ Bu(t —ty)

with a linear controller
u=K.x

the crossover frequency and time delay margin can be estimated as
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w = (—jA) + | BK]

tg = — cos™! #(A)

w i (=BKy)

where [i is a matrix measure quantity defined as

w(C) = max A; (C +C*)

1<i<n 2

for a general complex-value matrix C with its conjugate transpose C*.

d. Implement the adaptive controller in Simulink using the following informa-
tion: x (0) = 0, ® (0) = 0, I = 1000/, and v determined from part (c)
with a time step A7 = 0.001 s. The reference command signal r (¢) is a pitch

attitude doublet specified in the following plot.
6 . : :

r, deg

4} 4

o 5 10 15 20 25 30

t, sec
Plot the time histories of each of the elements of x (¢) and x,, (¢) on the same
plot, and u (¢) for ¢t € [0, 30]s. Plot in the units of deg—sec for z (¢), deg for

a (t) and §, (¢), and deg/s for ¢ (1).

13. Given a longitudinal dynamic model of a damaged aircraft

. Za ZS,
o = 7+AAW o+qg+ 7‘+AB(1 Se (t — 1g)

. My Z,
g=\M,+ v + AAge )+ (M, + My + AAyy) g

My Zs,
+<Mae+ > +ABq)66(t—td)
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a. Design an ACAH hybrid adaptive flight controller for the pitch axis to enable

the aircraft to follow a reference model

sz_wq(‘]m_r)

by providing the expressions for the hybrid adaptive controller, the least-
squares gradient parameter estimationof AA,,, AA,,, AB,,and the optimal
control modification adaptive law to handle the residual tracking error.

. Implement the hybrid adaptive flight controller in Simulink using the same

aircraft parameters from Exam Problem 12 and the following additional
information: #; = 0.02s, ¢, = 0.75, w; = 2.5 rad/s, AAy,, = 0.1616/s,
AAyy = 2.1286 /s?, AA,, = 0.5240 /s, AB, = —0.0557 /s, AB, =
—2.5103 /s, « (0) = 0, g (0) = 0, Ady (0) = 0, AAy, (0) =
AB, (0) = 0, R = 1000/, I' = 10007, and v = 0.1 with a time step
At = 0.001s. The reference command signal r (¢) is a pitch rate doublet
specified in the following plot.

3 T T T T T

r, deg/sec
o

o} i

0 5 10 15 20 25 30
t, sec

c. Simulate three cases: (1) nominal controller, (2) only direct MRAC, and (3)

hybrid adaptive control with both direct MRAC and indirect least-squares
gradient adaptive control. For each case, plot the time histories of each of
the elements of « (¢), 6 (¢) , g (t) and g,, (t) on the same plot, and u (1) for
t € [0, 30]s. In addition, plot & (¢) for case 2; and AAqD, (1), AAqq (1),

ABq () for case 3. Plot in the units of deg for « (¢), 6 (¢), and §, (¢), and
deg/s for q (2).
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