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Abstract

Adaptive Control (AC) provides a systematic framework for handling uncertainty in linear
and non-linear systems. Single-model adaptive schemes such as Model Reference Adaptive
Control (MRAC) and Adaptive Pole Placement Control (APPC) face inherent limitations
when applied to systems with large parametric uncertainty, such as slow convergence rates
and limited noise robustness. This has motivated researchers to investigate multiple-model
strategies that employ several candidate plants to represent different regions of the oper-
ating space.

In this thesis, we develop Multiple-Model Adaptive Control (MMAC) methodologies
based on the blending of signals from multiple fixed models. We consider uncertain plants
with known, compact, convex polytopic uncertainty. Our starting point is the design of a
Multiple-Model Parameter Identification (MMPI) scheme that quickly and robustly iden-
tifies the uncertain plant parameters. In combination with a Model Reference Control
(MRC) framework, this leads to a Multiple-Model Reference Adaptive Control (MMRAC)
with blending for Linear, Time-Invariant (LTT), non-square (different number of inputs
and outputs), multi-input systems, with full-state feedback. Under an exact matching
condition, the parameter estimates are used to design a control input such that the plant
states asymptotically track the reference signal generated by a state-space reference model.
A procedure is provided to select the corner models based solely on the polytopic un-
certainty. The proposed MMRAC guarantees the boundedness of all closed-loop signals
and the asymptotic convergence of the state-tracking error to zero. Statistical analysis
demonstrate improved tracking speed and robustness to noise compared with single-model
approaches.

The combination of MMPI with pole-placement techniques, allowed us to develop
Multiple-Model Adaptive Pole Placement Control (MMAPPC) for LTI, square (same num-
ber of inputs and outputs), multivariable systems with full-state feedback, and for with
LTI, Single-Input, Single-Output (SISO) systems via an intermediate state estimation step.
The resulting controller again ensures the boundedness of all closed-loop signals, while also
asymptotically placing the closed-loop eigenvalues at designer-specified locations. Statisti-
cal analysis shows a clear increase in robustness to noise relative to single-model schemes.
These improvements were validated in the context of motion control of lateral vehicle dy-
namics, where multiple-model schemes consistently outperformed single-model approaches,
including cases with slowly time-varying unknown parameters.

v



Acknowledgements

This PhD consisted of five intense and fruitful years. The road was challenging and
I could not have done it alone. Friends, family, and supervisors played a key role in this
personal achievement.

First, and foremost, my supervisors deserve great praise. In 2021, Prof. Drs. Fidan
and Nielsen, Baris and Chris, took a gamble and allowed me to join their research group.
For the past five years, they have given me tools and guidance that have allowed me to
complete our research and most importantly to enjoy the process. They have taken care
of me not just as a PhD student, pushing me and letting me get great results, but also
as a person, giving me space to learn from my mistakes and adapt (no pun intended) into
who I am today. For all your efforts and support, I am forever in your debt. I hope we
continue to do research together and thank you for allowing me to take on this challenge.

[ want to thank my family for going through life with me and, in particular, for these
last years, where I needed them most. Thank you Mom, Dad, Juan, Pablo, and Ana for
everything you do and for being my family. Thank you to my beautiful nieces and nephews,
who fill me with so much happiness.

Life has provided me with many friends and now I have found an excuse to thank them.
Thank you Shaundell for endless talks, walks, meals, drinks, and great memories during
the past years. Thank you Rollen for challenging my ideas and having fun doing research
with me. Thank you Lucas, Juan, and Ash for so many great memories and discussions.
Thank you to Hanspal, Indrani and everyone at the Bhakti house for all our years together.
A special thanks to the Goldmans, Propps, and Erlichs for their warm welcome into their
families. Thanks to all my friends from Argentina who are very present despite the long
distance!

Finally, I would like to thank the committee members, whose questions and comments
allowed us to improve the final version of this thesis.



Dedication

To my Dad, a friend and example in life.

vi



Table of Contents

Examining Committee ii
Author’s Declaration iii
Abstract iv
Acknowledgements \%
Dedication vi
List of Figures X
List of Tables xiii
List of Abbreviations Xiv

1 Introduction 1
1.1 Problem Domain and Motivation . . . . . . ... ... ... ... ..... 1
1.2 Contributions of this Thesis . . . . . . . .. .. .. ... ... ... .... 4
1.3 Organization and Notation . . . . . . . . .. . ... ... ... ... .... 5

2 Literature Review and Theoretical Background 8

2.1 Historical Background of Adaptive Control . . . . . . .. .. ... ... ..

vii



2.2 Switching Control . . . . . . . . ...
2.3 Blending Control . . . . . . . .. .
2.4 Theoretical Background . . . . .. ..o oo

24.1
24.2
24.3
244
2.4.5
2.4.6
247
2.4.8

Parametric Models . . . . . . ... ... o
Persistence of Excitation . . . . . .. ... ... ... L.
Barbalat’s Lemma . . . . .. .. . 0o
Parameter Identification: Gradient Algorithm . . . . . ... .. ..
Parameter Identification: Parameter Projection . . . . . .. .. ..
Model Reference Adaptive Control . . . . . . ... ... ... ...
Adaptive State Estimation . . . . . . . ... ...
Adaptive Pole Placement Control . . . . . . ... ... ... ....

3 Multiple-Model Parameter Identification (MMPI)
3.1 State-Feedback MMPI . . . . ... ... ... ... ... ..........

3.1.1

Simulation Example . . . . . . ...

3.2 Output-Feedback MMPI . . . . . . .. ... ... .. ... ... ......
3.3 State Estimation of Output-Feedback Systems using Multiple Models . . .

3.3.1

4 Multiple Model Reference Adaptive Control (MMRAC) with Blending

Simulation Example . . . .. ... ... ... L.

4.1 MMRAC in State Space . . . . . . . .. ...

4.1.1
4.1.2
4.1.3
4.14

Corner Model Selection . . . . . . . . .. ... ... ... ......
Control Design . . . . . . . . .. ..
Stability Analysis . . . . . . . ... L

Simulation Example . . . . ... .. o000

4.2 Application of MMRAC to Motion Control of Lateral Vehicle Dynamics . .

Viil

25
26
32
35
41
44

51
53
57
99
61
70



5 Multiple-Model Adaptive Pole Placement Control (MMAPPC) with Blend-

ing 77
5.1 State-Feedback MMAPPC of Square MIMO Systems . . . .. ... .. .. 77
5.1.1 Control Design . . . . . . . . . 78
5.1.2 Stability Analysis . . . . . . . ... ... 80
5.2 Application of MMAPPC with State Feedback to the Motion Control of
Lateral Vehicle Dynamics . . . . . . . . . . . ... .. ... 82
5.3 Output-Feedback MMAPPC of SISO Systems . . . . ... ... ...... 84
5.3.1 Control Design . . . . . . . . . 86
5.3.2 Stability Analysis . . . . ... 87
5.3.3 Simulation Example . . . .. ... o o 89
6 Conclusions 97
6.1 Summary . . . .. 97
6.2 Open Problems and Future Research . . . . ... ... ........... 98
6.2.1 Extension to Discrete-Time Systems . . . . ... ... ... .... 98
6.2.2 Persistence of Excitation Considerations . . . . ... ... ..... 99
6.2.3 Combining Switching and Blending Techniques . . . . ... .. .. 100
6.2.4 Extension of MMAPPC to General MIMO Systems . . . ... ... 100
6.2.5 Extension to a Class of Nonlinear Systems . . . . ... ... .... 100
References 101



List of Figures

11
1.2

3.1
3.2
3.3
3.4

3.5

3.6

3.7
3.8

4.1
4.2
4.3

4.4

lllustration of the polytopic uncertainty for N =5. . . . . ... ... ... 3
High-level illustration of the MMPI framework that can be connected to
dierentcontrollers. . . . . . . . . ... 4
Time evolution of the uncertain constant matrice#\, andB,. . . ... .. 33
Time evolution of the weight vectow® . . . . . . . . .. ... ... .... 33
Time evolution of the states of the system. Note they are bounded. . ... 34
Time evolution of the state estimates without and with uncertain dynamics

and measurement noise, on the left and right, respectively. . . ... .. .. 47
Time evolution of *, without and with uncertain dynamics and measure-

ment noise, on the left and right, respectively. . . . .. ... .. ... ... 47
Time evolution ofk®, X,k without and with uncertain dynamics and mea-
surement noise, on the left and right, respectively. . . . . . ... ... ... 48
Ampli cation of the noise in each state in open-loop. . . .. ... ... .. 48
Statistical analysis for open-loop state estimation using multiple models. . 49
Graphic illustration of the projection process to select corner models. . .. 56
Block diagram of the proposed MMRAC. . . . . . . .. .. ... ... ... 58

On the left: Time evolution of the states of the system and the reference
model for MRAC and MMRAC. On the right: Control e ort for MRAC and
MMRAC. . . . 61

Euclidean norm of the tracking error for MMRAC and a single-model MRAC. 62



4.5 Semilog plot for the norm 2 of the tracking errors, and the linear regressions

(LR) for MMRAC and a single-model. . . . ... ... ... ........ 62
4.6 Evolution of the estimateswft). . . . .. .. ... .. ... ... ...... 62
4.7 Time evolution of the estimates oA, andB,. . . . . ... ... ... ... 63

4.8 Simulations with measurement noise. On the left: Time evolution of the
states of the system and the reference model for MRAC and MMRAC. On

the right: Control e ort for MRAC and MMRAC. . . . . . .. .. ... .. 63
4.9 Euclidean norm of the tracking error for MMRAC and a single-model MRAC

with measurement noise. . . . . . . . . . . . 64
4.10 Evolution of the estimatesw(t) with measurement noise. . . . . .. .. .. 64
4.11 Time evolution of the estimates of\, and B, with measurement noise. . . 64
4.12 Compilation of Whisker plots of thel -norm of the tracking error (top),

slopes of the linear regression (middle), and control e orts (bottom). . .. 65
4.13 Free-body diagram for lateral vehicle dynamics using a bicycle model. . . . 71
4.14 r(t) for the reference model. . . . . . . ... ... ... .. oL 74

4.15 Constant = 1 1 1 . On the left: Time evolution of the states of the
system and the reference model for MRAC and MMRAC. On the right:
Control e ort for MRAC and MMRAC. . . . . . . . . . . .. . ... .... 74

4.16 Time-variation of (t). . . . . . . . . . . . . . . ... . 75

4.17 The vector (t) changes as shown in Figure 4.16. On the left: Time evolution
of the states of the system and the reference model for MRAC and MMRAC.

On the right: Control e ort for MRAC and MMRAC. . . . . . ... .. .. 75
5.1 Block diagram of the proposed state-feedback MMAPPC. . . . . . . .. .. 80
5.2 States of the system for di erent control techniques assuming= (t). .. 83
5.3 Control e ort of the di erent control techniques assuming = (t). .. .. 83
5.4 Time evolution of the weight vectorwft) when = (t). ... .. ... .. 84
5.5 Block diagram of the proposed output-feedback MMAPPC. . . . . . . . .. 87

5.6 Time evolution ofx, and X, for multiple models without measurement noise.
On the left we present a single-model approach, and on the right a multiple-
model approach. . . . . . . ... 91



5.7

5.8
5.9

Time evolution ofx, and X, for multiple models with measurement noise.
On the left we present a single-model approach, and on the right a multiple-
model approach. . . . . . . . . .. 91

Ampli cation of the noise in each state in closed loop. . . . .. .. ... .. 92

Compilation of Whisker plots of the 2-norm of the closed-loop parameter
estimation (top) and state estimation (bottom). . . . . .. ... ... ... 95

5.10 Compilation of Whisker plots of the 2-norm of the closed-loop state regula-

tion (top), control e ort (middle) and noise ampli cation (bottom). . ... 96

Xii



List of Tables

3.1 Summary of results of the statistical analysis in open-loop. . . . . ... .. 50
4.1 Summary of results of the statistical analysis. . . .. ... .. ... .... 66
4.2 Values used to run simulations. . . . .. ... ... oL 73
5.1 Summary of results of the statistical analysis in open-loop. . . . ... ... 93
5.2 Summary of results of the statistical analysis in closed-loop. . .. ... .. 94

Xiii



List of Abbreviations

AC Adaptive Control iv, 5, 8, 16
APPC Adaptive Pole Placement Control iv, 5, 11, 98

LTI Linear, Time-Invariant iv, 1, 8, 26, 51, 77, 97

MIMO  Multiple-Input, Multiple-Output 11, 26, 51, 77, 97
MMAC Multiple-Model Adaptive Control iv, 3, 8, 10, 100

MMAPPC  Multiple-Model Adaptive Pole Placement Control iv, 3, 16, 77, 78, 80, 86,
87, 98, 100

MMPI  Multiple-Model Parameter Identi cation iv, 3, 15, 25, 51, 77, 78, 97

MMRAC Multiple-Model Reference Adaptive Control iv, 3, 4, 15, 16, 51, 52, 57, 59, 97,
98

MMSE Multiple-Model State Estimation 4, 25, 41, 77

MRAC Model Reference Adaptive Control iv, 3, 9, 51, 68, 99
MRC Model Reference Control iv, 3, 57, 97

PE Persistently Exciting 17, 18, 21, 34, 38, 46, 60, 81, 99

PPC Pole Placement Control 6, 97

SISO Single-Input, Single-Output iv, 3, 12, 35, 87, 100

Xiv



Chapter 1

Introduction

1.1 Problem Domain and Motivation

The foundation of modern control theory is based on Linear, Time-Invariant (LTI) systems
whose applications extend across all areas of engineering, including aerospace, robotics, au-
tomotive, chemical, and electrical systems. Control of LTI systems provides a mathemati-
cally rigorous and tractable framework for modeling, analyzing, and designing controllers
that guarantee a particular dynamic behavior of physical processes. Despite their appar-
ent simplicity, LTI systems capture the essential dynamics of a wide range of engineering
problems and serve as a local approximation to more complex nonlinear systems. In prac-
tical settings, however, the exact parameters of a dynamical system are rarely known with
complete certainty. Parametric uncertainty is an unavoidable feature of physical-world
systems, arising due to modeling approximations, inherent variability in physical compo-
nents, degradation and wear over time, external environmental in uences, measurement
errors during the system identi cation process, among others. If the true parameters of an
uncertain system deviatemuch from the assumed ones, a controller that was designed us-
ing the nominal model may fail to deliver the desired performance or result in an unstable
closed-loop. In this thesis, the primary focus is to design feedback controllers that stabi-
lize uncertain LTI systems, achieve a desired performance speci cation, and are robust to
measurement and process noise.

The type of problems that we focus on in this thesis are as follows: Consider the LTI



plant

Xp(t) = ApXp(t) + Bpu(t); Xp(0) = Xpos t O
Yp(t) = CpXp(1);

whereA, 2 R" ", B, 2 R" ™ are uncertain constant matrices andC, 2 RY " is a known
output matrix. The signals xp(t) 2 R", u(t) 2 R™, and y,(t) 2 RY are the state vector,
control input, and output of the system, respectively. A key assumption in this work is
that we have certain knowledge of the parametric uncertainty of the matrice&, and By,
that is, they lie inside aknown compact, convex polytope of uncertainty; we will refer to
this type of uncertainty as polytopic uncertainty in this work.

Any compact convex polytope has a nite numberN of extreme points. For every
extreme point A; B; of this polytope, we can de ne the dynamics of a xed model, also
referred to as a corner model:

Xi(t) = Aixi(t) + Bju(t); xi(0) = Xpo; t  0;
yi(t) = Cpxi(t);

whereA; 2 R" ", B; 2 R" ™ are known constant matrices, for every 2 f 1, iNg. The
signalsx;(t) 2 R", u(t) 2 R™, and y;(t) 2 RY are the state vector, control input, and
output of the corner models, respectively.

The control objective is to design the signali so that the dynamics of the closed-loop
system behaves as speci ed by the control engineer using the information of the polytope
of uncertainty. The information of all convex models is very relevant, since we can write
the unknown matricesA, and B, as a convex combination of allA; and B;, i.e., there
exists a non-empty set

( W N )

w= w2[1M: A, B, = w A B ; w=1
i=1 i=1

The problem of identifying the unknown system matrice#\, and B, is equivalent to iden-
tifying an estimate W of a vector w2 W . Figure 1.1 depicts an example of the polytopic
uncertainty we consider in this work, for the case dil = 5; note that the plant is inside
the convex hull of uncertainty.

A key bene t and motivation to blend the information obtained from multiple models
is that all simulations in the literature show that the tracking speed, parameter identi -
cation speed, and state-estimation speed are at least one order of magnitude faster than
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Figure 1.1: lllustration of the polytopic uncertainty for N = 5.

any single-model approach. Although no formal proofs guarantee this result, it has been
conjectured to be the case by leading experts in the eld (see [61]). Another important
advantage of Multiple-Model Adaptive Control (MMAC) with blending is that during the
implementation of our controllers, we do not need to run or simulate each corner model,
but instead we cangreatly decrease the number of di erential equations that need to be
solved.

The problem stated in this section is really broad and allows for multiple approaches.
Taking into account the matrix C,, we can di erentiate between two large families of prob-
lems; state-feedback problems whe@,, is the identity matrix and output-feedback prob-
lems whenC, 2 RY " is arbitrary. In both cases, our approach was to apply the certainty
equivalence principle and develop a Multiple-Model Parameter Identi cation (MMPI) that
provided rapid convergence of the estimated parameters to the uncertain true parameters,
and was robust to noise. Once the parameters are identi ed, di erent possibilities open to
use the true states or estimated states to achieve particular closed-loop behaviors.

The rst problem we tackle in this thesis is the use of multiple models in a Model
Reference Control (MRC) setting. We combined MMPI with Model Reference Adap-
tive Control (MRAC) to obtain a Multiple-Model Reference Adaptive Control (MMRAC)
control scheme using the true states of the system as feedback. A second problem was de-
veloping multiple-model controllers for regulation, referred to as Multiple-Model Adaptive
Pole Placement Control (MMAPPC), which place the poles of the closed-loop of the plant
at the desired locations. We initially solved this problem for the case of state-feedback
of square multivariable uncertain systems, and extended it to the case of Single-Input,
Single-Output (SISO) systems via a state-estimation step. In Figure 1.2 we present a



Figure 1.2: High-level illustration of the MMPI framework that can be connected to dif-
ferent controllers.

high-level illustration of the MMPI framework. Note that depending onC,, the controller
will change to satisfy either the MMRAC problem scheme or the MMAPPC problem with
state-feedback or output-feedback with a state estimator.

1.2 Contributions of this Thesis

We outline our contributions of this thesis in the following list.

" Provided rigorous mathematical proofs for a MMPI scheme using a gradient adaptive
law. The systems under consideration are non-square, i.e., the number of inputs is
less than the number of states, multi-input, LTI with polytopic uncertainty, and the
full states of the plant are available for feedback. Note that this result can also be
applied to square systems. We extended this result for SISO, LTI systems with the
same notion of uncertainty, and only the output was available for feedback. This
parameter identi cation scheme was used to develop a Multiple-Model State Esti-
mation (MMSE) with blending. The stability and boundedness of signals has been
studied and the e ectiveness validated via simulations. They show the e ectiveness
of these approaches and the increase in robustness to noise and the improvements in
the convergence speed of the error signals to zero. In addition, simulations show that
the MMPI scheme can also be applied for linear systems with uncertain parameters
that are slowly time-varying. The MMPI approaches can easily be combined with
any model-based control scheme.

" We combine the MMPI scheme with a MRAC framework to develop a MMRAC
scheme for non-square, multi-input, LTI systems with polytopic uncertainty, and the
full states of the plant are available for feedback; note that the results also hold for
square systems. For each corner model, we compute two o ine gains that are used

4



to generate a control input based on multiple models. The control input with MMPI
guarantees that the statex,, of the uncertain plant perfectly asymptotically track the
states generated by &nown reference model with &known, bounded and piecewise
continuous reference input signal, under the assumption of persistence of excitation.
Moreover, all closed-loop signals remain bounded. A complete stability analysis is
provided alongside a set of simulations. Statistical analysis shows that the proposed
approach improves noise robustness and signi cantly decreases the convergence speed
of the MMRAC scheme compared to single-model approaches.

We combine the MMPI scheme with a Adaptive Pole Placement Control (APPC)
framework to develop a MMAPPC scheme for square, multi-input, LTI systems with
polytopic uncertainty, and the full states of the plant are available for feedback. For
each corner model, we compute one o ine gain that is used to generate a control
input based on multiple models. The control input with MMPI guarantees that the
states x, converge to zero and that all signals of the closed-loop remain bounded,
under the assumption of persistence of excitation. A complete stability analysis is
provided alongside a set of simulations. We extend this result to the case of SISO, LTI
systems with polytopic uncertainty, with a MMSE intermediate step. For the latter
case, we do not require persistence of excitation to guarantee our results. Statistical
analysis shows how the proposed MMAPPC approach improves the robustness to
noise and regulates the states faster compared to a single-model approach.

The MMRAC and MMAPPC are tested on the interesting engineering problem of
motion control of lateral vehicle dynamics. Our approaches outperform the perfor-
mance of single-model approaches, most notably in the case of slowly time-varying
parameters, for similar control e orts. Combining these results with the statistical
analyzes for MMRAC and MMAPPC suggests that the use of multiple models can
be used to improve the performance of automobile systems and could potentially
decrease the number of accidents on the road.

1.3 Organization and Notation

Chapter 2 deals with the literature review of Adaptive Control (AC) and part of the math-
ematical foundation in AC. First, we provide a historical summary of the origins of AC,
the drawbacks, and how MMAC presented a novel approach to overcome the limitations
of single-model approaches. We cover the main MMAC approaches consisting of switching
control and blending control and justify the use of blending for this thesis. As background
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information, we include a set de nitions and common results in AC that are used multiple
times throughout the thesis.

In Chapter 3, we present the formal problem formulation of online MMPI with blending
for LTI, non-square, multi-input systems with state-feedback, and for LTI, SISO systems
with a state estimator. The key assumption of polytopic uncertainty is made and justi-
ed. Under these constraints, parameter projection is properly de ned and can bound the
region where the minimization problem is de ned. Lastly, we present simulations of the
e ectiveness of the MMPI scheme and robustness analysis for the MMPI solution with
state estimation.

We dedicate Chapter 4 to combine the MMPI scheme in a MRAC framework to de-
velop a MMRAC scheme. Complete stability proofs are provided, as well as the necessary
conditions to guarantee a perfect tracking of plant statex, to the states generated by a
reference model that is considered ideal or nominal. A procedural algorithm is given for
the selection of the corner models that satisfy all the assumptions for this problem formu-
lation. We present simulations of the e ectiveness of the MMRAC scheme and robustness
analysis. The last part of the chapter applies MMRAC to the motion control of lateral
vehicle dynamics.

In Chapter 5, we combine MMPI with a Pole Placement Control (PPC) framework to
create a MMAPPC scheme. Firstly, we formulate and provide stability proofs for square,
multi-input, LTI systems with polytopic uncertainty, and the full states of the plant are
available for feedback. Second, we formulate and provide stability proofs for SISO, LTI
systems with polytopic uncertainty, with a MMSE intermediate step. Third, we present
simulations of the e ectiveness of the MMAPPC scheme and robustness analysis. We
nish the chapter with an application of MMAPPC to the motion control of lateral vehicle
dynamics.

Finally, we devote Chapter 6 to discussing the conclusions of this work. We mention
some limitations to the current theory and a brief list of open problems that time did not
allow us to cover, but would greatly improve the applicability of our results more widely.

Notation

If S R", then conv(S) denotes the closed convex hull d, the interior of S is written
int(S). Let k k denote the 2-norm of both vectors and matrices, and lét k; denote the
in nity norm of vectors. The kernel of a matrix A is denoted by KerA. Given two matrices
Q;R2R" " wewriteQ RIifQ R is positive semide nite. For two signalsf, and f,
we write f;  f,, if there exist , > Osuchthatforallt O0,kf;(t) f,(t)k e *'.

6



Furthermore, if g = f; f,satisese(t)= e« (t), then we write f; = f,. If x 2 RV,
then x; denotes thei-th component, andx = (x1; ;Xy 1) 2 RN 1. Two polynomials are
strongly coprime if there exists a positive constant > 0 such that the distance between
their roots is greater than". The matrix pairs (A(t);b(t)) and A(t);c are strongly
controllable and strongly observable, respectively, if there exists> 0, such that for every
t, the polynomials det6l A(t)) and ¢ adj(sl A(t))b(t) are strongly coprime. IfA 2 R" ",
then (A) denotes then roots of its characteristic polynomial.



Chapter 2

Literature Review and Theoretical
Background

This chapter provides a review of the literature of Adaptive Control (AC). A brief historical
summary motivates the use of multiple models based on the shortcomings of single-model
approaches. Then, we study multiple-model approaches, where we analyze the history of
switching control and blending control, and the evolution of recent advances in Multiple-
Model Adaptive Control (MMAC). Finally, this chapter reviews several fundamental con-
cepts and results that will be used throughout the thesis. The aim is not to provide ex-
haustive proofs, which can be found in standard references [27, 77], but rather to present
the key statements and intuition behind each result to establish a common foundation for
the developments in later chapters.

2.1 Historical Background of Adaptive Control

The origins of adaptive control are closely tied to the aerospace industry of the 1950s,
when the rst high-performance aircraft and guided missiles began to operate in ight
regimes that could not be stabilized reliably with xed-gain controllers. Autopilot failures
were frequent: a set of gains that worked well at low altitude and moderate speed often
led to instability at higher altitudes or at di erent speeds. This problem highlighted
the fundamental weakness of Linear, Time-Invariant (LTI) controllers in the presence of
parameter variations [27, 77].

The basic principle of adaptive control was to automatically tune controller parameters
in real time to compensate for these variations. One of the rst schemes was thT rule,

8



derived from the idea of adjusting controller parameters in the direction of the negative
gradient of a cost function. Ify(t) is the plant output and y,(t) the reference model
output, the error is de ned ase(t) = y(t) ym(t). The adaptation law was chosen as

Q@¢)

(t) = —=¢(t), where is the adaptive parameter and > 0 a learning rate. Although

conceptually simple, the MIT rule lacked rigorous stability guarantees and could diverge
in the presence of disturbances or a modeling mismatch [45].

This motivated the development of Lyapunov-based adaptive control. Lyapunov's di-
rect method allowed researchers to construct adaptation laws that guaranteed global sta-
bility under certain assumptions. For example, given a candidate Lyapunov function,

1 1
V(e;j: éez'i' 2—~>T

where ~ is the parameter estimation error, one can derive adaptation laws that ensure
\(t) O, proving the boundedness of all signals. Typically, an application of the invariance
principle is used to show the convergence of the tracking error to zero.

Despite these advances, early adaptive controllers su ered from several practical limita-
tions, such as slow convergence rates, high sensitivity to noise, and restrictive assumptions.
As a result, many early adaptive autopilot prototypes did not deliver the expected reliabil-
ity. These di culties motivated alternative strategies, and researchers continued to re ne
adaptive methods into more practical forms.

Model Reference Adaptive Control (MRAC) became the canonical framework for adap-
tive control in the 1960s and 1970s. The idea is that given an uncertain plant with known
structure

Xp(t) = Ap( p)Xp(t) + Bp( p)u(t); Xp(0) = Xpo; t O
Yp(t) = Cpxp(t);
and a stable reference model
Xe () = Arxi(t) + Brr(t); xr(0) = Xro;
e () = Crxi (1);

wherer is a bounded command input, the adaptive controller adjusts the estimated pa-
rameter ’\p(t) so that the closed-loop system drives the err@(t) = y,(t) Yy, (t)to zero [77].
A standard MRAC controller has the form

u(t) = () H(t);
M= pE (HPB;



where ((t) is a regressor vector of measurable signals, such as the plant states or the ltered
inputs, P is a positive de nite matrix solving a Lyapunov equation for the reference model
and is a gain matrix. It can be shown that this controller keeps all signals bounded and
that e(t) asymptotically converges to zero under persistence of excitation.

Over the years, MRAC has been improved with robustness modi cations. The-
modi cation [0, 28] adds a damping term to prevent parameter drift:

M= MERPB, (1)

The -modi cation scales the adaptation based on the magnitude of the tracking error to
improve the robustness of the noise. Despite its rigorous foundation, MRAC is not without
weaknesses. Adaptation may be slow for large uncertainties, noise robustness is limited,
and the choice of an appropriate reference model can be non-trivial in complex systems.
These limitations led to parallel developments in gain scheduling and MMAC.

Gain scheduling was developed in parallel with MRAC as a more pragmatic method,
particularly well suited to aerospace applications [25, 47, 46, 54]. The central idea is to
design linear controllers at a set of operating points (for example, steady ight conditions
characterized by altitude and Mach number) and then interpolate controller gains based
on measurable scheduling variables [31]. Mathematically, the controller is written as

u(t) = K ()xp(0);

where (t) is the scheduling variable, such as air speed or load condition. At each frozen
operating point = , the gainK ( ;) is designed to stabilize the corresponding linearized
plant model. The interpolated controller then attempts to stabilize the full nonlinear
system as (t) varies [70].

Gain scheduling has enjoyed widespread industrial success. Modern ight control sys-
tems, gas turbines, and chemical plants often rely on scheduling strategies due to their
transparency and ease of certi cation [3, 9, 65, 93]. The frozen-time stability analysis
generally assumes that (t) varies slowly.

Several re nements have been introduced [71], including linear, parameter-varying con-
trol [69, 68, 72, 62], which casts gain scheduling into a convex optimization framework
with guaranteed stability under parameter variations. However, classical gain scheduling
remains essentially an interpolation method [74].

From a theoretical perspective, gain scheduling can be viewed as a precursor to MMAC.
The interpolation of gains across operating points [73] resembles the blending of multiple
controllers, while the selection of appropriate gains for each region resembles switching
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strategies. This perspective motivated researchers to develop MMAC as a more rigorous
extension of scheduling ideas.

Pole placement control originated in the 1960s, as state-space methods gained promi-
nence in modern control theory, providing a systematic way to assign the closed-loop poles
of a linear system to desired locations in the complex plane. Given a controllable pair
(Ap; Bp), the controller designer could select a feedback gain matr& such that the eigen-
values of A, ByK match a chosen set [66], directly shaping the closed-loop dynamics.
The approach was strongly in uenced by the increasing availability of digital computers,
which made state-space methods practical for real engineering problems [30, 35].

One of the main strengths of pole placement is its generality. As long as the system
is controllable, arbitrary closed-loop poles can be assigned. This provides great exibil-
ity in tuning the response speed, the damping ratio, and the oscillatory behavior [36].
Furthermore, the method naturally extends to Multiple-Input, Multiple-Output (MIMO)
systems [1], o ering systematic procedures to the most common classical control design
problems. When combined with observers [43] or Kalman lters [35], pole placement also
became the foundation of modern output-feedback control and optimal control.

Although pole placement provides a systematic way to assign closed-loop dynamics, its
e ectiveness can be limited when the system model is uncertain. In such cases, Adaptive
Pole Placement Control (APPC) techniques have been developed [29] to adjust controller
gains online, ensuring that stability and desired transient performance are preserved de-
spite parameter variations or modeling errors. However, APPC alone may su er from
limitations, such as slow adaptation, poor robustness margins, or sensitivity to noise [35].
To address these issues, multiple-model approaches have been proposed in which a set of
candidate models and controllers is maintained in parallel. By blending or switching among
these models, the closed-loop system can achieve improved robustness, faster adaptation,
and better overall performance in the presence of uncertainty.

2.2 Switching Control

Multiple-model switching techniques emerged as a structured approach to dealing with

large uncertainties by maintaining a set of candidate modelEM;M,; ;Myg, each
representing a possible plant behavior. For each mod®l;, a corresponding controller
K is predesigned. Then, a switching logic [22, 21, 23, 19] selects which controller to

apply based on the observed plant signals. A typical switching rule involves computing an
identi cation error for each candidate modele (t) = y(t) Vyi(t), wherey;(t) is the output
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predicted by the modelM;. The identi cation error is used to compute a cost function
Ji(e(t)), commonly calculated as

(1) = 2 .
Ji(1) = ke (DK [57)

t
J(t)y=  ke()k’d [21}
0 7 .
Jit)= ke(t)k®+ ke()K’d; > 0, > 0[3]
z°,
Ji() = ke(t)k®+ e ® dke()k3d; > 0, > 0, > 0][20]
0
which is then used by a decision maker, known assapervisoror monitor [50, 51, 20, 5, 81],
to select the best model as the one that minimize¥ (g (t)) at time t, i.e., the supervisor
produces a signal (t) 2 N that selects the controller. The set of controllers was invariant
in time [48, 53, 83, 50]. As time advanced, the researchers developed the switching and
tuning technique [55, 56], where the models could switch and adapt as more information
about the system was obtained.

Initially, instability problems occurred due to frequent switching; di erent techniques
have been developed to counteract this issue. A dwell-time condition [36]: once a controller
is selected, it must remain active for at leastp > 0 seconds before another switch is
allowed. A limitation of this approach is that in p seconds the system may deteriorate to
an unacceptable level before the next switching is allowed. A solution for this problem is
the implementation of a hysteresis condition [20]: once a controller is selected, it cannot
change until p > 0 seconds have passed, or the error has increased above a particular
threshold.

Under suitable conditions, MMAC with switching can guarantee di erent levels of sta-
bility and boundedness of signals for distinct classes of systems. For LTI, Single-Input,
Single-Output (SISO) systems, we can nd the majority of results; in [22], they guaran-
tee boundedness of all signals for the case of bounded noise, bounded disturbances, and
unmodeled dynamics, obtaining bounded output tracking, under an assumption on the
initial state of the system. In [50, 51], asupervisor is developed that is able to select a
controller from a family of candidate controllers that achieves perfect tracking of a con-
stant reference input and rejection of bounded constant disturbances. The robustness of
this result is proven for the case of bounded measurement noise, where the tracking error
of the input remains bounded. For implementation purposes, given an in nite uncertainty
set [4] shows how to obtain a nite set of models such that at least one of the elements of
the nite set corresponding to the controllers is able to satisfactorily control each plant in
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the uncertainty set. A collection of most of the early results in switching control techniques
can be found in [36], including global uniformly asymptotic stability conditions of switched
systems under arbitrary or restricted switching.

Natural extensions of these results appeared for other classes of systems. In [13], a ro-
bust adaptive multivariate switching control algorithm is presented for MIMO, LTI systems
that uses very little a priori knowledge of the plant and achieves closed-loop stability and
bounded tracking and regulation of a reference signal and a disturbance signal, respectively.
For stochastic problems, [12] combines cautious randomized control and switching control
to provide robustness in nite time and asymptotically stable. For nonlinear and time-
varying systems, [44] provides conditions for global uniform asymptotic stability, given that
the system is measurable and the state functions satisfy Caratreodory conditions. These
techniques have also been combined with a MRAC framework in [50, 51, 76, 32, 55] and
with APPC in [67].

In recent years, switching control has tackled problems related to event-triggered switch-
ing of uncertain nonlinear systems in [89], constructing multiple Lyapunov functions to
solve tracking control problems of multiple agents in [84]. Results that guarantee inte-
gral input-to-state stability were developed in [38]. For discrete-time switched systems,
switching control has provided a solution to develop interval observers [24] with notions of

optimality [92].

Even with these stability guarantees, switching introduces some challenges. First, one
of the xed models isrequired to be suciently close to the original plant, and the
corresponding numberN of xed models may be large or grow exponentially with the
dimension of the uncertainty parameter vector [59]. Second, transients at the switching
instant can be abrupt, leading to undesirable oscillations or stress on the actuators. Fi-
nally, models that are not the best match for the plant at timet do not contribute to
the estimation of unknown parameters. These limitations motivated the development of
blending strategies, where the outputs of multiple controllers are combined continuously
rather than being switched discretely. The contrast between switching and blending is
fundamental. Switching methods are attractive due to their conceptual simplicity [52],
but introduce discontinuities in the control signal that can cause undesirable transients
or even instability if switching is too frequent and are computationally demanding when
implemented. In contrast, blending mitigates the risk of abrupt changes in closed-loop
dynamics, lowers the computational demand, uses the information of all models to better
estimate the parameters at all times, and for the case of very large parametric uncertainty,
blending can decrease the number of models used.
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2.3 Blending Control

Multiple-model techniques with blending are a modern control architecture that tries to use
multiple models in a way that mitigates each of the limitations experienced in the multiple-
model switching control framework [59]. Consider an uncertain systeM with input u
and output y,, and let the N candidate modeld M1; M,; ;Mg represent possible plant
behaviors. For an inputu, each modelM; will have a corresponding output vectoly;.
fundamenﬁll assumption for MMAC with blending is the existence of a vectaw 2 [0; 1]N
such that 2, w; = 1, and the output y,(t) can be written as a convex combination of
the output of all candidate modelsy;(t) as

X
Yp(t) = w;y; (t):

i=1

If the vector w is known, then all the usual control techniques can be applied given that
the usual matching, controllability, or observability conditions are met. In the uncertain
case, the problem of identifying the plantM is equivalent to identifying the vector w.
This modern control architecture creates a control input that is continuous in time, which
removes the abrupt transient behavior that switching control can exhibit. In addition, it
is not required for any of the modelaVl; to be close to the original model. Instead, a
convex combination condition is introduced; we show in Section 4.1.1 that this assumption
is automatically satis ed for most common parametric system identi cation processes.
Moreover, for a given system with a known, compact, convex polytope of uncertainty, if
the size of the polytope is scaled up by a large factor, then the number of models needed
in the blending approach would not change, but grow exponentially fast with the scaling
factor. Finally, all models are used during the adaptation of the parameter identi cation.

One of the rst results in blending control is based on the notion of gain scheduling.
When gain scheduling controllers interpolate between two xed controllers, it can be inter-
preted both as a switching control technique and as a blending technique. By measuring
the state and identifying that is within a particular region, two controllers are chosen
out of all possible controllers (switching behavior). To avoid abrupt transitions, one pos-
sible solution is to interpolate the controllers (blending behavior). This allowed [34] to
improve the performance of SISO, LTI systems with uncertainty, provide stability, and
robustness to noise using a blending approach of two controllers at a time. The uncer-
tainty set is known and discretized into smaller overlapping sets. For each set a stabilizing
controller is designed; considering the state of the system, a single controller is selected
for the non-overlapping regions, and an interpolated version of two controllers is chosen in
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the overlapping regions. This foundational work provides formal stability and robustness
proofs, showing that blending control can be used with guarantees.

The theoretical challenge in blending lies in guaranteeing stability and performance for
the combination of controllers. Unlike switching, where stability can often be deduced from
dwell-time or multiple Lyapunov function arguments [37, 36, 50, 19], blending introduces
coupling between controllers that requires a more delicate analysis. Early works focused on
SISO, LTI systems [34], where a robust performance speci cation can be met exponentially
fast in the presence of unmodeled dynamics, noise, and disturbances. The regulation error
is shown to be in the same order as the mean square value of these exogenous signals.
Under persistence of excitation of the input, the parameter estimates converge to their
true values.

A natural extension to LTI, single-input, state-feedback systems was presented in [60,

]. In these works, a Multiple-Model Reference Adaptive Control (MMRAC) scheme,
called second-order adaptation, is designed that achieves exponentially fast state tracking
and perfect parameter identi cation under the condition of persistence of excitation. The
main limitation of this approach is that the matrix pair A, B, isin canonical controllable
form, i.e., only the matrix A, allows for uncertainty and that the number of identi cation
models is not arbitrary; for a state vectorx, with n entries, n + 1 adaptive models are
selected, making it very di cult to obtain the set of corner models. This class of systems
was extended to the use dfl arbitrary models in [2], allowing for an easier implementation
of the approach, although no corner model selection procedure was proposed.

More recently, an extension to LTI, MIMO systems was presented in our work pub-
lished in [42]. In that article, we developed an Multiple-Model Parameter Identi cation
(MMPI) schemed that combined with a MRAC framework achieves perfect state tracking.
A procedure to select corner models that can be used for most system identi cation pro-
cesses is presented, and robustness properties are studied via statistical analysis. These
results are presented in Chapters 3 and 4. The rst extension of second-order adapta-
tion to a class of nonlinear systems started in a brief paper [20], where this approach is
used in combination with back-stepping adaptive control to achieve output tracking of a
system in parametric-strict-feedback form. Later results presented in [94] extended to gen-
eral discrete-time nonlinear systems with parametric uncertainty, given that the uncertain
parameters are inside of &nown compact, convex polytope of uncertainty and the non-
linearity is zero-order bounded. Under this assumptions, the output is able to perfectly
track a desired output and guarantee boundedness of all closed-loop signals.

In experimental studies, the use of blending control has decreased overshoot, settling
time, steady-state error [63, 15], was used to design fault tolerant controllers [11] for drone
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applications, and has been applied as an output-feedback solution to the control of dielectric
electroactive polymer actuators [7]. Other applications include multiple model estimation
of power systems models [49], development of an adaptive controller for partially-observed
boolean dynamical systems [26], distributed state estimation using a network of local sen-
sors [82], and motion control of lateral vehicle dynamics [40, 91].

An important application of multiple-model methods has been the integration with
MRAC and APPC. Classical MRAC provides rigorous guarantees but su ers from transient
oscillations, slow adaptation, and structural restrictions. Most of the MMRAC developed
are for switched systems, as seen in [88, 75], but su er the same limitations of switched
systems. In [58, 60, 17, 42, 40], we nd solutions to MMRAC using a blending approach
that have smooth control signals. When it comes to pole placement, in [91] an optimal
Multiple-Model Adaptive Pole Placement Control (MMAPPC) with blending is developed
that guarantees state regulation and boundedness of all closed-loop signals. A similar
result for non-optimal pole-placement is presented in [41], where motion control of lateral
vehicle dynamics is studied.

This brief review of the literature suggests that MMAC with blending provides a promis-
ing path to overcome the shortcomings of classical AC and also address the shortcomings
of switching control. However, several key gaps remain. First, existing schemes are often
tailored to specic system classes such as canonical, square, or scalar systems, limiting
their generality. Second, theoretical guarantees of stability and convergence are frequently
incomplete, particularly for blending-based designs. Third, the assumption of persistence
of excitation is required to achieve perfect asymptotic convergence of the parameter to the
true values. Finally, it is interesting to note that for some problems, switching control
is inherently better suited to design controllers: (i) when the uncertainty is very small,
(i) when there are abrupt changes in dynamics, switching control can adapt faster than
the blending approach. Some cases where blending approaches perform better include: (i)
uncertain and cyclic slowly-time varying parameters can cause cyclic transient behaviors
from the switching approach, and (ii) very large parametric uncertainty. Both approaches
can have designs that guarantee robustness to noise.

2.4 Theoretical Background

We combine a series of common de nitions and results here.
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2.4.1 Parametric Models

Consider a SISO, LTI system described by the-th order di erential equation:

yF()n) + ap 1yF()n D4+ + alyp+ AoYp = bmu(m) + + Q_U_+ kbu: (21)

Assume thaty,, u 2 R are the output and the input, respectively. Considering that all
parametersag, ;an 1, by, , by are unknown, we can de ne the uncertainty vector as

>

o= bn b a1 ao (2.2)

and rewrite the di erential equation as
h s
ym = > um u oy y, 2 R™™:

Filtering both sides by ——, where ('s) is a monic Hurwitz polynomial, we obtain the

, (s)
parametric model
Zy= , (2.3)
where
—_ 1 n) — S .
z, = ﬁyé, ) = ﬁ)’p,
I I T LV
(9 (s) (s)° (s)°"

Note that z, and y, di er only by a signal that decays exponentially fast, that is,y, = z,.

2.4.2 Persistence of Excitation

Asignal :[0;1)! RXis Persistently Exciting (PE), if there exist 1, >, T > 0
such that for everyt 0
A

1 () () 2 I (2.4)
t
Since  ~ is always positive semide nite, the persistence of excitation condition requires
that the integral over any interval of time length T be a positive de nite matrix. The
notion of a signal being PE gives an idea of how much information it carries. PE signals
will allow us to completely excite the system and to asymptotically identify the uncertain
parameters, as we will see in future chapters.
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2.4.3 Barbalat's Lemma

In adaptive control analysis, a central objective is to establish the asymptotic convergence
of the error signals to zero as time goes to in nity. This property typically follows from
demonstrating that the error signal is square-integrable with a bounded derivative, a result
formalized by Barbalat's lemma [27].

Lemma 2.1 (Barbalat's Lemma). For a function f : [0;1)! R, if f; f-2 L; and
f 2L, forsomep2 [1;1 ), then tIlilm f(t)=0.

2.4.4 Parameter Identi cation: Gradient Algorithm

Consider the parametric model (2.3) and de ne its estimatg,generated by the estimation

7AS N . . . .
modelZ, = ", p, where ', is the time estimate of ,. We can construct the estimation
error as N

>
W% B _ % pop,
bom L

wherem? 1 is a normalization signal designed to bound, from above. If we de ne a
cost function J("}) as

n A

2m2 (Zp F>> 9)2.

J Ny= P S - :
(o) 2 2m2
the gradient algorithm takes the form
T= rd= oy (2.5)
where = > 0 is a design matrix referred to as th@daptive gain

Proposition 2.2 (See [27] (Theorem 3.6.1))The gradient algorithm (2.5) guarantees that:
1. "p, "pMs, 5 are bounded and square integrable, arid is bounded.

2. If =2 is PE, then Ap converges to , exponentially fast.
S

3. If the plant (2.1) has stable poles, no zero-pole cancellations, ands su ciently
. . . . n+m+1 . . .
rich of order n+ m+1, i.e., it consists of at IeastT distinct frequencies,

then , and -2 are PE. Furthermore, k" .k, ",, ",ms and % converge to zero
Ms
exponentially fast.
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2.4.5 Parameter Identi cation: Parameter Projection

In many applications, we have some information about the bounds wherg 2 R" is
located, i.e., we know a convex subset @&" that contains all the parameters. If this
information is available, we want to restrict the estimation algorithm only to the region
where the unknown parameters are located.

Considering the gradient algorithm and a convex se® given by
n 0
s= ,2R":g(}) O ;

whereg: R" ! R is a smooth function; we can transform the gradient algorithm from the
previous subsection to

8
3 rd ff 2S%or 2 (S)
S=Pr( rd)= : a”f' (rr re 6 (2.6)
; r J+ rog r J; otherwise,
rg rg
n 0 n 0

where (S)= ", 2R":g("})=0 andS’= ", 2R":g(",) < 0 denote the boundary
and interior of S, respectively.

Proposition 2.3 (See [27] (Theorem 3.10.1))The gradient adaptive lam2.5), with pro-
jection modi cation (2.6) retains all properties that are established in the absence of pro-
jection. In addition, it guarantees that'\p(t) 2 Sforallt O, provided that Ap(O) 2 S and
2S.
p

2.4.6 Model Reference Adaptive Control

Consider a MIMO, LTI system

Xp(t) = ApXp(t) + Bpu(t); xp(t) 2 R™; u(t) 2 R™; Xp(0) = Xpo; t O (2.7)
whereA, 2 R" ", B, 2 R" ™ are unknown constant matrices, and the state vectox,(t)
is available for feedback.

The control objective is to desigru(t) to ensure closed-loop stability and that the states
of the systemx,(t) asymptotically track the states of the following given reference model
system:

X (1) = Arxe (1) + Brr(t); X (t) 2 R r(t) 2 R™; x:(0) = Xro; (2.8)
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whereA; 2 R" " is Hurwitz, B, 2 R" ™, andr(t) is a known, bounded, piecewise contin-
uous signal. Even in the case of no uncertainty, we must make the following assumptions:

Assumption 2.1. (i) There exist a constant matrix K; 2 R"™ ™ and a non-singular
constant matrix K, 2 R™ ™ such that
A+ BK = A,
BpoL = By:

(i) There is a known matrix S 2 R™ ™ such thatL S is symmetric and positive de nite:
M¢=LS=(LS)>=S’L> O

If the parametersA, and B, were known, the control lawu(t) = K Xp(t)+ L r(t) would
achieve exponential tracking of the states, (t), i.e., the tracking error e(t) = Xp(t) X, (t)
would converge to zero exponentially fast.

When considering an uncertain setting, the parameter&, and B, are not known, and
we use certain equivalence to obtain an adaptive version of the control law as

u(t) = K (t)x(t) + C)r); (2.9)

whereK (t) is the estimate ofK , and ['(t) is the estimate ofL . We can de ne the update
laws

R(t) = S B;Pe(t)x; (1); K(0) = Ko;
Bt = S*BIPet)r” (1); £(0) = Lo;

where S satis es Assumption 2.1,I€0 and I'_\o are arbitrary, and P 2 R" " is a constant
matrix such that P = P> 0 and solvesP A, + AP = Q for some constantQ 2 R" "
suchthatQ= Q> O.

(2.10)

Proposition 2.4. Consider the uncertain system(2.7) and the reference mode(2.8).

Assume that Assumption 2.1 holds, then the MRAC schen(2.9) and (2.10) guarantees
that for any x,o and bounded, piecewise continuous reference sigmét) all closed-loop
signals are bounded and(t) asymptotically converges to zero.

In order to identify the system, we can de ne estimates oA, and B, as Ap(t) and
B\p(t) to obtain the following adaptive identi cation law:

As() = Pet)x (t); Ay(0) = Ano;

(2.11)
Bp(t) = LPet)r™ (t); By(0) = Bpo;
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where A, and B, are arbitrary, 12 R" "and ,2 R" " are constant, positive de nite,
symmetric matrices. If the control signalu is PE, then we have exponential convergence
of the matrices estimatest and B\p to A, and By, respectively. See [77] for the complete
analysis.

2.4.7 Adaptive State Estimation
Consider the LTI, SISO plant

Xp(t) = ApXp(t) + bou(t); Xp(0) = Xpo; t 0

> (2.12)
Yp(t) = ¢ Xp(t);

where A, 2 R" " and b, 2 R" are unknown constant matricesA, is Hurwitz, ¢, 2 R",
Xp(t) 2 R" is the state vector,u(t) 2 R is a known, bounded, piecewise continuous control
signal. The matrix pair (A; ) is controllable and (Ay; ;) is observable.

Assumption 2.2. The systems considered i1§2.12) are in canonical observable form, that
is, they have the following structure

1
Ap: apj’*ofl’;
3= a1 @ a a 2R (2.13)
= b1 b b b7
©=10 0 :

To perform online parameter identi cation, we rede ne the uncertain vector (2.2) as

p = Z’; : (2.14)

In this setting, if u is PE, then the estimates’\p will converge to , exponentially fast.
Combining this with a Luenberger observer structure [43] we get the following adaptive
Luenberger observer:

Ro(t) = Ap()Rp(1) + Br(t)u(t) + Ko()(Yp(t)  9p(1)); Rp(0) = Xpo;

! (2.15)
Po(t) = 5 Rp(t);
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where X} (t) is the estimate ofxp(t),

A= a0 "
Ko()=a  ay(t)

a,(t) and ﬁp(t) are estimates ofa, and b, respectively,a 2 R" is chosen such that

is Hurwitz.

Proposition 2.5. The adaptive observer described K¢.12), (2.14) and (2.15) with As-
sumption 2.2 guarantees that:

(i) All signals are bounded.

(i) If u is suciently rich of order 2n, then the state observation errokx, 2R,k and
the parameter errork’\p pk converge to zero exponentially fast.

2.4.8 Adaptive Pole Placement Control

The results in this subsection were developed in [29]. Consider a SISO, LTI system repre-
sented by the transfer function
Yo = GO (2.16)

Z(s)
R(s)’
such that the closed-loop poles are assigned to those of a known Hurwitz polynomia(s).
In addition, we want to include a tracking objective, i.e.\y,(t) has to asymptotically track
a class of bounded reference signalqt) that satisfy

Qr(s)yr =0;

where Q; (s) is a known internal model ofy, (t), is a monic polynomial of degreeg with all
of its roots with non-positive real part, and no repeated roots in the imaginary axis.

where G(s) = G(s) is proper, R(s) is monic. The control objective is to desigru(t)

To achieve this control objective, we make the following assumptions:
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Assumption 2.3. (i) R(s) is a monic polynomial whose degrae is known.
(i) R(s) and Z(s) are coprime, and the degree A (s) is strictly less thann.
(i) Q;(s) and Z(s) are coprime.

With these assumptions, we can de ne the output tracking error as

_ Z(9) :
e = @U Yy (217)

Filtering both sides of (2.17) by 2L

, Where ('s)is a monic Hurwitz polynomial of degree

(s)
g, and also using Item (iii) of Assumption 2.3, we get
Z(s) (9
&= oo~ W
R(s)Qr(s)
_ Qr(S)u_ (2.18)
(s)

Equation (2.18) transformed the tracking problem (2.17) into a regulation problem, that
is, we need to choosa(t) to asymptotically take e;(t) to zero. At this point, we will solve
the problem with the following state-space realization in canonical observable form:

e(t) = Ape(t) + bou(t);

eil(t) = ¢ e(t);
where I
A, = Llntg 1o
P 0 (2.19)
©=10 07 ;

and ay, by, ¢, 2 R"" % are the coe cients of the vectors ofR(s)Q,(s) s""9andZ(s)( s),
respectively. Consider the control law

u(t) = Kc(t)&(t);

_ (s - (2.20)
Qi(s)
where &t) is the state estimate generated by the adaptive Luenberger observer
&t) = Ay(e(t) + But) Ko(t) G &t) et ; (2:21)
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where,&p and f)p are the estimates ofA, and by, respectively, obtained by applying Propo-
sition 2.5, i.e., they are the coe cients of the polynomials

R(siDQi(s) "= s"+35 (D3, 4(s) Qi(s) "
2(si0)(9)= B (Ma, 1(9)( 9);
respectively. The vectorK ,(t) and K(t) are the solutions to

Ko(t)= a  &(t);
det sl A1)+ B(t)K(t) = A(s);

(2.22)

respectively,a is chosen such that

is Hurwitz, and A,(s) 2 R"" % is a monic Hurwitz polynomial representing the desired
closed-loop locations of the poles.

Proposition 2.6. Assume that the polynomial&(s;t) and R(s;t)Q,(s) are strongly co-
prime at each timet. Then, all the signals of the closed-loop adaptive pole placement control
scheme(2.16) to (2.18) and (2.20) to (2.22) are uniformly bounded, and the tracking error
e; converges to zero asymptotically with time.
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Chapter 3

Multiple-Model Parameter
Identi cation (MMPI)

In this chapter, we restrict our attention to the online parameter identi cation of an un-
certain system of continuous-time plants using multiple models. The core of this chapter
will deal with systems where the states are available for feedback, and the nal part of
this chapter will consider output feedback systems. In both cases, the online parameter
identi cation will consist of the following three steps:

1. Create a parametric model using multiple models considering all unknown parameters
of the system.

2. Set up an estimation model that has the same form as the parametric model. This
will allow us to have anestimation error, which re ects the distance from the esti-
mated parameters to the real parameters weighted by some signal. Finally, we design
an online parameter identi cation law using optimization techniques and Lyapunov
stability arguments.

3. The nal step consists of nding conditions that guarantee that the estimates con-
verge to the real parameters over time. This step consists of imposing a minimum
requirement on the information that the input signal is carrying.

At the end, we show how to develop a Multiple-Model State Estimation (MMSE) by using
the output-feedback Multiple-Model Parameter Identi cation (MMPI).
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3.1 State-Feedback MMPI

Consider the Multiple-Input, Multiple-Output (MIMO), Linear, Time-Invariant (LTI) sys-
tem
Xp(t) = Apxp(t) + Bpu(t); Xp(0) = Xpo; t O (3.1)

whereA, 2 R" " and B, 2 R" ™ are unknown constant matrices with polytopic uncer-
tainty, A, is Hurwitz, x,(t) 2 R" is the state of the systemu(t) 2 R™ is a known, bounded,
piecewise continuous control signal. We assume thaf(t) is measurable.

In order to perform online parameter identi cation of the system matrices
o= A, Bp (3.2)

we will assume that a compact, convex, uncertainty polytope is known for the system. This
polytope is such that it includes all uncertainty of the system, as well as any trajectory
for time-varying parameters. For every extreme point of the polytope, also referred to as
corner, there is a xed model

xi(t) = Aixi(t) + Biu(t); (3.3)
with system matrices A; B; =: ,i2f1; ;N g. We de ne the set
S = A]_ Bl ; ; AN BN (34)

consisting of every corner model.

Assumption 3.1. There exist a nite setS of known system matricesA; B; 2 R" ("+m),
such that A, B, 2 int(conv(S)). 4

Assumption 3.1 can be achieved by a system identi cation process for many systems
of interest, such as mechanical and electrical applications. Every point of the polytope
conv (S) can be expressed as a convex combination of the corner modéls B; , which
implies that the following set is non-empty:

( \ X X
W= w2[0;1] : Ay, B, = w, Ay Bj ; w =1 (3.5)
i=1 i=1
Consequently, the problem of identifying the unknown system matrixA, B, is equiv-
alent to the problem of identifying a vectorw 2 W . Allowing fewer inputs than states

and an arbitrary number of corner models makes this approach an interesting option when
there are fewer actuators than sensors.
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Remark 3.1. Systems with structured uncertainties of the fornfAy( );By( )), where
Ap( )2 R" "andBy( ) 2 R"™ ™ are unknown constant matrices dependent on the uncer-
tain parameter vector 2 S RY, belonging to a compact set, simplify the identi cation
process and fewer corner models are required to de ne the 8%t Moreover, if some en-
tries of matrices A, and B, are known, we can isolate them on the left-hand side of the
equation and all uncertain parameters, which need to be estimated, on the right-hand side
of the equation. 4

In the following steps, we generate estimate,(t) B,(t) of A, B, as a weighted
sum of the corner models, and provide the stability and convergence analysis.

Step 1: De ning the Parametric Model using Multiple Models

Filtering both sides of (3.1) by the linear lIter

, Wwhere > 0 is a design parameter,

we obtain the parametric model St
z(t)= 28 = (1) (3.6)
where (t);z(t) 2 R", ,(t) 2 R™ are generated by the lters
~(t) _ () L xp(®) . 1(0) _ 0,
—(t) 2(t) ut) 20 0"’
z(t) = «(t)= 1(t) + Xp(1): (3.7)

The relation (3.6) can be veri ed by taking time derivatives of both sides and taking the
di erence, i.e., (3.7) implies fore,(t) = z(t) p (1) that

e(t)=2z(t) L1

= ~(t) + Xp p :1253
_ Xp(t) (1) Xp(t)
= =0 by o 0

O+ x®)+ (1
= O+ xpt)  p (1)
e (t); (3.8)

which shows thate,(t) is an exponentially decaying signal.
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Step 2: De ning the Estimation Error

To introduce multiple models into the identi cation scheme, we de ne for each of the xed
models

2= W = (pisi2fn Ng; (3.9)
2(t)
such that for anyw = w; Wy 72 W , we obtain
X
z(t) = w;zi(t) + e, (t): (3.10)

i=1
Then, the ltered state estimation error for each of theN xed models is de ned as

z(t) z(t).

"i(t) = W,Si 2f1, ;Ng; (3.11)

, . , t
wherem?2(t) =1+ k( t)k?, > 0, is a normalization signal that guarantees that—rrf (t))
S
i§ bounded. By Assumption 3.1 and (3.6) to (3.9), for anyw 2 W, and using that

N w =1, (3.10) implies

b\ X
e (t) = w; z(t) w; z; (1)
i=1 i=1

=" w@) ao)

= w"i(Hmi(t): (3.12)

i=1
Adding "y (t)m2(t) to both sides of (3.12), we obtain
D( 1

e (t) "n(t)mi(t) = wi ("i(t) " () ma(t);
i=1

which implies, for anyw 2 W , that
b( 1
e(t) "~=  w(it) "n(): (3.13)

i=1
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Deningthe n (N 1) time-varying matrix

E(t) = "i(t) "n(b) "Nt W@ (3.14)
we can rewrite (3.13) in matrix form as
E()w = e(t) "n(1); (3.15)
wherew 2w, WN 1

Equation (3.15) motivates the use of the following reﬁursive adaptive law [27] to generate
estimatewr= W (t) Wy (t) = 2 RV, such that limy, 4, Wi(t) Aj Bi = A, B, .

W)= ETMEMW(E)  E7()"n(1);
X 1 (3.16)
Wy () =1 Wi (t);
i=1
where the tuning parameter 2 RN U (N 1 is a symmetric positive de nite matrix. Let
w be some element inV, and based on (3.16), the estimation errow(t) = W(t) w
satis es

w(t) = W(t) w= W)

= EXMEMWE)  EZ(t)"x(1): (3.17)
Pre-multiplying (3.15) by E~ (t) and moving all the terms to the left hand side, we obtain
E>(E({)w+ E7(t)"n({t) E7(t)e(t)=0: (3.18)
Adding (3.18) to (3.17), we further obtain
w(t)y=  ET(H)E()w(t) E”(t)elt): (3.19)

Step 3: Stability and Convergence Analysis

The main stability and convergence properties are established in the following theorems
and corollaries. We use Barbalat's lemma from Section 2.4.3.

Theorem 3.2. Consider the system(3.1) with the de nitions (3.11) and (3.14). Let

Assumption 3.1 holdw = w” wy " 2W be an arbitrary vector within the set de ned
in (3.5), and w(t) = W(t) w. For any initial condition W(0) 2 RN 1, the estimation
scheme(3.16) guarantees that:
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(i) W, w, wand E are bounded signals.
(i) Ew and w-are square integrable.
(i) limy;  E(t)w(t) =0.

(iv) W(t) asymptotically converges to a constant vectovy 2 RN 1.

Proof. Consider the Lyapunov-like function
1. 1.
Vi(w(t); & (1)) = Zw (1) twi(t) + 5 & (e (t); (3.20)

where 2 RN D (N D s 3 positive de nite matrix that modi es the convergence speed
of parameters, and > 0 is a design parameter for the lter in (3.6). Taking the time
derivative of (3.20) along (3.19), we have

MO = wm W+ e we

w(t) ' E”(t)E(t)w(t)

W) ! E e+ T,

w (H)E”(O)E(t)w(t) w (H)E” (t)e,(t) + Ee;gz

%kE(t)w(t)k2+ %kez(t)kz %kE(t)w(t) + (k> (3.21)

Sinceg,(t) is an exponentially decaying signal, Equation (3.21) implies tha¥; is bounded
and there exists a time instantt; > 0 such that, for allt t;, 4(t) 0. Hence.V;, w,
and W are bounded. Because of normalization (3.11), terms are bounded and hencg&
is bounded, which together with (3.19) also implies thatis bounded, nishing the proof
of (i).

SinceV,(t) is always positive, bounded, and decaying, the integral of (3.21) for= 0
to 1 is nite, and hence Ew and Ew + &,(t) are square integrable. Sinc& is bounded,
this, together with (3.19), further implies that wis square integrable, completing the proof
of (ii).

Items (i) and (ii) together with Barbalat's Lemma imply (iii). Items (i) and (ii) further
imply that lim ;; w(t) and, hence, lim;; W(t) exist and are nite, proving (iv). ]

30



Theorem 3.2 implies thatkE (t)w(t)k asymptotically converges to zero, but this does
not mean that w(t) converges to the seWW. We can now state and prove the main result
of the identi cation process.

Theorem 3.3. Consider the system(3.1) with de nitions (3.11), and (3.14), and the

estimation scheme(3.16). Let Assumption 3.1 holdw = w”> wy “ 2W be an arbitrary
vector within the set de ned in(3.5), w(t) := W(t) w, and be bounded and satisfy the
persistence of eXC|tat|oanond|t|or(2 4). Then, for any initial condition W(0) 2 RN 1, the
estimated system matrix 2, Wi(t) ; asymptotically converges to .

Proof. Let Q(t) = i'\':ll(wi(t)( N D)) 2 R" (™Mt is easily veriable that if
Q(t) = 0, then ., Wi(t) = ,, andw(t) 2 W. Theorem 1 (iv) implies that Q(t)
gsymptotlcally converges to a constant matrixQ 2 R" (™™ Hence, to establish that

i, Wi(t) i asymptotically converges to ,, we will show that Q = 0.

Expressing Theorem 1 (iii) in summation form, we get

lim E(@w(t) = lim Q(1) (Y

1+ k(t)k?
_ (n  _q.
I Qe = (3.22)
Since is assumed to be bounded, (3.22) implies that
tI!|1m Q(t)y=0
and hence
tIlilm Q(t) (1)Q” =0: (3.23)

Since satis es the persistence of excitation condition (2.4), Equation (3.23) implies that
Q = 0, completing the proof. 0

P
The recursive adaptive law (3.16) guarantees that iNzl Wi (t) = 1, but not that Av(t) 2
[0;1]". Since the set [p1]" is convex, the projection ofwft) into [0;1]" is well-de ned.

De ne the compact set
= w21t W 1 (3.24)
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and let Pr , : RN 11 RN 1 denote the parameter projection operator [27]. Choose
wW(0) 2 int(), then the recursive adaptive algorithm (3.16) with parameter projection is
as follows:

W(t) = Pr EZ(EMWE) + E7(1)"n (L)
D( 1
Wy () =1 Wi (t): (3.25)
i=1
The parameter projection operator enforces that is a positively invariant subset for the
dynamics (3.25).

Corollary 3.4. The gradient adaptive law with parameter projectior(3.25) has all the
properties established in Theorem 3.2 for the gradient adaptive 18&.16). Furthermore,
we get the following properties:

@ If w0)2 ,thenwW(t)2 ,8t O.
@i) If W(0) 2 int() , thenw(t) asymptotically converges to the s&v.

Proof. The proof follows by applying the result found in Section 2.4.5 to (3.16) combined
with Theorems 3.2 and 3.3. O

3.1.1 Simulation Example

These simulation results are a modi cation to those found in our article published in [39]:
we changed the signs of some corner models to have a HurwMg, and only considered
the open-loop con guration.

We illustrate the stable behavior and performance of the proposed system identi cation
scheme through a set of simulations when all the states are available for feedback of an
uncertain model (3.1) withn = 2 and unknown system matrices

_ 05 14 _ 08 11 |
Ao= g 1.0 ° Bp = 07 08 °
The parameters used in the simulation are
10 . ,_ 12 _,_0 4,
A= g iRes g AT 5 g
_10.,_ 2 2. 0 1,
Bi= 1 1:B2% g 2iBs= 4 ¢



(a)Time evolution of the uncertain constant ma-(b)Time evolution of the uncertain constant ma-
trix Ap. trix Byp.

Figure 3.1: Time evolution of the uncertain constant matriceé\, and B,,.

Figure 3.2: Time evolution of the weight vectom?
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Figure 3.3: Time evolution of the states of the system. Note they are bounded.

The input to the system is taken to be the bounded control signals,(t) = 4sin(4t) +
2sin (t)+0:5sin () and u,(t) = 0:4 sin (X)+sin (7t)+3 sin (13t), and the design parameter
is =100 15 5.

We can verify that all assumptions are satis ed for this system:
" The eigenvalues oA\, are 0:75 | 1:2718, which makedA, Hurwitz.
u(t) is known, bounded, and piecewise continuous.

" Takingw= 02 03 05 anddeningS= A; B; ; A, By ; A; Bs ,we
getthat A, B, 2 S, satisfying Assumption 3.1.

" u is su ciently rich; hence is Persistently Exciting (PE).

The gradient identi cation scheme achieves asymptotic convergence of the uncertain
plant matrices A, and B, as seen in Figures 3.1(a) and 3.1(b). We can also verify that
the weight vector w(t) remains bounded and is within the set [0l and always adds up
to 1, as shown in Figure 3.2. Furthermore, the states of the system remain bounded, as
shown in Figure 3.3.
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3.2 Output-Feedback MMPI

Consider Single-Input, Single-Output (SISO), LTI plants of the form

Xp(t) = ApXp(t) + Bu(t); Xp(0) = Xpo; t G;

! (3.26)
Yp(t) = ¢ Xp(t);

whereA, 2 R" ", i 2 R" are unknown constant matrices with polytopic uncertainty,A,
is Hurwitz, ¢, 2 R" is the output matrix, y,(t) 2 R is the measurable output of the system,
and u(t) 2 R is a known, bounded, piecewise continuous control signal.

Assumption 3.2. The systems under consideration ir{3.26) are in canonical observable
form, that is, they have the following structure

Ap = apjf‘ofl—;

3= a1 & o & a 2R (3.27)
= b1 by b b

o= 10 0 :

Note that the state-space representation of a system is not unique. Then, for any SISO,
LTI transfer function y = G(s)u we canalways select the canonical observable represen-
tation and apply the results found in this section, making Assumption 3.2 a reasonable
and applicable assumption to a large class of systems. We consider the uncertainty only
in b, and not in ¢, since it represents the actuator uncertainty, which is commonly found
in experimental settings.

To perform online parameter identi cation, we rede ne the uncertain vector (3.2) as
= G (3.28)

and the corner xed models (3.3) as

Xi(t) = Aixi(t) + Qu(t); x;(0) = Xio;

. (3.29)
yi(t) = ¢ xi(t);
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where

_ 1
A= a : 907 -
Combining the parameters of the corner models into a vector; = & a ~, i 2
f1, ;Ng, we can then fully de ne the setS from (3.4) and transform the problem of

identifying the uncertain vector (3.28) to the equivalent problem of identifying an uncertain
vectorw 2 W, de ned in (3.5).

Step 1: De ning the Parametric Model using Multiple Models

We begin by using the information contained in the signala andy, to obtain a multiple-
model system identi cation scheme that guarantees perfect convergence of the estimate

")t .
Consider the transfer function corresponding to (3.26):

Yo(s) _ b is" 1+ + s+ Iy
U(s) s"+a, 1S" '+ +aS+ ay

(3.30)

For any w 2 W, the transfer function (3.30) can be represented as

P N n 1 P N
Yo(S) _ 1 Wik 1)s” T+ wilyg
| g |

= S 5 ;
U(s) s+ L, wa, 1ps" 1+ + L Widog

wherea; i) (b i)) means the value of; () corresponding to the cornei of the uncertainty
polytope W. The equation above can be written in polynomial form as
! !
X . X X . X
'+ wiay 1pS" T+ + Wiagp Yp(s) = wibh 1s" T+ wibygy  U(s):
i=1 i=1 i=1 i=1

Returning to the time domain and isolating then-th derivative of y,

. X X L X
"= wiby anu® P+ + wibgu Wian 10)Yg " Wigo()Yp: (3-31)
i=1 i=1 =1 =1

If some parameters are known, then the statement in Remark 3.1 can be applied and not
all entries need to be identi ed, they can be grouped in the left hand side of (3.31).
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1
('s)

(s)=s"+ , "1+ + s+ g

Filtering both sides of (3.31) by , where ('s) is a Hurwitz polynomial

where ; 2 R, i = f0; ;n 1g, are design parameters. Rewriting the Itered version
of (3.31) in matrix form, we get
Z = S = wM 2R;
T (9" !
where
2 3
bh 1) by  an 1 do(1)
M = Em R bb.<2) 8n o a0.(2) 2 RN 2.
o 1(N) tb(N) dn 1(N) Ap(N)
sh 1 1 sh 1 1 T,
= u u y —Yp 2R
(s) (s) (s)°° (s)"

Note that for any w 2 W, we have thatM~w = .

Step 2: De ning the Estimation Error

Dene ,:=M , and let W denote an estimate ofv. We can de ne the estimation model
as

2=W ,2R;
and the corresponding Itered output estimation error

z 2?2 z W
"= = P2 R;
m? m?

wherem? =1+ k k? > 0 is a normalization signal designed to bound from above.
With these de nitions we can apply a gradient algorithm by de ning the cost function
J(W) as
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and obtaining the solution to the following problem:

min J (W) (3.32)
w2 RN: '
Then, the gradient algorithm takes the form
w= rJw= " ,2RY; (3.33)

where 2 RN N is a symmetric, positive de nite, design matrix known as adaptation
gain. For anyw 2 W the estimation error isw{t) = W(t) w, which gives the following
dynamics for the estimation error

w= W= " (3.34)

Step 3: Stability and Convergence Analysis

The main stability and convergence properties are established in the following theorems
and corollaries.

Theorem 3.5. Consider the system(3.26) with Assumptions 3.1 and 3.2. Letv 2 W be
an arbitrary vector, then for any initial condition Wy 2 RV, the estimation schemg3.33)
guarantees that:

() The signals W, w, w, M~ w, M~ w, " are bounded.

SOM7wW) _
1+k (Dk2

(iiiy If M>w(t)=0, then M>W(t) = .

(ii) limyy

(iv) If is PE, thenlimy; MZw(t) =0.

Proof. Let w 2 W, and W, 2 RN be constant vectors and 2 RN N be a symmetric,
positive de nite, constant matrix. Recall that u is bounded andA, is Hurwitz, hencey,
is bounded and furthermore, , ,, ms and mZ are bounded.
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Considering the estimation error dynamics (3.34)

Consider the Lyapunov-like function
1 > l
Vp(w) = éw w2 R:

Taking the derivative along the solution ofw~yields

Therefore, sinceV, is a non-negative function, it follows that

lim Vp(w(t) = Vo < 1

and V,, w and W are bounded. Finally,M~w, w, " and "ms are the product of bounded
signals, hence they are bounded, nishing the proof of ().

To prove (ii) we will apply Barbalat's Lemma to the signalf (t) = (t)M > w(t). It
follows from (i) that f (t) and f(t) = ()M~ w(t) + (t)M~w(t) are bounded because
they are the product and sum of bounded signals. Considering th&f(t) is positive semi-
de nite, bounded, and\4(t) is negative semi-de nite, then

Z 1 Z 1 2
Z()MZw
V(w( )d OMZW)

0 0 ms( )
im Vo(w(®)  Vp(w(O) < 1 ;

d

proving that f (t) is square integrable. Combining all of these facts with Barbalat's Lemma
we get that limy;  (t)M > w(t) = 0, completing the proof of (ii).
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For (iii), let t 0 be a time such thatM > w(t ) = 0. Then
M~ (#W(t) w)=0
) M Wt )= M"w =
Finally, for (iv), recall that is bounded which implies, by (ii), that
S (OM>w(t) _ | (1)

——’ = — M W1t)=0:
i A——TT M % o™ WO
But since is persistently exciting, limy;  (t) 6 0, and we conclude thatlim;; M~ w(t) =
0, completing the proof. m

Remark 3.6. Theorem 3.5 assumes thatv 2 W but this assumption can be relaxed to
w being a linear combination of elements ir5. This relaxation allows for the identi ca-
tion of uncertain systems whose model parameters lie outside the polytope of uncertainty.
This result di ers from the one presented in Section 3.1 by allowing for bounded linear
combinations of the corner models, instead of alf;(t) having to sum to one. 4

Under the conditions of Theorem 3.5, the adaptive algorithm in (3.33) guarantees that

X
tl!llm . Wi (t) i< p
i=1
without imposing any restrictions on the values ofw® From Assumption 3.1 we have
somea priori knowledge of , that we can use to constrain the online estimation to a
compact set, rather than minimizing overRN, i.e., we want to transform the minimization
problem (3.32) to
min J (W)

3.35
w2S; ( )
where ( )
\ X
S= Ww2RY:w2[01]"; wW=1
i=1
With this de nition of S RN We8see that the gradient algorithm becomes
"o ifWw2SPorw2 (S)
W=Pr( " ;)= and (" p)°rg 0 (3.36)
2 . forg . ; otherwise
' p > ps '
rg rg



where (S) = f 2R":g()=0g, S°=f 2R":g( )< Og denote the boundary and
interior of S, respectively, andw{0) 2 S.

Theorem 3.7 (See Section 2.4.5)The gradient adaptive law with projection modi cation
retains all the properties established in the absence of projection. In addition, guarantees
that w(t) 2 S;8t 0, provided thatWw(0) 2 S, andw 2 S.

3.3 State Estimation of Output-Feedback Systems us-
ing Multiple Models

In this section, we use the results from Section 3.2 to develop a MMSE. Consider a LTI,
SISO system
Xp(t) = ApXp(t) + Bu(t); Xp (0) = Xpo; t O;
Yp(t) = ¢ Xp(t);
where A, 2 R" ", b, 2 R" are unknown constant matrices A, is Hurwitz, ¢, 2 R" is

known, xp(t) 2 R" is the state of the systemy,(t) 2 R is the measurable output of the
system,u(t) 2 R is a known, bounded, piecewise continuous control input.

(3.37)

The objective is to design a multiple-model state estimator using the parameter iden-
ti cation scheme from Section 3.2. The observer needs to guarantee boundedness of all
signals and drive the estimated states to the real states of the system. To achieve this
target, we make the following assumption.

Assumption 3.3. The matrix pair (Ap;c;) is observable. Moreover, the systei8.37) is
in observable canonical form as in Assumption 3.2. 4

Our approach to solving the problem described above involves online parameter iden-
ti cation of the uncertain vector

- b (
= 3.38)
P A
using multiple models as we explain in Section 3.2. For the s8twe impose the following
assumption.

Assumption 3.4. There exist a nite setS of known system matrices, such that

(i) p2int(conv(S)).
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(i) Foreachi2f1; ;Ng, the pair (A;;c;) is observable.
4

Item (i) of Assumption 3.4 is a natural consequence of performing system identi cation.
We require Item (ii) to ensure that we can recreate the states at every time. The xed
models correspond to each of the corners of the uncertainty bounding set explained in [6].
Every point of the polytope conv ) can be expressed as a convex combination of the
corner models ;. Consequently, we solve the problem of identifying a vectav 2 W as
de ned in (3.5).

As motivation for developing a multiple-model state estimator, we start by considering
the case in which there is no uncertainty [43]. Given a set of desired eigenvalues with
conjugate symmetry, letA, be the matrix

A, = a, :, IDO} ,

with the desired eigenvalues. y Assumption 3.2, foreacl2 f 1;2;  ;Ng, the gain vector
Koi = @, @& is such that

(Ai KOiC;) = (Ao):
Using these gains, we assign an observer to each corner model of the form

(1) = AiRp(t) + bu(t) + Koi(cgRo(t)  Yp(1))

where, withw 2 W, the signalX}, is a blending of the state vectors from each corner model

observer
X
Rp(t) = w; R (t): (3.39)

i=1

To show that this (uncertainty free) state estimate asymptotically converges to the plant's
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state, lete, = X, %, and observe that

X
&(t) = ApXp(t) + byu(t) Wi 2 (1)

i=1

Apxp(t) + bpu(t) Wi AiRp(t) + Bu(t) + Koi(GRp(t)  yp(t))
i=1
X
Apé(t) WiKoi (G Rp(t)  Yp(D))
i=1
Apeo(t) (a8, ap)G (Rp(t)  Xp(1))
A s(1):

Consequently, if all the desired eigenvalues have negative real part, then this observer
produces a state estimateg‘that exponentially converges tox, [27]. Nevertheless, since
w 2 W is unknown, this observer is not implementable and so we instead replagewith

its estimate W to obtain an implementable multiple model observer:

(1) = AiRp(t) + bu(t) + Koi(cgRp(t)  Yp(1));

X
Rp(t) = Wi(DRi(L); (3.40)
i=1

Koi=a, a:

Remark 3.8. The multiple model observeK3.40) can also be written in the form
2o(t) = Ap(0)%p(1) + BO)U() + Ro(t)(5 Rp(t) V(1))
X
At)= Wi(DA;;

i=1

B = - Wi(bh;

=1

X
Ko(t) = a, Wi (t) &y
i=1
which may be preferable from an implementation point of view because it requires fewer
state variables. 4
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Theorem 3.9. Consider the systen(3.37) with Assumptions 3.3 and 3.4 and the multiple-
model system identi cation with projection(3.36). The adaptive observe(3.40) guarantees
that for any initial condition %,(0):

1. All signals are bounded.

2. If u is su ciently rich of order N, the state estimation errorx,(t) = Xp(t)  Xp(t)
converges to zero asymptotically.

Proof. From Theorem 3.7 we know that the signalswy} w,, w,, M~ w, M~ w,, " are
bounded. EstimatesA, and f,, and the adaptive gainK, are convex combinations of
W and bounded parameters, and hence they are bounded. By the same lagjds also
bounded, and note that we can rewrite it as
2(1) = Ao ()%p(t) + B(Ou(t) + Ko(t)(c Rp(t)  Yp(t))

= Akp(t) + Bi(u() + (A, A)xp(t)

= Agka(t) + B(Dut) + (B a)G; xp(t)

= AgRp() + B(Ou() + (B a))yp(1):
SinceA, is Hurwitz and X, is bounded, we get thatxp is bounded.

Let ey(t) = Xp(t) Rp(t) be the state estimation error, then the state estimation error
dynamics are

() = 2p(t)  xp(1)

= Agolt) + B(DU(t)  8p(t)yp(t); (3.41)
where ag(t) = ‘ay(t) appbp(t) = Bp(t) b, are the parameter errors. Sincel is su -
ciently rich, we get that iNzl wWi(t) ! p asymptotically. This implies that &, and i,
asymptotically converge to zero, which nally proves thatxy asymptotically goes to zero,
nishing the proof. m

3.3.1 Simulation Example

Consider the following uncertain LTI, SISO transfer function

S*+2s2+3s+ by _
s*+17s+81s?+ ayS+ aps

y:
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where by, 8,3 and a,s are uncertain parameters in the interior of the convex polytope
de ned by

O:7a-p3 = @3 min <ap3z <aApzmax — 1:5ap3
0:7ap4 = @pamin <A8ps <aApsmax = 1:5ap4
O:pr4 = bp4 min < bp4 < bp4 max — 2:5bp4:
We will perform system identi cation of these parameters and estimate the states of the
observable canonical realization of the system. In this representation, Equation (3.27) is
rede ned as follows:
a,= 17 81 ap=115 a, =50 ;
=12 3 bu=4";
©=1000

De ning ( s) =(s+5)% and using Remark 3.1 we isolate all terms that are known on the
left-hand side of the equality as

_ s*+17s%+81s? s3+252+33u_ WM -
(9 P (9 P
Wo = W W Ws

2
boy @) Ao
_ §tb(2) a1(2) a0(2)

o) 31(8) 80(8)
1, s 1 y .
(s (9" (97
The simulations are compared with the equivalent adaptive technique that uses a single-

model for identi cation found in Section 2.4.7. The initial estimate of the multiple-model
approach is

W,(0)= W= 01 01 01 01 01 01 01 03~

which corresponds to
"00)= "= 68 1357 59~
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The initial condition for the state estimator isX(0) = 0 0 O 0”. The matrices set
for convergence speed aresy = 10713 3 and , = 10%lg g. These matrices were chosen
to have convergence times in the same order of magnitude. The input signal is set to
u(t) = 1 +sin( t) + sin(3t) + sin(4t), which is su ciently rich of order 9, making it a PE
signal for the systems using a single identi cation model and multiple identi cation models.

In Figures 3.4(a) and 3.4(b) we present the time evolution of the states for the uncertain
plant using a single identi cation model and multiple identi cation models. We see that
the single-model and the multiple-model approach are able to estimate the states in the
presence of measurement noise and in the absence of it. We see that for the same control
input, the estimated states converge faster in the case of multiple models, as also shown
in Figures 3.5(a) and 3.5(b). This behavior is clearly seen when comparing the 2-norm
of the state estimation error in Figures 3.6(a) and 3.6(b), where we can also see that
the multiple-model approach is better at Itering high-frequency noise. By subtracting
the state estimates without noise and the state estimates with noise, we are left with the
ampli cation of the noise. In Figure 3.7 we see that the ampli cation of the noise using a
single-model approach is greater than using multiple models in the open-loop con guration.

To compare the e ects of using a single model, or multiple models, we ran a series of
1000 simulations with randomly generated initial conditions, lasting 100 seconds in open-
loop, and 20 seconds in closed-loop. The results are presented as box-and-whisker plots
and a table. Outliers are presented as box-and-whisker plots as circles and represent values
outside 993% of the distribution.

The rst test was the identi cation error of the uncertain parameter . In Figure 3.8(a)
we see that the multiple-model approach has smaller 2-norm, on average, in noiseless and
measurement noise cases. It is interesting to note that the single-model approach has
outliers that outperformed the best cases of the multiple-model approach; on average, the
multiple-model obtained better results. This was then analyzed in the state estimation
error, which was reduced by half in the 2-norm as seen in Figure 3.8(b).

Finally, we studied the ampli cation of the noise in the system by subtracting the
estimated states of the system with noise and the system without noise, in the single-model
and multiple-model approach. The use of multiple models allows us to Iter the noise and
obtain a system that can perform better in the presence of noise, as seen in Figure 3.8(c). A
summary of the results of the statistical analysis can be seen in Table 3.1. In summary, the
simulations show that using a multiple-model approach, we can achieve better performance
that is retained even in the case of measurement noise.
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(a)Time evolution of the state estimates without(b)Time evolution of the state estimates with un-
uncertain dynamics and measurement noise. certain dynamics and measurement noise.

Figure 3.4: Time evolution of the state estimates without and with uncertain dynamics
and measurement noise, on the left and right, respectively.

(a)Time evolution of '\p without uncertain dy- (b)Time evolution of ’\p with uncertain dynam-
namics and measurement noise. ics and measurement noise.

Figure 3.5: Time evolution of ", without and with uncertain dynamics and measurement
noise, on the left and right, respectively.
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(a)Time evolution of kR, xpk without uncertain (b)Time evolution of k&, Xpk with uncertain
dynamics and measurement noise. dynamics and measurement noise.

Figure 3.6: Time evolution ofk®, X,k without and with uncertain dynamics and mea-
surement noise, on the left and right, respectively.

Figure 3.7: Ampli cation of the noise in each state in open-loop.
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(a)Whisker-plot of the estimation of the plant
dynamics in open-loop con guration.

(b)Whisker-plot of the estimation of the states
in open-loop con guration.

(c)Whisker-plot of the noise amplication in
open-loop con guration.

Figure 3.8: Statistical analysis for open-loop state estimation using multiple models.
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Table 3.1: Summary of results of the statistical analysis in open-loop.

2-norm of the identi cation error

Minimum Q1 Median Q3  Maximum

SM noise 728 5251 6448 7397 11517
MM noise 2149 2789 4720 7393 10734
SM noise-free 338 5178 6368 7318 11238
MM noise-free 2128 2766 4697 7358 10681

2-norm of the state estimation error

Minimum Q1 Median Q3  Maximum

SM noise 117 653 1569 2645 5036
MM noise 169 387 731 1062 1498
SM noise-free 77 645 1561 2642 5039
MM noise-free 153 381 727 1058 1494

2-norm of the noise ampli cation

Minimum Q1 Median Q3  Maximum

SM 86 87 88 89 91
MM 72 72 73 73 74
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Chapter 4

Multiple Model Reference Adaptive
Control (MMRAC) with Blending

This chapter combines Multiple-Model Parameter Identi cation (MMPI) from Chapter 3
with the Model Reference Adaptive Control (MRAC) approach to obtain a Multiple-Model
Reference Adaptive Control (MMRAC) scheme with blending. The desired plant behavior
is expressed through a reference model that captures the ideal transient and steady-state
behavior. The adaptive law is then designed to adjust the controller parameters so that
the plant states track the response of this model and ensuring robustness against plant
uncertainties. The development of the controller and the stability analysis can be found
in Section 4.1. In addition, we include statistical analysis that shows the improvements
in performance compared to single-model approaches. In Section 4.2 we tackle an inter-
esting control problem of side-slip of vehicles due to loss of traction of the tires with the
road. The simulations demonstrate that the use of multiple-model techniques improves the
performance with similar control e orts.

4.1 MMRAC in State Space

The results found in this section were published in [42]. Consider the Multiple-Input,
Multiple-Output (MIMO), Linear, Time-Invariant (LTI) system

Xp(t) = ApXp(t) + Bpu(t); Xp(0) = Xpo; t O; (4.1)

51



whereA, 2 R" " and B, 2 R" ™ are unknown constant matricesB,, is full column rank,
Xp(t) 2 R", u(t) 2 R™ are the state of the system and the control input, respectively. We
assume thatx,(t) is available for feedback.

We aim to design a controller such that the statex, of the plant (4.1) asymptotically
tracks the trajectory X, generated by the reference model

X () = Arxe(t) + Bir(t); X, (0) = X050t O (4.2)

where A, 2 R" " and B, 2 R™ ™ are known constant matrices,A, is Hurwitz, and
r:[0;1)! R™isaknown, bounded, piecewise continuous reference signal. It is assumed
that the plant (4.1) and the reference model (4.2) satisfy the exact matching conditions [77],
as stated in the following assumption.

Assumption 4.1. There exist matricesKk 2 R™ " andL 2 R™ ™ such that

Ap+ BoK = A (4.3)
B,L = B,: (4.4)
4

Assumption 4.1 is a reasonable assumption, since it is a necessary and su cient con-
dition to guarantee the existence of a solution to the tracking problem when the plant
model (4.1) is known and there are no uncertainties [77]. In addition, (4.4) is equiva-
lent to Im B, ImB,, which means that, without loss of generality, we can assume that
ImB, =Im B,.

Our approach to solving the aforementioned control design problem involves online pa-
rameter identi cation of the system matrices ,= A, B, , applying the results from Sec-
tion 3.1. With the de nition of (3.4), we modify Assumption 3.1 for the MMRAC case.

Assumption 4.2. There exists a nite set S of known system matrices A; B; 2
RM (n+m) sych that

i) Ap Bp 2int(conv(S)).

i) Every convex combination ofB; is full column rank. 4

The rst item of Assumption 4.2 is further explained for the case of MMRAC in Sec-
tion 4.1.1. We require Assumption 4.2 (ii) to ensure that we do not have redundant inputs,
or we do not drop the rank of the number of inputs, losing control authority of the system.
Given a setS, there exist numerical methods to verify whether all convex combinations of
Bi's are full rank [33].
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4.1.1 Corner Model Selection

Consider a sefS that satis es Assumption 4.2 and hasN elements. In this subsection, we
develop a constructive procedure that, starting withS, produces a new set

S°= A? BY; i ARe BRo ; (4.5)

that also satis es Assumption 4.2, and such that for every 2 f1; ;Ng there exist
matricesK; 2 R™ "andL; 2 R™ ™ such that,

Al + BX;
B,

A (4.6)
B,: 4.7)

Satisfying the Matching Conditions

In the next proposition, we show how to use the information of Assumption 4.1 and a set
S that satis es Assumption 4.2 to obtain a new setS° such that for every element ofS°
there exist matricesK; 2 R™ "andL; 2 R™ ™ that satisfy (4.6) and (4.7).

Proposition 4.1. Suppose that the plan{4.1) and reference mode(4.2) are such that As-
sumption 4.1 is satis ed. If there exists a sef that satis es Assumption 4.2, then there
exists a setS%that also satis es Assumption 4.2, and furthermore

1. conv(SY conv(S).

2. For eachi 2 f 1; ;N g, there exist matricesK; 2 R™ " andL; 2 R™ ™ such that
(4.6) and (4.7) are satis ed.

Proof. Let (Ap; Bp) and (A,; B;) be the matrix pairs that represent a plant, and a reference
model, respectively. Assume that they satisfy Assumption 4.1. Moreover, assume that
there exists a setS with N elements that satis es Assumption 4.2. The rst, and trivial
case, is if for everyi = 1; :N, there exist matricesK; 2 R™ " and L; 2 R™ ™ such
that every corner model p? BY :=[A; B;] satis es (4.6) and (4.7). In that case, we can
de ne S°= S, and we have satis ed Assumptions 4.1 and 4.2.

For the case when there exists some2 f 1;  ;Ng such that [Aj0 Bjo] =[A; Bj]2S
does not satisfy (4.6) or (4.7), consider the closed convex hull 8f i.e., conv (S). The set
conv (S) is a compact, convex polytope, and it is non-empty sincé\, B, is an element of

53



conv (S) by Assumption 4.2 (i). Next, take the set of matrices that satisfy Equations (4.3)
and (4.4):

T= A, B, 2R" ™M -A +B,K=A;B,L=B,;L2R™ MK 2R™ " :

The setT is a hyperplane, since it can be written aa(n+ m) linear equations (see Section
2.2.1 of [10]), therefore it is a convex polytope. From Assumption 4.1, we see that if we
replaceK and L by K and L , respectively, the elementA, B, belongs toT, which
meansT is non-empty. The intersection set

P =conv(S)\T :

is also non-empty, sinceA, B, is an element of both conv§) and T. Moreover, the
intersection of a compact, convex polytope and a convex polytope is another compact,
convex polytope (see Section 2.3.1 of [10]), which in turn implies that we can obtait?
corner models A? B? such that

P=conv A BY; ; A% BJ
{z }

=:80

Every convex combination of the matrice8° can be written as a convex combination of
the original B; matrices, and every convex combination of th@&;'s is full column rank
by Assumption 4.2, which implies that every convex combination of th&? is also full
column rank. The vertices, edges and faces Bfare obtained by intersecting the previous
vertices, edges and faces from cor®) with the set T. Since A, B, is not on a vertex,
edge or face of con) it cannot be on a vertex, edge or face d? and must be in the
interior. Hence, the setS? satis es Assumption 4.2, and also every element & satis es
(4.6) and (4.7). O

Remark 4.2. The results provided in Proposition 4.1 deal with systems that do not have
the same number of inputs as states; the special casenaf m is solved trivially, i.e., we
haveS = S° Since every convex combination d8; is full column rank, that means that
B; can be inverted for alli 2f1; ;Ng, and the gains can be obtained as

Ki=B; "(Ar A)
L = B, 'B,:
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Obtaining the sets S and S°

The modeling uncertainty in (4.1) is taken to be parametric uncertainty in the matrices in
this state-space system model. There is an implicit assumption here that the state-space
system model (4.1) is derived from physical laws rather than from a state-space realization
of an input-output system model. If we consider the full range of values that each entry
of Ap, and B, can take, we get that we can boundy 2 [a;;a;] and by 2 [l ;g ]. When
we consider the minimums and maximums of every entry we write the following matrices
Ap = & ;i) 2fL  ;ng;

A, = & ;ijj 2f1  ng;
B, = b ;i2fL ngj2fl ;mg;

B, = K ;i2f1 ;ngj2f1 ;mg

Let S be the set of all possible binary combinations of system matriced, B, , where
each entry takes either a minimum value from A, B, or a maximum value from
A, B, . Note that, by construction, S satis es Assumption 4.2 (i). The number of
elements inS isN = 2"("*M _|f the entries can be parameterized by an uncertainty vector

2 RY, then S can be de ned in terms of 2 elements (see Remark 3.1). A nal remark
is that, the more information of the underlying structure of the system we have, the less
elements the se6 will have; a clever parametrization of the uncertainty can greatly reduce
the total number of models.

The corner model selection process described above guarantees tAat B, 2 int(conv (S)).
However, it is not evident that Assumption 4.2 (ii) is satis ed. The results from [33] can
be used to verify this condition. If Assumption 4.2 (ii) is satis ed, then the last step is to
the use constructive procedure from the proof of Proposition 4.1 to obtat®’.

Example

In this example, we consider a system with two states and one input. We assume that the
plant only has uncertainty in the B, matrix. The unknown input matrix to the system is

Bp = ; . The reference models input's matrix i8, = 18 .
we can satisfy (4.4), and Assumption 4.1 is satis ed. The polytopic uncertainty foB, is
given by

Note that by taking L =5



Figure 4.1: Graphic illustration of the projection process to select corner models.

Using the selection procedure from Section 4.1.1 we can take all possible combinations of
the minimums and maximums of every entry oB, and B to get

1 1 4 4
Bi= | iB2= g iBs= ¢ iBa= ¢

SinceA, is completely known, we need to rede ne the seS and T as

S=1By; ;Bu4g;
T= B,2R?>':B,L=B,;L2R :

It is easily veri able that B, 2 int(conv(S)), and that any convex combination ofB; is
full column rank. Nevertheless, if we considdB,, B3, or B, we cannot satisfy (4.7). Using
the proof of Proposition 4.1 we solve for the sé® graphically (closed line segment going
from B, to BY), as shown in Figure 4.1 to obtain
!

1 45

1’ 45
| —{z——}

SO0

P =conv(S)\T =conv

Note that B, 2 int(P). In addition, every convex combination ofB; and BY is full
column rank, and we can satisfy (4.7) withL; = 10, and L, = 20=0.

56



4.1.2 Control Design

In this subsection, we combine the system identi cation scheme of Section 3.1 with a Model
Reference Control (MRC) framework to achieve asymptotic tracking of the reference system
(4.2). We use the recursive adaptive algorithm with parameter projection (3.25) to design
a MMRAC scheme to achieve the adaptive state tracking control task stated in Section 4.1.
We utilize Theorem 3.2 (iii) to construct the proposed MMRAC scheme.

If w2 W, then multiplying both sides of (4.7) byw; and summing over yields

X Xy
w;BiL; = w;B; = By;
i=1 i=1

which implies, together with (4.4) from Assumption 4.1, that

X
BpL = wiBiL;: (48)
i=1

Applying the same steps on (4.6) we get

X X
Ar= WA = w A+ BiK;
i=1 i=1
4.9
N (4.9)
= Ap + w;BiK;:
i=1
Comparing (4.9) to (4.3) we get that
X
BpK = w;B;K;: (410)

i=1
Equations (4.8) and (4.10) motive us to generate estimates of the gaids and L using
the estimatesw(t), keeping in mind the rank supposition in Assumption 4.2, as
X
K(@t)= BY(t) wW(t)BK;; (4.11)

i=1

Ct)= BYt)  wWi(t)BiLi; (4.12)

i=1
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Figure 4.2: Block diagram of the proposed MMRAC.

where Iﬁg(t) is the Moore-Penrose inverse of

X
Bo(t)=  wWi(t)B;: (4.13)

i=1
Equations (4.8) and (4.10) to (4.12), together with Corollary 3.4 further imply the following:

Corollary 4.3. Consider the system(4.1) with de nitions (3.11) and (3.14), and the
reference model4.2). If ( t) satis es the persistence of excitation condition with constants
1, 2,and T, then the estimatesK (t) and ['(t) de ned in (4.11) and (4.12) are

bounded, and asymptotically converge # and L , respectively.

Proof. Since is compact, we get that B\p(t) belongs to a compact set, which means the
Moore-Penrose inverse oB\p(t) exists, and it is bounded. Furthermore, from Assump-
tion 4.2, we have thatB\p(t) is full column rank, which means that we can write

BYt)= B (1)Bu(t) ' B> (t): (4.14)

Combining Equations (4.11), (4.12) and (4.14) we get thaK (t), and [(t) are bounded.
The proof to show asymptotic convergence is the same as Theorem 3.2 (iii). ]

The control law we will consider to achieve asymptotic tracking of the reference model
IS
u(t) = K 0)xp(t) + Cor(t): (4.15)

The complete schematics of the MMRAC approach can be seen in Figure 4.2.
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4.1.3 Stability Analysis

The main result of the MMRAC scheme is now presented.

Theorem 4.4. Consider the plant(4.1) and the reference mode(4.2). If ( t) satis es
the persistence of excitation condition2.4), and Assumptions 4.1 and 4.2 hold, then the
MMRAC scheme(3.7), (3.9), (3.11), (3.25) and (4.11) to (4.15) guarantees that for any

(i) initial conditions of the plant (4.1),
(i) initial conditions of the reference model (4.2), and

(i) piecewise continuous and bounded signal: [0;1 )! R™ in (4.2),
all closed-loop signals are bounded amg(t) asymptotically converges te;, (t).

Proof. Let xp(0) = Xpo and x,(0) = X0 be arbitrary initial plant and reference model
states, andr(t) be any known, bounded, piecewise continuous signal. Substituting (4.15)
into (4.1) we get

Xp(t) = ApXp(t) + Bpu(t)
= Apxp(t) + BoK ()xp(t) + BpL(H)r(t):

Adding and subtracting B,K x,(t) and B,L r(t), de ning K(t) = K@) K, C@) =
((t) L ,and using Assumption 4.1 we get

Xp(t) = Arxp(t) + Brr(t) + BpK(t)xp(t) + BpLC(t)r(t):
For the tracking error e(t) = Xp(t)  Xx,(t), this implies
e(t) = Are(t) + BpK(t)xp(t) + BpL(t)r(t) (4.16)

= A+ BoK(t) e(t)+ BpK(t)x,(t) + B,C(t)r(t):

Let Q 2 R" " be a xed, symmetric, and positive de nite matrix. Then we can de neP 2
R" " to be the unique positive de nite and symmetric solution ofPA; + AP + Q =0.
Consider the positive de nite function

V (e(t)) = € (1)Pet): (4.17)
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Taking the derivative of (4.17) along solutions of (4.16) we get
VL (e(t)) =2€ ()Pelt)
=2e (t)PAe(t) +2€ (t)PB K (t)xp(t) + 2€ ()P BC(t)r(t): (4.18)
The rst term satis es
2e” (t)PAe(t) = € (t)PA e(t) + € (t)PA, &t)
€ (t) PA + AP €t)
& (1) Qe(t):

Hence, (4.18) can be rewritten as
V(e(t)) = € (1)Qe(t) +2€ (t)PByK (t)xp(t) +2€ (t)P BoC(t)r(t):
Substituting x,(t) = e(t) + x,(t), we get

V(e(t) = €() Q PBK(t) et)+26 ()PBK (1) () +2€ (t)PBL(t)r (t):

De ning
c(t) = kPByK(t)k;
and
Co(t) = 2kP B K (t)kkx, (t)k + 2kP BpC(t)kkr (t)k;
we have

V(e(t)) ( mn(Q)  cu(t)) ke()k® + co(t)ke(t)k; (4.19)
where min (Q) > 0 is the minimum eigenvalue of). Note that (4.16) does not have a nite
escape time; from Corollary 4.3 we have thaf (t) and [ (t) are continuous and bounded,
which means thatK (t) and C(t) are also continuous and bounded, hence (4.16) may only
go to in nity as time goes to in nity. Moreover, if ( t) is Persistently Exciting (PE),
then K'(t) and C(t) converge to zero asymptotically, which lets us conclude thay(t) is
bounded, and there exists; 0 such that .,j,(Q) >c4(t) forallt t;. We can de ne

¢, =supfe(t);t  ty0; (4.20)
c; =supfcy(t);t  ty0: (4.22)

This implies that for all t  t; we get that if

G

kek> 0 o'
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(a)State of the system xp(t), and state of the(b)Control e orts for MMRAC and a single-
reference modelx, (t). model MRAC.

Figure 4.3: On the left: Time evolution of the states of the system and the reference model
for MRAC and MMRAC. On the right: Control e ort for MRAC and MMRAC.

then \L < 0, and we can conclude thak is bounded. This further implies that x, is
bounded, which nally implies that u is bounded, showing that all signals in the closed-
loop system are bounded. Combining this with Corollary 4.3 we get

Jim- V() + € (1)Qe(t) =0:
This implies that e(t) converges to 0, asymptotically, i.e.x,(t) asymptotically converges
to X, (t). m
4.1.4 Simulation Example

We illustrate the behavior and performance of the proposed MMRAC scheme through a set
of simulation tests performed on an uncertain model (4.1), a reference model (4.2), and a
setS (3.4) that de nes the polytopic uncertainty and satis es Assumption 4.2. Statistical
analysis comparing the performance of both control schemes is presented at the end of the
subsection.
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Figure 4.4: Euclidean norm of the tracking error for MMRAC and a single-model MRAC.

Figure 4.5: Semilog plot for the norm 2 of the tracking errors, and the linear regressions
(LR) for MMRAC and a single-model.

Figure 4.6: Evolution of the estimatesw(t).
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(a)Estimation of each entry of A,. The dashedb)Estimation of each entry of B,. The dashed
line is the true value. line is the true value.

Figure 4.7: Time evolution of the estimates oA, and B,.

(a)State of the system xp(t), and state of the(b)Control e orts for MMRAC and a single-
reference modek, (t) with measurement noise. model MRAC with measurement noise.

Figure 4.8: Simulations with measurement noise. On the left: Time evolution of the states
of the system and the reference model for MRAC and MMRAC. On the right. Control
e ort for MRAC and MMRAC.
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