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RESUMEN

En general, la representacion de sistemas de tiempo continuo se realiza mediante
ecuaciones diferenciales lineales o no lineales. Actualmente, los dispositivos digitales,
que solo operan en tiempo discreto, son los encargados de interactuar con los sistemas
de tiempo continuo. Por lo tanto, los modelos muestreados son necesarios. La
precision de estos modelos depende, entre otras cosas, del método numérico utilizado
para resolver la ecuacién diferencial. Entonces, siguiendo la idea anterior, el interés
es estudiar el efecto del comportamiento entre muestras de las senales y del método
de integracion numeérica aplicado sobre el modelo de tiempo discreto resultante.

Las suposiciones hechas o el conocimiento que se tiene sobre las senales juega
un papel esencial en el modelo de datos muestreados obtenido. En particular, la
entrada al sistema generalmente se considera constante entre muestras, es decir,
que es generada por un retentor de orden cero. Sin embargo, se pueden emplear
dispositivos de orden superior para definir la entrada. Por ejemplo, las funciones
B-spline se pueden usar en el retentor como una funciéon de interpolaciéon para modelar
la suavidad de la entrada del sistema.

Por otro lado, la representacién exacta de modelos de datos muestreados para
sistemas de tiempo continuo no siempre esta disponible. Por lo tanto, se desarrollan
modelos aproximados, considerando que la estrategia de integracion aplicada impacta
directamente en el modelo de datos muestreados obtenido. En el caso lineal, aparecen
ceros adicionales debido al proceso de muestreo. La ubicacion de estos ceros de
muestreo se puede caracterizar cuando el periodo de muestreo tiende a cero. Ademaés,
el interés es extender estos resultados a una clase de sistemas no lineales escritos en
forma normal.

En esta tesis establece la relacién entre la interpolacion, la estrategia de inte-
graciéon numérica y los modelos de datos muestreados para sistemas lineales y no
lineales. Especificamente, se estudia el impacto del retentor basado en funciones B-
spline y los métodos numéricos, tales como Runge-Kutta o series de Taylor truncadas,
en la caracterizacion asintética de los ceros de muestreo, para el caso lineal, y las
dindamicas cero para sistemas no lineales. La precisiéon de los modelos aproximados
obtenidos se mide utilizando el error relativo y el error de truncamiento local para
sistemas lineales y no lineales, respectivamente. Ademds, exploramos como explotar
los modelos de datos muestreados aproximados para el disefio de una ley de control
de tiempo discreto universal para sistemas lineales estables.
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ABSTRACT

In general, the representation of continuous-time systems is made through
linear or nonlinear differential equations. Nowadays, digital devices, which can only
operate in the discrete-time domain, perform the interaction with continuous-time
systems. Therefore, sampled-data models are needed. The accuracy of these models
depends, among other things, on the numerical method applied to solve the equation.
Following the above idea, the interest is to study the effect of the signals’ intersample
behavior and the numerical integration on the resulting discrete-time model.

Knowledge or assumptions made on the signals play an essential role in the
obtained sampled-data model. In particular, the input to the system is usually
considered to be piecewise constant, i.e., generated by a zero-order hold. However,
higher-order devices can be used to define the input. For example, B-spline functions
can also be used in the hold device as an interpolating function to model the
smoothness of the system input.

On the other hand, the exact representation of sampled-data models for
continuous-time systems is not always available. Hence, approximate models are
developed, considering that the applied integration strategy directly impacts the
obtained sampled-data model. In the linear case, extra zeros appear due to the
sampling process. The location of these sampling zeros can be characterized as the
sampling period approaches zero. Furthermore, the interest is to extend these results
to a class of nonlinear systems written in normal form.

This thesis establishes the relationship between interpolation, numerical inte-
gration, and sampled-data models for linear and nonlinear systems. To be specific,
we study the impact of the B-spline generalized hold and numerical methods such
as Runge-Kutta or Truncated Taylor Series expansion on the asymptotic character-
ization of the sampling zero polynomial for the linear case and the sampling zero
dynamics for nonlinear systems. The accuracy of the approximate models obtained
is measured by using the relative error and the local truncation error for linear and
nonlinear systems, respectively. Moreover, we explore how to exploit the approximate
sampled-data models for the design of a universal discrete-time control law for stably
linear systems.
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CHAPTER 1. INTRODUCTION

1 INTRODUCTION

1.1 Sampling and Sampled-Data Models

Most of real processes evolve in continuous-time. In practice, for control or
system identification, it may be useful to discretize them. Therefore, sampling and
sampled-data models have been investigated for linear and nonlinear deterministic
systems [1-10] and linear and nonlinear stochastic representations [2,11-16].

A sampled-data model is assembled by a continuous-time system interfaced
by a digital/analog converter and an analog/digital sensor. Typically, the sampling
process is represented, as shown in Figure 1.1 [17]. This kind of hybrid system and
the associated discrete-time model are used in control, parameter estimation and
simulation [2].

Hold _ |Continuous-time Anti-Aliasing x ]
(8 Device System o Filter Y

Figure 1.1: Scheme of a sampled-data system

The elements of a sampled-data systems are shown in Figure 1.1: the hold device,
which is used to convert the discrete-time sequence {uy} into a continuous-time input
u(t). The plant, which defines the real system through a set of linear or nonlinear
differential equations. Then, the output y(¢) is processed, before taking samples,
by an anti-aliasing filter. Finally, the sampler device, that creates a discrete-time
sequence {yy} by instantaneous sampling at specific time instants {t;} with sampling
period h [2,17].

Typically, discrete-time systems are represented in the z-domain using the shift
operator ¢, given by

qUE = Ugy1- (1.1)
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1.1. SAMPLING AND SAMPLED-DATA MODELS CHAPTER 1. INTRODUCTION

and the poles p; of the continuous-time are mapped to the discrete-time domain as
follows,

2 = e (1.2)

The above idea reflects that, for a small sampling period, the poles of the
sampled-data model tends to the marginal location z = 1. Besides, for continuous-
time systems with relative degree greater than or equal to two, the zeros that appear
due to the sampling process converge, as the sampling rate approaches zero, to either
marginally stable or unstable locations, i.e., for the fast sampling case, shift operator
models cannot be directly related to the continuous-time model.

As a consequence, one could be interested in studying representations in the
v-domain, using the delta operator ¢ [1,18-20] defined in (1.3) because for high
sampling periods, there is a close relation to the continuous-time domain (1.4). This
alternative representation presents convergence and numerical advantages over shift
operator models [19,21,22].

qg—1 z—1
- 7= (1.3)
Suy, = w (1.4)
du(t)
oy, ~ : h=0 1.5
dt u(t)=ug ( )
Based on (1.4), models in z-domain and 7-domain are related as follows:
1
Yo(z) = ﬁY:S(’Y) iy (1.6)
="
Vi) = hY(z)| (L.7)
z=h~vy+1

The stability region of models in the shift operator is a circle of radius 1, whilst
the stability region corresponding to d-operator models is a circle of radius 1/h as
shown in Figure 1.2. In addition, the poles in the d-operator are given by

eri — 1

= (1)

The above idea implies that when using incremental models in the y-domain,
the discrete-time poles converge to locations that depend on h and, as the sampling
period approaches to zero, they converge to the corresponding continuous-time poles.
Since incremental models provide a close connection between continuous and discrete-
time domains, this kind of representation may be useful in applications such as
control [21-26].

&g=w Universidad Técnica Federico Santa Marfa, Department of Electronic Engineering 2



1.1. SAMPLING AND SAMPLED-DATA MODELS CHAPTER 1. INTRODUCTION

Im{z} Im{~}
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Figure 1.2: Comparison of the stability regions when using the shift operator ¢ and the
incremental operator 6.

Im{~} Im{s}
e S A
’ X X
i h=0
] _—
- -5 0] 7 Re{y} - ~Re{s}
‘ >< X

Figure 1.3: Comparison of the stability regions for discrete-time models and
continuous-time models.

Notice that there is a direct transformation between the continuous-time poles p;
and their discrete-time counterpart (1.2)-(1.8). However, for the continuous-time zeros,
we only have a simple transformation when the sampling period approaches zero [27].
Hence, in [28], a novel relationship between real and sampled-data zeros, independent
of the sampling period, is proposed. On the other hand, non-uniform sampling
has been considered in [29-31]. In addition, poles and zeros can be transformed
into the z-domain using the matched pole-zero method (MPZ) [32,33]. The MPZ
mapped all the poles and zeros as shown in (1.2). The later technique turns out
to be simpler than other methods frequently applied, and it is preferred for the
discrete-time approximation of continuous-time controllers [34, 35].

The sampling process naturally implies loss of information. For linear systems,
it is possible to obtain the exact sampled-data model as long as one makes appropriate
assumptions on the nature of the signals. The usual assumption about the input to
the system is that, between samples, it behaves piecewise constant, i.e., it is generated
by a zero-order hold (ZOH).

On the other hand, approximate models may be preferred because they are
related more directly to the parameters of the real system, they can be easier to
obtain than the exact sampled-data model, they may require fewer computations and
they are a consequence of the applied integration strategy [36]. Thus, approximate
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1.2. PROBLEM STATEMENT CHAPTER 1. INTRODUCTION

models may give further insights about the discretization process. As a consequence,
the analysis of the accuracy of approximate discrete-time models is needed. In
particular, for the linear case,it is measured using the relative error in frequency
domain [36-38].

The nonlinear sampled-data theory is less developed compared to the linear
case since it implies difficulties in solving nonlinear differential equations. The exact
model typically cannot be developed. Thus, the goal is to obtain approximate models
that are accurate in some sense. Then, the accuracy of such models depends on
the applied integration strategy, which can be affected by the assumptions made
on the smoothness of the input. Similarly to the linear case, there is an interest in
quantifying the accuracy of these models using the local truncation error in the time
domain [39-43].

Besides, the intersample behavior of the input can be modeled by higher-order
hold devices. For example, B-splines functions can be used in a generalized hold
with this aim. Therefore, it is possible to analyze the impact of such selection in the
resulting sampled-data model. In particular, we expect to provide further insights into
the discretization process: how the smoothness of the input signal and the applied
integration strategy could impact in the asymptotic sampling zero polynomials, for
the linear case, and in the asymptotic zero dynamics, for nonlinear systems.

1.2 Problem Statement

In the current thesis, we focus on developing sampled-data models for linear
and nonlinear systems. The aim is to study issues such as the link between the
corresponding discrete-time model, the smoothness of the signals, and the applied
numerical integration method. The accuracy of the obtained approximate models
and the asymptotic relation between linear and nonlinear sampled-data models is
also studied. Besides, we explore the use of discrete-time linear models for the design
of a simple control law.

This thesis addresses the following hypotheses:

o Accurate sampled-data models can be obtained for continuous-time dynamical
systems, under assumptions or knowledge about the signals.

o Extra zeros and zero dynamics that appear in the discrete-time model as a
consequence of the sampling process can be interpreted due to the plant’s char-
acteristics, the interpolation assumptions, and the applied numerical integration
techniques.

o [t is possible to establish a relationship between the hold used to generate the
continuous-time input and the integration strategy proposed.

o It is possible to design a wide-bandwidth control law for stably invertible linear
system based only on the continuous-time relative degree and high-frequency
gain.

&g=w Universidad Técnica Federico Santa Marfa, Department of Electronic Engineering 4



1.3. OBJECTIVES CHAPTER 1. INTRODUCTION

1.3 Objectives

This project’s primary goal is to study the relationship between sampled-data
models, numerical integration, and interpolation. The specific objectives are the
following;:

1. To express the generalized hold in terms of B-splines functions.

We consider the case when only the discrete-time input sequence is known.
Thus, the smoothness of the continuous-time system input is, in principle,
unknown. In this case, B-spline functions can be used in the generalized hold to
model the input or to describe an assumption about its intersample behavior.

2. To establish the connection between the interpolation assumption and the
presence of sampling zeros and sampling zero dynamics.

The interest is to characterize the sampling zeros (for linear systems) and
the zero dynamics (in the case of nonlinear systems), as the sampling period
approaches zero, for different interpolation assumptions.

3. To establish the link between numerical integration techniques and the obtained
approximate sampled-data models.

The interest is to evaluate the impact of the numerical integration in the
discrete-time model. In this context, time-discretization when using numerical
methods such as Runge-Kutta or Truncated Taylor series expansion allows to
gain further insights into the sampling process, and both can be applied for
linear and nonlinear systems.

4. To explore how to exploit approximate sampled-data models in the design of a
linear discrete-time control law.

Our interest here is to design a control law that stabilizes the real system
by knowing only the relative degree and the continuous-time system’s high-
frequency gain. Moreover, we expect to analyze the impact of including, or not,
knowledge about the asymptotic sampling zeros in the feedback law.

1.4 Thesis Organization and Contributions

Following the ideas presented above, the current thesis gives further insights
about the discretization process for linear and nonlinear systems. It can be separated
into two parts: the former covers sampled-data models for linear systems, while the
latter extends the nonlinear case results. The structure of the thesis is as follows:

Chapter 1: In this chapter, we present the thesis overview: motivation,
hypothesis and objectives. Also, a brief description of the main contribution is
given.

&g=w Universidad Técnica Federico Santa Marfa, Department of Electronic Engineering 5



1.4. THESIS ORGANIZATION AND CONTRIBUTIONS CHAPTER 1. INTRODUCTION

Chapter 2: In this chapter, a literature review is presented. We first introduce
different hold devices frequently used to model the continuous-time input to the
system. Then, a background on B-Spline Functions and their relationship with
the well-known Euler-Frobenius polynomials is given. Then, based on the holders
previously defined, we present the most common representations of discrete-time
models under different input signal assumptions. Moreover, for the linear case, the
exact sampled-data model is given. In particular, we study the zeros (linear case)
and zero dynamics (nonlinear case) of the corresponding sampled-data models for
fast sampling rates.

Chapter 3: We begin this chapter by presenting a novel equivalence for a
B-spline generalized hold, which will be used to model the input to the system
for linear and nonlinear models. One of the advantages is that this hold provides
different assumptions about the input smoothness since it is defined based on B-spline
functions. In fact, it can be interpreted, for example, as zero, first or second-order
hold when varying the order of the spline. Moreover, this hold is shown to be related
to the well-known Euler-Frobenius polynomials, which will be useful in the asymptotic
characterization of sampling zeros and zero dynamics.

Then, we develop exact and approximate (linear) discrete-time mod-
els when using Runge-Kutta methods as an integration strategy. We first
consider the case when the expansion order is greater than or equal to the continuous-
time relative degree r and hold order ¢. Then, the exact sampled-data model turns
out to be obtained. On the other hand, we consider the case when the expansion
order is lower than r + ¢, leading to an approximate model. For both models, the
polynomial of the sampling zeros are asymptotically characterized for fast
sampling rates. Finally, a simulation study is presented to quantify the relative
error in the frequency domain between the exact and the approximate model.

Chapter 4: In this chapter we propose a simple sampled-data control
law based only on the continuous-time relative degree and high-frequency
gain. We first analyze the continuous-time case to set ideas. Then, we extend the
results to the discrete-time domain where two approximate models are studied: the
first model is designed considering that the closed-loop bandwidth is chosen to be
significantly less than the Nyquist rate. In contrast, the second model covers the case
when the closed-loop bandwidth is near the Nyquist frequency.

Chapter 5: In this chapter, we study a class of nonlinear systems that can
be written in normal form. Thus, we develop an approximate sampled-data
model based on the B-Spline generalized hold and using truncated Taylor
series expansions as a numerical method. The corresponding discrete-time
system includes extra zero dynamics that can be characterized as the sampling period
approaches zero. In fact, it is shown that for fast sampling rates, the asymp-
totic zero dynamics converge to the asymptotic sampling zeros found in
the linear case. Moreover, we study the model’s accuracy through the
local truncation error associated with the state vector.

&g=w Universidad Técnica Federico Santa Marfa, Department of Electronic Engineering 6



1.5. ASSOCIATED PUBLICATIONS CHAPTER 1. INTRODUCTION

Chapter 6: This chapter details the conclusion of the current research work,
summarizes the contributions of the thesis and present some possible ideas for future
work.

1.5 Associated Publications

The results presented in this thesis have been published in journal and conference
papers as listed bellow:

o Journal Papers:

1. C. Sanchez and J.I. Yuz, «On the relationship between spline interpolation,
sampling zeros and numerical integration in sampled-data models,» Control
& System Letters, vol. 128, pp. 1-8, 2019.
doi:10.1016/j.sysconle.2019.04.006.

2. C. Sanchez and J.I. Yuz, « Approximate Nonlinear Discrete-Time Models
Based on B-Spline Functions», IEEE Access, vol. 8, pp. 143366-143374,
2020.
doi:10.1109/ACCESS.2020.3013829

o Conference Papers:

1. C. Sanchez y J.I. Yuz, «B-spline Generalized Hold for Nonlinear Sampled-
Data Systems,» 58th IEEE Conference on Decision and Control (CDC),
2019.

2. C. Sanchez, G.C. Godwin, J.I. Yuz, M. Serén y D. Carrasco, « Towards a
Simple Sampled-Data Control Law for Stably Invertible Linear Systems,»
IFAC World Congress, 2020.
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CHAPTER 2. LITERATURE REVIEW

2 LITERATURE REVIEW

2.1 Continuous-Time Linear Systems

We are interested in obtaining the sampled-data version of the linear single-input
single-output (SISO) system given in (2.1).

s—21) (85— 2m)

:b( ;on>m, (2.1)

CA(s) (s =p1) (s —pa)
where the roots of z; and p; are the continuous-time zeros and poles, respectively,
and r = n — m is the relative degree. The system (2.1) can be written in state-space
from as

&(t) = Ax(t) + Bul(t) (2.2a)
y(t) = Cx(t), (2.2b)

where z(t) denotes the system state vector and the matrices are of appropriate
dimensions. Thus, the system transfer function is given by

L) _Y(e)
)= Ty " U6y 23)

where £{-} is the Laplace transform defined as follows [44,45]:

LU0} = [ f@etdt = F(s) (24)
and the inverse Laplace transform is given by
LYFs) = —— [T F(s)etds (2.5)
- 2mj Jo—joo '

Then, the system transfer function (2.3) can also be represented as:

G(s)=C(s[—A)'B (2.6)
_ Cadj(s] — A)B
~ det(sI — A) (27)
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2.2. THE HOLD DEVICE CHAPTER 2. LITERATURE REVIEW

The zeros of (2.7) can also be written as [46,47]

(2.8)

N(s):det[SI_A _B].

C 0

Equation (2.8) will be a key tool in the following chapters.

2.2 The Hold Device

The process of discretization depends on knowledge or assumptions about the
intersample behavior of the signals, because these are in principle unknown. In
particular, the interpolating function chosen to model the system input plays a key
role in the discrete-time model. On the other hand, the corresponding sampled-data
model includes extra zeros (linear systems) or zero dynamics (nonlinear case) with
no counterpart in the continuous-time domain. Thus, there is an interest in studying
the impact of the hold device in the location of these sampling zeros and sampling
zero dynamics.

The usual assumption is that, between samples, the signal is piecewise constant,
i.e., is generated by a zero-order hold (ZOH) (see Figure 2.1), defined by

u(t) = ug; t € [kh,kh + h] (2.9)

where ¢, = kh is the sampling instant, h is the sampling period and we have used
the notation u(kh) = uy.

hzon(t)

0 h 2h t l t
(@) (b)

Figure 2.1: Impulse response for a Zero-Order Hold (Figure 2.1a) and a piecewise
constant signal (Figure 2.1b).

Under the ZOH assumption, the discrete-time zeros may converge to either
marginally stable or unstable locations. Thus, one can be interested in studying the
effect of higher-order hold devices, such as first-order hold (FOH) and fractional-order
hold (FROH). The FOH is defined by:

— Ug—1

ult) = uy, + 2 Lt~ kh); t € [kh, kh+ ] (2.10)

&g=w Universidad Técnica Federico Santa Marfa, Department of Electronic Engineering 9



2.2. THE HOLD DEVICE CHAPTER 2. LITERATURE REVIEW

Uk — Ug—

where the first device is based on a linear extrapolation and the second on a linear
interpolation [48,49]. According to [48], when using second or higher-order systems,
the interpolating FOH provides a smoother output than the extrapolating FOH and
the ZOH. Otherwise, both FOHs have shown to improve the ZOH since the output is
smooth and has a frequency response without phase error.

A FROH [50,51] is given by

(t—kh);  t€ [kh kh+h] (2.11)

ult) = uy, + BLh“’H(t —kh);  te [kh, kh+h] (2.12)
hFOH<t) hFOH(t)
2
1 1
0 0 7 ot
1
(a) (b)

Figure 2.2: Impulse response for: Extrapolating First Order Hold (Figure 2.2a),
Interpolating First Order Hold (Figure 2.2b) and Fractional-Order Hold (Figure 2.2c).

Notice that if the parameter [ is chosen to be 0, u(t) corresponds to the ZOH
and for § = 1 it turns out to be the extrapolating FOH. It is also of interest to
consider the Laplace transform (2.4) of the hold devices (2.9),(2.10) and (2.12):

1 — —sh
Hyop(s) = —— (2.13a)
1+ sh
Hpop(s) = (1 - e—sh)2(;j) (2.13b)
__ ,—sh
Hpron(s) = (1~ /J’e‘Sh)lse + hig (1—et)’ (2.13¢)

eg==we Universidad Técnica Federico Santa Maria, Department of Electronic Engineering 10



2.2. THE HOLD DEVICE CHAPTER 2. LITERATURE REVIEW

Other hold devices are based on the traditional holds previously defined to
improve the sampled-data model’s stability or accuracy. For example, in [52], a mixed
fractional order (MFROH) is defined as a combination of FROH and ZOH given by

uk+a%(1&— kh);  t € [kh,kh+ AR]
u(t) = )
uk+aw®h); te[kh+Ahkh+h, 0<A<I,

(2.14)
where « is a parameter of the hold slope in the interval [kh, hk + Ah| and A is a
parameter describing the position of slope variation over the interval [kh, kh+ Ah| [52].
Also, its Laplace transform is given by

(1—e*"M(1 — ale™h) N a<1 — e ) (1 — e
s hs?

Hyrron(s) = (2.15)

Notice that for A = 0, u(t) corresponds to the ZOH and for A = 1 it corresponds
to the FROH. In [53,54] the input is considered to be generated by a backward
triangle sample and hold (BTSH), which is a modification of the ZOH and is defined
as follows

@(t —kh);  t€lkh,kh+ fh]

ut)y =3 f (2.16)
0; t €|kh+ fh,kh + h],
where u(t) is the ZOH (2.9) and f €]0,1]. Then, the Laplace transform of (2.16) is
given by
1 — e shf 1 k e—shf
H — L 2.1
BrsH(S) s (shf f) s (2.17)
hMFROH(t) | h(t)
I SN
0 A kN 2t
0 h oh  (k—D)h kh 1
(a) (b)

Figure 2.3: Impulse response for: Mixed Fractional Order Hold (Figure 2.3a) and
Backward Triangle Sampled and Hold (Figure 2.2c).

To conclude this section we present a more general hold device than the
one previous described, namely, a Generalized Hold Functions (GHF) [55-63]. A
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generalized hold can be characterized by its impulse response, which is the continuous-
time output obtained when the discrete-time input is the Kronecker delta dx[k] [1,55].

1 k=0
orlk] = 2.18
ic[F] { 0 Otherwise. ( )

Then, the continuous-time signal generated by this hold device is given by [2]

u(t) = i hg(t — kh)uy, (2.19)

k=—o00

where hy(t) is the impulse response, given by [2,60]

{ 1 te|0,h]

hy(t) = (2.20)

0 Otherwise.

In fact, ZOH and FOH can be thought of as a particular cases of this hold [2].
As mentioned before, the sampling zeros are function of the hold used to model the
input system and they may converge to unstable locations. Thus, GHF can be used
to assign these zeros to stable locations whether or not the continuous-time system
has non-minimum phase zeros [61].

In [57] a GHF that places sampling zeros to the origin is proposed. Moreover,
in [60] a GHF is used to protect cyber-physical system from the zero dynamics attack
which remains effective if the system in non-minimum phase. However, changing the
location of the zeros can imply an excessively large amplitude of the hold device [61].
In addition, using GHF can lead to sensitivity and robustness difficulties [59, 64].

heur (t)

N\

Figure 2.4: Impulse response for a Generalized Hold Functions.

Following the ideas above, one could be interested in designing a generalized
hold to represent assumptions or additional knowledge about the input’s smoothness.
B-splines have been used with this aim ( see, for example, [58,65]). In this thesis, we
are interested in studying the impact of B-spline generalized hold in the corresponding
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sampled-data model. Firstly, we introduce the Euler-Frobenius Polynomials, which
are defined in the z-domain through the Z- transform (see, for example, [5,66]):

Z{f()} =>_ft)z"" = F(2), (2.21)
t=0
while the inverse Z-transform is given by

Z-UYF(2) = 2;7 § F)2ds. (2.92)

2.2.1 Euler-Frobenius Polynomials
The Euler-Frobenius polynomials are defined as follows

By(z) =P+ 02" 4 W p>1 (2.23)

k
bzzzx_l)kllp(i:ti); k=1,....p (2.24)

=1

Moreover, they satisfy several properties [2,27,58,67], as listed below
o The coefficients can be calculated recursively. In fact, b} = 0} =1 and

W=k '+ (n—k+1D0 L k>2 (2.25)

o They satisfy the following differential relation

dB,
Bpi1(z) = 2(1 — 2) dz(z> + (1 +p2)B,(2); r>1. (2.26)
e They coefficients are symmetrical
bk = b1k (2.27)
and they satisfy
By(20) =0 = B,(z ') =0 (2.28)
B,(z) = 2"7'B,(z7h). (2.29)

We next list the first Euler-Frobenius polynomials

Bi(z) =1 (2.30a)
By(2) =z +1 (2.30D)
Bs3(z) = 22+ 4z +1 (2.30c)
By(z) =2+ 112> + 11z + 1. (2.30d)

From (2.30) we can notice that B,(z) has marginally stable and unstable zeros
for p > 2. This polynomials will be useful in the characterization of the asymptotic
sampling zeros and asymptotic zero dynamics in Chapters 3 and 5.
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2.2.2 Background on B-Spline Functions

B-splines [68-70] are piecewise polynomials functions that are usually smooth,
well-behaved, and continuous everywhere [71]. Moreover, they have minimal support,
i.e., they vanish outside the interval [t;, ¢;,x[, and they are positive on the interior of
such interval [69].

B-splines are defined for the nondecreasing knot sequence {t1,ts,...} at the
sampling instants {kh}. These functions have been used for interpolation, signal
processing, and image reconstruction [71] to identify continuous-time systems based
on non-uniform sampled data [30]. In fact, in [72] a relationship between B-splines
and control theory is established.

An (-th order B-spline is defined as follows

/+1 —1)? €+ 1
o) = 35 S () o= ot - o, 231)
p=0 = p
where p(t) is the unit step function:
(0 0 t<0 (2.32)
S e '

In order to prevent the /-th order B-spline to go 0 as the sampling period is
reduced, a scaling factor 1/h* is included. Thus, we define fy(kh) = ;5 5,(kh). Then,
the first B-splines are given by

Bo(t) = p(t) — u(t — h) (2.33a)

Bit) = %(m(t) = 2(t = h)u(t — h) + (t — 2h)u(t — 2h)) (2.33b)

Balt) = g (G1(0) — 5 (6 — B(t — h) + 5 (6 — 20)°u(t — 20) — L (¢ — 3h)°plt — 30)
(2.33¢)

Figure 2.5 shows the B-splines functions defined above. Moreover, in [30, 73] it
is shown that B-spline functions are related to the Euler-Frobenius polynomials, i.e.,

L Zfl
2 {putkmy = 5 P

where By(z) is the Euler-Frobenius polynomial of order ¢, given by (2.23)-(2.24).
Lemma 2.1 [105]: Consider the B-spline of order { defined in (2.31). The i-th

derivative is given by

(2.34)

;ZB@@) B /;i(—l)j (;) Ble-ip(t = jh); i < L. (2.35)

J=0
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0 h 2h t 0 h 2h t
(a) (b)

0, h 2h 3h t
(c)

Figure 2.5: Some B-splines functions: Zero-order B-spline (Figure 2.5a) First-order
B-spline (Figure 2.5b) and Second-order B-spline (Figure 2.5¢).

Proof: Firstly, we consider the following definition:

1

= (Bo(s))™, (2.36)

Bi(s) =L {Be(t)}

where By(s) is the Laplace transform of (2.33a), i.e., the Laplace transform in (2.13a).
Then, we consider the convolution property [58,65]:

But) = +Ber(6) » Bolt). (2:37)

We establish the proof by induction. For ¢ = 0 the result is trivial. Then,
for ¢ = 1 we have that the Laplace transform of the first derivative can be written
as,

sBy(s) = ]1154_1@)(1 _ ek, (2.38)

Applying the inverse Laplace transform to (2.38), we have
L5) =+ (Fer(t) = Bealt — 1) (2.39)
P = 3 (P -1 - -

We now assume that (2.35) holds for ¢ and we will prove that it also holds for
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i+ 1. Using (2.35) we obtain

di+1 5

dtitl Pe(t hz+1 Z ( )5(4 (i+1)) (t — jh) —

i 1 (dconte-G+0m o

1 & NN '
= i1 2.1 <j> Bl (t — jh) +
7=0

i+1 . ~
hH—l Z (j 1) Ble—@+1y)(t —gh)  (2.41)

di—l—l N 1 N B .
qrrPet) = W (Bie—@r1n(®) + Bre—ann (t = (i + D)) +

i+1 q 5 . N
hm Z (() Be—+)(t = jh) + ( z >ﬁ<e—<i+1>>(t—jh)>

7—1

i+1
hz+1 Z (Z " 1) Ble—(i+1))(t = 7h), (2.43)

which corresponds to the result in (2.35).

Lemma 2.2 [58, 105]: Consider the derivatives defined in (2.35), then the Z-
transform is given by

1 (z—1)"By_i(z .
{dtz Be| kh} hl( = ! (;_(Z.)?; i<t (2.44)

Proof: From (2.35), we have that

{ dtlﬁz(k:h)} ; i [ij(—l)j (;) Bo_i (kh — jh))] zk (2.45)

k=0 |7=0

where we have used the definition of the Z-transform. Then,

{dtzﬁe(kh)} ;1@ ZZ: [ (—1)/ (;) g%ﬁei (kh — jh) zk] (2.46)

According to [30], the sum over k can be written as shown in (2.34). Then,

d’ 1 Bri(z) < o
{dtzﬁg(kh)} hsz(—l) (j)z : (2.47)
Finally, the result in (2.44) is obtained
d 1 (z—1)"Be_i(2)
{dt’ﬁe(kh)} W= (2.48)
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2.3 Discrete-Time Linear Systems

This section presents a review of sampled-data models for linear systems
under different hold device assumptions, i.e., ZOH, FOH, and FROH. In particular,
we introduce some solutions and approaches made by other authors in both shift-
and delta-operator. To conclude this section, we study the asymptotic behavior
of the sampling zeros polynomials and their relationship with the Fuler-Frobenius
polynomials described in Subsection 2.2.1.

2.3.1 Shift Operator Models

Figure 2.6: General scheme for a sampled-data model

Discrete-time models for linear systems can be obtained either from state-space
representations or from transfer functions. The discrete-time function Gy(z) that
links the input samples {u;} with the output sequence {y;} is given by (see Figure
2.6)

Y(z) _ Z{y}
Uz)  Z{u}’

Gy(2) = (2.49)

where Z{-} denotes the transform in the z-domain.

We consider that u(t) is generated by a ZOH. To compute the transfer function,
we need the Z-transform of Y'(s) = G(s)U(s). Thus, we apply the inverse Laplace
transform (£7'{-}) to Y(s) and then the Z-transform of the sequences {y(kh)},

{u(kh)}.

CZu)  ZLMY ),
Z{uk} 21

z

e (0

z S

Gzou(?)

(2.50)

t } (2.51)

The model in (2.51) is ezact because the output samples are exactly recovered,
i.e., yr = y(kh). Moreover, this model has relative degree 1, which implies that it has
sampling zeros.
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Then, from the definitions of the inverse Laplace transform (2.5) and the
Z—transform (2.21), we have [§]

oL et Gl

GZOH(z): z 2mj

ds. (2.52)

c—joo z—eh s

Since G(s) is strictly proper, the integration path can be closed and the integral
can be evaluated using the Residue Theorem [44]. Thus, closing the complex integral
to the left of the complex plain we obtain (2.53) and closing it to the right we get
(2.54) [2,27]):

Gy(z) = 2 1l Xn:ResS:pl {G(S) is;h} : (2.53)

z s Z

_z—1 & G[(log(z) + 2mjl) /]
Gal2) = 2 log(z) + 275l

2.54
S (2.54)

For the particular case of a pure r-th order integrator, i.e., G(s) = s ", the
following relation holds [74]:

S 1 _ 2Ba(2)
2 (log(z) + 2mj)r  (r—1)!(z — 1)’ r=>2. (2.55)

k=—o00

In addition, the discrete-transfer function when the input is generated by a
FOH [75,76] or a FROH [77,78] are respectively given by:

Gron(z) = (Z - 1>23{ ! Zsjhc;(s)}. (2.56)

z

GFROH(Z ) =

(1 — 2_1)2{1 —e " G(s)

h S } +(1- ﬁzl)Z{l_jShG(s)}. (2.57)

Notice that when 5 = 0, we obtain the transfer function when using a ZOH (see

(2.51)). On the other hand, if § = 1 the transfer function (2.56) is obtained.

In addition, we are interested in deriving the sampled-data model from the
state-space representation. Thus, based on the ZOH assumption, the system (2.2)
can be represented in the discrete-time domain as:

L1 = Agrr + Byuy (2.58a)

where we have used the notation xy,; = qzj, and where the matrices are given
by [2]:

h
A= B, = / A BdA. (2.59)
0
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Similarly to the result (2.6), the discrete-transfer function can be also written
as

G,(2) = C(z1, — A) ' B,. (2.60)

Moreover, we present the state-space representation when the continuous-time
input is generated the FOH defined by (2.10) [2]

i alin W nai]
) alba Jikresnam (2.612)
=1 Tk
ye=|C 0] - ] (2.61b)
where
A, =t (2.62a)
N
Bi= [ (5~ 1)t Bda (2.62b)
0o \h
heo A
2 _ AN\ aa
B? = /0 (2 h)e BA. (2.62¢)

Notice that the previous sample uy_ is considered as an extra state. This will
be a key tool to develop sampled-data models in Chapters 3 and 5.

We conclude this section with an example:

Example 1 Consider the continuous-time system G(s) = s, r > 0. We are
interested in the corresponding exact sampled-data model when the input is modeled

by a ZOH.

We can rewrite the n-th order integrator in state space form:

yi(t) = 21 (t) (2.63)
i1 = 79(t) (2.64)
(2.65)

xr—l(t) = er<t) (266)
. (t) = u(t) (2.67)

Then, the model (2.63) can be represented as

x(t) = Az(t) + Bu(t) (2.68a)

y = Cuz(t), (2.68b)

where the matrices A € R™*", B € R™*! and C € R'*" are expressed in the Brunovsky
form [79]:

. [ 8 Irol ] B= [ 0(r711)><1 ] (2.692)

C=[10 - 0] (2.69b)

eg==we Universidad Técnica Federico Santa Maria, Department of Electronic Engineering 19



2.3. DISCRETE-TIME LINEAR SYSTEMS CHAPTER 2. LITERATURE REVIEW

The associated sampled-data model, assuming a ZOH input, can be obtained
using (2.59). Thus, we have:

h? h"
eAh:]+hA+?A2+"'+*,AT+"‘ (2.70)
r!

Notice that the matrices can be exactly obtained noticing that A is nilpotent,
i.e., A" = 0. Thus, the exact sampled-data model of and r-th order integrator is given

by

T+l = Aq{Bk + Bquk (2.71&)
Ye = Cag, (2.71b)
where
- h2 i - Gd
Lh o oy w
hr— —
01 h - (r—2)! (ﬁ—l)!
Ag=10 0 - . ¢ |.Bg=] (2.72a)
h2
h or
L0 0 0 1 L ]
C,=[10 - 0] (2.72D)

2.3.2 Delta Operator Models

The theory of sampled-data systems is usually represented in the z-domain
associated with the shift operator ¢q. However, one of the disadvantages of this
representation is that it does not converge to a continuous-time differential operator,
[18]. The latter implies that for small sampling period the corresponding continuous-
time system is not recovered. In particular, from (2.58), it can be noticed that

lim A, =1, }lg% B, =0. (2.73)

h—0

Thus, one could be interested in using the J-operator because the relation
between the continuous-time system and the associated discrete-time model can be
better expressed using incremental models. Also, it allows us to explicitly include
the sampling period in the description. From (1.3), it can be noticed that

q_la: :$k+1—$€k
h "k ho

Sy, = (2.74)

Since the d-operator is a difference, models expressed in the ~-domain are
similar to models obtained with the (continuous-time) differential operator. Then,
continuous-time insights can be used in the discrete-time representations [1].
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Applying (2.74) to the state-space representation (2.58), we obtain

&Bk = A(;:L'k + Bguk (275&)
yr = Cy, (2.75b)
where
edh — T B
As = (R = ( 2.76
) I ) ) h ( )

Notice that, for fast sampling rate, i.e., h — 0, the matrices in (2.76) converge
to the continuous-time counterpart [18]. In addition, the transfer function in y-domain
is given by

Ga(y) = C(vI — A5)"'Bs. (2.77)

2.3.3 Exact Sampled-Data Models

A subject of interest is when the sampling period approaches zero because the
polynomials of the sampling zeros can be asymptotically characterized in terms of
continuous-time relative degree, the assumptions about the system input, and the
sampling period. To study the asymptotic behavior of linear sampled-data models,
we first consider the case when the continuous-time system is an r-th order pure
integrator, i.e.,

G(s)=—, r>0. (2.78)

The corresponding discrete-time transfer function arising for a ZOH can be
obtained using (2.51). Furthermore, according to [27], G,(z) approaches the following
model

h" B.(z)
G = ——. 2.79
(1<z) 7“! (Z _ ].)r ( )

Notice that (2.79) only depends on the relative degree r and the sampling
period h. The polynomial of the asymptotic sampling zeros is defined by B,(-), which
is the Euler-Frobenius polynomial of order r given by (2.23)-(2.24).

For the case of the general system (2.1) when the sampling period goes to 0
the associated sampled-data model is given by [27],

hm (2 — 1)mBn_m(z)‘

G2 = b o)

(2.80)

According to [75], the corresponding discrete-time transfer function of (2.1)
when using a FOH when h — 0 is given by
R (2= 1)MChom(2)

Gol2) :b(n—m—l—l)! 2(z—1) 7

(2.81)
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where

Cp(2) = Bpya(2) + (p+ 1)(z = 1) By(2). (2.82)

In addition, the transfer function Gy(z) when using a FROH is given by
[77,80]

Gol2) =00 = jn?: il = ?(leni)ﬁ(% 2, (2:83)

where,
Dy(z,8) = BBpia(2) + (1 +p)(z — ) By(2). (2.84)

This analysis can also be studied for representations expressed in d-operator.
Thus, based on the ZOH assumption and for an r-th order integrator, the correspond-
ing sampled-data model in y-domain is given by [2,81]

Ga(y) = Priim, (2.85)

where the polynomial P,(hy) can be related to the Euler-Frobenius polynomials as
follows:

B,
p() = 22 (2.56)
r z=1+hy
The polynomials P,.(h7y) can be computed recursively, (See [2,81])
r (h'}/)l_l
Py (hy) = ; T (2.87)
Py(hy) = 1. (2.88)
and, when the sampling period goes to 0,
i = >
}lllir(l) P.(hy)=1, r>1 (2.89)
The first P,(hy) polynomials are listed below,
Pi(hy) =1 (2.90a)
h
Py(hy) =1+ 57 (2.90b)
h2
Py(hy) =1+ hy + 6”2 (2.90c)
3h 7h? h?
Py(hy) =1+ v+ —~*+ 7> 2.90d
a(hy) =1+ v+ 577 + o547 (2.90d)
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From (2.90), it can be noticed that when using the d-operator, the Euler-
Frobenius polynomials are explicitly represented as a function of the sampling period
and . Moreover, the discrete-time transfer function for the general system shown in
(2.1) is given by

Guly) = b=t =2 p ) (2.91)

n

i (v — i)

2.4 Approximate Sampled-Data Models
for Linear Systems

We have previously discussed that exact sampled-data representations can be
developed for linear systems. However, approximate descriptions are preferred since
they better preserve the real continuous-time system’s parameters. They can also
be easier to obtain than the exact model, and the methods can also be applied to
nonlinear systems.

Ordinary differential equations (ODEs) arise in many contexts, for example,
in physical problems. Thus, there is an interest in knowing the consequences of
modeling these problems using specific numerical approximations [40]. Linear and
nonlinear ODEs can be approximately solved, for example, using Euler integration,
Runge-Kutta methods, or Taylor series expansions. In fact, these two first methods
are based on Taylor series expansions.

2.4.1 Numerical Integration Strategies

Consider the Initial-Value Problem (IVP) written as [82,83]:

WO _ o)y vl =w (2.92)

that has a unique solution on some specific interval. Then, integrating both sides, we
obtain:

[ = [ peenar (2.93)
) = oltn) = [ Fit (o) (2:949)

Therefore, when the integral (2.94) is hard or impossible to compute, numerical
methods have to be used. Thus, in order to approximate a solution of (2.94), and

therefore of (2.92), we use Finite Difference Methods [84,85].

We suppose that the numerical solution of the integral is as shown in Figure
2.7. Then, the area below the curve between t,, and t,,; is approximately given by
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Jtni1)-
ft) 7
f(tn-l) T

O tn-] tn tn+1 t
Figure 2.7: Finite Difference Method

f(tTL)yTL)(th,-l - tn) Thus,

( n+1) y( ) T f( nayn)( n+1 -1 ) (295)
( "“)At y( ) = [(tn: yn) (2.97)

Equation (2.97) is known as Forward Difference Approximation [84]. If we
compute the area under the curve between t,_; and t,, we have the Backward
Difference Approzimation [84], which is given by

y(tn) - y(tn—l)
At

= f(tn,Yn) (2.98)

Notice that as At approaches zero, the approximations (2.97) and (2.98) recover
the original ODE. On the other hand, we certainty know the value of y(t) at the
initial point ¢ = 5. Thus, we can approximate the solution of (2.92) near the initial
condition, i.e., it is possible to estimate y(t) by approximating f (¢, y(t)) ~ f(to, y(to))
for t € [ty,to+ 7[, where 7 > 0 is a real value sufficiently small [83]. Then, integrating
both sides, we have:

/tt dy = /tt FE ()t (2.99)
y(t) —yo = (t —to) f(to, o), (2.100)

where we have used the notation y(t,) = y,. Then, knowing the initial value, the
sequence of next points will be

t1 = to +7 (2101)
tz = tl +7 = to —+ 2T (2102)
t3 = tg + 7 = to + 3T (2103)
(2.104)

tns1 = tn + nT. (2.105)
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Then, following (2.100), we have that:

t1 t1
\ dy = /to f(Ey(t)dt’ (2.106)
Y1 — Yo ~ (t —to) f(to, o) (2.107)
y1 & Yo + 7 (to, Yo) (2.108)

Thus, we obtain the recursive scheme

Ynt1 = Yn + Tf (tn, Un)- (2.109)

Equation (2.109) is called the Forward Euler’s Method [40,82,83], which is
basically the forward difference approximation defined in (2.97).

Now, it is reasonable to ask how good is Euler’s approximation. In general,
numerical methods are chosen for their convergence, the order of convergence, and
stability characteristics. The first analyze whether the method approximates the
solution, and the second how rapidly it converges. We will discuss both in Subsection
2.7.2.

On the other hand, we are also interested in knowing the error behavior
between the numerical and the exact solution, i.e., whether the computed result
remains bounded in cases when the exact solution is bounded. This criteria is known
as stability and it may depend on the step size 7 [40,82].

ImPAY
"""""'-..... (

2 0  RefAf

o8 K
o8 .
............

Figure 2.8: Forward Euler Method Stability Region

Thus, let us suppose that

dy(t)

e Ay(t); y(to) = yo. (2.110)

Then, using (2.109), we have that:

Ynt1 = Yn + TS (tn; Un) (2.111)
Yn+1 = Yn + T (AUn) (2.112)
Ynr1 = (L+AT) Yy, (2.113)
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which implies that

y1=(1+ A7)y
Yy = (1+/\T)2y0

Yni1 = (L+ A7)y

The solution (2.117) is stable if and only if |1 + A 7| < 1. Then, for A negative
and real, we have

2
2<AMT<0 = 1< 3 (2.118)

Thus explicit Euler method requires a small step size 7 to ensure stability. As
a consequence, it is necessary to apply methods that have better stability characteris-
tics.

So far, we have dealt with one-step methods. When using them, we obtain a
numerical solution from %, to t;, starting from the initial value yy. Then, we iterate
from t; to t5 using y; as the new initial value. However, a numerical approximation
can be obtained considering ’the history’ available, i.e., instead of computing ¥, from
just the value y,,_1, we could combine the values computed in past steps to generate an
approximation at the next step. This is the idea behind multistep methods [82].

A general from of linear multistep methods is given by [83]:

Yn + Q1Yn—1 + Q2Yn—2 + -+ + QxYn—k =
T (b(]f(t’rn yn) + blf(tn—h yn—l) ++ bkf(tn—k:) yn—k)) ) (2119)

where ap = 1 and a;, b; are give constants, independent of 7. Moreover, if b; = 0, the
method is called explicit, otherwise it is implicit.

When higher derivatives of y(t) are available, then a common choice is to use
the Taylor Series Method. Thus, by repeating differentiation, it is possible to
find functions f;(¢,y(t)), i = 1,2,..., m, which give values of y™(t), where m denotes
the order of the derivative [40]. Then, we write an m-th order Taylor series method
in the form

2 m

T T
Yn+1 = Yn + Tfl(tnvyn) + jfZ(tnayn) +oe At %fm(tmyn) + Rm(tna yn)a (2120)

where we have used the notation y,11 = y(t,11) = y(t, + 7). The term R,,(tn, yn)
is called the remainder and is of the order of O(7™*1) [82]. Notice that the big O
notation O{-} is used to describe the asymptotic behavior of a specific function when
the argument approaches a particular value or infinity.
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Since the remainder term decays to zero rapidly, it can be neglected. Thus,
(2.120) can be written as

7.2 Tm
Unit = Yo+ 7Y+ D+ g+ O, (2.121)

Notice that the Euler’s method corresponds to a special case of (2.121) when
the first two terms are considered. Multistep methods are more accurate than one-
step methods, however, they may impact the computational cost because multistep
methods require additional memory for function values at previous steps. In compar-
ison, multistage methods provides better efficiency since they generate values of the
solution and its derivatives within a single time step [86].

Consider (2.94), this time we will use the trapezoidal rule [87] to approximate
the integral. Thus, we obtain

Yot = Yo+ 5 1 (b ) + Fltnst, Yo (2.122)

However, (2.122) requires us to know the value of the function at the time step
tni1. To overcome this difficulty, we can approximate the term v, 1 on the right-hand
side using the forward Euler’s method (2.109), yielding:

-
Ynt1 = Yn + Ef(tn + T, Yn + Tf<tn7 yn))> (2123)
which is typically written as
-
Ynt+1 = Yn + 5(/51 + ko) (2.124a)
ki = f(tn, yn) (2.124b)
k2 == f(tn + T, Yn + Tf(tna yn)) (2124C)

The method presented in (2.124) is an example of a second-order Runge-Kutta
Method (RK2). Note that to generate a RK2, we need to approximate the integral
by a quadrature rule of the same order and then approximate ks using (2.109). It is
important to recall that, even when Euler’s method have been proven to be inefficient,
in scheme (2.124), k, is scaled by 7 and therefore its error becomes smaller [41].

A general s-stage Runge-Kutta method is given by [82]:

Ynt1 = Yn +h D bik; (2.125a)
i=1
ki=f (tn-FhCi,ynZa@j k?1> o1 =1,...,s, (2.125b)
j=1

where a; ;, b; are real coefficients, where ¢; satisfy the condition:

i—1
= a. (2.126)
j=1
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Thus, given a value of s, (2.125) depends on s* + s parameters which are not
unique. A common choice for them are found in the Butcher array for Runge-Kutta
Methods (see, for example, [40,82,83]).

Example 2 Consider the general form of an RK2 method

Ynt1 = Yn + 7 (brk1 + boko) + O(73) (2.127a)
ky = f (tn + Tc2, Yn + Ta21k1) (2.127¢)

We are interested in finding conditions over the coefficients a1, b1, b2, co. Then,
we will use the first order Taylor polynomial for ky, around the point (t,,y,). This
yields to

f (tn + TC2, Yn + TaQ,lk:l) f(tn7 yn) +

a tn7 n a tn7 n
T(@ f<aty)+“2’1 S (o, yn)

3 f(tn,yn)> +O(7?). (2.128)

Replacing in (2.127), we have

Un+1 = yn+7(bl + b2)f<tn7 yn) +

0 tna n a tn? n
7'2b2 [CQ‘f(aty) + a271f(ayy)f(tna yn)‘| + (/)(7_3)7 (2129)
Then, we set

by +by=1 (2.130a)

1
bQCQ = 5 (2130]:))

1
bras 1 = 5 (2.130c)

where, considering condition (2.126), co = as;.

Notice that (2.127) can be expressed as a second-order Taylor series expan-
sion.

Definition 2.3 [/1, page 134] A Runge-Kutta method is of order k if, for sufficiently
smooth problems, the Taylor Series method coincides up to the term h*.

2.5 Continuous-Time Nonlinear Systems

The majority of real processes have nonlinearities that cannot be ignored.
Contrasted with linear systems, it is not always possible to find closed-form expressions
for the solutions of nonlinear ODEs [88]. Thus, in order to simplify the problem, a
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standard option is to transform the nonlinear model into a linearized system and
make predictions about its behavior into a known region.

There are several options to perform a linearization; some are based on ap-
proximating the nonlinear system, however such approximation is only valid around
an equilibrium point. Besides, a control technique based on a linearized model can
exhibit poor robustness [89].

On the other hand, there are control strategies such as Feedback Linearization,
that allows to obtain a linear model that based on the representation of the nonlinear
system. This approach’s key idea is to obtain a fully or partially equivalent linear
system through a coordinate transformation and a suitable control law. Then, the
classical feedback techniques such as PID or pole placement could be applied [90].
Moreover, it is important to recall that feedback linearization does not depend on
approximations such as Taylor series expansion [91].

Typically, feedback linearization can be achieved in two forms: state-space
linearization (also known as full-state linearization) and input-output linearization.
In the former, the goal is to cancel the nonlinearities between the transformed inputs
and the transformed state variables, which results in a fully linearized state equation.
In contrast, the latter aims to linearize the mapping between the transformed inputs
and the original outputs. In this case, the state equation is only partially linearized
[89]. However, when using state-space linearization, a control law’s design is still
challenging because the output remains nonlinear. Therefore, input-output feedback
is preferable.

Moreover, it is not always possible to cancel nonlinearities in every system.
Therefore, the system must have a particular structure that allows us to linearize
it. Then, we consider a class of nonlinear single-input single-output (SISO) systems
affine in the input, i.e.,

a(t) = f(x(t)) + g(a(t))u(t) (2.131a)
y(t) = h(z(1)), (2.131b)

where f(x(t)), g(x(t)) and h(z(t)) are sufficiently smooth, i.e., that all the derivatives
are well-defined and continuous, in a domain M € R, containing the origin [39,
92].

2.5.1 Relative Degree

One of the basic properties of nonlinear systems is the notion of relative degree,
which is related to the number of times that ones need to differentiate the output
y(t) to make the input u(t) explicitly appear.

We explain this idea with the following example:
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Example 3 Consider the nonlinear system given by

a1 (t) = @2(t) (2.132a)
To(t) = —a3(t)wo(t) + u(t) (2.132b)
y(t) = 21(t), (2.132¢)

we are interested in calculating the relative degree. Computing the derivatives of the
output y(t), we have,

y(t) = 1(t) = zo(t) (2.133)
§(t) = @2(t) = —2{(H)2a(t) + u(t), (2.134)
where we can notice that after the second derivative of y(t), the inpul appears in the

output equation. Thus, (2.132) is said to have relative degree 2. Notice that if the
y(t) = xo(t), the system is of relative degree 1.

Formally, the definition of relative degree is as follows:

Definition 2.4 [39, page 137] The nonlinear system 2.131 is said to have relative
degree r at a point xq if

(i) LyLkh(x) =0 for all x in a neighborhood of xy and for k=0,... 1 —2
(ii) LyL’ " h(zo) # 0,
where Ly and Ly correspond to Lie derivatives.

The new notation defined above is a useful tool when repeating the calculation
of the output derivative. For example, if we consider that (2.131) has relative degree
r, computing the derivatives of the output y(t) we obtain

yO(t) = h(z(t)) (2.135a)

y D (t) = agf) dflit) _ agf) f(@) + = —g((®)u(t)

= Lyh(x) 4+ Lgh(z)u(t). (2.135Db)

Assuming relative degree r > 1, we have that y"(¢) is independent of u(t),
therefore Lyh(x) = 0. This yields

I(Lyh(z))

@) () —
Y (t) 5

(f(2(t) + glz(t)u(t) = Lih(x(t)) + LyLsh(x)u(t). (2.136)

Again, assuming r > 2, then L,L;h(x) = 0. Repeating this calculation up to
= r, we have that

y"(t) = Lih(x) + Ly} h(x)ult). (2.137)
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Notice that u(t) can be chosen in such a way that it cancels the nonlinearities
in (2.137). For example:

1

" LI

[v(t) = Lh(z)], (2.138)

which exactly linearizes the map between the original output y(¢) and the transformed
input v(t) [89].

On the other hand, there are systems in which LyL} 'h(z) = 0 for all z in a
neighborhood of zy and for £ > 0. In this case, the relative degree is not well-defined.
Nevertheless, it is possible to find a local coordinate transformation around x( that
partially linearizes the nonlinear system (see, for example, [39,92]). In what follows
we explore this idea.

2.5.2 Normal Forms

The theory of normal forms has been studied for continuous and discrete-time
nonlinear systems (see, for example [79,93-96]). Normal forms allow us to rewrite
the system as a chain of integrators followed by nonlinear dynamics. This particular
structure is called prime form [94]. Thus, we are interested in expressing (2.131) in
this form.

Firstly, we synthesize the results presented in Section 2.5.1 in the following
lemmas:

Lemma 2.5 [90, Page 231] Consider the nonlinear system (2.131) having relative
degree v = n (i.e., equal to the state dimension) at some point v = xo and the
following coordinates transformation:

¢1(x) h(x)
2(t) = @(x) = %:(x) = Lf}f(x) , (2.139)
() L} "h(z)

then, there exists a nonlinear static feedback u(t) such that the closed-loop system in
the new coordinates is linear and controllable.

Since we are focused in a neighborhood of zy, a transformation of the type
(2.139) is called local diffeomorphism on R. Moreover, ®(x) is not unique and
invertible, i.e., there exists a function ®~'(z) and both functions, ®(z) and ®~1(2)
have continuous partial derivatives of any order [39].
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Thus, the new coordinates describe the system in Normal Form as

A(t) = &’gg@‘z = Lih(z) = da(w) = 29(2) (2.140a)
(1) = a‘f;f) CZ — L2h(z) = ¢s(x) = 2(t) (2.140D)
: (2.140¢)
bty = 2o Y ) @ =n) (21400)
L(t) = a%”f) CCZ = u(t), (2.140e)
where

olt) = | Eh(e) + L Ly hw) u(t) () = (21(8), 2 (). (2.141)

a(2) =) =d1(2)

Note that, according to Definition 2.4, b(z) # 0 for all z in the neighborhood of
2o = ®(x). Besides, the nonlinear state feedback (2.138) is given by

u(t) = —(t) — a(z)). (2.142)

On the other hand, if the relative degree is not well-defined at some point x,
it is possible to find r functions that partially linearizes the nonlinear system (2.131),
and n — r functions fixed arbitrarily to describe the internal dynamics.

Lemma 2.6 /39, Page 141] Consider the n-th order nonlinear system (2.131) having
relative degree r at xg, i.e., the relative degree is less than the state dimension. Then,
it is possible to find n — r functions ¢r1(x), ..., ¢n(x) such that a local coordinate
transformation around xq is given by

2(t) = B(x) = | Ly h(x) |, (2.143)

P
ox

where ¢p11(x) to ¢n(x) are chosen in such a way that g(x) = Lypi(x) =0 for all

x in the neighborhood of xog and forr+1 <1 < n.
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In the new set of coordinates, the first r equations are given by (2.140). Then,
the n — r functions are defined as

Zi(t) = 8%50) Cj; = Lspi(x) + Lypi(z)u(t); r+1<i<n, (2.144)

setting L,¢;(x) = 0, we have that

Ligi(d7Y(2)) = qi(2) = &(t); r+1<i<n. (2.145)

Thus, an n-th order nonlinear system of the form (2.131) can be expressed in
normal form as follows

21 (t) = 29(t) (2.146a)

: (2.146b)
Zr_1(t) = 2:(t) (2.146¢)
Z(t) = v(t) (2.146d)
Zr1(t) = @ry1(2) (2.146e)
: (2.146¢)

Za(t) = qn(2) (2.146g)
y(t) = z1(t) = h(t), (2.146h)

where v(t) is given by (2.141). Notice that this system is decomposed into a linear
subsystem of order r, which is a chain of r integrators, and a nonlinear subsystem
of order n — r, which is not directly affected the input u(¢) and defines the zero
dynamics of the system [90].

2.5.3 Zero Dynamics

As mentioned before, in the linear case, we define the relative degree as the
difference between the number of poles and zeros in the transfer function. Therefore,
if r = n the system has no zeros; otherwise it has n — r zeros. Following this idea,
we have that ¢;(z) defines the system’s zeros (or internal) dynamics of an n-th order
nonlinear system relative having degree r.

In order to simplify the notation introduced in (2.143), we consider
2(t) = B(x) = [ <) ] , (2.147)

where C(t) = [21(t), ..., z(t)]" and n(t) = [z41(t), ..., za(t)]". Then, to characterize
the zero dynamics, we choose an appropriate input «(t) to maintain the output y(t)
at zero. Therefore, supposing that the output and all of its derivatives are equal to
zero, we have that y(t) = h(x) = 0 for all ¢, it follows that

z1(t) = Z1(t) = (1) = = 2:(t)

0 (2.148)
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Thus, the continuous-time zero dynamics are given by

n(t) = q(0,n(0)), (2.149)
for any initial condition ¢(0,7(0)), and for an input
a(0, )
d )= — . 2.150
=750, (2:150)

2.6 Discrete-Time Nonlinear Systems

We consider a discrete-time nonlinear system affine in the input wuy, similar to
(5.1), using the shift operator model:

Ty = Fq(xk) -+ Gq(zk)uk (2.151&)

where we have used the notation z, = x(kh) and h is the sampling period. Using the
local coordinate transformation in (2.147), then (2.151) can be written as

G = a(Crs i) + b(Chy M) i (2.152a)
Ne+1 = (Cr, Mk) (2.152b)
Yk = Q- (2.152c)

In addition, the necessary condition over the input u; in order to characterize
the internal zero dynamics of system (2.152) is given by [81]:

CL(O, 77k)
b(ov nk) .

(Uza)r = — (2.153)

2.7 Sampled-Data Models for Nonlinear Systems

For nonlinear systems, the exact sampled-data model is usually unknown or
impossible to compute [97]. Thus, the motivation has been to study the effect of
numerical integration methods on the obtained approximate sampled-data model.
To solve the differential equations, these models have been developed based on, for
example, Runge-Kutta methods [98-100] or truncated series expansion, e.g., Taylor
or Lie series methods [81,101-104].

Moreover, when discretizing a continuous-time system, the corresponding
sampled-data model includes extra zeros (linear case) or zero dynamics (nonlin-
ear case), which depends on the hold device used to generate the system input [17].
Based on the ZOH assumption, in [101], the nonlinear sampling zero dynamics were
described for the first time, while [81] proposed a truncated Taylor series expansion
to discretize nonlinear systems, explicitly characterizing the sampling zero dynamics.
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In [103,104], a more accurate model than the proposed in [81] is presented for a
continuous-time system of relative degree two.

Higher-order hold devices have also been used to model the input. For example,
in [54], a discrete-time model is obtained considering that the input is generated
by a backward triangle sample and hold. In addition, Generalized Hold Functions
(GHF) can be used to arbitrarily place the zeros of the sampled-data model without
restricting the sampling period to be small [56]. The properties of GHF have been
used, for example, in [57] to shift the sampling zeros asymptotically to the origin
for fast sampling rates. However, the use of this kind of holds can give misleading
results [55]. On the other hand, non-uniform sampling has been considered in [29]
and [30].

Besides, normal forms are useful to characterize the resulting sampled-data
model under different assumptions on the system input (see, for example, [54,81, 101,
103,105-107]). In what follows, we will review the truncated Taylor series expansion
since it can exploit the assumption used to model the system input.

2.7.1 Numerical Integration Strategies

Consider the nonlinear system (2.131) expressed in normal form as shown in
(2.143). As mentioned before, the first r states are described by a chain of integrators.
Thus, it is possible to obtain the corresponding sampled-data model when the applied
integration strategy is a Taylor series expansion up to the first discontinuous term at
the sampling instants ¢t = kh. On the other hand, the remaining n — r functions can
be approximating using the Euler’s Method.

Following the above idea, in [2,81] an approximate sampled-data model was
proposed by truncating the Taylor expansion based on the smoothness of system
input. Thus, under the ZOH assumption, we have that the corresponding exact
sampled-data model of (2.146) is given by

T

KA+ B) = G (k) + RGo(R) + -+ 0 [alGom) + G muD)l i, (21500)

r—1

Glh+ ) = Glh) + -+ gy (oG + (G )] o (2.154b)

: (2.154¢)
Golkh 4+ B) = Go(kR) + I [alCm) + B ()] o, (2.1544)
Akh -+ h) = (k) + b g(C )l <, - (2.154c)

for some time instants kh < o; < kh + h, 7 =1,...,r + 1. Note that replacing the
unknown time instants by kh, we obtain an approximate discrete-time model. In
Chapter 5 we show that the truncated Taylor series method can exploit the B-spline
assumption on the system input to obtain a more accurate model than the usual one
based on a ZOH assumption.
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2.7.2 Local Truncation Error

In Subsection 2.4.1 it was mentioned that numerical methods were chosen based
on their convergence and order of convergence. In general, a method is said to be
convergent if, for all IVPs of the form (2.92)

1 1y (fnia) — 96w}l =0 2159
where §(t,+1) denotes the numerically computed solution and y(t,41) refers to the
exact values.

Thus, the Local Truncation Error is defined to be the difference between the
true and the approximate solution within a single iteration of the method. Since
we are considering the local error, we assume that the current solution is exact, i.e.,
9(tn) = y(t,) [82]. Moreover, if the error e,41 = §(tni1 — y(tns1)) € O(R™) we say
that the method is of order k.

Consider the numerical integration strategy (2.154). Then, it is possible to
estimate the local truncation error between the real and the approximate output
assuming that, at ¢ = kh, the state ((kh) is equal to the true system state ((kh),
ie., [2,81]

r

y%h+m=«uwﬁfwzg%m+-~+ﬁjwcm+b@mmamal (2.156)

J(kh+h) = G (kh+ h) = G(kh) + -+ + };, [a(C,m) + (¢, mut)]—py, - (2.157)

Then, the error is given by

é = |y(kh+h) —g(kh+ h)| (2.158)
= i, [a(C,m) + (&) iz, — [a(Cm) +b(C M)z (2.159)
< ML i) — ORI, (2.160)

where L > 0 is the Lipschitz constant. Moreover, the state trajectory ((¢) is bounded
in the form [83]

elh — 1

[C(ar) = C(kR)| < C—— = O(h) (2.161)

Therefore, the local error truncation is of the order of A"+,
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3 LINEAR SAMPLED-DATA
MODELS BASED ON
B-SPLINE FUNCTIONS

In Chapter 2, we discussed that discrete-time models depend on knowledge or
assumptions about the input signal. Also, it was mentioned that exact sampled-data
models for linear systems can be developed; however, extra zeros with no continuous-
time counterparts appear in the resulting model. Such zeros are called sampling zeros
and have been (asymptotically) characterized for different types of holds.

It is usually assumed that a zero-order hold generates the input to the continuous-
time system. However, there are different options to interpolate the continuous-time
input from the discrete-time sequence. When interpolating with high-order degree
polynomials, one can have the Runge’s phenomenon, which can be avoided using
piecewise polynomials functions such as B-splines [30].

Besides, its intersample behavior and its accurate modeling in the associated
discrete-time model may be of interest for system identification, state estimation or
prediction, and also for high-performance digital control strategies such as Model
Predictive Control (MPC) [108].

This chapter first explores the connections between the sampling zeros of
discrete-time models and the smoothness of the continuous-time system input. In
particular, we show that when a B-spline is used in a generalized hold then the order
of the Euler-Frobenius polynomial that characterizes the asymptotic sampling zeros
is increased by the order of the B-spline function used in the hold device.

In addition, we explore the connections between the sampling zeros and the
applied numerical integration strategy. Thus, we characterize the sampling zeros for
approximate sampled-data models using Runge-Kutta methods and truncated Taylor
Series expansions. Moreover, we show that the smoothness of the input (described by
spline interpolation) can also be exploited in these integration strategies, also playing
a role in the characterization of the sampling zeros.

Finally, a key issue for approximate sampled-data models is their accuracy. No
matter how fast the sampling rate is chosen, there will be a difference between the
continuous-time and the corresponding discrete-time model. Thus, we will present
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a numerical example in order to quantify the error using the relative error in the
frequency domain.

3.1 B-Spline Generalized Hold

In this section, we present one of the contributions in this thesis: a B-spline
generalized hold expressed as shown in Figure 3.1. Firstly, we consider that a B-spline
of order ¢ can be constructed from a weighted sum of shifted B-splines [71]

[e.9]

u(t) = Z up@(t — ph); (3.1)

p=—00

where u, denotes de weight of the B-spline at t, = ph [58]. Notice that since [(t)
has minimal support, (3.1) can be rewritten as,

u(t) = zé: up_pBe(t — kh + ph); t € [kh,kh + h] (3.2)

p=0

The objective is to represent the generalized hold in terms of known hold devices.
Thus, in Theorem 3.1, we show that a B-spline hold can be expressed by a hybrid
system composed by the interconnection of a digital filter followed by a ZOH and an
(-th order continuous-time integrator.

Figure 3.1: Generalized B-spline Hold

Theorem 3.1 An (-th order B-spline hold is equivalent to the hybrid system shown
in Figure 3.1, where

F(z) = - <z_1>£. (3.3)

ANE

Proof: From (2.36) in Lemma 2.1 we have that

Bu(t) = ;Z L1 { <1_58h>m} : (3.4)

Notice that (3.4) is the output of the generalized hold when the input sequence
is a Kronecker delta u, = J,. In addition, note that the expression within brackets
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can be rewritten as

() ey (Y (L) @3

where the first term corresponds to pure time delays which are integer number of the
sampling period, the middle term corresponds to the unit Kronecker delta response
of a ZOH, and the last term corresponds to an /-th order integrator. Also, the first
term can be expressed in the z-domain as

-1 —shy\¢ iy (1)

z{c {—eY_ J=1-2 = (3.6)
which corresponds to the result presented in (3.3). [ ]
Corollary 3.2 From Theorem 3.1 we have that

U(z) = Fu(2)U(2) (3.7)

where U(z) = Z{u;} and U(2) = Z{u}.

Remark 3.3 In Figure 3.2, we notice that the output signal of the ZOH corresponds
to the (-th derivative of u(t) and it is piecewise constant. Therefore, derivatives
greater than £ are equal to zero in each sampling interval, i.e.,

) =uP = =0 (3.8)

| y © |
UL By () ) zom (B L L gy

¢-th order B-spline Hold

Figure 3.2: Generalized B-spline Hold and G(s)

3.2 Exact Sampled-Data Models Based on B-spline
Functions

Following the ideas presented in Section 2.3, there is an interest in studying the
impact of the B-spline holder in the corresponding sampled-data model. In particular,
we show the connection between the B-spline order and the asymptotic sampling
zeros polynomial. Firstly, in Theorem 3.4, we consider that the plant G(s) is an r-th
order pure integrator. Then, in Theorem 3.5 we analyze the general linear case.
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Theorem 3.4 Consider a sampled-data scheme, as shown in Figure 3.2, where the
input sequence is {uy}, the hold is an (-th order B-spline hold defined in Lemma
3.1 and the continuous-time system is G(s) = s~", r > 0. The output sequence is
{yr = y(kh)}. Then the equivalent discrete-time transfer function is given by

e h" BT+ (Z>
G“”‘{r+@w%zinf

(3.9)

where B, ¢(z) is the Euler-Frobenius polynomial defined in (2.23)—(2.24).

Proof: According to Lemma 3.1, an ¢-th order B-spline hold can be equivalently
represented as the system shown in Figure 3.1 Therefore, the corresponding discrete-
time model G,(z) for the system in Figure 3.2 is

Gy(2) = Fiu(2)Gy(2), (3.10)

where F(z) is given by (3.3) and Gy(z) is the ZOH discretization of

1
grte '

G@%:;G@%:

(3.11)

Then, following the result in [27], the sampled-data model for (3.11) is given

by

_ hr+é BH_Z(Z)

= . 12

Gl = i - 1y (3.12)

where B, (z) is the Euler-Frobenius polynomial of order r + ¢. Then,
1(z—1)

Gul) = 16, (3.13)

which completes the proof. [ |

From Theorem 3.4, we notice that the order of the sampling zeros polynomial
corresponding to a system of relative degree r is increased exactly by the order of the
hold, ¢. In fact, this result is consistent with [27], given that a ZOH corresponds to
¢ = 0. We next extend the previous results to a more general continuous-time linear
system of relative degree r.

Theorem 3.5 Consider the sampled-data system shown in Figure 3.2, where the
input is generated by the (-th order B-spline hold (3.2) and G(s) is the continuous-time
system defined in (2.1). For fast sampling rates, the associated discrete-time transfer
function is given by

bh' By(z)
(C+r) 2tz —1)"

Gy(z) = r=n-—m. (3.14)

where B,.1¢(2) is the Euler-Frobenius polynomial of order r+¢ defined in (2.23)—(2.24).
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Proof: The {-th order B-spline hold can be equivalently represented as shown in
Figure 3.2, where G(s) is the continuous-time system in (2.1). Then, G(s) is given
by

G(s) = %(S—Zl)(8—22>...(8—2m)‘ (3.15)
st (s —p1)(s—p2)...(s—pn)
Then, the discrete-time transfer function in (2.51) can be expressed as [8]:
. 1 gerico et G(s)
—(1-z— [ ds. 1
GLEI L )27rj c—joo Z—e%h s s (3.16)

Introducing the variable s = w/h, it follows that

Q- e

w

For fast sampling period, i.e., h &~ 0, we can characterize the asymptotic model
by considering the following limit:

A b (z—1) petice ¥ 1 dw
r _ ¢
g Golz) =h 2mj 2 /c—joo z—evwt w (3.18)

2(r+ 0! (z — 1)rte

where the last equation (3.18) follows by taking into account that the complex integral
corresponds to the sampled-data model of an integrator of order r + ¢ (see equation

(2.55)). Then, considering G,(2) = Fy(2)Gy(2):

b (z— 1) h!B, (2
Gol2) = hé( ze) (r+ 0!z —E(l))’”r”l' (3.20)

Thus, we have shown that the Euler-Frobenius polynomial B, ,(z) characterizes
the asymptotic sampling zeros for any linear system of (continuous-time) relative
degree r, when an ¢-th order B-spline hold models the input.

3.3 Approximate Sampled-Data Models
Based on B-Spline Functions

In the previous sections, we have shown that the location of the (asymptotic)
sampling zeros depends on the continuous-time relative degree and on the hold
used. This section shows the impact of the numerical integration strategy applied to
discretize the continuous-time system and the characterization of the sampling zeros
that appear in the discrete-time model.
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In our analysis, we apply a Runge-Kutta numerical integration strategy to the
continuous-time system, also considering the smoothness of the input signal (modeled
using spline interpolation) to obtain the sampling zeros polynomial that appears in
the discrete-time model.

To develop the corresponding discrete-time model, we assume a system of
relative degree r that is numerically solved by a k-th order Runge-Kutta method.
Then, assumptions on the input smoothness can also be introduced by including an
(-th order B-spline hold, as shown in Figure 3.2. Thus, in the following subsections
we obtain the characterization of the asymptotic sampling zeros for high-order Runge-
Kutta methods (k > r+¢) and for low-order Runge-Kutta methods (k < r+ /).

3.3.1 High-Order Runge-Kutta Methods

The first result shows that, for an r-th order integrator, when the order of the
Runge-Kutta method is greater than or equal to r + ¢, then the exact sampled-data
model is obtained.

Theorem 3.6 Consider a sampled-data system, as shown in Figure 3.1, where the
input sequence is {uy}, the hold is an £-th order B-spline hold (3.5) and the continuous-
time system is G(s) = s™", r > 0. The output sequence is {yx = y(kh)}. For a
high-order Runge-Kutta method, i.e., Kk > r + {, the equivalent discrete-time transfer
function is given by the expression in (3.9), i.e.,

h" BT+E(Z)
G = . 3.21
o(?) (r+0! 24z —=1)r ( )
Proof: Consider that the normal form of the linear system in (3.11) given by

y(t) = 1(t) (3.22a)

Tr_1(t) = z,.(t) (3.22¢)

T (t) = u(t) = xpp1(2) (3.22d)

Erp1(t) = uD(t) = zp40(2) (3.22¢)

jj?"-l—f(t) = U/(f) (t) = Lp4o+1 (t) (322f)
where z = [z1(t), -+, z,0011(¢)]T is the state vector, y(t) is the system output and

u¥)(t) corresponds to the /-th derivative of u(t). This derivative is generated by the
ZOH in Figure 3.2, i.e. (see Lemma 3.1)

u9(t) = dy; kh <t < kh+ h. (3.23)
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According to Definition 2.3, using a Runge-Kutta expansion of order &, corre-
sponds to perform a Taylor series expansion of the system in (3.22) up to the order
k, which yields:

w1 (kh+7) = 21 (kh) + 72 (kh) + - - + ;xl (k) (3.24a)
W

va(kh +7) = zo(kh) + 72V (kR) + -+ + e (kh) (3.24b)

rsebh+ 7) = o (0) + 720 k) + -+ Tal k), (3.240)

where 0 < 7 < h. From Remark 3.3, higher-order derivatives are all equal to zero.
Then, replacing the derivatives by the associated states, we obtain:

h hr+£—1 hr—i—ﬁ ~
T1k+1 = L1,k + hﬂ?Q,k + 5275 [ SR m$r+g,k + muk (325&)
h h(r+€—1) B
T2 k+1 = T2k + hl‘g k + §$4 [ SR muk (325b)
Trtet1 = Tryeg + N, (3.25¢)

where we have used the notation z; ; = x;(kh). Then, using Corollary 3.2, we can
rewrite (3.25) in the following state-space form:

2X(z) = A X(2) + B Fy(2)U(2). (3.26a)
Y(2) = C, X(z). (3.26b)

where the matrices 4, € R"+O>0+0 B ¢ RU+Ox1 and C, € RV *+9 are given by,

B R e Foat 7
21 (r+0—1)! 0!
01 h ... A2 prte-1
(r4+£-2)! (r+€-1)!
Ag=10 0 . . , By = : (3.27a)
b2
h o
(00 0 I | ]
Ci=100 - 0] (3.27D)

The matrices in (3.27) correspond to the exact sampled-data model of the
(r + £)-th order integrator in (3.11) (see Example 1). Then, the discrete-time transfer
function is given by

Gy(2) = C (21 — A) "B, Fy(2). (3.28)
hr—i—é 7“+ 1(z—1 ¢
Gol?) = i g s Ee)? M< 7 L (3:29)
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Thus, the result in (3.9) is readily obtained. |

Corollary 3.7 Similar to Theorem 3.5, if we consider a fast sampling rate and a
B-spline hold, the associated sampled-data model for the continuous-time system (2.1),
having relative degree r, can be asymptotically characterized by (3.14).

3.3.2 Low-Order Runge-Kutta Methods

We define a Runge-Kutta method to be of low order if k < r + £. In this case,
the order of the method (i.e., the Taylor series expansion) is not sufficient to exactly
represent u(t) and its derivatives. As a consequence, in the following result, we obtain
an approximate sampled-data model for an r-th order integrator, whose sampling
zeros depend on the order of the Runge-Kutta method k.

Theorem 3.8 Consider a sampled-data system, where the input sequence is {uy}, the
hold is an (-th order B-spline hold (3.2) and the continuous-time system is G(s) = s~ ",
r > 0. The output sequence is {yx = y(kh)}. For a low-order Runge-Kutta method,
i.e., k <1+, the equivalent discrete-time transfer function is given by

Gy(2) = Cy(zI — A) "B, V(2)Fi(2). (3.30)
where A, and C, are given in (3.27), B, is given by (3.35)-(3.36) and V(2) is given
by (3.34).

Proof: As in the proof of Theorem 3.6, a (low-order) Runge-Kutta method of order
k corresponds to a truncated Taylor serie expansion of order k, as given in (3.24).
Replacing the derivatives by the associated states (see equation (3.22)), we have that:

hn—l hm
i1 = T1p + Ao + - + mmmk + gxn—&-l,k (3.31a)
k—1 K
Tpitmnprl = Trppp + o0+ Wﬂcwéﬂ,k Ttk (3.31b)
hmfl hn ~
Tpib—rt+1h+l = Trpl—ntl ke + 00 F mxwré,k + Fuk (3.31c)
Tr4t,k+1 = Tr4ok + hfbk (331d)

Notice that (3.31a)-(3.31b) correspond to the k-th order truncation of the
Taylor Series expansions and, thus, they are only an approximation of the exact
(finite order) expansion. On the other hand, equations (3.31¢)-(3.31d) are exact since

the remaining terms of the Taylor Series expansion are equal to zero (see Remark
3.3).
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The expressions in (3.31) can be written in the z-domain. It can be noticed
that, for the last k states in (3.31¢)-(3.31d), the exact sampled-data model of a x-th
order integrator is obtained (see Theorem 3.6). The last x states can be expressed
in transfer function form which explicitly shows the presence of the Euler-Frobenius
polynomials, i.e.,

h h? I

Xl(z) = HXQ(Z) + 2!(2 = 1)X3(z) LR LT mXH—H(Z) (3.32&)

2 K
Xa(z) = (Zfl)X:a(Z) B 2'(:_1))('4(2) T Qb H!(:_l)XnH(Z) (3.32b)
Xppton(z) = K’T(ﬁf_(f))n - e L L TOl ORI CE:D
Xestona(s) = oy PCLRUC) (3.324)
Xesale) = T RUG). (3.32)

A state-space representation of the model (3.32) is given by

2X(2) = A X(2) + B,V (2)Fy(2)U(2) (3.33a)
Y(z) = (z) (3.33b)
where X (2) = [X1(2), Xo(2) -+, Xppo—r(2)]T, Y (2) is the system output, the matrices

A, € RUH=r)x(r+t=r) and C, E R +=5) are as defined in (3.27), V(2) € R**! is
given by

r h* B (2) 7
Kl(z—1)"
hnlen_1(Z)
(k—1D)!(z—1)s—1
Vi(z) = : , (3.34)
h?Ba(2)
21(z—1)2
hBi1(z)
L (1) _

and the matrix Bq € R+=r)x% depends on r + ¢ and k. When r + ¢ — k < K,
then

hr+éfn h7k
(r+—r)! k! 0 0
hr+€—n—1 hr+£—ﬁ hk :
B, = | G =) Kl . (3.35)
: : 0
h? h? h"
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On the other hand, if r + ¢ — k > &, then Bq is given by

r 0 0 T
0 - 0 [ O(r10—20)xr ]
) B0 0 IS 0 e 0
Bo= | % 0 el 2 |- (3:36)

Finally, the discrete transfer function corresponding to (3.32) is as defined in
(3.30). |

Corollary 3.9 Similarly as in Section 3.3.1, the sampled-data model corresponding
to the continuous-time linear system (2.1), having relative degree r, when using an -th
order B-spline hold and for a given Runge-Kutta order k < r+{ can be asymptotically
characterized for fast sampling rates by the model (3.30), where the sampling zeros
are defined by the FEuler-Frobenius polynomials that appear in V (z).

Remark 3.10 The results in Theorems 3.6 and 3.8 shows that, for a given order
k of the Runge-Kutta method, the sampling zeros polynomials depend only on r + L.
Table 3.1 and Table 3.2 show the sampling zeros polynomials for Runge-Kutta methods
of order k = 2 and k = 3, respectively, and for different values of the relative degree
r and hold order €. Notice that when the high-order condition for the Runge-Kutta
method is satisfied (k > r + £) the sampling zeros are explicitly given by the Euler-
Frobenius polynomials (see equation (3.21)). On the other hand, if k is lower than
r + {, then the sampling zeros polynomials are given by the transfer function (3.30)
in Theorem 3.8. Tables 3.1 and 3.2 also show that the sampling zeros polynomial
depend only on v+ {, i.e., they are the same along the (anti) diagonals of the tables.

.
/ 1 2 3 4
0 1 z+1 z 22 4+4z—1
1 |z+1 2z 2244z —1 322422—1
2 Z 22442 —11322422—11]224922—2—-1

Table 3.1: Sampling zeros for Runge-Kutta order k = 2

In what follows, we present a numerical example to illustrate the results in
Theorem 3.6 and Theorem 3.8. In addition, we analyze the relative error associated
with the frequency response of the exact discrete-time model R¥*(w) and the approx-
imate model R*¥(w) with respect to the continuous-time system. We consider the
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r
/ 1 2 3 4

0 1 z+1 2244241 T2+ 4241

1 z+1 2244241 T2+ 42+ 1 223 +922+1

2 244241 727 +42+1 223492241 224 + 3723 +3322 —52+5

3 [T+ dr+ 1223492241 220 +3723+3322 —52+5 520 +162% + 222+ 1

Table 3.2: Sampling zeros for Runge-Kutta order x = 3

following relative error measures:

gog  _ |GUw) = Gg(e™")

R (w)| i (3.37)
ric o |Gjw) — Gy(e™h)
R (w)—‘ e , (3.38)

where G(jw) is continuous-time system, G, (") and G,(e/“") are the exact and
approximate discrete-time models, respectively.

Example 4 [In this ezample we consider a continuous-time system of relative degree
r =2, given by

2

Gls) = $2 4+ 28w, s + w2’ (3:39)

where £ = 0.5, w, = 2. We consider the case where the continuous-time input u(t) is
generated by a second order B-spline hold, i.e., £ = 2. Our interest is to obtain the
discrete-time function G,(z) when using a Runge-Kutta method of order k = 3.

According to (3.3), the digital filter corresponding to a second order B-spline
hold can be written as

(= —1)

Fy(2) = n252

(3.40)

From Theorem 3.8, the approximate discrete-time transfer function G’q(z) when
using a Runge-Kutta method of order k = 3 and sampling period h = 0.1 is given by

G ()  L00T3(6:322° 12,502 + 1)
Z) =
! 22(2% — 1.58z + 0.657)

(3.41)

Notice that, the asymptotic zeros of éq(z) are given by Theorem 3.8 and they
are shown in Table 3.2, i.e., they are given by the polynomial 72> + 4z + 1. On the
other hand, according to equation (3.21), the exact discrete-time transfer function
Gy(z) is given by

~0.0643(1.2862° + 13.02* +-11.952 4- 1)
B 2422(22 — 1.582 + 0.657)

Gy(2) (3.42)
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Zero Location: r = 2,0 =2,k =3
0.4 T T T

A RK
03} *  Ex

0.1r 1

-02r i

-0.3r

Figure 3.3: Sampling zero locations for the exact and the approximate discrete-time
models for different sampling periods.
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Figure 3.4: Relative errors R¥?(w) and RF¥(w) for sampling periods h € [0.001,0.1].

According to Theorem 3.6, the asymptotic sampling zeros of G,(z) are given by

eguoe Universidad Técnica Federico Santa Marfa, Department of Electronic Engineering 48



CHAPTER 3. LINEAR SAMPLED-DATA
MODELS BASED ON
3.4. SUMMARY B-SPLINE FUNCTIONS

the Euler-Frobenius polynomial of order r + ¢ =4, i.e,. 2>+ 112*> + 112 + 1.

Figure 3.3 shows the movement of the zeros of the discrete-time models when
the sampling period h € [0.001, 0.1]. Note that due to the scale of the figure only two
of the three sampling zeros of G,(z) appear in the plot. Also, notice that the zeros of
the approximate discrete-time function converge to the zeros of the exact model as h
goes to 0.

Notice that (3.41) and (3.42) have the same poles. However, the approximate
discrete-time system has fewer zeros than the exact discrete-time model due to the
order of the Runge-Kutta method (k = 3) compared to the continuous-time relative
degree plus the order of the hold (r+ ¢ =4).

In order to compare the accuracy of the discrete-time models with respect to
the continuous-time system, Figure 3.4 shows the relative errors in (3.37) and (3.38)
for three different sampling periods h = 0.1, h = 0.01 and h = 0.001. We notice
that the exact and approzimate discrete-time models provide similar accuracy for low
and high frequencies. However, near the Nyquist frequency the exact discrete-time
model provides higher accuracy. Moreover, as the sampling period goes to 0, the error
between both models is reduced.

3.4 Summary

We have modeled the smoothness of the system input using a generalized hold
device based on B-Spline functions. It was previously established that the order of
the Euler-Frobenius polynomial, which characterizes the asymptotic sampling zeros,
depends on the continuous-time system relative degree. This chapter shows that the
order of the hold device increases the order of the sampling zeros polynomial.

We also characterized the asymptotic sampling zeros of (approximate) sampled-
data models using a Runge-Kutta method. Moreover, we have shown that the order
of the Runge-Kutta method applied to the continuous-time system directly impacts
the location of the zeros of the corresponding discrete-time model. In fact, we
obtained novel polynomials that characterize the sampling zeros when the order of the
integration strategy is low compared to the continuous-time system relative degree

and hold order.

In summary, we have shown that the presence of asymptotic sampling zeros can
be explained as a consequence of the integration strategy underlying the discretization
process and on (the assumptions on) how the continuous-time input is generated.
These results explicitly show that the sampling zeros are a consequence of how
the system is discretized: how the continuous-time input is generated and how the
differential equation description is translated into the discrete-time domain.

In Chapter 5, we extend these results to the sampling zero dynamics that
appear in approximate nonlinear discrete-time models.
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4 CONTROL LAW FOR LINEAR
SYSTEMS

In this chapter our interest is on exploring how to design a discrete-time
control law based on approximate models. For this thesis we will use polynomial
pole-assignment (see, for example, [109]). We first analyze the continuous-time case
to set ideas.

The heuristic idea is that, at high frequencies, a continuous-time system of rela-
tive degree r behaves similarly to an r-th order integrator. The latter approximation
has been applied, for example, in [65,110,111]. Thus, one should be able to design a
wide-bandwidth control law for stably invertible linear system by knowing only the
relative degree and high frequency gain.

The extension of the above idea to the discrete-time domain faces extra difficulty.
For continuous-time systems having relative degree two, the asymptotic sampling zero
is on the stability boundary, and for relative degree larger than two, the asymptotic
zeros lie outside the stability region. The presence of such non-minimum phase
zeros represent a significant complication, in particular for wide-bandwidth control
when the closed-loop bandwidth approaches the Nyquist rate for the given sampling
period [112].

Therefore, to address the sampling zero issue, two approximate models are
proposed: the former covers the case where the closed-loop bandwidth is significantly
less than the Nyquist frequency, while the second includes the asymptotic sampling
zero, i.e., this covers the case when the closed-loop bandwidth is near the Nyquist
frequency. Then, it is shown that the robustness properties of these two models differ
due to the presence of sampling zeros.

Besides, we study whether, under some conditions, the roots of the nominal
and true closed-loop polynomials are close in some sense. The latter is one of the core
problems in perturbation theory, and a useful result in this context is the Ostrowski’s
Theorem [113, page 276]. Thus, a preliminary theoretical analysis is provided for
degree two, showing that the design based on the approximate model stabilizes the
true system for the continuous and sampled-data cases.
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4.1 Continuous-Time Control Law

In this section, we start considering an r-th order continuous-time system
having transfer function
B.(s) b

Gels) = A.(s) T S tas l+...a (41)

We are interested in designing a continuous-time control law based on the
following approximate model:

Gols) = _ A (4.2)

Several designs are possible, however, we are focused in polynomial pole-
assignment. Thus, a biproper controller of order » — 1 can be designed such that:

pos” 4. ey

C(s) = 4.3
() s+ (4.3)

with a target closed-loop polynomial of the form:
A%(s) = Ag(s)L(s) + By(s)P(s) = (s +a*)> 1, (4.4)

Note that the closed-loop poles are all assigned to s = —a*. Then, using (4.2),
we have that the closed-loop polynomial is given by

s" (sT_l s lr—l) + K (poSr_l +--- 4 p7-—1) = (s+a")”!

2r—1

- (27”]; 1)32T_1_k(a*)k (4.5)

Then, by equating coefficients, the controller parameters can be obtained as

follows:
o2r—1
L= ( 7’1 >a* (4.6a)

I — <2T2_ 1) ()2 (4.6b)

s (4.60)
(1) ()
m=(T21)% (4.60)
: (4.6e)
Pro1= (;: - 1) (a)br (4.6f)
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On the other hand, the true closed-loop polynomial is given by
Au(s) = Ac(s)L(s) + Be(s)P(s), (4.7)

where A.(s) and B.(s) are given in (4.1) and L(s) and P(s) are given by (4.6). Once
the controller is designed based on the approximate model (4.2), it is necessary to
check if the true closed-loop stability is guaranteed, i.e., we need to check the robust
stability. A first attempt to measure the performance of C(s) is through the Robust
Stability Theorem (see, for example, [109,114]), namely

|To(s)Ga(s)] < 1; YV s=jw, (4.8)

where Ty(s) is the nominal closed-loop complementary sensitivity function given
by

G()(S)O(S)

T = 4.
o) = T G C(s) (49)
and Ga(s) is the relative model error, i.e.,
_|G(s) — Go(s)
GA(S) == ‘GO(S) . (410)

The core hypothesis is that for o* positive and sufficiently large, the controller
(4.3) based on (4.2) will stabilize all systems of the form (4.1) provided that the
open-loop poles lie in a restricted region. Moreover, the true and nominal closed-loop
performance will be nearly indistinguishable.

On the other hand, the true closed-loop complementary function is defined

as
Py - CeIC()
14+ G.(s)C(s)

(4.11)

We introduce the following assumptions on the location of the open loop poles
of the true system.

Assumption 4.1 We assume that the poles, o;, i =1,...,r of G(s), i.e., the roots
of the polynomial A(s) in (4.1), belong to a bounded region in the complex plane, such
that |oy| < M.

Assumption 4.2 We assume a high-bandwidth control loop, i.e., |a*| > M.

Motivating by Assumption 4.2, we recall that at high-frequencies, for sampled-
data models, the role of the sampling zeros become important, since they because
the sampling impact the discrete-time response near the Nyquist frequency.

In what follows, we study the second order case in detail. Thus, we consider
the system

b
Gls) = o ts +aa) (4.12)
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which leads to the model (4.2), with r = 2, i.e.,

Gols) = 2 (4.13)

52

Then, based on the approximate model above, we design a suitable biproper
controller of the form

Dos + p1

C(s) =——— 4.14
(s) = ! (114)

where the parameters are given by

a* 3 3 a* 2 .
A COA G T (4.15)
b b

Example 5 As a specific numerical example, we consider b=1, a; =1, ag = —1.

Based on the above discussion and Assumption 4.1, we consider several values of o
satisfying o* > M > |oy of.

Figure 4.1a shows the resulting normalized step responses of the closed-loop
transfer function, i.e.,

Go(s)C(s)

To(s) = 7 G5O (4.16)

achieved when using the nominal model (4.13). On the other hand, Figure 4.1b shows
the normalized step responses of the true closed-loop system, i.e.,

T(s) Ge(s)C(s)

= , 4.17
7(0) ~ TO) (1 + Ge(s)O() A
when the same controller is applied to the true plant (4.12).
12 12,
1O Lo
* q * 3
@0.85 o =2 @0.85 o =2
06 L. a* =5 o.6¢ .~ L. a* =5
04 a* =8 04} af =8
02 0.2}
0 5 10 " 15 20 25 0 5 lb % 15 20 25
ot a’t
(a) (b)

Figure 4.1: Step response for (a) nominal and (b) true closed-loop.

Notice that the nominal and the true closed-loop responses (Figures 4.1a and
4.1b, respectively), are very similar except for the case when o = 2. On the other
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hand, particularizing to the above problem, we have that

By(s)P
To(s) = w (4.18)
Gale) = = (119
Taking s = jw and considering w = 0, yields to
To(j0) =1, Ga(50) = —1. (4.20)

Hence, condition (4.8) is not satisfied and robust stability cannot be guaranteed
using this approach.

The remainder of this chapter is focused on deriving a relationship between
the bound M defined in Assumption 4.1 and the target closed-loop pole location a*,
such that for the controller (4.14)—(4.15) is able to stabilize both, the approximate
model (4.13) and the true system (4.12).

4.2 Ostrowski’s Theorem

In this section, our interest is to find a bound between the roots of the nominal
and true closed-loop polynomials. We apply the Ostrowski’s Theorem, which is
described below.

Theorem 4.3 Consider two polynomials

£(5) = aps" + ars"  + -+ apn = [[(s — 6) (4.21)
i=1
g(S) :b08n+b13n_1+"‘+bn = H(S—ef), (422)

where ag = bg = 1. Let

T =2 max (lax "%, b /7). (4.23)

Then the roots 0] and 09 of f(s) and g(s) can be enumerated in such a way
that

n 1/n
max |0/ — 09| < (2n — 1) {Z lax — bk|T”_k} . (4.24)
‘ k=1

Proof: See [113]. |
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Remark 4.4 The above result provides a mean of estimating the differences between
the roots Glf and 67 in terms of the coefficients a; and b;. The result was embellished
by [115], where the factor (2n — 1) is replaced by (n — 1) if n is even, and by n when
is odd.

Theorem 4.3 provides a sufficient condition for asymptotic stability of the
closed-loop system given by the true system (4.12) and the controller defined by
(4.14)—(4.15), which is based on the approximate system (4.13). We study again the
second order case, however, a similar strategy is anticipated to apply for the general
case (4.1).

Theorem 4.5 Subject to Assumption 4.1, a sufficient condition for closed-loop sta-
bility of the true plant G.(s), given in (4.12), under controller (4.14)-(4.15), is
o > kM, for some sufficiently large positive real number k.

Proof: The numerator gain b cancels in the controller, so without loss of generality,
we consider b = 1. Thus, the system (4.12) can by rewritten as follows
1 B(s)

Gels) = 2+ tis+ty A(s)

: (4.25)

where t; = a1 + ag and ty = ajas. Also, we notice that the polynomials (4.21)-(4.22)
for this particular problem are given by

f(s) =s*+3(a*)s® + 3(a*)?s + (a*)? (4.26)
o(5) = A(s)L(5) + B()P(5)
= 5"+ (I +11)s” + (bl + L2+ po)s + (taly + p1). (4.27)

Replacing the parameters in (4.15), considering Assumption 4.1, and defining S =
a* /M. Then, the bounds for the coefficients in (4.26) and (4.27) are given by

la;| < 3SM, |b1| < 2M + 3SM, (4.28a)
|as| < 352M?, |by] < 6SM? + M? + 35°M?, (4.28b)
las| < S*M?, |bs] < 3SM? + S M°. (4.28c¢)
Therefore, based on Remark 4.4 and using (4.24), we have
3 1/3
max 0] — 071 <3 {Z lax — bk|T"_k} , (4.29)
k=1

where

T <2max (3SM, V3SM, SM,3SM + 2M,
(6SM? + M? + 382M?*)M/2, (3SM® + §5M*)'/3) . (4.30)

The first 3 elements do not contribute to the maximization since they are
smaller than the fourth element, yielding;:

T < 2max (35 +2)M, ((35” + 65 + 1) M?)'/?, ((S* + 35) M?)'/?)
T < 2(3S 4 2) M. (4.31)
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where the last inequality holds true for any S > 0. Replacing 7" in (4.29) and
bounding each term |ay — by|, we obtain
max 0] — 67| < 3{(2M)T* + (650 + M*)T + (35M%)} "

< 3M {8(35 +2)? +2(65 + 1)(35 +2) + 35}

< 3M {1085% + 1205 + 36} (4.32)

Thus, closed-loop stability is ensured if the right hand side of the above
inequality is less than |o*| = SM. This yields

max |0] — 6| < |a”|
1

9 1/3
< 3M (1085% + 1295 +36) < SM
& 5% —27(36 + 1295 + 1085%) > 0 (4.33)

which holds true for S = k > 2918. [ ]

4.3 Stably Invertible Continuous-Time
Systems

In Sections 4.1 and 4.2, we considered continuous-time systems with no zeros.
This section considers more general linear systems provided that the polynomial
B(s) is Hurwitz, i.e., all its roots are located in the open left-half of the complex
plane [116].

We illustrate via a numerical study based on the following third order sys-
tem

b(s+ )

Gc(s) - (S + 041)(3 + 042)(3 + 013)

(4.34)

where 5, > 0. Note that the system has relative degree r = n—m = 2. Thus, design a
control law to place all the closed-loop poles at s = —a* using the approximate model
(4.13), which yields to the control law (4.14)- (4.15). Particularizing the system
(4.34), we choose b = 2 51 = 4, ag = =2, as = 2, az3 = 3. Figure 4.2 shows the
normalized true closed-loop response for different values of a*. Notice that, similarly
to Example 5, as long as a* is sufficiently large the true closed-loop system is stable
(see Figure 4.2a), whilst, when o* is not sufficiently large, then the system can be
unstable (see Figure 4.2b).

4.4 Discrete-Time Control Law

Following the ideas presented in Section 2.3.3, in this section we propose a
controller based on an approximate model in shift or delta operator. For simplicity,
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12+
1.0 foee 16}
H 14}
« |
@0.8‘ . 12
065 af =4 * 10}
. E ..... a*:5 68 | Oé* :3
0.4k a* =10 6
4 -
02} a
05 10 _1s 20 25 0 2 4 6 _ 8 10
o™t ot
(a) (b)

Figure 4.2: Step response for normalized true closed-loop.

we express the time discretization in the d-domain. However, the results can be easily
extended to the z-domain using (1.3).

Considering a sampling period h and assuming that a ZOH generates the system
input, we obtain the exact discrete-time model of the form:

A() _p Bh) (0" + emy™ T - 4 o)
Bc(/y) 7"+ dn—ﬂ”_l +oee dO

G(v) = . on>m (4.35)

where P,(hv) is the sampling zeros polynomial. As mentioned before, for small A,
P,.(h7v) converges to the asymptotic sampling zeros polynomial P.(hy) defined in
(2.87)-(2.90).

Once the sampled-data model is obtained, it is possible to design a discrete-time
control law based on the following approximate model:

_ Ao(7)
Bo(v)

Go(7) (4.36)

We again use polynomial pole assignment to design the controller of order
r—1,

P(y) _py AP
L(y) e+l

C(vy) = , (4.37)

where the parameters of the controller depend on the approximate model chosen, for
example, it is possible to study two cases:

G = 7 (433)
() = v ). (4.39)

77‘

The first model covers the case where the closed-loop bandwidth is significantly
less than the Nyquist frequency 7. The second model includes the asymptotic
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sampling zeros and, thus, model (4.39) covers the case when the closed-loop bandwidth
is near the Nyquist frequency. The nominal target closed-loop polynomial is

5(7) = Ao(VL'(7) + Bo(7)P'(7) = (v +a")* 1, (4.40)

where all the closed-loop poles are placed at v = —a*.

Using (4.36), the closed-loop polynomial is given by (4.5) with s replaced by
7. Then, the parameters of the controller are as shown in (4.6). On the other hand,
using (4.39), we have

V(T L) Y B (T ) = (e (441)

Note that, the controller parameters depend on h. On the other hand, the real
closed-loop polynomial is given by

Aa(y) = Ac(7)P'(7) + Be() L' (7). (4.42)

4.5 Second Order Systems with no Finite
Zeros

Following the ideas presented in Section 4.1, we are interested in extending the
results to a simple sampled-data control law. Thus, we consider that the poles and
the zeros of the discrete-time system be aq,...,a, and 5y, ..., By, respectively. The
following assumption which a region where the open loop poles and zeros lie.

Assumption 4.6 The poles and zeros of the discretized system (4.35) belong to a
bounded region in the complex plane, such that |oy, B;] < R < %

Analogously to the continuous-time case, we consider a true second-order
discrete-time system given by

Y P.(h v (1+vly

Ga(v) = ,( V) ;= 2< —= ), (4.43)

0t o (e 2SS (ol ol 40 e o 25

Note that v tends to 1 as h approaches zero. For the system (4.43), the proposed
controller is given by

oY + D)
C(vy) = LT 4.44
(7) T (4.44)

Therefore, for relative degree r = 2, based on the approximate model G}(v),
the parameters of the controller are as in (4.15) with s replaced by 7. On the other
hand, for the approximate model G%(v), with Py(hy) = (1 + ~%), the parameters
are
3(a*)?  h(a*)? h

_ _ _ * *)2
P = L M= oy h=3at =35+

h2

I (@*)?. (4.45)
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In what follows we often use the approximation v =~ 1, which is valid as
the sampling period approaches zero. We have the following result regarding the
closed-loop stability of the true and approximates systems:

Theorem 4.7 Consider the discrete-time model of the form (4.43). Then, for the
control law design based on GL() in (4.38) and subject to Assumption 4.6, a sufficient
condition for closed-loop stability of the true closed-loop is that the nominal closed-loop
poles at v = —a* satisfy % > af > |, e, % > a* > k'R for some sufficiently
large positive real number k'.

Proof: As before, we consider b’ = 1 and a controller designed for the approximate
model given by

Gl = - (4.46)

We apply the controller to the true system (4.43), and we use again Theorem
4.3 (Ostrowski’s Theorem), where the polynomials are

FO) =743 +3(a")*y + ()’ (4.47)
vh vh
90) =7+ U+t Py )0 + (Al + o+ po+ i)y + (Bl +ph), (448)

where the parameters p}; i = 0,1, 2 are given by (4.15). We consider Assumption 4.6
and define K = o*/R. Then,

la,| < 3KR, b1] < 2R+ 3KR+ 34 K*R?, (4.49a)
las| < 3K R?, by] < 6KR®+ R* 4+ 3K°R* + 2 K°R® (4.49b)
las| < K3R3, lbs| < 3KR® + K*R?. (4.49¢)

Thus, proceeding as in the proof of Theorem 4.5, we have that
T <2max (3K R+ 2R + 34(K R)?, (3K R* + K*R®)'/,
(6K R? + R? + 3K”R* + Y (K R)*)'/?) (4.50)

where, as mentioned in (4.30), the first 3 terms in the maximization have been
discarded. Moreover, we have that v ~ 1, for small h, and hence vhKR ~ hKR =
ha* < 1. Thus,

T < 2max (45K + 2)R, (3K + K*)'°R, (6K + 1+ 3K? 4+ 0.5K?)"/*R)
T < 2(4.5K + 2)R, (4.51)

where the last inequality holds true for any K > 0. Thus, the distance between the
roots of the polynomials is bounded as

max 0] — 6] < 3{(2R + 3L K> R + (6K R + B> + L KOR)T + 3K R*}

< 3{(2R+ IR)(9K +4)°R* + (6K R’ + R’ + K R*)(9K + )R + 3K R*} """

/3

< 3R {60 + 200K + 342K} (4.52)
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where we have used that, since % > KR, then we have that
hKR<1 = hK*R<1 = vhK’R<1 (4.53)

since v &= 1 as h — 0. Then, closed-loop stability is guaranteed if the right hand side
is less than |a*| = K R. This yields

max 0] — 67| < |o”|
7

0\ 1/3
< 3R (60 + 290K +342K*) " < KR
< K®—27(342K* + 290K + 60) > 0 (4.54)

Thus, taking K = k' > 9235 the theorem is proved. [

Theorem 4.8 Consider the discrete-time model of the form (4.43). Then, for a
control law design based on (4.39) and subject to Assumption 4.6, a sufficient condition
for closed-loop stability of the corresponding sampled-data model is that the closed-loop
poles satisfy % > o* > k'R for some sufficiently large positive real number k'

Proof: Again, without loss of generality, we take b’ = 1. We are interested in designing
a controller based on the approximate model that includes the asymptotic sampling
zeros. For relative degree r = 2, we have

PQUW)_1+'V%
I

Gi(y) = (4.55)

We apply Theorem 4.3, where the polynomials are the same as shown in (4.47)-
(4.48), but with the parameters defined in (4.45). Then, considering Assumption 4.6,
defining K = o*/R and using the triangle inequality, we have that the bounds for
a;; 1 =1,2,3 are given by (4.49) and

3 h?
|bi] <2R+3KR+ 5h(KR)2|y — 1]+ Z(KR)3|1 — v (4.56a)
h h?
o] < 6KR*+ R* + 5(}(}2)3\1 —v|+3(KR)* + ?K?’R‘* +3hK*R®  (4.56b)
3 h?
bs] < 3KR*+ (KR)® + §hK2R4 + ZK?’R? (4.56¢)

As before, we find a bound on 7" defined in (4.23). We then consider

T < 2max (3K R, V3K R, KR, by, [bo|'/2, bs['/*) . (4.57)

In order to find the maximum, we consider that

KR<1/h = hKR<1 (4.58)
vr—>1 = |1—-v|K <1 (4.59)
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Then, we have that

3 1 1 1 1/2
Tngax<R(2+3K+2+4>,R(6K+1+2K+3K2+2K+3K> ,

f 1/3
R<3K+K“+§K+i[() )

15
T<2 <3K + 4> R, (4.60)

where the last inequality holds true for any K > 0. Replacing 7" in (4.24) and using
Remark 4.4, the distance between the roots of the polynomials can be bounded
as

3 h?
max 0] — 67| <3 { <2R * 5hK2R?|y — 1)+ ZK?’R?’H - V|> T+

2
<R2 + 6K R* + 3hK*R? + 2K3R4 + ZK3R3|1 - y|> T
3 B2 1/3
+ <3KR3 + 5hK2R4 + 4K3R5> }

3 1 1512
§3{<2R+2R+4R>4<3K+4> R+

1 1 15
(32 HOKR + 3K R + K + 2KR2) 2 (3[( 4 4> R+
3 1 1/3
<3KR3 + KR+ 4KR3)}

3495 1693 1/3
} (4.61)

< T UK 195K
_33{16+4 4195

Thus, closed-loop stability is guaranteed if the right hand side is less than
|a*| = KR. This yields

max |0 — 6| < |a*|
1

3495 1693 1/3
3R (16 s K 195K2) < KR

3495 1693
e K3_o7 ( iy 195K2> -~ 0.

- 0 (4.62)

Therefore, taking K = k' > 5268 the theorem is proved. []

Example 6 We consider a second-order plant of the form (4.12). For a specific
numerical example we choose b = —6, ay = 3, ap = —2, i.e.,

—6

R =)

(4.63)
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Then, its discrete-time model depends on the sampling period chosen. Table 4.1
shows the nature of the closed-loop response of the true system when the controller
designed based on the approzimation GL(v) = —6/~%. Note that the blank entries are
not relevant since we consider only the case where a* < 1/h.

o L/h 10 20 100 1000 10000
5 Stable Stable Stable Stable Stable
10 Unstable Stable Stable Stable Stable
16 Unstable Stable Stable Stable
20 Unstable Stable Stable Stable
50 Stable Stable Stable
70 Unstable Stable Stable
100 Unstable Stable Stable
500 Stable Stable
800 Unstable Stable
1000 Unstable Stable
5000 Stable
10000 Unstable

Table 4.1: Robustness of the discrete-time model without considering sampling zeros

On the other hand, the closed-loop performance when the controller design is
based on the model (4.39) is shown in Table 4.2.

o L/h 10 20 100 1000 | 10000
5 Stable | Stable | Stable | Stable | Stable
10 Stable | Stable | Stable | Stable | Stable
16 Stable | Stable | Stable | Stable
20 Stable | Stable | Stable | Stable
50 Stable | Stable | Stable
70 Stable | Stable | Stable
100 Stable | Stable | Stable
500 Stable | Stable
800 Stable | Stable
1000 Stable | Stable
5000 Stable
10000 Stable

Table 4.2: Robustness of the discrete-time model considering sampling zeros

Therefore, for h small enough and for % > a* > R, the design based on GL(7)
stabilizes the true system. However, when o tends to %, the closed-loop stability
is not achieved. Hence, to ensure stability of the true closed-loop system when o
approaches % it becomes mecessary to use the controller designed using GA(v), i.e.,

the asymptotic sampling zeros must be added in the approximate model.
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Figure 4.3: Illustration of instability for A = 0.5.

Besides, the results are only suitable for h sufficiently small. For example,
considering h = 0.5 and varying o*, the closed-loop response is unstable, even when
the asymptotic sampling zeros are included in the control law. This is illustrated in
Figure 4.3, where the maximum distance from the closed-loop eigenvalues from the
point —% is plotted as a function of a* € (0, %) Note that this distance is larger than
1

» = 2 in all cases, which implies that the closed-loop system is unstable.

4.6 Summary

In this chapter a high-gain control law was proposed for stably invertible linear
systems that depends only on the continuous-time relative degree and high-frequency
gain. In the first instance, the continuous-time case has been analyzed to establish
ideas. Thus, a preliminary theoretical analysis based on Ostrowski’s Theorem has
been provided for relative degree two, showing that the approximate model’s design
stabilizes the true system.

The results were extended to the discrete-time domain when the sampling
period is small, which is more challenging due to the presence of (asymptotic)
sampling zeros. Therefore, a methodology that specifically addresses the sampling
zero issue is developed. The methodology study two approximate models: the first
model covers the case where the closed-loop bandwidth is significantly less than the
Nyquist frequency, while the second includes the asymptotic sampling zeros, and, as
a consequence, the closed-loop bandwidth is near the Nyquist frequency.

The results show that when the nominal closed-loop poles approach the inverse
of the sampling period, it is necessary for the closed-loop stability of the true system
that the control design is based on an approximate model that includes the asymptotic
sampling zeros.
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5 NONLINEAR SAMPLED-DATA
MODELS BASED ON B-SPLINE
FUNCTIONS

As mentioned in Chapter 2, the exact sampled-data model is not usually available
for nonlinear systems. In this chapter our interest is on studying the effect of the
numerical integration strategy applied to solve the (nonlinear) differential equation.
Analogous to the linear case, approximate sampled-data models can be obtained that
include extra zero dynamics that depend on the system input smoothness modeled
using B-spline functions as in Chapter 3.

The usual assumption is that a ZOH generates the input. However, spline
interpolation can represent a different assumption to introduce knowledge about the
continuous-time input smoothness.

This chapter first propose an approximate sampled-data model for an n-th
order nonlinear system having relative degree » when the input is generated by an /-th
order B-spline hold. We show how a truncated Taylor series expansion can discretize
the continuous-time system taking into account the smoothness of the input. It is
shown that the corresponding sampled-data model depends on the nonlinear relative
degree of the continuous-time system and on the order of the hold device.

Moreover, an explicit characterization of the sampling zero dynamics is given,
showing that these zero dynamics are asymptotically equal to the asymptotic sampling
zeros of the linear case when the sampling period goes to zero. Finally, we study the
accuracy of the applied integration strategy by analyzing the local truncation error
associated with the state vector.
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5.1 Approximate Sampled-Data Models
for Nonlinear Systems

Consider the class of nonlinear systems affine in the input, i.e.,

#(t) = f(x(t)) + g((t))u(t) (5.1a)
y(t) = h(xz(t)), (5.1b)

where x(t) is the state vector, the vector fields f(z(t)) and g(z(t)), and the output
function h(x(t)) are analytic in an open set M € R containing the origin [39].

Assumption 5.1 The system (5.1) has an equilibrium point xy = 0. Then, note
that f(0) =0 and g(0) # 0, otherwise &(t) =0 for any u(t) [94, 95].

Moreover, there exists a local coordinate transformation ®(z) = [¢(¢); n(t)]" .
such that the nonlinear system (5.1) can be represented in normal form (see Subsection
2.5.2):

0 0
(=| o1 M <o | @@m et (5.2)
0] 0 1
(t) =q(¢,n (5.2b
y(t) = Gi(t) 2c

where ((t) = [¢1(2), ..., ¢,(2)]" and n(t) = [dy41(2), ..., du(@)]".

Remark 5.2 The local coordinate transformation ®(x) does not (locally) change the
equilibrium point. Thus, the proposed model (5.2) evolves in the neighborhood of
¢o = 0. Thus, fundamental properties such as the controllability of the system remain
invariant [79, 95].

Considering that ®(z) is close to the origin, we have that
I
a(¢) = a(0) + a1 + igzﬁ asp + ... (5.3a)
L1 .
b(¢) = b(0) + b1g + §¢2sz¢5 + ... (5.3b)

Remark 5.3 Considering Assumption 5.1 and Remark 5.2, we have that a(0) = 0
and b(0) # 0. Thus,

2
=
I
QI
=
I
S

S
-y
_I_
\
ASS
o
[N}
-
_I_
~—~
at
B
R

We now focus in obtaining a sampled-data model for the continuous-time system
(5.1) when the input is generated by a B-spline hold. In particular, we are interested
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in the characterization of the extra discrete-time zero dynamics that appear due to
the sampling process.

Firstly, we present the sampled-data model for an n-th order integrator when
the input is generated by a B-spline generalized hold to set ideas. Then, we extend
the results to the nonlinear case.

Theorem 5.4 Consider the continuous-time system G(s) = s~", where n > 0, and

consider that the input to the system is generated by a B-spline (-th order hold, as
shown in Fig. 3.2. The corresponding sampled-data model is given by

Tyl — Aqfk + Bquk (55&)
Yk = CyTy, (5.5b)

where matrices A,, B, and C, are given in (5.13).

Proof: An n-th order integrator whose input is generated by an ¢-th order hold
can be written in normal form as shown in (3.22), i.e.,

y(t) = z1(t) (5.6a)
i1 (t) = (1) (5.6b)
in(t) = u(t) (5.6¢)

¢n+g(t5 = uO(t). (5.6d)

We recall that, according to Remark 3.3, (¢4 1)-th and higher order derivatives
of the input u(t) are all equal to zero. Thus, the corresponding discrete-time model
corresponds to a truncated Taylor series expansion (2.121) up to the order (n + ¢) of
the system (5.6), i.e.,

(n+£)

T n
21 (kh+7) = 21 (kh) + 72 (kh) + - + o @!asg 0 (kh) (5.7a)
T e
: 5.7¢)
Toro(kh+7) = 2o o(kh) + 72 (kh), (5.7d)
where 0 < 7 < h. Then, model (5.7) can be expressed in state-space as
Tryr = Ay + Byu(kh) (5.8a)
Yk = quk:a (58b
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where we have used the notation z; = x(kh). The matrices are

hn—l B hn+1 hn+€
L oh o oo P v R
: hn—l ﬁ . hn+Z—1
A; _(0 1 - : ,B; _ (nf‘l)! rf! . (n+li71)! (5.9)
: Yk ' ol o
0 --- 0 1 h L= SR e
Co=[10 - 0] (5.9b)

Then, using (2.34) and (2.44) we can compute u(kh) and its (-th derivatives.
Thus, u(kh) is given by

t(cl()k:h) dﬁg(t) up,
an(kh) = | Skh) il dtﬁ «?) w (5.10)
u(@(/{:h) ;—;Bf(t) —kh Uk—¢
M

Note that u(kh) and u®® (kh), for i = 1,...,¢ depend on u; and previous input
samples. These samples can be thought as auxiliary states for the previous sample,
ie., (&1)k+1 = w, and (&)r = ux—;. The additional ¢ states can be represented as
follows:

00 07
S! 1 0 0 &1 1
0

N I P o[ 19 +1% (5.11)
& 1 _ 0 o 0 | & k 0

Matrix E allows us to include all the information available about u(t). The aug-
mented state vector is then defined as 7y = [x; 5]5 and the state-space representation
is given by

fik+1 = Aqi’k -+ Bquk (512&)
Yr = Cyy. (5.12b)
where C, is defined in (5.9b), the matrices
B ]

Al BM, (1)
A, — g g B, = 5.13
! Oxn | Eexe / : (5.13)

0
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and My = Mj.p11,1 (i-e., the first column of M), and My = Mj.p112.0+1. Moreover,
due to the matrix M structure, we have that

hn
(n+ )1

BIM, = (5.14)

As mentioned in Chapter 3, the discrete-time transfer function associated with
(5.8) is given by
h" Bn—i—Z(Z)
G = )
o(2) (n+ ) 2¢4(z—1)»

(5.15)

We are interested in characterizing the asymptotic sampling zeros that appear
in the sampled-data model. Moreover, this result will be a useful tool for analyzing
the zero dynamics of the nonlinear case. Thus, the following theorem provides the
discrete-time normal form representation of (5.15).

Theorem 5.5 The discrete-time model for an n-th order integrator defined in (5.8)
(and, therefore in (5.15)) can be written in normal form as:

(n+0)!
Xk+1 = Q21w1k + QazXk, (5.16b)

Wi g1 = Wik + QraXk + U (5.16a)

where X, represents the (wWa.,1¢)x States, and where the eigenvalues of matriz Qoo are
the sampling zeros of (5.15), i.e.,

Bpio(2) = det(z] — Qo). (5.17)
Proof: Consider the similarity transformation wy = T'x, where

1 0
T = 5.18
l o1 | Lo ] ( )

and

7y, = — Bozneer (40!
(B;MO)Ll hn

(By)ante,1- (5.19)

Applying T to (5.12), the following state-space representation is obtained:

i -1 _ ~_ | 9u Q12
A, =TAT ' =Q= [ ot on 1 (5.20)

(5.21)

_ — ATy Aqo
— (T Arg + Ax) Ty | Tog Arp + Agg |
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Using matrix A, in (5.13), we have that

Ap=|h & - o (BiMi)ia | (5.22)
Ao om  (BEM)im 1
A — ( q 2.71,2.’)1 q 1 2.71,1.[ . 523
$ [ O1:02:n Eoxe (5.23)
Then, Bq and C’q are given by
~ B T
B =B O 0] 5.24)
Ci=CT'=[10 0 ] (5.25)

Thus, the discrete-time model for an n-th order integrator is given by the
following state-space representation:

W1 = Aqwy, + Byug (5.26a)
Y = Cywg, (5.26b)

To obtain the (sampling) zeros polynomial of (5.26), and therefore of (5.15),
we compute the numerator polynomial as follows [2]:

- 2l — flq —Eq
N(z) = det [ éq 0 ] (5.27)
Z—qn —Q12 _(nTng)!
0
= ) . (5.28)
—Q21 2I — Qo
1 0 .. ‘ 0

The result follows computing the determinant along the last column m

In what follows, we develop an approximate sampled-data model for the
continuous-time system (5.2) when considering that a B-spline hold generates the
system input and that the integration strategy is a truncated Taylor series expansion.
Firstly, we need the following assumptions in order to obtain a (discrete-time) model
that preserves the input affine property of the continuous-time system.

Assumption 5.6 Let us assume that the nonlinear system in (5.2) satisfies:

b (i, M) -
e =0 (5.29a)
alaf(Ck:ank) N, .
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Theorem 5.7 Consider the n-th order nonlinear system (5.1), where the input is
generated by an ¢-th order B-spline hold. An approzimate sampled-data model can
be obtained applying a truncated Taylor series expansion having the following state
space form:

hrJrZ

5 D hr+€
Wgt1 = (Aq + MA2(wk)> wy, + G0

yr = Cqwy, (5.30b)

Az(wy) + By(wy)ug (5.30a)

where matrices A‘i and C’q are defined in (5.21) and (5.25), respectively, and where
Ay (wy), As(wy), By(wy) are given later in (5.43), (5.44), (5.45).

Proof: Consider the nonlinear system (5.1) and that the input to the system in
generated by an ¢-th order hold. Also, consider that the (¢ + 1)-th and higher order
derivatives of the input are all equal to zero (see Lemma 3.1). Thus, applying the
integration strategy shown in (2.154) up to order r + ¢, we obtain the following
sampled-data model

R R R o r+l

Gukh+ ) = (k) + () + - S EO D)+ o (O an)
(5.31a)

~ ~ r=1 r+4—1 R

Galkh + h) = Galkh) +--- + ¢ f_ Ty (k) o (T’ig_l)!cﬁ‘*”(az) (5.31b)
(5.31c¢)

2 /+1
o (kh + h) = o (kh) + h¢ (kh) + 2§§2>(kh) e (Zfl)!é,ﬁ“l)(ar) (5.31d)

A(kh + h) = 7(kh) + h q({, 1)

(5.31e)

t=Qr41

This model is exact for some unknown time instants kh < «o; < kh + h;
t=1,...,7r+ 1. Replacing the time instants a; by kh, we obtain an approximate
discrete-time model given by

r r+4
Gk + 1) = GkR)+ Ao+ TC0 () +-+ (O )
(5.32a)
r—1 r+f—1
Co(kh +h) = Go(kR) + - + (f_ 1)C,(,1)(kh) +eee Mgﬁ“”(m) (5.32b)
(5.32c)
G (kb + h) = G (kh) + h¢M (kR) + h;g}@(k:h) +oe Wgﬁ“”(km (5.32d)
Nkl +h) = n(kh) + h q(C ) (5.32¢)
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Based on Assumption 5.6, we have neglected the derivatives of b((y,nx) and
higher-order derivatives of a((x,mx). In addition, considering that ((t) is close to
the origin, we assume a(Cx,mx) ~ 0 (see Remark 5.3). This yields the following
discrete-time state-space form that is affine in the input:

Cor1 = AgCr + A3(Cr, M) + Ba(Cr, M) e (5.33a)
M1 = Me(Ces M) + hq(Cey M), (5.33b)

where w4y, is given by (5.10) and

BT, AT e hrtt ( 8a \¢
S+ Emdet ot Em (%)
As(Ce, i) = : a(Crs k) - (5.34)
h2 da Ret+1 da ¢
h+ % ae T+ @y (acr)

By (Cres i) = b(Cy i) X

bt R da ntt (9a )\ hrt wrtt (0a \! Bt
ES R ey ol M i ey (ag) , oD R ) (ar)z ) SRR
pr—1 hT O prte-—1 B) hr prti—1 o - pr+e—1
el T omae T ey (a%) T + vy (33) IR corw
K2 da R+ [ 9a ! K2 | h® da e A pe+1
| At Sae T (acr) Tt 5e. T (f) U W
(5.35)

Remark 5.8 Notice that, according to the integration strateqy applied to each state
component (;(kh + h), the neglected terms appear in the (r + i)-th and higher-order
derivatives. Moreover, the derivatives of a((,n) that are not considered in the expan-
ston are of order L.

Note that matrix (5.35) can be split into a linear part, given by B; in (5.9a),
and a matrix with the nonlinearities factorized by hU"+9 /(r + £)!, i.e.,

r4-4

(r+20)!

Bo(Cr, i) = %4- BZ(Crey i) (5.36)

1
Bq

Following the ideas presented in Theorem 5.4, u(t) and its derivatives at the
sampling instants can be included in the model as additional states (see (5.11)). Thus,
we define ¢, = [G; &]” as the augmented state vector and then (5.33) can be written
as follows:

r—44

Ek)+1 = Aq((k; nk)é_.k + mz&g(@c, 77k> + Bquk (537&)

M1 = Nk + hq(Cr, k), (5.37b)
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where

r4-£

Ag(Grome) = Ag + Mz‘b(@, k), (5.38)

where A, is given by (3.27) and

B L I

As3(Gey i) = | A?’gi'i’ln’“) ] , (5.40)
i B2<<ka177k)M0 l

By(Ceymie) = Q : (5.41)
0

We apply now the similarity transformation w; = T, where T is defined in
(5.18), and T»; is given by

(Bylazye __(r+0)!

Ty = — w2l By)orse.
21 B;MO b(]hr ( Q>2. +£

(5.42)

We are interested in obtaining a sampled-data model that can be defined
in the neighborhood of the origin. Thus, using the results presented in (5.4), the
new approximate sampled-data model is given by the sub-matrices of fiq shown in
(5.22)-(5.23) and

— O(w,) — qu(wi)  Qra(wy)
= Q(wy,) [Qmm) Omlutr) ] (5.43)
As(wy) = TAs(T  wy,) (5.44)
Bq(wk) = TBq(T fwy)
= [ repib(wy) 0 0 }T (5.45)
[

5.2 Local Vector Truncation Error

The integration strategy applied is a truncated Taylor series expansion, up to
the order  + ¢. Thus, following the same arguments as in [42], this section analyzes
the local truncation error between the exact and the approximate sampled-data model
defined in (5.31) and (5.32), respectively.
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Theorem 5.9 Consider the continuous-time nonlinear system in (5.1) having an
input generated by a B-spline generalized hold. Then, the approximate sampled-data
model in (5.32) has a Local Vector Truncation Error of the order of (h™"2, k™1 . 'h?).

Proof:  From the definition of Local Vector Truncation Error in [42], we have that
the difference between the exact and the approximate discrete-time model is given by

&, =Ci(kh+h) — G (kh+h) =0 (5.46a)
&, = Co(kh+h) — G(kh+h) =0 (5.46h)
&1 = N(kh + h) —n(kh + h) = 0. (5.46¢)

Then, considering Remark 5.8, the differences are given by

42 . Rt grtt .
o= e (GO = G) o s (Gl = (k)
(5.47a)
o d? . hr+é—1 dr—M R
2= g (GOM) = GO o ey (Golan) = G )
(5.47Db)
: (5.47¢)
h2 d2 R hr—i—é dZ—H .
& = DY) (Cr(kh) - Q(k;h)) Tt (r + 0)! dtt+1 (CT(O‘T) N C(kh)>
érr1="h (q(f o, T Q(C,n)\t:kh> : (5.47d)

Notice that &; includes terms of the order of h"*2=% i =1,...7 + 1, and higher
order. Thus, the error is of the order of A"*2~%. According to the ideas presented

in [42], the approximate sampled-data model (5.32) has a local vector truncation
error of order (h™2 b1 ... B3 h?). [ |

From the above result, we can see that the (local) error between the output of
model (5.32) and the output of the true system is of the order of A" (see (2.152)).
Moreover, it can be noticed that the approximate model based on B-spline functions
is more accurate than the models considered in [42] and in [81], because the local
truncation error in each state component (;(kh+h) is of a higher order in the sampling
period h. Thus, the assumption about the smoothness of the system input has been
exploited to improve the accuracy of the obtained model.

5.3 Asymptotic Zero Dynamics

In what follows we characterize the zero dynamics of the corresponding nonlinear
discrete-time model that appear due to the sampling process. In particular, Theorem
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5.10 shows that these sampling zero dynamics asymptotically converge to the sampling
zeros of an n-th order integrator (see (5.17)).

Theorem 5.10 Consider the approzimate discrete-time model (5.30). The associated
sampling zero dynamics can be asymptotically characterized, as the sampling period
goes to zero, in terms of the eigenvalues of matriz (Qas, i.e.,

Xi+1 = Q22Xk (5.48a)
Mie+1 = My (5.48b)

where Xk = (Warie) k-

Proof: We impose the zero dynamics condition to the model (5.30), i.e., yx = (wq)r = 0.
Thus,

0 0
Wy hrJrZ 5 Wy hr+€ B 5 .
D (e pEgtm) | T | e A
Wrte |0y Wrye |,

(5.49)

where, @ and Q(wy,) are given by (5.20)-(5.21) and (5.43), respectively. Then, solving
for the first row in (5.49), we have that

wd) (r+0)! h+e . hrtt

o= (@ o Quawn)) e+ o (s

(u hrb(wy,) (r+0)! (r+0)!

For the remaining equations and considering that fk(t) evolves close to the
origin, we have that

~ hr—i—[ _ ~ r+4 _

Xk+1 = (QQQ + MQm(wk)) Xk + mA3(wk) (5.50)

Ne+1 = Mk + P (Ce, M) (5.51)
Considering that i — 0, then (5.48) is readily obtained. |

Notice that the nonlinear zero dynamics of the discrete-time model (5.30) are
partially linearized and can be split into two parts: a linear subsystem, which is
given by (D92 and represents the asymptotic zero dynamics that appear due to the
sampling process, and a nonlinear subsystem, which is the Euler’s discretization of the
continuous-time zero dynamics of (5.1). Moreover, we can notice that the eigenvalues
of Q2 are the sampling zeros of an n-th order integrator (see Theorem 5.5).

We conclude this section with an example to illustrate how the proposed
sampled-data model and the associated zero dynamics are obtained.
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Example 7 Consider an n-th order nonlinear continuous-time system (5.1) with
relative degree r = 2. The latter can be expressed in normal form as in (5.2). Moreover,
we assume that the input is generated by a B-spline first-order hold given by (2.10)
and we obtain the proposed approrimate dynamics sampled-data model applying the
integration strateqy (5.7) of order r +{ =3, i.e.,

o h? ) h* (@)
Ciit1 = G + hlop + 5(2 (kh) + 5(2 (kh) (5.52a)
2
Coktr1 = Cop + hél)(kh) T hzém(kh) (5.52b)
Ne+1 =k + ha(C,n) (5.52¢)
y(t) = G(t) (5.52d)

Considering Assumption (5.6), the first two equations in (5.52) can be expressed
as follows,

hZ K3 o
Clh+1 = Cup +hCop + <2 + 682“(’“@) a(¢,n)+

(24202 o(cm) o(C,m) |atkh)  (5.53)
h? da

[

Gt = Gop+ (h+ o= )alCom) + [ (h+552) b(Com) Bb(¢m) | alkh),  (5.53b)
u(kh)
)

2 0¢2
(]2 4] e

Notice that there is only one extra state given by ((1)r = ug_1. Then, the
augmented state-space model is given by

) Loh 2o(¢n) (hem +2) ]
Geer = 0 1 Eb(¢,m) (RO +1) | Gt

where u(kh)

00 0
(5 + 552 Ei(¢.)
(h + %‘9“8(52;’7)) a(C,m) + | 5b(¢,n) | ur (5.55a)
0 1
M1 =k + ha(C, ). (5.55h)

The result in (5.4) allows us to split model (5.55) into a linear and a non-
linear part. Then, applying the similarity transformation T in (5.18) and Ty =
—[3/h, —6/(h%b)]", based on Remark 5.3, and considering that (i(t) evolves close
to the origin, the following state-space representation is obtained:

Wiy = Aywy, + Ag(w)wy, + As(w) + B(w)uy, (5.56a)
M1 = Mk + he(C,m), (5.56D)
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- 5 " .
6 b 0 0 Bplw)Zele 4 2h(y)
Ap=| =2 -2 by |, Ay(w) =10 0 —2h(w) :
_36  _ 6 -9 da(w)
h2bo hbo 100 —h G,
(5.57)
2 da rop2
:  (h%e +3) i b(w)
As(w) = —h a(w), B(w)= 0 . (5.58)
0 0

Applying the condition for the zero dynamics, we obtain

) o byl [0 —ERw)]_ [ b
Xk+1:[_h?) _QQO]XIH-[O _;ag(wglxk—[ala(w)
0 Owa

M1 = Mk + haq (0, Xk, M) (5.59a)

Note that the eigenvalues of the first matriz in (5.59a) correspond to the roots
of the Euler-Frobenius polynomial Bs(z) = z? + 4z + 1. Thus, following (5.17), the
system (5.59a) can be expressed as:

_hy h
Xk+1 = Q22Xk + l 8 _ﬁm ] Xk — [ (2) ] a(w). (5.60)

Ows

Considering h — 0, we notice that the zero dynamics converge to the asymptotic
sampling zeros of the linear case.

Notice that the asymptotic assumption, i.e. h — 0, is applied once the matrix
(22 have been defined.

5.4 Summary

In this chapter, we have presented an approximate sampled-data model for a
class of nonlinear systems affine in the input based on normal forms. The resulting
model includes extra zero dynamics that depend on the applied numerical strategy,
namely, the truncated Taylor series expansion, the continuous-time relative degree,
and the order of the B-spline hold.

Moreover, it has been shown that these zero dynamics can be asymptotically
characterized, as the sampling period goes to zero, in terms of the asymptotic zeros of
the linear case. Besides, to analyze the accuracy of the approximate model, we have
characterized the local error truncation of each element of the state vector.
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6 CONCLUSIONS

In this thesis, discrete-time representations for deterministic continuous-time
systems for both linear and nonlinear cases have been developed. The resulting
sampled-data models can be explained as a consequence of the continuous-time
system’s characteristics and the sampling process itself: how the applied integration
strategy directly impacts the obtained sampled-data model and how the continuous-
time input is generated. Therefore, we believe that the current thesis present novel
contributions and provides further insights into the discretization process.

Thus, in this final chapter, we summarize the obtained contributions, and
present future work directions.

6.1 Input Smoothness

We considered the case when the smoothness of the continuous-time system
input is, in principle, unknown. However, there are different options to interpolate
the input from the available discrete-time sequence to represent knowledge about
this signal. Hence, in Chapter 3, a B-spline generalized hold has been expressed as
a hybrid system composed by the interconnection of a digital filter followed by a
zero-order hold and an ¢-th order continuous-time integrator. Thus, such equivalence
is useful since the hold device’s smoothness can be chosen to be, for example, like a
zero, first, or second-order hold only varying the parameter /.

Besides, this hold is shown to be related to the well-known Euler-Frobenius
polynomials, which characterizes the asymptotic sampling zeros of the linear case
and, also, the asymptotic zero dynamics for nonlinear systems. Thus, Chapter 3
asymptotically characterizes the (sampling) zeros, showing that the sampling zero
polynomial corresponding to a system having relative degree r is increased exactly by
the order of the hold, ¢. Therefore, for fast sampling rates, assuming different input
smoothness only modifies the corresponding sampled-data model by changing the
Euler-Frobenius polynomial.

6.2 Numerical Integration Strategies

For linear systems, the exact discrete-time model can be obtained. However,
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approximate descriptions may be preferred since they are related more directly to
the continuous-time system’s parameters. Moreover, approximate models may also
be easier to obtain than the exact model, and the methods can also be applied
to nonlinear systems. In this sense, the interest was to analyze the effect of such
numerical methods in the resulting discrete-time model.

Thus, we explored the connections between the sampling zero polynomial and
a Runge-Kutta method of order k, exploiting also the smoothness of the system
input. When the expansion order is greater than or equal to r 4 ¢, then the exact
sampled-data model is obtained, and therefore, the sampling zeros are given by
the Euler-Frobenius polynomial. On the other hand, when the expansion order is
lower than the continuous-time system relative degree and the B-spline function,
an approximate sampled-data model is developed. Hence, we characterized the
corresponding sampling zeros with novel polynomials which are related to the Euler-
Frobenius polynomials.

Since the simplest Runge-Kutta method is the Euler approximation, the pro-
posed models are more accurate than the Euler method. Moreover, such representa-
tions are readily obtained. Besides, results regarding the convergence of sampling
zeros have been extended: we have shown that the order of the applied numerical
integration strategy directly impacts the location of the asymptotic sampling zeros,
and we have obtained a direct characterization of poles and zeros for different types
of holds.

On the other hand, we study a class of nonlinear systems affine in the input
based on normal forms. In this case, the applied integration strategy is a truncated
Taylor series expansion, which also takes into account the smoothness of the system
input. Thus, Chapter 5 proposed a nonlinear sampled-data model considering that
the input is generated by a B-spline generalized hold.

Therefore, the developed model was shown to depend on the continuous-time
relative degree of the continuous-time system and the order of the hold device. The
resulting model includes extra zero dynamics that are exactly equal to the asymptotic
sampling zeros found in the linear case when the sampling period goes to zero. It
is important to recall that even when the (asymptotic) connection with the linear
case has been previously established, we have extended the results to a more general
case since this characterization is valid for different types of holds. Besides, the
approximate model’s accuracy has been measured using the local truncation error of
each element of the state vector showing that the model developed in this Thesis is
more accurate than the models considered in [42] and in [81].

6.3 Applications of Linear Sampled-Data Models

In Chapter 4, we explored the use of linear sampled-data models in control
applications. The core idea is that, at high frequencies, a continuous-time system of
relative degree r behaves similarly to an r-th order integrator. Then, one should be
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able to propose a discrete-time high-gain controller for stably invertible systems that
depend only on the relative degree and high-frequency gain. As a first attempt, a
preliminary theoretical analysis based on Ostrowski’s Theorem has been analyzed for
a second-order continuous-time system to set ideas. Then, the results were extended
to the discrete-time domain for fast sampling rates. In this case, the discrete-time
controller is designed based on two approximate models: the first model covers the
case where the closed-loop bandwidth is significantly less than the Nyquist frequency,
while the second covers the case when the closed-loop bandwidth is near the Nyquist
frequency, i.e., it includes the asymptotic sampling zero.

The robustness properties of these two models differ due to the presence of
asymptotic sampling zeros. We note that for the closed-loop stability of the true
system, when the nominal closed-loop poles approach the inverse of the sampling
period, the control design must be based on an approximate model that includes the
sampling zeros. Moreover, it has been shown that the results are only suitable for
small sampling period.

Therefore, we designed a simple sampled-data control law for relative degree
two that stabilizes the true system for the continuous and sampled-data cases. This
chapter’s contribution has been the robust stability analysis, for fast sampling rates,
based on perturbation theory.

6.4 Future Work

Despite the results presented in this Thesis for the discretization process for
nonlinear systems, there are still open problems for future research work.

Regarding linear sampled-data models, for example, in the manuscript we
considered the Brunovsky form that gives the state-space description of the continuous-
time system. However, such representation of the system is not unique. Thus, it could
be of interest to analyze the effect of changing such description when applying the
numerical integration strategy. In particular, the impact of the new representation in
the nonlinear system, and therefore, in the asymptotic zero dynamics.

On the other hand, we have developed novel characterizations of the sampling
zeros when considering a low-order Runge-Kutta method. However, a closed-form
expression of such characterization is still needed for a more direct computation of
the sampling zeros. In fact, a point of departure may be the change of the state-space
representation.

In Chapter 3, we introduced the ideas of error quantification by numerical
examples. Nevertheless, it could be interesting to measure the resulting sampled-data
model’s accuracy through the relative error in the frequency domain.

With respect to the control applications for linear systems, it is important to
recall that the theoretical analysis was restricted to second-order systems with no
zeros. The stably invertible continuous-time case is supported by numerical studies
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considering a third-order system with one zero. However, the proof of this conjecture
is still needed.

An initial attempt is based on the Root Locus method, where it is assumed
that the poles «; and zeros 3; belong to a bounded region in the complex plane, such
that the closed-loop poles are placed at |y, 5;| << a*. Thus, considering a general
continuous-time system having m zeros and n poles, we hypothesize that n roots are
placed around a* and the remaining are located at the origin. Then, the bounds can
be obtained using the Ostrowski’s Theorem. However, the later idea continues to be
supported only by simulation studies.

Moreover, the obtained bounds for both, continuous and discrete-time cases
are conservative compared with the actual value. Therefore, planned future work
considers extending the theory to a more general higher-order systems and systems
with an unstable inverse. In addition, one may expect to extend these results to the
nonlinear case using, for example, Lyapunov ideas.

Continuing with the nonlinear case and following the ideas presented in Chapter
3, future work can consider extending the results of a Runge-Kutta method of order
k to the nonlinear model. On the other hand, the obtained sampled-data model is
based on strong assumptions that guarantee the continuous-time system’s input affine
property. However, we have neglected terms containing nonlinear information that can
be included in the truncated Taylor series expansion, leading to a different approximate
model. In fact, Runge-Kutta methods can lead to a better discrete-time model, since
under this method, the derivatives are not computed but approximated.

On the other hand, there has been ongoing research on port-Hamiltonian systems
(PHS) because they allow the modeling, interconnection, and control of multi-physics
systems. Hence, we believe that discretization methods can be applied to obtain an
approximate model that preserves the Hamiltonian structure and properties [117].
In fact, PHS is also affine in the input. Therefore the corresponding discrete-time
model can be obtained using a truncated Taylor series expansion.

Then, following the ideas presented in Chapter 5, the order of each state
variable corresponds to the derivative that makes the input to explicitly appear.
Once the expansion is made, the approximate model is obtained when computing
the derivatives at time instants kh. Finally, the model’s accuracy can be measure
using the local error truncation of each element of the state vector. However, the
derivatives may be challenging to solve due to the nonlinear nature of the approach.
Moreover, assumptions such as those presented in Chapter 5 may lead to approximate
models that do not preserve the Hamiltonian properties.
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