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Abstract

In this thesis, we study moving horizon estimation (MHE) schemes for state esti-
mation of general nonlinear dynamical systems that are subject to unknown distur-
bances and noise. We establish desired robust stability and performance guarantees
under realistic conditions, address the practically important case of MHE for real-
time applications, and investigate methods specifically tailored to joint state and
parameter estimation.

In more detail, we develop a Lyapunov-based MHE framework for general nonlinear
continuous-time systems, thus closing the gap to the current discrete-time literature.
The proposed method has the decisive advantage that arbitrary sampling strategies
can be employed to define time instants at which the underlying optimization prob-
lem is actually solved. Our results are based on a novel detectability condition
for nonlinear systems in continuous time and its Lyapunov function characteriza-
tion. We develop methods to systematically construct such functions in practical
applications in order to provide detectability certificates for nonlinear discrete- and
continuous-time systems, which is crucial to conclude statements about the stability
of MHE that go beyond conceptual nature. Furthermore, we address the practically
relevant case of MHE algorithms for real-time applications, where the solver is usu-
ally terminated before reaching the global optimum. In this context, we consider two
fundamentally different MHE formulations for which we show that robust stability
guarantees are maintained regardless of the chosen numerical solver and the number
of solver iterations performed. For systems that are additionally subject to para-
metric uncertainties, we also show under which modifications of the MHE scheme
constant or time-varying system parameters can be jointly estimated—despite po-
tentially weak or missing excitation. To this end, we propose an adaptive regu-
larization of the cost function that uses real-time information about the current
parameter excitation. Finally, we develop novel accuracy and performance guaran-
tees for MHE. Here, we employ a certain turnpike property which essentially requires
that solutions to the MHE optimization problems are most of the time close to the
omniscient acausal infinite-horizon solution involving all past and future data. This
leads to the surprising observation that MHE problems naturally exhibit a leaving
arc, which actually may have a strong negative impact on the estimation accuracy.
To counteract this, we propose a delayed MHE scheme, and we show that the re-
sulting performance is approximately optimal and implies bounded dynamic regret
with respect to the acausal infinite-horizon solution, with error terms that can be
made arbitrarily small by an appropriate choice of the delay. We illustrate our the-
oretical results with various numerical examples from the literature, which highlight
the applicability and practical relevance of the developed theory.
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Notation

The following is a list of important abbreviations, acronyms, and symbols used in
this work. Additional notation required in certain parts is defined in the respective

sections.

Abbreviations and acronyms

EKF
GAS
GGN
i-ilOSS
i-I0OSS
i-ISS
ilSS
I0SS
ISS
LMI
LPV
LTI
LTV
MHE
MPC
NLP
PE
RGAS
RGES
s.t.
SDP
SOS
SSE
UBEBS

extended Kalman filter

global asymptotic stability
generalized Gauss-Newton
incremental integral input/output-to-state stability
incremental input/output-to-state stability
incremental input-to-state stability
integral input-to-state stability
input/output-to-state stability
input-to-state stability

linear matrix inequality

linear parameter-varying

linear time-invariant

linear time-varying

moving horizon estimation

model predictive control

nonlinear program

persistence of excitation

robust global asymptotic stability
robust global exponential stability
such that

semidefinite programming

sum of squares

sum of squared errors

uniform bounded-energy bounded-state
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Notation

Real numbers and sets

set of real numbers

set of non-negative (positive) real numbers
smallest integer greater than or equal to x € R
largest integer smaller than or equal to x € R

set of integers

set of (even) integers greater than or equal to a € I

set of integers in the interval [a,b] C I

Linear algebra

I
Onsem (0)

identity matrix of dimension n x n

zero matrix of dimension n X m (zero matrix with the dimension
being clear from the context)

transpose of a matrix A € R™*™
diagonal matrix with the elements of v on the main diagonal
Euclidean norm of a vector x € R"

weighted Euclidean norm |z|4 = V&' Az of a vector x € R™ for a
symmetric positive definite matrix A € R™*"

maximum eigenvalue of a symmetric matrix A € R™*"
minimum eigenvalue of a symmetric matrix A € R™*"

maximum generalized eigenvalue of symmetric matrices A, B €
R™ ™ j.e., largest scalar A € R satisfying det(A — AB) =0

symmetric matrix X = A — B is positive (semi-)definite for ma-
trices A, B € R™" ie., v' Xv > (>) 0 for all v € R® with v # 0

symmetric matrix X = A — B is negative (semi-)definite for ma-
trices A, B € R™" ie., v’ Xv < (L) 0 for all v € R™ with v # 0

Signals and sequences

essential supremum norm esssup;cg_ |2(t)| of a measurable, lo-
cally essentially bounded function z : Rsy — R™ (alternatively,
supremum norm sup;cy. |z(t)| of a sequence x : I>o — R")

essential supremum norm ess sup,c(o 71 |2(t)| of a truncated mea-
surable, locally essentially bounded function z : Ry — R™ (alter-
natively, supremum norm sup;ey, . |z(t)| of a truncated sequence
X . ]Izo — Rn)
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XV

Comparison functions [Kell4]

K

Koo

L

KL

A function a : Rs>g — Ry is of class K (a € K) if it is continuous,
strictly increasing, and satisfies «(0) = 0.

A function a : R>g — Rxq is of class Ky (o € Ko) if a € K and
additionally lim,_,. a(s) = 0.

A function 0 : R>g — Rsq is of class £ (0 € £) if it is continuous,
non-increasing, and lim; ., (t) = 0.

A function B : RZD X RZO — RZO is of class KL (B S ’Cﬁ) if
B(-,t) € K and (s,-) € L for any fixed t € R>( and s € Rx.






1. Introduction

1.1. Motivation

The knowledge of the internal state of a dynamical system is of crucial importance
for many control applications, for example when stabilizing the system via state
feedback, when monitoring compliance with safety-critical conditions or when de-
tecting errors and external attacks. In most practical cases, however, the state
cannot be completely measured for various (possibly physical or economic) reasons
and therefore must be reconstructed using the available input-output signals. This
is generally a challenging problem, especially in the presence of nonlinear systems
and when robustness to model errors and measurement noise must be ensured.

Moving horizon estimation (MHE) [RMD20] is a modern optimization-based state
estimation strategy that is naturally suitable for this purpose. Here, the current state
estimate is obtained by solving an optimization problem involving a fixed number of
past measurements, extracting the last state of the optimal estimated sequence, and
repeating the online optimization in the next sampling time in a receding horizon
fashion. It can be interpreted as an approximation to full information estimation
(FIE), which optimizes over all available historical data. However, FIE is usually
only of theoretical interest (particularly as a benchmark for MHE), since the com-
plexity of the underlying optimization problem continuously grows with time and
thus quickly becomes computationally intractable in practical applications.

MHE has several advantages over other state estimation methods: it is naturally ap-
plicable to nonlinear systems, provides the ability to include additional information
such as constraints, is intuitive to tune, and yields optimal estimation results. More-
over, it is fairly easy to implement using high-level software packages (such as acados
[Ver+21] and CasADi [And+18]), merely requiring knowledge of the model equations
and corresponding computing resources. This is in strong contrast to most nonlinear
observers; they require less computing power when applied, but the corresponding
design is usually based on the search for a global transformation into a suitable ob-
server normal form or the solution of a partial differential equation [BAA22], which
is generally non-trivial and requires a deeper understanding of the underlying theory,
representing a relatively large hurdle for use in practice. For these reasons, and not
least because of the steadily growing availability of computing capacities and the
development of highly efficient optimization algorithms, MHE is increasingly applied
in various different fields, ranging from chemical and process engineering [HCE18;
Els+21], mobile robotics and localization [Liu+17; Brel9], offshore engineering and
freight transportation [CLH22], to medical applications [Kle+23].
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However, the corresponding theory developed rather slowly, with little ability to
provide practical tuning guidelines. Only recently, substantial progress has been
made by deriving robustness properties of MHE under a relatively mild detectability
condition, compare [RMD20]. Nevertheless, many problems and open questions
remain that prevent the current MHE theory from providing any value beyond
conceptual nature. Specifically, the following problems can be identified.

1. Practical relevance: The recently developed robustness guarantees for MHE
require the knowledge of a particular detectability property for the design of
the cost function, for which there is no systematic method for verification.
Moreover, the results are mostly overly conservative, yielding unrealistic and
practically irrelevant design guidelines and estimates on the horizon length.

2. Restrictive design: The most recent results in the field of nonlinear MHE focus
on discrete-time systems and do not have a direct continuous-time counter-
part. In this context, there is also a lack of fundamental theory on suitable
continuous-time notions of detectability and robust stability. However, inves-
tigating corresponding MHE schemes is important, as the original physical
system to be estimated usually corresponds to a continuous-time model. Hav-
ing to discretize it first significantly complicates the system representation,
restricts flexibility, can lead to additional discretization errors, and requires
fixing a particular discretization scheme and sampling period beforehand.

3. Real-time capability: The computing power available in practice is often
severely limited, and computing the global optimum at each time step is usu-
ally not possible within a fixed time interval. Instead, the solver is usually
terminated with a suboptimal solution, which renders the theoretical guaran-
tees invalid (as they usually depend on this criterion).

4. Parametric model uncertainties: In practical applications, the derived system
model requires system identification and usually suffers from parametric un-
certainties, as only noisy measurement data is available. This, however, may
invalidate the available robustness guarantees, which crucially rely on an exact
model of the system, or even cause the estimation error to become unstable.
Adapting the parameters online to obtain a precise model is not directly pos-
sible, as it is yet unclear how to deal with potential lack of excitation (which
often occurs frequently or unpredictably in practical applications).

5. Estimation performance: There is no general performance analysis of MHE
available. It is therefore unclear how an MHE scheme must be designed in
order to ultimately achieve a similar estimation performance to the (desired
but impractical) FIE counterpart or a comparable benchmark.

This thesis aims at developing a deepened system-theoretic understanding of MHE
and establishing desired robust stability and performance guarantees under realistic
and practically relevant conditions, contributing to the greater goal of supplementing
the great success of MHE in practical applications with a well-founded theory. In
the following two sections, we provide an overview on the related literature and
summarize the main contributions of this thesis.
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1.2. Literature overview

In this section, we provide a brief overview over the literature related to the research
topic. This of course covers works on nonlinear MHE, but also on system-theoretic
properties such as detectability and robust stability, methods for combined state
and parameter estimation in general, as well as performance and turnpike analysis
in the context of optimal control.

1.2.1. Nonlinear detectability

While it is well understood how observability and detectability can be characterized
and verified for linear systems (see, for example, Chapters 5 and 6 in [Son90]), this
is not the case for general nonlinear systems. Here, one might transfer conceptually
similar approaches and generally argue about the indistinguishability of different
initial conditions based on the respective output signals or try to analyze the ob-
servation space of the system using Lie derivatives along the vector field (see, e.g.,
[Bes07, Ch. 1]). However, explicit verification of such rather abstract properties in
practical applications is generally a complex and difficult problem.

A system-theoretic approach to characterize detectability for nonlinear systems is
given by the concept of incremental input/output-to-state stability (i-IOSS). This
property requires that the difference between any two trajectories of a dynamical
system is upper bounded by the difference in their respective initial conditions,
their inputs, and their outputs. Loosely speaking, if the differences between their
respective inputs and outputs are small, then the difference between the states must
also become small, which hence directly entails an indistinguishability property that
is a natural characteristic of detectability in general.

The concept of i-IOSS was originally proposed in [SW97] to extend the notion of
(non-incremental) input/output-to-state stability (IOSS)—which compares a sys-
tem trajectory with the zero-trajectory and can thus only be regarded as °
detectability”—to a pair of arbitrary system trajectories. Introduced in an L*-
to-L>° sense, it has been shown that a continuous-time system must necessarily
satisfy the i-IOSS property to admit a robustly stable full-order state observer,
and its discrete-time analogue has become the standard in the field of optimization-
based state estimation, compare, for example, [RJ12; Ji4+16; Mill7; RMD20; AR21;
KM23; Sch+23; Hu24; Ale25].

‘zero-

The characterization of system properties via Lyapunov functions has turned out to
be very useful for system analysis and the design of controllers and observers. Here,
it is important to establish the equivalence between the Lyapunov function char-
acterization and its corresponding original notion by means of converse theorems,
in order to ensure that considering the Lyapunov function, which is usually easier
when designing controllers and observers, is indeed without loss of generality. Such
results are available (mostly in both continuous and discrete time) for, e.g., global
asymptotic stability (GAS) in [LSW96] and [JWO01], input-to-state stability (ISS) in
[SW95] and [JWO01], (non-incremental) I0SS in [KSWO01] and [CTO08], and integral
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IOSS in [Ing0la; Ing01b]. Stronger, incremental notions are considered in [Ang02]
and [TRK16], which address incremental GAS and incremental ISS (i-ISS), albeit
under the condition that inputs and external signals (such as, e.g., time-varying
parameters or disturbances) of the system take values in compact sets. The condi-
tion of compactness could be weakened by using a dissipation inequality in integral
form along with relaxing the requirement of smoothness of the Lyapunov function
to mere continuity, which is done in [Ang02] and [Ang09] considering the incremen-
tal L2-to-L*> (i.e., integral) versions of GAS and ISS for continuous-time systems,
respectively.

More recently, time-discounted variants of i-IOSS were proposed in [KM20; ART21]
for discrete-time systems, where it was shown that discounting past disturbances
appears very natural and even without loss of generality. A corresponding con-
verse Lyapunov result is provided in [ART21], which is structurally easier and more
intuitive to establish with such a discount factor than without, as is the case in,
e.g., [LSWI6; KSWO01; Ang02; Ang09]. Moreover, i-IOSS with time-discounting
and its associated Lyapunov function are crucial for recent results in the field

of optimization-based state estimation for discrete-time systems, compare [KM23;
AR21; Sch+23].

1.2.2. Robust stability of MHE

One of the main concerns in MHE theory (and observer design in general) is to
ensure, under appropriate conditions, that the corresponding estimation error is
bounded and converges to zero in the ideal, unperturbed case, so that the unknown
true trajectory can be recovered (at least asymptotically). To this end, an MHE
scheme for continuous-time systems was proposed and analyzed in [MM95]. Since a
cost function without a prior weighting was used (which can be seen as a regulariza-
tion term), the system must satisfy an observability condition to ensure exponential
convergence of the estimation error. Using such a cost function, however, requires
long estimation horizons to ensure satisfactory performance in practice, compare
[RMD20, Sec. 4.3.1]. Since the application of MHE inevitably requires some sort of
sampling strategy (i.e., discrete time points at which the optimization is performed),
schemes for discrete-time systems have recently been the main focus in the litera-
ture. Early results in the context of nonlinear systems employed certain uniform
observability properties, compare, for example, [MR95; RRM03; ABBO0S|.

In recent years, the notion of i-IOSS has proven to be a very useful concept for
nonlinear detectability, enabling significant advances in MHE theory. In particular,
in [RJ12], the authors established robust stability of FIE for i-IOSS systems, consid-
ering the special case of convergent (i.e., vanishing) disturbances. Robust stability
of MHE in the more general and practically relevant case of persistent bounded
disturbances was established in [Ji+16], albeit requiring a cost function that does
not allow for standard least squares objectives. This was addressed in [Mill7]
and generalized in [AR19b], however, yielding theoretical guarantees that—counter-
intuitively—deteriorate with an increasing estimation horizon. The Lyapunov-based
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approach proposed in [AR21] is able to avoid this drawback, but on the other hand
requires an additional stabilizability condition. Alternative approaches rely on an
additional pre-estimating observer from which robust stability properties could be
inherited [Liul3; GBE21].

In contrast, another line of research considers a cost function that includes explicit
time discounting, which in the MHE context originates from the work [KM18].
This establishes a more direct link to the i-IOSS property and allows the derivation
of strong robustness guarantees under less restrictive conditions, see, for example,
[KM23; Hu24; Ale25]. In particular, the guarantees improve as the horizon length
increases and do not require additional assumptions such as stabilizability or pre-
estimating observers. The Lyapunov framework proposed in [Sch+23], which es-
sentially relies on the same underlying principles, further simplifies the tuning and
provides less conservative conditions on the horizon length sufficient for guaranteed
robustly stable state estimation.

1.2.3. MHE for real-time applications

MHE requires solving a usually non-convex optimization problem at each time step,
and is hence computationally demanding. Moreover, since the computing power
available in practice is often severely limited, solving the optimization problem to
global optimality at each time step is usually not possible within a fixed time interval.

In order to improve the real-time applicability of MHE, methods employing an ad-
ditional auxiliary observer were developed to structurally simplify the optimization
problem and thus save computing capacity. For example, in [SJF10], an MHE
scheme for linear systems was proposed that utilized an additional Luenberger ob-
server to replace the state equation as a dynamical constraint. As this allows to
compensate for model uncertainties without computing an optimal disturbance se-
quence, the optimization variables could be reduced to one, namely the initial state
at the beginning of the horizon. In [Suw+14], this idea was transferred to a class
of nonlinear systems, and a major speed improvement compared to standard MHE
could be shown. However, this results in a loss of degrees of freedom, since there
is no possibility to tune the cost function with respect to model disturbances and
measurement noise. In [Liul3], an observer was employed to construct a confidence
region for the actual system state. Nevertheless, introducing this region as an addi-
tional constraint in the optimization problem can be quite restrictive and therefore
may not allow significant improvements of MHE compared to the auxiliary observer.
In [GBE21], a proximity-MHE scheme was proposed for a general class of nonlinear
systems, where an additional observer is used to construct a stabilizing a priori es-
timate yielding a proper warm start for the low-level optimization algorithm, and
nominal stability could be shown by Lyapunov arguments.

Nevertheless, all the above methods require optimal solutions to the (simplified, but
still non-convex) MHE problem, and their complete computation within fixed time
intervals is difficult (if not impossible) to guarantee. A more intuitive approach is
to simply terminate the underlying optimization algorithm after a fixed number of
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iterations, which on the one hand provides only suboptimal estimates, but on the
other hand ensures fixed computation times. However, since most results from the
nonlinear MHE literature are crucially based on optimality [RMD20; Mill7; AR21;
Hu24; KM23], stability of suboptimal MHE cannot be straightforwardly deduced.
For practical (real-time) applications, it is therefore essential to develop suboptimal
schemes that guarantee robust stability without requiring optimal solutions.

To this end, fast MHE methods were developed in [Kith+11; WVD14; AG17], per-
forming only a predetermined number of iterations of a certain optimization algo-
rithm (e.g., gradient- or Newton-based). However, the corresponding results rely on
a strong uniform observability condition and (local) contraction properties of the
specific algorithms, requiring both a proper initial guess and at least one iteration
to ensure (local) stability, compare [WVD14; AG17]. In [WK17], the combina-
tion of a fast MHE scheme and pre-estimation using a nonlinear Luenberger ob-
server was considered, combining the advantages of both approaches. A suboptimal
proximity-MHE scheme for linear systems was proposed in [GGE22], where nominal
stability guarantees could be given without performing any optimization by using a
pre-stabilizing observer and contraction properties of a specific gradient-based opti-
mization algorithm. This approach has recently been extended to nonlinear systems
in [GGE21], thus providing nominal stability guarantees for a suboptimal nonlin-
ear proximity-MHE scheme using local properties of the optimization algorithm
involved. Whereas these algorithms require the computation of first-order sensi-
tivities to perform the iterations, zero-order MHE methods were developed that
completely avoid the online evaluation of sensitivities [BZD19] or use fixed approxi-
mations [Bau+21]. The resulting MHE schemes are suitable for real-time estimation
of large-scale processes (arising, for example, from a discretization of partial differ-
ential equations), but their theoretical properties are of qualitative and local nature,
and the respective conditions are hard to verify.

1.2.4. Joint state and parameter estimation

MHE is a model-based state estimation technique and hence requires knowledge of
a suitable dynamical model of the system to be estimated. However, even if the
general structure of the system is known, the model parameters are often uncertain
and/or fluctuate during operation, e.g., due to heat production, mechanical wear,
temperature changes or other external influences. This may invalidate the robust-
ness guarantees, as they usually rely on an exact model of the real system and are
therefore not necessarily valid in the case of parametric model uncertainties. In the
worst case, this could even lead to the estimation error becoming unstable, compare,
for example, [Fit71; SS71].

To address this problem, a min-max MHE scheme was proposed in [ABB12], where
at each time step a least squares cost function is minimized for the worst case of the
model uncertainties. However, such a min-max approach becomes computationally
intensive for general nonlinear systems, and the worst-case consideration may be too
conservative and affect estimation performance. In [MKZ23a|, a regularization term
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was employed that depends on a given a priori estimate of the (constant) uncertain
parameters, avoiding a nested min-max optimization scheme and ultimately yielding
state estimates that are robust to changes in the true unknown parameter. Here,
practical stability of the state estimation error with respect to the a priori parameter
error could be established.

Yet it is often advantageous to not only ensure robustness against model errors,
but also to obtain an estimate of the uncertain parameters, since a precise model is
crucially required for, e.g., high-performance control, system monitoring, or fault de-
tection. This demands suitable techniques for online parameter adaptation. In this
context, an MHE scheme was proposed in [SJ11] by treating the unknown constant
parameters as additional states with constant dynamics. The corresponding stabil-
ity analysis is based on the transformation of the extended system into an observable
and an unobservable but exponentially stable subsystem, where the temporary loss
of observability (due to lack of excitation) is handled by suitable regularization and
adaptive weights. However, the robustness properties have not been analyzed, and
the imposed conditions for guaranteed state and parameter convergence are not
trivial to verify in practice. In [FS23], MHE under a non-uniform observability
condition is considered, which is potentially also suitable to be used for joint state
and parameter estimation. The results, however, rely on persistently exciting inputs
and, in particular, no fallback strategy is provided in case a lack of excitation occurs
in practice during estimation. The work [BRD22] investigates MHE for joint state
and parameter estimation from the perspective of numerical optimization. Here, the
lack of excitation is addressed by using additional pseudo-measurements in case the
variances of the estimates do not sufficiently decrease over the estimation horizon.
This ensures that the corresponding covariance matrix remains bounded and the
arrival cost is properly regularized; however, this approach lacks (global) stability
guarantees.

An alternative approach to joint state and parameter estimation is provided by
adaptive observers, which compute state estimates and simultaneously update in-
ternal model parameters. This concept originates from the work [Kre77] and has
been extensively studied in the literature, see, e.g., [IS12] for an introduction to
this topic. Theoretical guarantees usually consider the case of constant parameters
and involve a detectability or observability condition on the system states and a
persistence of excitation (PE) condition to establish parameter convergence. Dif-
ferent system classes (usually neglecting disturbances) have been considered, e.g.,
linear time-varying (LTV) systems [TB16], Lipschitz nonlinear systems under a lin-
ear parameterization [CR97], nonlinearly parameterized systems [Far+09; Tyu+13],
or systems in a certain nonlinear adaptive observer canonical form, compare, e.g.,
[BG88; MSTO01]. An adaptive sliding mode observer was proposed in [EEZ16], which
was generalized to a more general class of systems in [Fra+20], albeit under condi-
tions that imply certain structural restrictions. Adaptive observers usually can also
be applied to track (slowly) time-varying parameters if a forgetting factor is used in
the design, see, e.g., [TB16]. Time-varying parameters are explicitly considered and
analyzed in, e.g., [BG88] and [MSTO01], requiring that the parameter and its time-
derivative are globally bounded for all times. Alternative approaches for systems
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in canonical forms can be found in, e.g., [BM21], where more general identifiers are
used to estimate the dynamics.

The vast part of the literature on state and parameter estimation considers PE
conditions to be uniform in time, which usually is restrictive and cannot be guar-
anteed a priori (except, e.g., for linear systems and suitable input trajectories). To
ensure practical applicability, it is essential to investigate weaker, especially non-
uniform, excitation conditions. In this context, for example, a regularized adaptive
Kalman filter (for LTV systems) was proposed in [Mar+22| and an adaptive ob-
server (for systems in a nonlinear adaptive observer canonical form) in [TM23]. In
both works it could be shown that the state and parameter estimation errors are
bounded without excitation and exponentially stable in the presence of PE. Re-
laxed excitation conditions have recently received much attention in the context
of (pure) parameter estimation of regression models. In [EBO19], however, it was
shown that weaker conditions than PE generally only allow for non-uniform asymp-
totic stability guarantees, which is also consistent with earlier works, e.g., [PLTO01].
Using the dynamic regressor extension and mixing idea, exponential convergence
could be established for linear regression models (and certain classes of nonlinear

ones), merely assuming interval excitation (which is strictly weaker than uniform
PE), compare, e.g., [Kor+22; ORA22].

1.2.5. Performance guarantees for state estimation

Current research in the field of MHE is primarily concerned with stability and ro-
bustness guarantees, see, for example, [RMD20, Ch. 4] and [ABB0S8; Ale+10; AR21;
KM23; Sch+23; Hu24; Ale25]. These works essentially show that under suitable
detectability conditions, the estimation error of MHE (i.e., the deviation between
the estimated and the real system state) converges to a neighborhood of the origin,
the size of which depends on the true unknown disturbance. However, results on
the actual performance of nonlinear MHE methods, and in particular on the ap-
proximation accuracy and performance loss compared to a particular (challenging)
benchmark, are lacking.

In general, a useful metric for quantifying the cumulative performance gap of a cer-
tain (estimation or control) algorithm with respect to a given benchmark is provided
by the notion of dynamic regret. This is in fact a standard measure for analyzing
related methods in the field of reinforcement learning [JOA10; ACJ21]. For the
control of linear dynamical systems, regret-optimal controllers are designed in, e.g.,
[Sab+21; DSZ22; Mar+24b; Mar+24a]. Moreover, a regret analysis is performed
for, e.g., online optimal control algorithms [Aga+19; LCL19; NM22], and the re-
lation between bounded dynamic regret and asymptotic stability of the resulting
closed loop is formally analyzed in [NM23].

In the context of state estimation for linear systems, regret-optimal filters are de-
signed in [GH23; SH22], which essentially minimize the regret with respect to a
clairvoyant (acausal) filter having access to future measurements. This approach is
extended in [BDF23], where an exact solution to the minimal-regret observer is pro-
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vided utilizing the system level synthesis framework. In [GGE22], an MHE scheme
is proposed that provides regret guarantees with respect to an arbitrary compar-
ative (e.g., the clairvoyant) observer. This approach is extended to nonlinear sys-
tems in [GGE21], but requires a restrictive convexity condition on the problem and
disturbance- and noise-free data.

Whereas performance guarantees for state estimators are generally rather rare and
usually restricted to linear systems, they often play an important role in nonlinear
optimal control, especially when the overall goal is an economic one. Corresponding
results usually employ a turnpike property of the underlying nonlinear optimal con-
trol problem, compare [McK86; CHL91]. This property essentially implies that opti-
mal trajectories most of the time stay close to an optimal equilibrium (or in general
an optimal time-varying reference), which is regarded as the turnpike. Turnpike-
related arguments are an important tool for assessing the closed-loop performance
of nonlinear model predictive controllers with general economic costs on finite and
infinite horizons, see, for example, [Gril6; FGM18; GP19; FG22]. Necessary and
sufficient conditions for the presence of the turnpike phenomenon in optimal control
are discussed in, e.g., [Dam+14; GM16; Fau+22; Tré23|, and are usually based on
dissipativity, controllability, and suitable optimality conditions.

1.3. Contributions and outline of this thesis

The main contribution of this thesis is the development of MHE methods for general
nonlinear systems in the presence of process disturbances and measurement noise,
for which desired (and in particular not too conservative) robust stability and per-
formance guarantees can be given under realistic and verifiable conditions. In the
following, we outline the structure of this thesis and clarify the contributions in
detail.

Chapter 2: Nonlinear detectability

In this chapter, we focus on i-IOSS as a characterization of detectability for gen-
eral nonlinear systems. We start by introducing different notions of i-IOSS in dis-
crete time in Section 2.1, encompassing the traditional asymptotic-gain formula-
tion and modern, time-discounted versions. Then, in Section 2.2, we concentrate
on continuous-time systems and propose a particular L?-to-L*> variant of i-IOSS,
namely time-discounted incremental integral I0SS (i-iIOSS). We introduce a cor-
responding Lyapunov function characterization of i-iIOSS relying on a dissipation
inequality in integral form, where we show that an exponential decay can be con-
sidered without loss of generality. We establish equivalence between the existence
of an i-ilOSS Lyapunov function and i-ilOSS by means of a converse Lyapunov the-
orem. Our proofs use similar tools as in previous works on incremental integral
ISS [Ang09] and i-IOSS in the discrete-time setting [ART21]; however, we point out
that the presented results do not straightforwardly follow from them. In particular,
continuity of the Lyapunov function candidate is shown by replacing the standard
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local Lipschitz assumption on the vector field of the system by a global property
involving the Osgood condition [Osg98]. As a byproduct, based on this assumption,
we formally prove global existence and uniqueness of system trajectories by adapting
the results from [Lip00; Bih56] to the generic class of measurable, locally essentially
bounded functions.

Furthermore, we propose a time-discounted integral L2-to-L°° variant of robust
global asymptotic stability (RGAS) and show necessity of i-ilOSS for a system to
admit a general observer mapping satisfying this property. Asking such a stability
property from an observer is advantageous for several reasons: first, it can be seen
as accounting for the disturbance energy under fading memory and thus allows for
a physical interpretation; second, it directly implies an L*> error bound and thus
combines the advantages of classical ISS and integral ISS properties. Overall, we
provide a general framework for a Lyapunov-based robust stability analysis of ob-
servers in continuous time. This will be an essential tool in the context of moving
horizon estimation in Chapter 3.

Chapter 3: Robust stability

In this chapter, we focus on robust stability guarantees for MHE and in particular
concentrate on a recent Lyapunov-based MHE approach. We first provide a math-
ematical background on MHE by introducing a basic discrete-time MHE scheme
in Section 3.1, where we discuss fundamental properties and characteristics. Then,
we briefly introduce the Lyapunov-based MHE framework proposed in [Sch+23,
Sec. I1I], which forms a basis for many of the results in this thesis (but is not itself
a contribution® of it).

In Section 3.2, we propose a Lyapunov-based MHE scheme for general nonlinear
continuous-time systems. We employ a least squares objective with fading memory
and establish robust global exponential stability of the estimation error in a time-
discounted L?-to-L> sense. Here, we heavily rely on the concepts of i-ilOSS and
RGAS introduced in Chapter 2 to characterize the required detectability and robust
stability properties. Our derivation builds on our ideas for the discrete-time case
from [Sch+23, Sec. III|; however, the results do not trivially follow from this. In-
stead, the presented results are more general, require a different proof technique, and
offer key advantages over purely discrete-time schemes, especially when the phys-
ical system to be estimated actually corresponds to a continuous-time one (which
is often the case in practice). First, we note that arbitrary sampling strategies can
be employed to define time instants at which the underlying optimization problem
is actually solved, which can even be modified online at runtime. This provides a

L Julian D. Schiller (the author of this thesis) and Simon Muntwiler are joint first authors of the
article [Sch+23]; Simon Muntwiler provided the theoretical analysis of discrete-time Lyapunov-
based MHE (Sections III-B and III-C in [Sch+23]), which is part of the contributions of the PhD
thesis [Mun24]; Julian D. Schiller contributed the comparison with existing results from the
MHE literature (Section ITI-D), methods to verify the underlying detectability condition (Sec-
tion IV), and the numerical examples (Section V), which are included in this thesis. A detailed
description of the contributions of each author of [Sch+423] is given in Appendix A.



1. Introduction 11

huge additional degree of freedom, and even allows the proposed MHE scheme to
be used in an event-triggered fashion, that is, by choosing the sampling instants
online depending on a suitable triggering rule. Consequently, the proposed MHE
scheme can be better tailored to the problem at hand, which can yield more accurate
results with less computational effort compared to standard equidistant sampling.
Furthermore, it may be advantageous in practice to characterize the detectability
of a continuous-time system instead of its discretized representation, as the corre-
sponding analysis is structurally easier and particularly does not require specifying
a certain discretization scheme and a sampling period beforehand, compare also Sec-
tion 7.1. Moreover, the derived robustness guarantees are valid for MHE applied to
the real physical continuous-time system, and not to an approximately discretized
model (which may suffer from additional discretization errors).

In Section 3.3, we provide a detailed discussion of Lyapunov-based approaches in
nonlinear MHE (covering both discrete- and continuous-time frameworks), high-
lighting its advantageous properties arising from the fact that we argue entirely
in Lyapunov coordinates. Specifically, tuning the MHE cost function in order to
achieve valid theoretical guarantees becomes more easy and intuitive, and the deriva-
tion generally allows for significantly less conservative (i.e., smaller) estimates of the
minimum required horizon length compared to the literature.

We illustrate the applicability of Lyapunov-based MHE for both discrete- and contin-
uous-time systems in Section 3.4, using a nonlinear chemical reaction and a quadro-
tor model from the literature. Here, we certify detectability by computing i-IOSS
and i-iIOSS Lyapunov functions using our methods from Section 7.1 and apply the
Lyapunov-based MHE schemes from [Sch+23, Sec. III] and Section 3.2. Overall,
our examples show that the combination of the considered Lyapunov-based MHE
schemes with our verification methods from Section 7.1 allow for guaranteed robust
stability (specifically, RGAS) of MHE under practical conditions, for both discrete-
and continuous-time systems.

Chapter 4: Suboptimality guarantees for real-time applications

In this chapter, we present several suboptimal MHE schemes for general perturbed
nonlinear discrete-time systems and provide robustness guarantees that particularly
do not require optimality of the solutions. This is crucial in order to ensure real-time
applicability of MHE in cases where the optimization problem cannot be solved to
optimality within one fixed sampling interval. To this end, we establish the “feasi-
bility-implies-stability /robustness” paradigm from model predictive control (MPC)
in the context of nonlinear MHE. Indeed, it is well known that if the suboptimal so-
lution to a given MPC problem can be guaranteed to improve the cost of a suitably
chosen warm start, then robust stability of the controller can be directly inferred
[SMR99; PRW11]. Transferring this concept to state estimation, we prove robust
stability of suboptimal MHE by simply requiring that a suboptimal solution im-
proves the cost of a feasible candidate solution. Here, we employ an a priori known,
robustly stable auxiliary observer, from which the robust stability properties can be
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inherited. We specify our setup concerning the system and the auxiliary observer in
Section 4.1.

In Section 4.2, we consider a classical MHE formulation which optimizes over system
trajectories, allowing for suboptimal MHE using a standard least squares cost func-
tion, which is typically chosen in practical applications. We propose two different
candidate solutions for the MHE problem, where the first one essentially corresponds
to a nominal system trajectory initialized with an estimate of the auxiliary observer,
and the second one employs the trajectory of the auxiliary observer restricted to the
current estimation horizon. While the former is applicable to general nonlinear sys-
tems, the latter requires a certain structure of the system and the observer, but
provides qualitatively better theoretical guarantees (in particular, disturbance gains
that do not deteriorate with increasing estimation horizons). For both candidate so-
lutions, we show that the i-IOSS Lyapunov function characterizing the detectability
of the underlying nonlinear system directly serves as Lyapunov function for subop-
timal MHE, from which robust stability can be directly inferred. Here, the derived
robustness guarantees are valid independent of (i) the horizon length; (ii) the cho-
sen optimization algorithm; (iii) the number of solver iterations performed at each
time step (including zero). This represents a major generalization compared to the
literature, as theoretical guarantees for real-time capable MHE schemes usually rely
on local convergence properties of a particular optimization algorithm.

We additionally extend our results to the practically relevant case where the auxiliary
observer may leave the known physical domain of the system (e.g., due to transient
dynamics or perturbations), but where such additional knowledge is to be leveraged
in the MHE problem through an additional state constraint. To this end, we propose
suitable adaptions to the candidate solutions to ensure their feasibility and thus
guarantee constraint satisfaction of suboptimal MHE for all times.

We illustrate the applicability of the proposed suboptimal MHE scheme with a
chemical reaction example, where we first formally verify the sufficient conditions
for robust stability of suboptimal MHE. We observe that performing only a single
iteration of the optimizer each time step is sufficient to significantly improve the
estimation results from the auxiliary observer and achieve an overall estimation per-
formance close to that obtained with standard (optimal) MHE, while significantly
reducing the required computation times. Moreover, this illustrates that the pro-
posed re-initialization strategy used in the construction of the candidate solutions
can be very effective, especially in the case of poor transient behavior of the auxiliary
observer.

In Section 4.3, we consider a modified MHE formulation where we optimize over
trajectories of the auxiliary observer, similar to the idea proposed in [SJF10; SJ14;
Suw+14; WK17]. This leads to an estimation scheme that is easier to implement
and provides improved theoretical guarantees. Since the corresponding suboptimal
MHE scheme is even stronger connected to the auxiliary observer, the theoretical
analysis is more direct, ultimately leading to tighter error bounds. Provided that the
auxiliary observer admits an i-ISS Lyapunov function, we show that this function
directly serves as Lyapunov function for suboptimal MHE under a suitable choice of
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the horizon length. In contrast to [Suw+14; WK17; GGE21], the derived guarantees
are independent of the optimization algorithm, hold for an arbitrary number of solver
iterations, improve as the horizon length increases, and asymptotically approach
those from the auxiliary observer (which is the best possible bound given that we
derive guarantees for an arbitrary number of iterations, including zero).

The simulation example shows that performing already one iteration is sufficient to
significantly improve the estimation results of the auxiliary observer. Moreover, we
find that the modified suboptimal MHE scheme can outperform comparable subop-
timal /fast MHE schemes from the literature that optimize over system trajectories,
especially in case the auxiliary observer is rather aggressive.

Chapter 5: Joint state and parameter estimation

In this chapter, we provide MHE schemes for joint state and parameter estimation
for general nonlinear discrete-time systems subject to process disturbances and mea-
surement noise. This is generally a challenging problem, as in practice insufficient
excitation may occur frequently or unpredictably, potentially rendering classical ap-
proaches based on uniform excitation properties ineffective or invalid. It is therefore
essential to deal with concepts of non-uniform PE in order to cover such scenarios
and to ensure that the estimation methods are robust in this respect.

We first consider the case of constant parameters in Section 5.2. Here, we pro-
pose an MHE scheme that avoids a uniform PE condition and instead uses online
information about the current excitation of the parameters to suitably adjust the
regularization term in the cost function. We establish a bound on the state and
parameter estimation error that is valid for all times—even if the parameters are
never or only rarely excited—and which improves the more often sufficient excitation
is present. The bound specializes to a robust global exponential stability property
under an additional uniform condition on the maximum duration of insufficient ex-
citation. We furthermore discuss the (restrictive) case of uniform PE, where we
show that this is equivalent to the existence of a joint i-IOSS Lyapunov function
for the augmented state vector consisting of the states and the system parameters,
rendering standard MHE methods for state estimation applicable.

In Section 5.3, we extend the MHE scheme and corresponding theoretical results to
the more general case of time-varying parameters. The analysis involves an addi-
tional weak incremental bounded-energy bounded-state property of the parameter
dynamics. Such a condition is naturally required to ensure that arbitrary parameter
drifts cannot cause the estimation error to become unstable in case the parameter
is insufficiently excited and hence unobservable. This allows us to develop robust-
ness guarantees for the overall (state and parameter) estimation error that are valid
independent of the parameter excitation, and which improve the more often the
parameters are detected to be sufficiently excited during operation.

The numerical examples illustrate that the proposed MHE schemes in combination
with the PE monitoring techniques from Section 7.2 are able to efficiently compen-
sate for phases of weak excitation. Specifically, we obtain reliable estimation results
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for all times, which are accurate if sufficient excitation is present and which do not
deteriorate arbitrarily in phases without excitation.

Chapter 6: Turnpike analysis and performance guarantees

In this chapter, we take a different perspective on MHE and investigate the under-
lying optimal state estimation problem through the lens of optimal control. This
motivates us to study the turnpike phenomenon in the context of optimal state es-
timation, which consequently leads to novel performance and regret guarantees for
optimization-based state estimators, in particular MHE.

In Section 6.1, we formalize the general optimal state estimation problem that con-
siders a finite data set of available input-output measurements collected from a gen-
eral nonlinear dynamical system. Then, we specify the benchmark against which we
want to compare the corresponding solution: the omniscient optimal state estimator
with infinite horizon that has perfect memory and access to future measurements.

In Section 6.2, we discuss and analyze the turnpike phenomenon appearing in finite-
horizon optimal estimation problems, which are at the core of all MHE and FIE
methods. In particular, we show that the benchmark estimator, i.e., the solution
of the (acausal) infinite-horizon optimal state estimation problem, serves as turn-
pike for finite-horizon problems involving only a subset of the data. We consider
different mathematical characterizations of this phenomenon and provide sufficient
conditions that involve strict dissipativity and decaying sensitivity of the optimal
estimation problem. Furthermore, we perform a detailed turnpike analysis for the
special case of linear systems and quadratic cost functions, where we essentially show
that decaying sensitivity is naturally present under controllability and observability
using standard arguments from optimal control and Riccati theory. We discuss the
considered turnpike characterizations with regard to their properties and limitations
and introduce a general turnpike definition that combines their advantages. Over-
all, our turnpike analysis leads to the surprising observation that MHE problems
naturally exhibit both an approaching and a leaving arc, which may have a strong
negative impact on the estimation accuracy.

In Section 6.3, we propose a slightly modified variant of classical MHE that involves
an additional delay to effectively counteract the influence of the leaving arc. We
show that the performance of the delayed MHE scheme is approximately optimal
and achieves bounded dynamic regret with respect to the infinite-horizon benchmark
estimator, with error terms that can be made arbitrarily small by an appropriate
choice of the delay. As a result, MHE (with delay) is able to track the accuracy and
performance of the omniscient infinite-horizon benchmark estimator. Moreover, we
propose a novel turnpike prior for MHE formulations with prior weighting, which—in
contrast to the classical filtering or smoothing prior—can be shown to converge to
a neighborhood around the infinite-horizon benchmark estimator that can be made
arbitrarily small by design. Furthermore, we consider the special case of MHE for
offline estimation and show that good performance of a state estimator directly
implies small estimation errors with respect to the true unknown system state.
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In Section 6.4, we illustrate our theoretical results in terms of various numerical
examples from the literature, which show that the proposed modifications can sig-
nificantly improve the estimation results in practice. In particular, we apply the de-
veloped theory to a continuously stirred tank reactor and a highly nonlinear quadro-
tor model with 12 states. Here, we can observe that the turnpike phenomenon is
present in MHE. Moreover, we find that even a delay of very few steps in the MHE
scheme improves the overall estimation error by 20-25 % compared to standard MHE
(without delay). For offline estimation of linear systems, we show that the proposed
delayed MHE scheme provides a useful alternative to established iterative methods
such as the Kalman filter and related smoothing algorithms, significantly outper-
forming them especially in the presence of non-normally distributed noise.

Chapter 7: Verification methods

In this chapter, we present various tools to numerically verify important system-
theoretic properties of general nonlinear systems in practice, such as detectability
(in terms of i-I0OSS) and PE. In particular, we employ different tools to reformulate
the corresponding mathematical conditions in the form of linear matrix inequalities
(LMIs) that can be efficiently verified using semidefinite programming (SDP) and
sum-of-squares (SOS) optimization, linear parameter-varying (LPV) embeddings, or
gridding techniques.

In Section 7.1, we focus on the computation of i-IOSS and i-ilOSS Lyapunov func-
tions for discrete- and continuous-time systems, which directly certify exponential
i-IOSS and i-ilOSS, respectively. Note that the lack of such a method in the liter-
ature was generally considered a major problem in [AR21], since i-IOSS became a
standard detectability assumption in the recent nonlinear MHE literature [Mill7;
AR19b; RMD20; Hu24; KM23; AR21; Ale25]. Here, we address this problem and
provide practical tools to actually verify this crucial property in practice.

In Section 7.2, we consider verification methods for PE of trajectory pairs, suitable
to monitor non-uniform excitation properties of unknown system parameters. We
first consider the case of constant parameters, where we derive a general condition
involving a particular observability metric that is constructed using certain matrix
recursions, which can be interpreted as the filtered linearized regressor information
that is visible at the output. Our method is applicable to general nonlinear systems,
requiring the two system trajectories under consideration to be sufficiently close to
each other. We show how these results can be strengthened to arbitrary system
trajectories by restricting the class of systems to a certain linearly parameterized
adaptive observer normal form. We extend our results to the case of time-varying
parameters, which under certain conditions can also be used to verify (non-uniform)
observability of system states.

The numerical experiments conducted in Chapters 3-6 illustrate the applicability of
the proposed verification methods to practical examples from the literature.
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Chapter 8: Conclusions

In this chapter, we provide a concluding overview, summarize the most important
contributions of this thesis, and explain interesting topics and extensions for future
research.

Author statement on previously published works

This thesis presents the outcome of several years of research on MHE theory. Signif-
icant parts have therefore already been published in scientific journals and presented
at conferences (or have been submitted there for review). These publications are
adopted here (in some cases verbatim), further developed, and placed in a broader
context. In particular, the Chapters 2-7 are based on the following publications:

o Chapter 2: [SM23c| and [SM24b, Sec. 2]
o Chapter 3: [SM24b] and [Sch+23, Sec. III-D, Sec. V]
o Chapter 4: [SM23d; SWM23; SKM21]
« Chapter 5: [SM23b; SM24a]

« Chapter 6: [SGM24; SGM25]

« Chapter 7: [Sch+23, Sec. IV], [SM24b, Sec. 4], [SM23b, Sec. 5], [SM23a, Sec. 4]

A detailed list of the publications, including a description of the contributions of
the individual authors, can be found in Appendix A.



2. Nonlinear detectability

In this chapter, we focus on i-IOSS as a characterization of nonlinear detectabil-
ity. We start by introducing different notions of i-IOSS in Section 2.1, encompassing
the traditional “asymptotic-gain” formulation and time-discounted variants. In con-
trast to discrete-time systems, where they are fully equivalent to each other, this is
generally not the case for continuous-time systems. In Section 2.2, we hence focus
on the strongest one, which is given by time-discounted incremental integral 10SS
(i-iIOSS). In particular, we provide an equivalent Lyapunov function characteriza-
tion and establish necessity of i-ilOSS for the existence of state estimators satisfying
a robust stability property in a time-discounted L?-to-L> sense.

The theoretical results in this chapter form the general basis for the MHE schemes
presented in Chapter 3 (especially for the continuous-time MHE scheme in Sec-
tion 3.2). They are complemented with suitable verification methods in Section 7.1,
where we provide constructive conditions (in terms of LMIs) to obtain i-IOSS and
i-ilOSS Lyapunov functions.

Disclosure: The following chapter is based upon and in parts literally taken from
our previous publications [SM23c¢| and Section 2 in [SM24b]. A detailed description
of the contributions of each author is given in Appendix A.

2.1. On different variants of i-10SS

There are actually multiple ways to define i-IOSS, as we will show in the following.
To this end, let us consider the discrete-time system

z(t+1) = f(x(t),u(t),dt)), z0)=x, (2.1a)
y(t) = h(z(t), u(t)) (2.1b)

with discrete time t € I, states x(f) € R", outputs y(¢) € RP, time-varying
parameters u(t) € R™, and inputs d(t) € R? Given some initial state y € R"™
and the sequences u = {u(j)}32, and d = {d(j)}32,, we denote the corresponding
states and outputs of the system (2.1) at time ¢ € Is¢ by x(t) = z(t, x, u,d) and

y(t) = y(t, x, u, d) = h(z(t, x, u, d), u(t)).

Remark 2.1 (Roles of the inputs). Note that the naming and roles of the variables u
and d is not standard in the 1SS-related literature. Nevertheless, this is done to be
consistent with the notation used in this thesis (and generally in the literature related
to state estimation), where u refers to known inputs (e.g., control inputs), and d to
unknown inputs affecting the dynamics such as process disturbances.
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The notion of i-IOSS characterizes the distance between two state trajectories x; =
{z(t, x1,u,d1)}52, and xg = {x(t, x2, u,d2)};2, of the system (2.1) that result from
the same parameter sequence u but different initial states y; and x» and different in-
put sequences d; and dy. Defining the corresponding outputs y; = {y(¢, x4, u, d;) }3%,,
i = 1,2, we can give the traditional i-IOSS definition as introduced in [SW97,
Def. 22] (transferred to the discrete-time setting) in terms of a max-based bound
using a function 5 € KL and asymptotic disturbance gains 4, v, € K:

|21(8) = 22()] < max{B(xa — x| 1), vallldy = dallo), v (v = tallo)}  (2:2)

for all ¢ € I-y. This notion essentially implies that the difference between two state
trajectories of the system (2.1) is upper bounded by the difference in their respective
initial conditions, their inputs, and their corresponding outputs. Here, it is impor-
tant to note that the influence of the difference in the initial states decays over time
due to the fact that § € KL, while the disturbance and output terms persist. Hence,
if two system trajectories have small differences in their inputs and outputs, then
eventually their states must converge to each other. Consequently, (2.2) entails an
asymptotic version of the classical indistinguishability condition and thus represents
a detectability property. Moreover, it is not a restrictive condition in the context of
robustly stable state observers (which are the focus of this work), since i-IOSS is in
fact necessary for the existence of such, compare [SW97, Prop. 23].

Due to the asymptotic gains in (2.2), however, it has turned out that this formula-
tion is difficult to work with and usually only leads to unsatisfactorily conservative
stability guarantees in the context of MHE, compare the discussion in Section 3.3
below. A more elegant variant of i-IOSS with additional time-discounting was pro-
posed in [KM20; ART21] (for discrete-time systems), where it was shown that the
discounting of past disturbances appears very natural and even without loss of gen-
erality. The corresponding property can be characterized as
1(8) = o(t)] < max { B(lx1 = xal. ), max Bulldi () = do(i)l £ = = 1),

Y
J€lo,t—1]

max ,(n() - )l t-i -1} @3

J€Lot—1)
for all ¢ € Iy, where 3, B4, 8, € KL.

Another different formulation is obtained if in (2.3) we replace maximization by
summation and apply a certain coordinate transformation in which the asymptotic
decay specializes to an exponential one:

a(lz1(t) = 22(1)]) < s — xal 0’
> ' (Qalld () — da()]) + (31 () — 2(5)]))  (24)

for all ¢ € I, where a, ay, aq, 0y € Ko and n € (0,1). This formulation is par-
ticularly beneficial since it has an equivalent Lyapunov function! characterization,

"Whereas in [ART21] there is no formal distinction between the notions from (2.3) and (2.4), the
first step in the proof of the converse Lyapunov result [ART21, Th. 3.2] corresponding to the
property (2.3) is to transfer (2.3) into (2.4) using Sontag’s KL-Lemma [Son98, Prop. 7] and
replacing maximization with summation.
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see [ART21, Th. 3.2].

A key advantage of considering discrete-time systems as in (2.1) is that all i-IOSS
formulations from (2.2)—(2.4) were in fact shown to be fully equivalent, see [ART21],
[KM20], and the technical report [ART20]. As a consequence, the Lyapunov function
characterization of (2.4) is generally also valid for the properties (2.2) and (2.3), and
has therefore proven to be very useful in the context of optimization-based state
estimation, compare [AR21; Sch+23].

For continuous-time systems, only the asymptotic notion of i-IOSS (2.2) exists in the
literature [SW97, Def. 22|. Transferring (2.3)-(2.4) to continuous time by replacing
the maximum operation by the essential supremum norm and summation by inte-
gration, we observe that (2.2)—(2.4) turn out to be actually very different properties
(without further restricting the class of inputs or the system to evolve on compact
sets), and we carefully have to distinguish between them. Note that this is to be
expected, because ISS and integral ISS are known to be very different properties in
the presence of general continuous-time systems, each suitable for a different class of
input functions; for more details, we refer to the book [Mir23]. However, due to the
exponential discounting, it is immediately clear that the continuous-time versions of
(2.2)—(2.4) satisfy the implications (2.4) = (2.3) = (2.2), compare Proposition 2.4
below. In the following, we focus on the strongest property given by (2.4), which,
as we show, is closely connected to a strong robust stability property for state esti-
mators—the main topic of this thesis.

2.2. Incremental integral input/output-to-state
stability

In this section, we formalize the time-discounted i-IOSS notion from (2.4) in the
context of continuous-time systems—namely, i-ilOSS. To this end, we first spec-
ify the general setting and classes of input functions in Section 2.2.1. Then, we
define i-iIOSS using nominal and disturbed outputs in Section 2.2.2, propose equiv-
alent Lyapunov function characterizations in Section 2.2.3, and establish necessity
of i-iIOSS for the existence of state estimators satisfying a robust stability property
in a time-discounted L2-to-L* sense in Section 2.2.4.

2.2.1. Setup and Preliminaries

We consider continuous-time systems of the form

#(t) = f(x(t), u(t),d(t), (0) =X, (2.5a)
y(t) = h(xz(t), u(t), v(t)) (2.5b)

with internal states z(t) € X CR" (0 € &), initial condition x € X, outputs y(t) €
Y CRP(0€)),and time t > 0. The time-varying parameter u : R>g — U C R™
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and the inputs? d : Rso — D C R? and v : R5g — V C R? are measurable, locally
essentially bounded functions® (with 0 € U, D,V), and we denote the set of such
functions as My, Mp, and M,,, respectively. For the sake of conciseness, for two
input functions d € Mp and v € My, we sometimes use w to denote the combined
input function w = (d,v) € Mp x My,.

The solution of the differential equation (2.5a) at ¢t > 0 for some initial state y € X
and input signals u € My and d € Mp is denoted by x(t,x,u,d). Here, we
consider solutions in the extended sense, that is, z(t) = z(¢, x, u, d) is an absolutely
continuous function solving the integral equation x(t) = x + fy f(z(7),u(7), d(7))dr,
which satisfies (2.5a) almost everywhere (i.e., for all ¢ > 0, except on a set of measure
zero), see, e.g., [CL55, Sec. 2.1] for further technical details. The corresponding
output according to (2.5b) is denoted by y(t, x,u,w) = h(z(t, x,u,d),u(t),v(t))
for any input signal v € M,,. We sometimes consider the nominal output of the
system (2.5) where v = 0, which we denote by vy, (¢, x, u, d) := h(x(t, x,u,d), u(t),0).

We impose the following assumption on the vector field f.

Assumption 2.1. The function f : X x U x D — R™ satisfies £(0,0,0) =0 and

|f(z1,ur, di) — f22,u2,do)| < k1 (|[(21, w1, dy) — (22, ug, da)|) (2.6)

for all z1,29 € X, all uy,us € U, and all di,dy € D, where k1 : Rsg — Rs¢ is
continuous, non-decreasing, x1(0) =0, k1(s) > 0 for all s > 0, and

/01 filc(igs) % /100 ,ﬁc(lgs) = oC (2.7)

Assumption 2.1 implies a global uniform continuity property of f along with a max-
imum growth condition. It is essential for proving the converse Lyapunov theorem
for i-iIOSS in Section 2.2.3, where we note that the factor 3 in (2.7) is required for
technical reasons and without loss of generality. It replaces the usual assumption
of f being locally Lipschitz (which is not suitable in our case, compare Remark 2.7
below) and ensures global existence and uniqueness of solutions of (2.5). Inequal-
ity (2.6) together with the first equation in (2.7) is similar to the so-called Osgood
condition, which was originally proposed in [Osg98] to establish local uniqueness of
solutions of ordinary differential equations without employing a Lipschitz property.
The second equation in (2.7) ensures that these solutions exist globally in time. Note
that a similar condition is in fact necessary for the global existence of solutions to
the scalar differential equation & = (), compare [Con95]. Valid functions #; that
satisfy Assumption 2.1 are, e.g., s+ s, s +— sln(s + 1), s — (s + 1) In(s + 1), com-
pare also [Con95; Lip00; Osg98]. While especially the second condition in (2.7) may

2Again, it should be noted that the naming and roles of the variables u, d, and v are such
that they are consistent with the notation used in this thesis, where u usually refers to known
inputs (e.g., control inputs), and d and v to unknown inputs affecting the dynamics (e.g.,
process disturbances) and the observed output (e.g., measurement noise), respectively, compare
Remark 2.1.

3See [Son90, Appendix C.1] for definitions and further details on standard technical terms related
to Lebesque measure theory.
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be a limitation in practice, we point out that global existence of solutions is often
assumed in the literature and significantly facilitates the exposition of our results.

The main properties of solutions of (2.5a) under Assumption 2.1 are summarized in
the following proposition, which is a straightforward extension of the results from
[Lip00; Bih56] by addressing the generic class of inputs considered here.

Proposition 2.1. Suppose that Assumption 2.1 is satisfied. Then, the ordinary dif-
ferential equation in (2.5a) admits a unique solution defined globally on Rsq for all

X €X, allu e My, and all d € Mp.

To prove Proposition 2.1, we first derive a bound on the difference between trajec-
tories over a fixed time interval by adapting the results from [Lip00] and [Bih56].
This can also be interpreted as a continuity property of the flow of the vector field f
in (2.5a).

Lemma 2.1. Let Assumption 2.1 hold. Then, there exists some p € Ko such that
for each x1,x2 € X, ui,us € My, and dy,ds € Mp, there exists T > 0 such that

2 (t, X1, 1, di) — 2(t, X2, U2, d2)| < P_I(P(C)et) (2.8)

for allt € [0,T) with
c:=[x1 = xo| + Tr1(3[lu1 — uzlo:r) + Tr1 (3] dr — dallosr)- (2.9)
Proof. Consider arbitrary xi,x2 € X, ui,us € My, di,ds € Mp. The existence
of the trajectories z;(t) = z(t, xi, i, d;), t € [0,¢;(xs,us,d;)) is ensured for some
ti(xi, uiyd;) > 0, i = 1,2 by continuity of f (Assumption 2.1) and Carathéodory’s
existence theorem (see, for example, [CL55, Th. 1.1, p. 43] and compare also [Mir23,

Ch. 1] and [Son90, App. C] for further details). Let T" := min;eyo{t;(xs, ui, d;i)}.
Then, for all t € [0,T), the trajectories z; and x5 satisfy

z1(t) —w2(t) = X1 — X2 + /Ot(f(ffl(T),Ul(T),dl(T)) — f(@2(7), uz(7), do(7)) )dr.
Define £(t) = |z1(t) — x2(t)], ua = uy — ug, and da = d; — dy. By applying (2.6),

the triangle inequality, and the fact that x; is positive definite and non-decreasing,
we can deduce that

§(t) < £(0) + /Ot(/;vl(f(S)) + Ra(luals)]) + Fi(lda(s)]))ds (2.10)
with R1(s) := k1(3s). Note that
/Ot(fﬁ(WA(S)l) +FElda(s)))ds < T(Ra(luallor) + Fi(lldallor))- (2.11)

By combining (2.10), (2.11), and the definition of ¢ from (2.9), we obtain

€(t) <c+ /Ot Ra(E(s))ds. (2.12)
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We first assume that ¢ > 0. Denote by U(t) the right-hand side of (2.12). Then,
U(0) = c and

U(t) = Fi(E(1) < m(U()). (2.13)
Now consider G(s) := [} Rfl(rr) for s > 0. By Assumption 2.1, lim, ,o+ G(s) = —o0

and lim,_,., G(s) = oo. Furthermore, from the Leibniz integral rule, it follows that

d d vo dr U()
7O =G | R = mwmy 2

The combination of (2.13) and (2.14) yields £G(U(t)) < 1. An integration over
[0, ¢] leads to

GU@M) -—GUO) <t o U < LU0 (2.15)

Now define p(s) := € for all s > 0 and p(0) := 0. It follows that p € K. (and
thus p~! € Ko). Since £(t) < U(t) for all t € [0,T) and U(0) = ¢, from (2.15) and
the definition of p we can conclude that £(t) < p~!(p(c)el) for all t € [0, T).

It remains to be shown that (2.8) also applies for ¢ = 0. Performing the same steps
as before with ¢ replaced by some € > 0 leads to £(t) < p~'(p(e)e?). Letting ¢ — 0
recovers (2.8) for ¢ = 0 and thus concludes this proof. ]

Proof of Proposition 2.1. We note that Proposition 2.1 is an immediate consequence
of Lemma 2.1. First, we claim that solutions exist globally in time. Indeed, suppose
not. Then, there exist yx € X, v € My, d € Mp, and some finite time 77 > 0
such that lim; .7, |2(t)| = oo, where z(t) = x(t, x,u,d). Applying Lemma 2.1 with
X1 =X, U1 = u, dy = d, and xo = 0, us = 0, dy = 0, it follows that (2.8) yields
2()] < p(p(Ix| + Ty (s (fullor,) + Fa(ldllom )))e!) for ¢ € [0,T3). The right-hand
side is bounded for t — T3, which contradicts finite escape time and hence implies
that solutions exist globally on Rx.

It remains to show uniqueness of solutions. To this end, assume that z;(t) =
x(t, x,u,d) and xo(t) = x(t, x,u,d) represent two solutions of (2.5a) on the in-
terval [0, T3] for T, > 0 with the same initial conditions x € X and inputs u € My,
and d € Mp. It follows that ¢ = 0 in (2.9) and |z (t) — 22(t)| = 0 for all ¢ € [0, T3]
by (2.8), which implies uniqueness of solutions on [0, 73] and hence concludes this
proof. O]

2.2.2. i-ilOSS for systems with disturbed outputs

For general nonlinear systems in the form of (2.5) where the output equation is
subject to an additional nonlinear input v, a natural extension of the i-IOSS formu-
lations from (2.2)—(2.4) (that involve nominal outputs without dependency on v) is
to define a similar property with respect to the disturbed outputs as previously done
in [KM20; KM23]. To this end, we modify the i-IOSS property in (2.4) and transfer
it to the general continuous-time setting described in the previous section, which
leads to the following definition.
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Definition 2.1 (i-ilOSS with disturbed outputs). The system (2.5) is i-ilOSS (with
disturbed outputs) if there exist some o, vy, 0y, 0y € Koo, and n € (0,1) such that

a(|z1(t) = wa(1)])
< aa(lxa — xel)i' + /0 0" (wl(wn (1) = wa(7)]) + ay(|91(7) = ga()]) )dr (2.16)

forallt >0, all x1,x2 € X, allu € My, all di,dy € Mp, and all vi,vs € My,
where x;(t) = x(t, xi, u, d;), yi(t) = y(t, xi, v, w;), and w; = (d;,v;), i = 1, 2.

Due to the fact that we consider the disturbed outputs in (2.16), the bound also needs
to explicitly involve the input difference v; —vy, which is accomplished by considering
the difference in the combined disturbance inputs wy — wy = (dy,v1) — (da, vg).

In the literature concerned with stability notions related to outputs, however, def-
initions with respect to nominal (undisturbed) outputs h(z,u,0) predominate, see,
e.g., [SWO7; ART20] for i-IOSS, [KSWO01; CTO08] for I0SS, [Ing0la] for integral
I0SS, or [Ang+04] for input-to-output stability. In the same way, we can define
i-il[OSS with nominal outputs.

Definition 2.2 (i-ilOSS with nominal outputs). The system (2.5) is i-ilOSS (with
nominal outputs) if there exist some a, o, g, 0y € Koo, and n € (0,1) such that

af|zy(t) — z2(t)])
< ax(lxa —le)n“r/o ' (@alldi () = do()]) + ay (|91 (7) = (7)) )dr (2.17)

for allt > 0, all x1,x2 € X, all u € My, and all di,ds € Mp, where z;(t) =
x(t7Xi7u7di) and yl(t) - yn(t7Xi7u7di) - h<IZ(t)7uz<t>70)7 1= 172

Because we consider the difference between the nominal outputs in the bound (2.17),
it suffices to consider the difference between the process disturbances d; — dy. De-
tectability properties with respect to nominal outputs become particularly relevant
in applications if the true output measurements are corrupted by additive measure-
ment noise, compare [ART21; SW97]. In this special case, the above two i-ilOSS
notions are equivalent, as we show in the following proposition. However, if the
measurement noise v enters nonlinearly in (2.5b), it is beneficial to consider i-ilOSS
with respect to the disturbed outputs as this is in fact a stronger* detectability
property than i-ilOSS with nominal outputs (Definition 2.2). This allows us to
construct (optimization-based) state estimators with strong robustness guarantees
that explicitly account for this type of measurement noise (compare Section 2.2.4
and Chapter 3), which is not possible under the weaker property of i-ilOSS with
nominal outputs.

4Note that this is intuitively clear because Definition 2.1 needs to hold for all possible functions
v1, V2, while Definition 2.2 needs to hold for one specific pair of inputs v, vo only, namely the
special case where v; = v = 0.
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Proposition 2.2. The i-iIOSS property with disturbed outputs (Definition 2.1) is
strictly stronger than i-iIOSS with nominal outputs (Definition 2.2). If the output

equation in (2.5b) specializes to h(x,u,v) = h(x,u) + Ev for some real matriz E of
appropriate dimension, then Definitions 2.1 and 2.2 are equivalent.

Proof. The implication (2.16) = (2.17) is trivial by considering the input v; = vy =0
in (2.16).

We prove (2.17) # (2.16) by constructing a simple counterexample that satisfies
(2.17) but cannot satisfy (2.16). Consider the scalar system

i(t) =d(t), =(0)=x, (2.18a)
y(t) = z(t)(1 —v(t)) (2.18b)

with ¢ > 0, initial condition xy € R, and inputs d,v € Mg. The system (2.18)
is trivially observable with respect to the nominal output, as y(t) = z(t) for all
t > 0 under v = 0. To see that it is also i-ilOSS (Definition 2.2), consider the two
solutions z;(t) = x(t, x;, d;) producing the nominal outputs y;(¢) = x;(t), i = 1,2,
t > 0 for some arbitrary initial conditions x1, x2 € R and inputs d;,dy € Mg. Now,
define the function U(zy,xs) = |21 — 2»|?. Computing the derivative of U along the
solutions x;(t) and z5(t) yields

Uy (t), z2(t)) = 2(z1(t) — 22(t)) T (d1(t) — 32(t))
<z () — 22(t)]? + |da () — da(2)

for almost all ¢ > 0, where the last inequality followed by applying Young’s inequality
and the system dynamics (2.18a). To the right-hand side, we add 0 = (1+k&)(yy(t) —
Yo(t) — (y1(t) — ya(t))) for some constant k£ > 0. Recalling that y;(t) — ya(t) =
x1(t) — xo(t) for v; = v9 = 0 by (2.18b) and using the definition of U, we obtain

U(1(t), 22(t)) < —kU (21(8), 22(t)) + i (t) = da(8)* + (1 + 5) |y (1) — (1)

for almost all t > 0. By applying the standard comparison principle, we can infer
that

[21(t) — 22(0)]* < €7 x1 — xel?

+ [ (1) — o)+ (1 Rl () — el dr

for all ¢ > 0. Hence, the system (2.18) is i-ilOSS with nominal outputs (Defini-
tion 2.2) and satisfies (2.17) for all ¢ > 0 with n = e € (0,1), a(s) = a,(s) =
aq(s) = s% and o, (s) = (1 + K)s?, s > 0.

However, the system (2.18) cannot be i-ilOSS with disturbed outputs in the sense
of Definition 2.1, because the two solutions z;(t) = x(¢, x;,d;), 1 = 1,2 with xy; =1
di =0,v; =1land xo =0dy =0, vy = 1 produce x(t) —xzo(t) = 1 for all ¢t > 0, while
di—dy =0,v1—vy = 0and y; (t) —y2(t) = x1(t)(1—v1(t)) —22(t) (1 —ve(t)) = 0 for all
t > 0. Consequently, there cannot exist K -functions a, a,, ay,, oy, and n € (0, 1)
such that (2.16) holds for all £ > 0.
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Now consider the case where the system is i-ilOSS with nominal outputs (Defini-
tion 2.2) and additionally h(z,u,v) = h(x,u)+ Ev for some matrix E of appropriate
dimension. Then, we can exploit that for any values of u € U, z; € X, v; € V,
1= 1,2, we have

ay(|h(z1,u,0) — h(za,u,0))

ay(|h(z1,u,0) + E(v; —v1) — h(xg,u,0) + E(vg — v3)|)
vy (|h(x1, u,v1) = b1, u, v2)| + [E(vr — v2)])
oy (

@Ih(z1,uy01) — bz, w,09)]) + (2,/Amax(ETE)\U1 _ vzy) ,

where in the last inequality we have used the fact that for any K-function o, it holds
that o(a +b) < 0(2a) 4+ o(2b) for any a,b > 0. Since

VANl

IA

|1 — wva| = [(0,v1) — (0,v2)| < [(dy,v1) — (d2,v2)] < [wy — ws|

for any d; € D and w; = (d;,v;) for i = 1,2, this implies that the system is also
i-iIOSS with disturbed outputs in the sense of Definition 2.1 with the IC-function
ay(s) == 2max {ozd(s), Qy (21//\maX(ETE) . s)}, s > 0, and a simple re-definition of
a, € K involving the additional factor 2, which finishes this proof. O

In the proof of Proposition 2.2, we have shown that the system (2.18) is i-ilOSS
by constructing an i-ilOSS Lyapunov function (namely, the function U). This char-
acterization is formalized in Section 2.2.3 below. Note also that although Proposi-
tion 2.2 and its implications are stated for continuous-time i-iIOSS (Definitions 2.1
and 2.2), they directly carry over to the discrete-time case.

We close this section with the following remarks.

Remark 2.2 (Linear systems and i-ilOSS). Indeed, for the special case of linear sys-
tems, all the different notions of i-ilOSS, i-10SS, and I0SS coincide’ and, more-
over, are equivalent to the standard definition of (linear) detectability, see, for exam-
ple [SWI7] and compare also [KSWO1, Example 2.5], [CT0S, Sec. 3], and [KM20,
Sec. VIJ.

Remark 2.3 (Exponential function). In this thesis, we generally employ functions of
the form n' for some n € (0,1) to characterize an exponential decrease with respect
to time t > 0 (see, e.g., Definitions 2.1 and 2.2). This is in contrast to many
other works having a purely continuous-time setting that rather use e=** for some
k > 0, since such functions naturally occur in the context of ordinary differential
equations, see, e.q., [PW96; Son98]. Obuviously, these characterizations are fully
equivalent (simply set n = e~%); however, we use n' to ensure consistency in the
notation between the continuous- and discrete-time MHE formulations discussed in
this thesis.

5Definitions 2.1 and 2.2 are equivalent in the presence of linear systems due to Proposition 2.2.
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2.2.3. Lyapunov characterizations of i-ilOSS

In the following, we propose two equivalent Lyapunov function characterizations of
i-ilOSS. Here, we focus on the stronger notion of i-ilOSS with disturbed outputs (in
the sense of Definition 2.1); the converse Lyapunov result (Theorem 2.1 below) is
stated for i-iIOSS with nominal outputs (Definition 2.2).

Definition 2.3 (i-iIOSS Lyapunov function). A function U : X x X — Rs¢ is an
i-ilOSS Lyapunov function if it is continuous and there exist oy, g, 0y,0, € Ko
and a constant n € (0,1) such that

ar(]x1 = xz|) £ U(x1,x2) < aallxa — xal), (2.19a)
U(z1(t), 72(t))
< U(xu x2)n' +/0 0" (ow(fwi(r) = wa(7)]) + 0y |y (7) = 12(7)]) )dr (2.19D)

forallt >0, all x1,x2 € X, all u € My, all dy,dy € Mp, and all vi,v9 € My,
where x;(t) = z(t, xi, u, d;), yi(t) = y(t, xi, u, w;), and w; = (d;,v;), i = 1, 2.

The integral form of (2.16) and (2.19b) together with the continuity of U is motivated
by [Ang02; Ang09], originally employed to allow for a non-compact input set D,
where smooth converse Lyapunov theorems usually fail, compare [Ang02, Rem. 2.4]
and [LSW96, Sec. 8]. The exponential decrease in (2.16) and (2.19b) is motivated
by recent results in the discrete-time literature, where this is crucial to develop FIE
and MHE schemes with suitable stability properties, compare [AR21] and [Sch+23,
Sec. ITI]. In Chapter 3, we show that this carries over to the continuous-time setting.
Moreover, in Section 7.1.2, we provide sufficient conditions (in terms of LMIs) for the
construction of i-ilOSS Lyapunov functions for special classes of nonlinear systems.

We want to emphasize that considering an exponential decrease in Lyapunov co-
ordinates in Definition 2.3 is actually without loss of generality; in fact, (2.19b) is
equivalent to a more standard dissipation inequality as the following proposition
shows.

Proposition 2.3. The system (2.5) admits an i-iIOSS Lyapunov function according
to Definition 2.3 if and only if there exists a function W : X x X — Rsq and
functions o, &g, &g, 04y, 0y € Koo such that

ar([x1 = xal) < W, x2) < aa(lx1 — xal), (2.20a)

W (@1(t), 22(t)) — W (X1, x2)

t
< /0 (—as(|z1(7) = 22(7)]) + Gu(|wi(r) — wa(T)]) + 7y ([12(7) — wa(7)])) d7
(2.20Db)

forallt >0, all x1,x2 € X, allu € My, all di,ds € Mp, and all vi,v5 € My,
where x;(t) = x(t, xi, u, d;), yi(t) = y(t, xi, w, w;), and w; = (d;,v;), i = 1, 2.
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To prove the “only if” part, we exploit the specific structure of the i-ilOSS Lyapunov
function—namely, that the right-hand side of (2.19b) is also the solution of a sim-
ple scalar initial value problem. To prove the “if” part, we require two additional
auxiliary lemmas: a comparison result and its exponential equivalent.

Lemma 2.2. Suppose there exists a function W as defined in the statement of Propo-
sition 2.8 satisfying (2.20). Consider some a3z € Ky such that as is globally Lip-
schitz and as(s) < as(az'(s)) for all s > 0. For any x1,x2 € X, u € My,
dy,dy € Mp, and vi,vy € My, define x;(t) = x(t, xi,u,d;), vi(t) = y(t, xi, u, w;),
w; = (di,v;), i =1,2,t >0, wa :=w; —wy, and ya :=1y1 — y2. Let £ : Rsg — Ry
be the solution to the initial value problem

E(t) = —as(&(t) + au(Jwa(t)]) + 7, (lya(t)]), (2.21a)
£(0) = W(x1, x2)- (2.21D)

Then, W (z1(t), z2(t)) < &(t) for allt > 0.

Proof. We start by noting that any K.-function can be lower bounded by a glob-
ally Lipschitz K -function so that existence of a suitable a3 is guaranteed, compare
[Ang09]. Together with the fact that wa and ya represent measurable, locally essen-
tially bounded functions of time, we can infer that there exists a unique function &
defined globally on R that solves the initial value problem (2.21) (this follows
by a combination of classical existence and uniqueness results in the Carathéodory
setting, see, for example, [CL55, Sec. 1.2, Sec. 2.1]) and compare also Proposi-
tion 2.1. Now, suppose for contradiction that there exists some t = t; € (0,00)
such that W(xy(t1),z2(t1)) > &(t1). Hence, we can define t; = max{t € [0,t) :
Wi(z1(t),z2(t)) < &(t)}, and since W and & are continuous in ¢, it follows that
W (xy1(ta), z2(te)) = &(t2) and W(zy(t), z2(t)) > &(t) for ¢ € (ta,1]. By application
of (2.20b) and (2.20a) and the definition of a3, we obtain

W(z1(t), 22(t)) — W(z1(t2), 72(t2))
< | (mas(W(zi(7), 22(7))) + Gul|wal()]) + 7y (lya(r)])) dr
< t(—as(f(T)) + 0w(|wa(T)]) + 7y (lya(r)])) dr

to

= &(1) = £(t2).
Since W (z1(ta), xo(t2)) = &(t2), this implies that W(xy(t),z2(t)) < &(t) for t €

(t2,t1], which is a contradiction and hence proves our claim. O

Lemma 2.3. Consider the initial value problem (2.21). There exist functions p € Ku
and 6,6, € Koo such that q := p(§) satisfies

q(t) < = q(t) + Gu(lwa®)]) + 6y (lya(®)]) (2.22)

for almost all t > 0.
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Proof. The proof utilizes similar arguments as in [SW97, Lem. 10]. Namely, fol-
lowing [PW96, Lem. 11 and 12|, there exists a continuously differentiable function
p € K such that p'(0) = 0 and p/(s)as(s) > 2p(s) for all s > 0, where p' := dp/ds.
Evaluating the time derivative of ¢ = p(§) with ¢ satisfying (2.21) leads to

i) = % p(E(t) = P (ENER)

= (1) (=as(€(t) + ouw(fwa(®)]) + oy (lya(t)])

- AEDED) | ey (_m(g(t)) + oullwa)) + 5y<|yA<t>,)> |

(2.23)

We distinguish between the following two cases: 1) When £(t) > a3 (26, (Jwa(t)]) +
20,(|lya(t)])), it follows that

FE®) <—a3(§<t)) + Fullwa®)) + o—y<|yA<t>|>) <o,

2) if instead £(t) < a3 (20, (|wa(t)]) + 25, (lya(t)])), we obtain

(e(0) (-5 4 ouus) + 3o < ouus ) + 3 uslo))

for some 6,6, € K. (To see this, first note that —a3(£(¢))/2 < 0 for all t > 0.
Second, since p’ is continuous, p/(s) > 0 for all s > 0, and p'(0) = 0 (compare [PW96,
Lem. 11]), there exists p € K such that p(s) > p/(s) for all s > 0. Suitable
Ko-functions &,,6, can then be constructed by exploiting standard K-function
properties.) From (2.23), the combination of both cases, and the definition of ¢, we
can conclude that (2.22) holds for almost all ¢ > 0, which finishes this proof. O

We are now in a position to prove Proposition 2.3.

Proof of Proposition 2.3. We start by showing (2.20) = (2.19). Define U(-) :=
p(W(-)) with p as in Lemma 2.3. From Lemma 2.2 and Lemma 2.3, it follows that

U(wi(t), 22(t)) = p(W(21(t), 22(2))) < p(£(1)) = q(t) (2.24)

for all ¢ > 0. Let w : R>g — R be the solution to the initial value problem

w(t) = —w(t) + 6w (|wa(t)]) + 6y(lya(®)]), w(0) = ¢(0).

From the standard comparison principle, we know that ¢(t) < w(t) for all t > 0,
where w(t) is given by

"0 W [ Guua)) + s luaD)dr (225

for all t > 0. However, since

w(0) = ¢(0) = p(£(0)) = p(W(x1, x2)) = Ulx1, x2);
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from (2.24) and (2.25), it follows that

U(ea(0), 22(0)) < Ul x)e™ + [ €0 (sulwa(r)]) + by lua () dr

Hence, U satisfies (2.19b) with n = e, 0, = 64, 0, = 6, and (2.19a) with
ar =poa; € Ky and ag = po as € K, where “o” means function composition.

It remains to show that (2.19) = (2.20). Define k := —Inn (i.e., such that e =% = n)
and note that for all ¢ > 0, the right-hand side of (2.19b) is the solution to the
initial value problem

A1) = —kz(t) + ow(fwa®)]) + oy (lya®)]), 2(0) = Ulx1 x2)-

Consequently, U(z;(t),z2(t)) < 2(t) for all ¢ > 0. However, by the fundamental
theorem of calculus, it follows that

Ulz1(t), z2(t)) — Ulxa, x2) < 2(t) — 2(0) = /0
— /Ot (—kz(1) + 0w (Jwa(7)]) + oy (lya(r)])) dr

< [ (RO, 22(7)) + oulles () + oy lya (7)) dr.

Therefore, W (xy,xe) = U(xy,xo) satisfies (2.20) with a3 = oy, as = ag, as(s) =
kou(s), 0 = 0y, and &, = o, which finishes this proof. O

d

I (1)dr

Remark 2.4 (Relation between discounted and non-discounted notions). A key ad-
vantage of the discrete-time -10S8S counterpart is that discounted summation and
discounted mazimization are in some sense equivalent, compare [KM20; ART21].
This, however, does not carry over to the continuous-time setting (the discounted
integral in (2.16) could indeed be transferred to a discounted L*°-norm bound, but
not vice versa, unless strong reqularity assumptions on the input d are enforced).
As a result, the proposed notion from Definition 2.1 implies i-10SS in an L>-to-L>
sense with time-discounting (similar to (2.3) and [ART21, Def. 2.4]) and without
discounting as in (2.2) and defined in [SW97, Def. 22], compare also Section 2.2.4.
Investigating some converse implications may be subject of future research, see also
Chapter 8 for further details.

We now show equivalence between i-ilOSS and its Lyapunov characterization. To
establish that the Lyapunov function is necessarily continuous, however, we need
to restrict ourselves to output equations hy,(z,u) = h(x,u,0) and hence consider
i-iIOSS with nominal outputs (Definition 2.2). Note that this setup is standard in
the literature in the context of stability notions involving outputs and correspond-
ing converse Lyapunov results, see, e.g., [SW97; ART20; KSWO01; CT08; IngOla;
Ang+04] and refer to the discussion in Section 2.2.2. Furthermore, we require an
additional uniform continuity condition.

Assumption 2.2. The function hy(x,u) = h(x,u,0) satisfies
|ho (21, u) — hy(xe, w)| < Ko(|z1 — 22]) (2.26)

for some ko € Ko for all x1,x9 € X uniformly in u € U.
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The following result establishes equivalence of i-ilOSS with nominal outputs (Defi-
nition 2.2) and existence of a continuous i-ilOSS Lyapunov function.

Theorem 2.1. Let Assumptions 2.1 and 2.2 hold. The system (2.5) is i-ilOSS with
nominal outputs (Definition 2.2) if and only if there exists a function U : X x X —
R and functions oy, as, 04,0, € Koo and n € (0,1) such that

ar(]x1 = xz|) £ U(x1, x2) < aallxa — xal), (2.27a)
U(x1(t), 22(t) < Ulxy, x2)n'
+/0 Ut*T(O'd(Wl(T) — do(7)|) + oy (lya(7) — yz(T)D)dT (2.27b)

for allt > 0, all x1,x2 € X, all u € My, and all di,dy € Mp, where z;(t) =
x(t7Xi>uadi)7 = 1:2 and yz<t) = yn(t7Xi7uadi) = h(xz<t)7uz(t>70)7 = 172

Before proving Theorem 2.1, we want to briefly comment on the case of i-ilOSS with
disturbed outputs.

Remark 2.5 (i-iIOSS with disturbed outputs: additive output disturbances). In case
the output equation specializes to h(x,u,v) = hy(z,u) + Ev for some matriz E, the
1-11OSS Lyapunov function candidate defined in the proof of Theorem 2.1 using the
nominal output function h, = h(z,u,0) turns out to be a valid Lyapunov function
for i-iIOSS with disturbed outputs (Definition 2.3). This becomes apparent by ap-
plying the same technique used in the second part of the proof of Proposition 2.2 to
the decrease condition (2.27b), leading to the decrease condition (2.19b) with dis-
turbed outputs. This fact is actually not surprising in view of Proposition 2.2 and,
consequently, yields the following Corollary of Theorem 2.1.

Corollary 2.1. Let Assumptions 2.1 and 2.2 hold and suppose that h(x,u,v) =
ho(z,u) + Ev for some real matriz E of appropriate dimension. Then, the sys-
tem (2.5) is i-i1I0SS with disturbed outputs (Definition 2.1) if and only if there
exists an -110SS Lyapunov function in the sense of Definition 2.3.

Proof. Note that Proposition 2.2 and Theorem 2.1 already imply that the sys-
tem (2.5) is i-ilOSS with disturbed outputs (Definition 2.1) if and only if there
exists an i-ilOSS Lyapunov function satisfying (2.27) (with nominal outputs). The
fact that the latter implies the existence of an i-ilOSS Lyapunov function in the
sense of Definition 2.3 (with disturbed outputs) is a consequence of the arguments
outlined in Remark 2.5; the converse direction follows by considering (2.19) for the
special case of v = vy = 0. ]

Remark 2.6 (i-ilOSS with disturbed outputs: the general case). In the general case
where the input v enters the output equation nonlinearly, it is still possible to tailor
(parts of) Theorem 2.1 and its proof to i-tIOSS for disturbed outputs. Specifically,
we can establish sufficiency of an i-ilOSS Lyapunov function (Definition 2.3) for
i-ilOSS (Definition 2.1). For the necessity part, we can prove that the i-ilOSS
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Lyapunov function candidate satisfies the properties (2.19a) and (2.19b); however,
showing that it is also necessarily continuous is an open problem (due to fact that
some arguments used in the proof of Claim 2.1 below do not apply in this case) and
constitute an interesting subject of future work.

We now proceed with the proof of Theorem 2.1.

Proof of Theorem 2.1. Part I (Sufficiency): The sufficiency part is straightforward
and follows by applying the bounds (2.27a) to (2.27b), which directly yields (2.17).

Part Il (Necessity): The proof uses and combines similar arguments as in previ-
ous converse theorems and Lyapunov function constructions, in particular [ART21;
Ing01b]; continuity of the Lyapunov function is proven in a different fashion by
invoking Assumptions 2.1 and 2.2, see Claim 2.1 below.

For arbitrary xi, x2 € X, we consider the following Lyapunov function candidate®

U(le XQ) = sup n_t/Q (a(|x<t7X17ua dl) - ZL'(t, X2, U, d2)|)
t>0,u,dy,d2
— [0 20u(ld () = dafr) )dr
_/ 7] |yn T, X1, U, dl) (7—7 X27u7d2)|)d7>

(2.28)

and start by establishing the bounds (2.27a). For the term o(|z(t, x1,u,d;) —
x(t, X2, u,ds)|) in (2.28), we can directly use the i-ilOSS estimate (2.17), which
yields

Ulxi,x2) < sup aq(]xa — x2))n"? = au(x1 — xal),
t>0,u,dy,d2

that is, the upper bound in (2.27a) with oy = «,. The lower bound follows by
considering the candidate inputs dy = dy and t = 0, leading to a; = « in (2.27a).

We make the following claim, which is proven below.
Claim 2.1. The function U in (2.28) is continuous on X x X.

It remains to establish the dissipation inequality (2.27b). To this end, consider
C1,( € X, u € My,dy,dy € Mp, yielding the trajectories z;(t) := z(t,;, u, d;)
with 7 = 1,2 for t > 0. We obtain

U(z1(t), 22(t))
= sup n WQ(O((‘I‘(LT, Zl(t),ﬂ,gl) _3:({7 22(t)7a7d2)‘>

t>0 u dl,dg

- / "o 2001y (7) = (7))

—/ T ([yn(Ts 22(8), 0, dr) — ya(T, z2<t),a,cig)\)d¢). (2.29)

6The input functions u and dy, ds in (2.28) are maximized over the sets My, and Mp, respectively,
which is omitted for brevity.
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For two functions w, u defined on [0, 00), let ufyu denote their concatenation at some
fixed time t > 0, i.e.,

() = {u(T), Te0.4]

u(r—t), 7€ (t,00).
Hence, in (2.29), we can infer that

a(|z(t, 21(t), 1, dy) — (f, 2(t), @, da)])
= a|z(t+t, G, Utyu, difydy) — ( t, Co, iy, dotds)|). (2.30)

Similally,
/ 77{ 2C¥d(’d1( )_dQ( )|>d7—_ /0 nt]rt* (’ 1ﬂt 1( ) _Qﬁt 2( )’) 7
0 2()éd d di(1) — d do (T /
/(| 77{+t77—2 d(| 1( ) [82(; )|)d‘ (231>

and

t _ _
L e (21 (0, 8 ) = (7, 2a(), 0, )
t+t _ _ _ _
= ~/O 77t+t_705y<|yn(t + t’ Cla aﬁtu) dlﬁtdl) - yn(t + t7 <27 ﬂﬁﬂt, dQthdQ) |>d7—
t
- /D 77t+t_T0‘y(|yn(7'a glauw dl) - yn(Tv C27u7d2)|)d7—' (232)

Now define ¢ := t + t. Consequently, U(z1(t), 22(t)) in (2.29) can be bounded using
the substitutions from (2.30)-(2.32) and the fact that n <,/ € (0,1) as

U(z1(t), z2(t))
< sup n- i+t /2< (lz(t, ¢, a, dy) — z(E, G, 0, ds)))

i>0,4,d1,d2
— [0 m20u(ldi () - do(m)])dr
[ oy G ) o )
+ [ (20 (7) = o)) + (7 G ) = (7 G s ) ) 7
S\/_U(Chg?)
+ [V (20ull (7) = d)]) + e (7 o) = 317, G ) ),

which establishes the dissipation inequality (2.27b) by a suitable redefinition of 7
and hence concludes this proof. O

To prove Claim 2.1 (i.e, continuity of the Lyapunov function candidate (2.28)), we
first need an additional lemma.
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Lemma 2.4. Let Assumptions 2.1 and 2.2 hold. For every T,ry,rq > 0, there exist
constants R, (T, ry,rq) >0 and R,(T,ry,rq) > 0 such that
|Z)’J(t, X1, U, dl) - [E(t, X2, U, dl)l S R$(T7 x> Td)7
|yn(t7 X1, U, d2) - yn(ta X2, U, d2)| § Ry<T7 ) Td)
for all t € [0,T], all x1,x2 € X satisfying [x1 — x2| < 1y, all w € My, and all

di,dy € Mp satisfying [3° p*a(|di(s) — da(s)|)ds < ry for some a € Ky with
a(s) > k1(3s) for all s >0 and p € (0,1).

Proof. For i = 1,2, let z;(t) = z(t, xi, u,d;) and y;(t) = yu(t, x4, u, d;), t > 0, where
we note that Proposition 2.1 applies due to satisfaction of Assumption 2.1. Define
da = dy — dy. We can invoke the same arguments as in the proof of Lemma 2.1,
where (2.11) can be replaced by

[ m@iaDds < [ i alda@)ds < o

exploiting that p=* > 1 for all s > 0. Consequently, we obtain ¢ = r, 4+ r4 in (2.9),
which by (2.8) implies that

(1) — 22(8)] < = (p(ry + 1a)e”) =t Ro(T, 7y, 70)

uniformly for all ¢ € [0, T]. For the second part, the application of (2.5b) in combi-
nation with Assumption 2.2 leads to

y1(8) = 42 ()] = [An (21 (1), u(t)) — hn(2a(t), u(t))] < ra(l2a () — z2()])
< ko(Ry(T', 1y, ra)) = Ry(T, 7y, 74a)
for all ¢ € [0, T, which finishes this proof. O

Proof of Claim 2.1. The proof uses mostly similar arguments as in [ART21, Th. 3.5],
with variations due to the continuous-time setting and the class of inputs considered
(in particular, Lemmas 2.1 and 2.4). It consists of two parts. First, we show that
choosing (x1, x2) in a compact set implies that the right-hand side of (2.28) is the
same when restricting ¢t and (dy, d2) to suitable sets; then, we use this property to
establish continuity of U.

Part I. Define B(C') := {(x1,x2) € X x X : 1/C < |x1 — x2| < C} for C > 1 and
consider (x1,x2) € B(C). Then, for any ¢ > 0, there exist inputs u¢ € My, and
dg,d5 € Mp and a time t© > 0 such that

a(lx1 — xal) <U(x1, x2) (2.33)
< e (e, st df) = 2lt, e, 0, )
[0 T 20a(ds(7) — dy(r) ar
—/ 0" T ay (fya (T, X, 6, df) — (T>X2,U6,d§)‘>d7>

< e+ P — el = [ aalldi(r) - ds<r>>dr)(,234)
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where the last inequality follows from i-iIOSS (2.17). Consequently,

a(lxi — xol) < e+ 0. (lx1 — xal). (2.35)

Choose € < €(C) := a(1/C)/2 and recall that 1/C < |x1 — x2| < C. Thus, (2.35)
yields a(1/C)/2 < /%, (C), which leads to

< < 2log, <;‘i{g§> — T(0), (2.36)

where 0 < 3 oll/9 1. From (2.34) and the fact that ¢ < €(C , we also obtain that
az(C)

e 1 e
— Sa1/O P < ay(C).

| aalldi () = ds(m)dr < au (O
Since t€ € [0, T(C)], it follows that ' > n7(©); hence
| aullds(7) = ()T < an (@O = ru(C).

As a result, we can infer that (df,dS) € By(C), where

Bi(C) = {(dl,dg) € Mp x Mp: /Ooo 7 aa(|dS () — ds(7))dr < rd(C’)} .

Part II. Now consider some x1,x2 € X with x1 # X2. Set C = 2max{|x1 —
X2l 1/|X1 — X2|} = 1. From the first part of this proof, we know that for (x1,x2) €
B(C), there exist € € (0,€(C)], u® € My, (df,d) € By(C), and t© € [0,T(C)] such
that (2.34) holds. Define

z1(t) == z(t, x1,us, dy), y1(t) = yu(t, x1, u, d7),
Ta(t) = x(t, x2,u", d3), Y2(t) == yn(l, X2, u, d),
T1(t) = z(t, xa,us, dy), G1(t) = yn(t, X1, u, dy),
To(t) := x(t, Xo, us, d5), U2(t) := yn(t, X2, u, d5)

for all t € [0, T(C)]. The trajectories &1 (t) and Zo(t) satisfy

U, %) = 0 (alla @) = 2060 = [0 " 2aa(ldi () = ds(r))ar
= [0 i) ga(lr ). (2:37)

The combination of (2.33) and (2.37) yields

U(x1, x2) — U(X1, X2)
< et <04(|l’1(t6) — x2(t9)]) — a(|Z1(t) — Z2(t9)])

+ [0 @) = 3a(0) = eyl () — e ). (239)
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Without loss of generality, we assume that” ag(s) > r;(3s) for all s > 0. By
Lemma 2.4, there exist R,, R, > 0 such that

max{|zy () — 22(t)], [21(t) — Z2(1)[} < Ra(T(C), C,rg(C)) = R,
max{|y1(t) — y2(t)], 151 (1) — Go(DI} < Ry(T(C), C,ra(C)) = Ry
uniformly for all ¢ € [0,7(C)]. Recall that a,«, in (2.38) are continuous; hence,

they are uniformly continuous on the compact sets [0, RS] and [0, Rg], respectively.
From [All4+17, Prop. 20|, there exist &, &, € Ko such that

|a(s1) — alss)|
|

vy (s1) — vy (s2)

6{(|81 — 82|) S1,82 € [O,RS], (239)

<
S (’81 — 82’), 81,82 € [O,Rg] (240)

Evaluating the absolute value of the right-hand side of (2.38), using the triangle
inequality, applying (2.39) and (2.40) followed by the reverse triangle inequality and
then the standard one lead us to

U(x1,x2) = U(X1,X2) < e +n7"/7 (a (2 () = 22(E)] + [2(t) — Z2(t)])

+/ 0" ay (i (7) - 1(7)’+!y2(7)—z}2(7)])dr>.
(2.41)

By applying Lemma 2.1 and similar steps as in the proof of Lemma 2.4, it follows
that

J2i(t) = ()] < p~H(plIxi — xal)e" ) i = 1,2, (2.42)
[yi(t) = Gi®)] < r2(p™ (plIxi = Xal)e™ D)0 = 1,2 (2.43)
for all t € [0,7(C)]. Hence, from (2.41), using that «a(]a + b|) < «(2a) + «(2b) for
any a € K and a,b > 0 in conjunction with the bounds from (2.42) and (2.43) and

the facts that n~*/2 < n=7()/2 and [I" n*~"dr < —1/Inn, we can infer that there
exist 7,7, € K satisfying

U(Xl,X2) - U(f(hf(z)
< e+ v(xa = X1]) + = (x2 = X2|) + 7 (xa = X1l) + 1 (Ix2 — X2l)
<e+v(x1 — x1]) +v(x2 — X2l),

where y(s) 1= v,(s) + 7y (s) for all s > 0. Letting e — 0 and applying a symmetric
argument (recall that (x1, x2) € B(C) by the definition of C) let us conclude that

\U(x1,x2) — U(X1, X2)] < v(Ixx = xal) +v(x2 — xal)- (2.44)

Since B(C') contains all pairs (x,x2) within a neighborhood of (X1, X2), (2.44) im-
plies that U is continuous at each (X1, x2) € X x X for X1 # X2. It remains to show

7If this is violated, simply replace ayg in (2.17) by a suitable ag € K4 that majorizes both ag and
k1(3s).
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that U is also continuous at (x,x). To this end, consider any (x1,x2) € X X &
since U(x, x) = 0, it follows that

1U(x1,x2) — UG )| = Ulxa, x2) < axl(lxs — xel) < axllxs — X+ % — x2|)
< o, (2lx1 — X) + @ (2lx2 — XI),

which implies that U is continuous at (x,x). Hence, U is continuous on X x X,
which finishes this proof. n

Remark 2.7 (Input functions). Part I of the proof of Claim 2.1 gives rise to the fact
that (d5,dS) € By(C), i.e., the inputs di and dS are such that the weighted “energy”
of its difference is located in a ball of radius rq centered at the origin. However, this
implies no information about the absolute range of dy and dy, which prevents the
use of a local Lipschitz property of f to bound the evolution of the difference between
state trajectories in the proof of Claim 2.1 below (2.38) and in (2.42). In contrast,
the global nature of Assumption 2.1 allows the derivation of such a bound, and the
conditions in (2.7) ensure that it is finite for any finite t.

2.2.4. Robust observers and i-ilOSS

In this section, we establish necessity of i-ilOSS (Definition 2.1) for the existence of a
general observer mapping that satisfies a desirable robust stability property (namely,
an ISS-like bound on the estimation error in a time-discounted L?-to-L> sense). In
this context, we let u include all known exogenous signals (such as control inputs)
and w = (d,v) all unknown inputs, with d affecting the evolution of the system
in (2.5a) (such as process disturbances) and v the output measurements in (2.5b)
(i.e., measurement noise).

Let the set My, contain all measurable, locally essentially bounded functions defined
on [0,00) taking values in ). For a function z defined on [0,00) and any fixed
t > 0, we denote by z; the truncated signal given by z,(7) := z(7),7 € [0,t) and
2(T) == 0,7 € [t, 00).

We consider the following general definition of a robustly stable state observer.

Definition 2.4 (Robustly stable state observer). The mapping
O: Ryg x X X My x Myy x My — X (2.45)

is a robustly globally asymptotically stable (RGAS) observer for the system (2.5)
if there exist functions B, By, Bu, By € Kso and a constant p € (0,1) such that the
estimate

E(t) = O(t, X, ue, we, i), 2(0) =X (2.46)

satisfies

B(la(t) — (1)) < Ba(Ix — x1)o' + /0 0 (Bull(7) — w()) + B,(15(7) — y(r)]))dr
(2.47)
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forallt >0, all x,x € X, u € My, w,(d,v) € My = Mpx My, and ally € My,
where x(1) = x(71, x,u,d) and y(7) = y(7, x,u,w) for all T € [0,t]. If additionally
B(s) > C1s" and B.(s) < Cys” for some Cy,Ca,r > 0, then the state observer is
robustly globally exponentially stable (RGES).

Definition 2.4 implies that at any time ¢ > 0, the mapping O causally® reconstructs
the state of system (2.5) using (the past values of) some nominal disturbance w, some
measured signal y, the known inputs u, and some initial estimate Y. Considering
y # y provides an additional degree of robustness and accounts for the case where
the output model h in (2.5b) is not exact, e.g., when the data are first transformed
or traverse additional networks not captured by h, see [KM20] for a more detailed
discussion. Note that for the classical case with w = 0 and y = y, the RGAS
estimate (2.47) reduces to

5a(0) — 20)) < Ballx — XDt + [ P Bullwlm)dr, £20.  (248)

The integral term in (2.48) can be viewed as the energy of the true disturbance
signal w under fading memory and thus has a reasonable physical interpretation,
compare also [Son98; PW96].

Clearly, Definition 2.4 can be used to characterize stability properties of conven-
tional full-order state observers; however, due to its general nature, it is particularly
useful in the context of state observers that do not admit a convenient state-space
representation (such as MHE and FIE). This is mainly because the property (2.48)
directly implies that |Z(t) — z(t)| — 0 if |w(t)] — 0 for ¢ — oo (i.e., the intuitive
and important property that vanishing disturbances lead to a vanishing estimation
error), which otherwise would require an extra analysis of the respective estimation
scheme as in, e.g., [Miill7], compare also [ART21; KM20] for similar discussions in
a discrete-time setting.

Definition 2.4 provides a time-discounted L?-to-L> bound for the estimation error;
however, the discount factor in (2.47) also permits a direct derivation of an L*-to-
L*>® error bound as shown in the following.

Proposition 2.4. Suppose there exists a state estimator for system (2.5) that is RGAS
in the sense of Definition 2.4. Then, there exist functions ¥ € KL and v, 7, € Kso
such that

|2(t) — ()] < max{P([x = x[, 1), Yo (@ = wllo:), v (17 = yllo:) } (2.49)

forallt >0, all x,x € X, u € My, w,(d,v) € Myy = Mpx My, and ally € My,
where x(1) = x(7, X, u,d) and y(7) = y(1, X, u, w) for all 7 € [0,t] and w = (d,v). If
it is RGES, then there exist C > 0 and p € (0,1) such that (2.49) holds with (s, t)
replaced by C'sp' and suitable functions Yy, vy € Keo.

8The observer is causal due to the use of the truncated signals in (2.46).
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Proof. The proof is straightforward and follows by noting that

s€[0,t]

pr—1 1

= o Bl = wllo) <~ Bl — wloo)

/ot P Bu(|w(r) = w(r)|)dr < /Ot prTdr - ess sup { By ([ (s) — w(s)|)}

where —1/1In p > 0 since p € (0,1). From the same arguments, we also have that

[ 97 350) ~ y( i <~y 15~ vl

Consequently, using the fact that a + b + ¢ < max{3a,3b,3c} for a,b,c > 0, the
RGAS property from (2.47) implies that

B(|‘%(t) - m(t7X7uvw)|)
3

. 3 _ _

< max {3612~ XDt~ = vl =1 = vlen) . (250)
The application of (s, ) = 57 (36.(5)p'), Yu(s) i= 67 (— 1% Bu(s)), and 7 (s) ==
ﬁ‘%—ﬁﬁy(s)) shows that (2.50) implies (2.49), where we note that ¢» € KL and
Vs Vy € Koo
When the state estimator is additionally RGES, we can exploit in (2.50) that S(s)
C1s" and (,.(s) < Cys” with C1, Cy,r from Definition 2.4, which yields (s, t)

1 . % %
(3%)7‘Sp;7 Yu(8) < (— T?ﬂpﬁw(s)) ,and yy,(s) < (— Tﬁnpﬁy(s)) (recall that

s> 57 is strictly increasing in s > 0). Consequently, we can choose C' := (3%);

2
<

and p := p% € (0,1). A suitable redefinition of p, v, and =, establishes our claim
and hence concludes this proof. O]

Consequently, RGAS as characterized in Definition 2.4 combines the advantages of
classical and integral ISS properties: it is applicable and ensures a finite estimation
error bound for both (unbounded) disturbance signals with finite energy (by (2.47))
and persistent (non-vanishing) bounded disturbances with infinite energy (by appli-
cation of Proposition 2.4).

Overall, RGAS is a very desirable property of observers, which we refer to in many
of our results contained in this thesis (in continuous and discrete time; for a discrete-
time analog of Definition 2.4, see [ART21, Def. 2.3] and [KM20, Def. 3]). However,
this raises the question of which detectability property the system must actually
have in order for such observers to exist. This question is answered (in the context
of continuous-time systems) by the following proposition and is in fact our proposed
i-iIOSS notion from Definition 2.1.

Proposition 2.5. The system (2.5) admits an RGAS observer in the sense of Defi-
nitions 2.4 only if it is i-i1IOSS (Definition 2.1).
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The proof follows similar lines as those of [ART21, Prop. 2.6] and [KM20, Prop. 3],
which establish necessity of RGAS (in a time-discounted max-based form [ART21,
Def. 2.3]) for the system being i-IOSS (as in (2.3)).

Proof of Proposition 2.5. Consider x1,x2 € X, u € My, and dy,dy € Mp, vi,v5 €
My, yielding x;(t) = z(t, x4, u,d;) and y;(t) = y(¢t, xi, v, w;), @ = 1,2 for all ¢ > 0
with w; = (d;,v;), i = 1,2. Suppose that the observer O (2.46) is designed to
reconstruct the trajectory x; using ¥y = x1, w = wy, y = y1. By application
of (2.47), it follows that B(|Z(t) — x1(¢)|) = 0 for all £ > 0. Now assume that this
certain design of O is used to reconstruct the trajectory zo. Then, since Z(t) = x1(¢)
for all ¢ > 0, the estimate (2.47) directly yields (2.16) with o = 3, a, = Bs, ay = Bu,
a, = (3,, and because X1, X2, 4, wy, ws were arbitrary, the system (2.5) is i-ilOSS,
which finishes this proof. O

2.3. Summary

In this chapter, we focused on a system-theoretic approach for characterizing de-
tectability of nonlinear systems, namely i-IOSS. We considered the original asymp-
totic-gain formulation of i-IOSS and discussed two modern variants that employ
additional discounting and a max- or sum-based formulation, which became stan-
dard detectability concepts in the context of optimization-based state estimation
(in particular, MHE) in the recent years. While these properties could be shown
to coincide for the case of discrete-time systems, this is generally not the case for
continuous-time systems, and we must carefully distinguish between them.

We proposed the notion of i-ilOSS for continuous-time systems, which essentially
constitutes a time-discounted integral variant of i-IOSS. Here, we stated two defini-
tions of i-ilOSS involving the nominal and the disturbed outputs of the underlying
system. We showed that these definitions are equivalent for the special case of ad-
ditive measurement noise, and that the latter constitutes a stronger property in the
context of general nonlinear systems (with a potentially nonlinear dependence on
measurement noise), consequently allowing for stronger robustness guarantees for
state estimators (which are the main topic of this thesis). We proposed a Lyapunov
function characterization of i-ilOSS and showed that a dissipation inequality with
exponential decrease can be considered without loss of generality. Moreover, we
provided a converse Lyapunov theorem for the weaker case of i-ilOSS with nominal
outputs.

Finally, we proposed a particular notion of RGAS, characterizing robust stability
with respect to process disturbances and measurement noise in a time-discounted
L?-to-L™ sense. This constitutes a useful stability property for general observers, as
it combines the advantages of classical ISS and iISS characteristics: it is applicable
for persistent disturbance signals that have a small magnitude but infinite energy,
and for those that may have an infinite magnitude at certain points but otherwise
finite (small) energy. Indeed, we found that the proposed i-ilOSS notion is necessary
for the existence of state estimators that fulfill this robust stability property.
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Overall, the results in this chapter reveal that i-ilOSS is useful to characterize de-
tectability of general nonlinear continuous-time systems, particularly in the context
of RGAS observers for which it is even necessary. The proposed definitions of i-ilOSS
and RGAS form a fundamental basis for our results in Section 3.2, where we con-
sider and analyze a particular MHE scheme for nonlinear continuous-time systems.
We close this chapter by noting that constructive conditions (in terms of LMIs)
to obtain i-IOSS and i-iIOSS Lyapunov functions for discrete- and continuous-time
systems that certify exponential i-(i)IOSS are provided in Sections 7.1.



3. Robust stability

In this chapter, we focus on the stability and robustness properties of MHE in
the context of general detectable nonlinear systems under process disturbances and
measurement noise. Since the application of MHE inevitably requires some sort of
sampling strategy—that is, specifying discrete time points at which the optimization
is performed—schemes for discrete-time systems have recently been the main focus
in the literature. For this reason, in Section 3.1 we first introduce the basics of MHE
in discrete time and discuss general features and characteristics. We also briefly out-
line the recently developed Lyapunov-based MHE framework from [Sch+4-23, Sec. IT1],
which is a fundamental basis for many of the results developed in this thesis. In
Section 3.2, we then focus on a Lyapunov-based MHE scheme for continuous-time
systems in detail, relying on tools that we developed in Chapter 2. In Section 3.3,
we discuss general advantages of Lyapunov-based MHE approaches and compare
it to recent results in the field of nonlinear MHE. Finally, we illustrate the appli-
cability of Lyapunov-based MHE in Section 3.4 by means of numerical examples
from the literature, involving a chemical reactor process and a 12-state quadrotor
model. Here, the verification methods proposed in Chapter 7.1 allow us to apply
the Lyapunov-based MHE schemes with valid theoretical guarantees under practical
conditions.

Disclosure: The following chapter is based upon and in parts literally taken from our
previous publications [SM24b] and Sections III-D and V in [Sch+23] (we explicitly
point out that Sections III-B and III-C in [Sch+23] are not part of this thesis, see
also Footnote 1 in Section 1.3). A detailed description of the contributions of each
author is given in Appendix A.

3.1. Basics of MHE

We consider the discrete-time counterpart of the continuous-time system from (2.5),
where for the sake of conciseness we consider the generalized disturbance input w
describing both the process disturbance and the measurement noise, compare Chap-
ter 2 for more details. The overall state-space model reads

x(t+1) = flz(t),u(t),w(t)), =z(0)=yx, (3.1a)
y(t) = h(z(t), u(t), w(t)) (3.1b)

with discrete time t € Iso, state z(t) € R™, initial condition y € R"™, control input
u(t) € R™, disturbance input w(t) € R, and noisy output measurement y(t) € RP.
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The overall goal of state estimation is to produce an accurate estimate Z(t) of the true
unknown system state x(t) using only the available input-output data (u,y), prior
knowledge of the model, and some initial estimate y. In the presence of process
disturbances and measurement noise, it is moreover essential to ensure a certain
degree of robustness, such as the implication that small disturbances |w(t)|, t € I
results in small estimation errors |Z(t) — z(t)], t € I, compare also Section 2.2.4.

In this respect, MHE has proven to be a powerful tool that provides these desired
characteristics. A typical MHE scheme considers past input-output measurements
obtained from the system in (3.1) in a window of (fixed) length N € I, which can
be conveniently expressed as

up = {u()} 50 w(j) = u(t — N +3), j € lon-1,
Yy = {yt(j) ;-V:_ol, yt(j) = y(t - N +j)> JE H[O,Nq]
for any time ¢ € Isy. Given a suitably defined cost function J(-), the nonlinear

program (NLP) underlying classical MHE schemes to be solved at each time t € >y
can be formulated as follows:

mlp J(i’t, ’UAJt, gt, t) (34&)
st 2(J +1) = [(2:(5), we(5), 0e(5)): J € Ljo,n—15 (3.4b)
9:(7) = 1(@1(5), w(3), @ (7)), J € Lon-ay, (3.4c)
() €W, 9:(J) €Y, j € Lon-1- (3.4e)

Here, the decision variables are the sequences &, = {&;(j)}, and @, = {d,(j)} )=

that contain estimates of the states' and the disturbances over the horizon, respec-
tively, estimated at time t. They (uniquely) define a sequence of output estimates
9 = {9:(j)}}5" under the output equation® in (3.4c). The functions f and h in
(3.4b) and (3.4c) correspond to the system model in (3.1), which we assume to be
perfectly known. The constraints in (3.4d) and (3.4e) can be used to incorporate
additional a priori knowledge on the domain of the system, which can significantly
improve the estimation results, compare [RMD20, Sec. 4.4]. Here, the sets X C R",
W C R? and Y C RP? typically follow from the physical nature of the system, for

example due to non-negativity of certain physical quantities such as partial pressures

!The description of the NLP in (3.4) corresponds to a multiple shooting (or non-condensed)
formulation, where the decision variables involve the complete state sequence ;. Alternatively,
one could eliminate all decision variables of the sequence #; except the initial state #;(0) by
recursively applying the system dynamics (3.1a), which corresponds to a single shooting (or
condensed) approach. In practice, multiple shooting methods are usually preferred to create
and exploit sparsity of the NLP, which renders the optimization algorithm more numerically
robust, see [WVD14, Sec. II] and [Rib+20], and compare also [RMD20, Sec. 8.5]. While the
formulation has no influence on the theoretical analysis, we use multiple shooting here because
it allows for a more compact notation.

2Note that in this thesis, we do not treat the estimated output sequence 9); as a decision variable
of the NLP (3.4), since it is completely determined by the sequences &, us, and @ using (3.4c).
This represents a slight abuse of the notation commonly used in numerical optimization, but
increases the readability and interpretability of our methods and results.
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and absolute temperatures, or mechanically imposed limits on joint angles or mea-
surement devices. The ability to incorporate such information is an advantageous
feature of optimization-based state estimation approaches compared to conventional
state observers, where this is not easily possible and which therefore may not pro-
vide physically plausible estimates (especially in transient phases), compare also
the simulation example in Section 3.4.1 and the discussion in Section 4.2.5. If no
such sets are known a priori, they can simply be chosen as X = R", W = R?, and
Y = RP?, in which case the constraints (3.4d) and (3.4e) can simply be omitted from
the optimization.

The cost function used in (3.4a) typically takes the general form

J(&e, @y, Ge, 1) = Te(2:(0), 2(£ — N)) + 2% L(@(5), 9:(5) — (7)), (3-5)

where we recall that y; is the sequence of output measurements obtained from the
system in (3.1) over the current estimation horizon, see (3.3). The cost function
in (3.5) consists of two parts: first, the (possibly time-varying) prior weighting
Iy : R" x R" — R>g, which ideally accounts for the neglected data over Ijp;—n_q
and acts as regularization term using a given prior estimate z(t — N); second, the
stage cost L : R? x R? — R, which penalizes the estimated disturbance ;. (j)
and the output fitting error 9¢(j) — v:(J), J € Ip—n,¢—1). Usually, one designs I'; and
L positive definite and radially unbounded in its arguments, which consequently
renders the cost function J radially unbounded in the (condensed) decision variables.
Under additional continuity assumptions of the functions f and h, this ensures that
the estimation problem in (3.4) admits a (not necessarily unique) globally optimal
solution at each time ¢ € Isy, compare [RMD20, Sec. 4.2].

Note that the cost function in (3.5) forms the prediction form of the estimation
problem, since the most recent measurement y(t) is excluded. This is typically
done in theoretical works to simplify the analysis and notation, however, can in
general easily be extended to the filtering form of the estimation problem (taking
into account the most recent measurement y(t)), see [RMD20, Ch. 4] for a discussion
on this topic.

Remark 3.1 (Output estimates). In the MHE literature, the estimated output §s(7)
in (3.4¢) is often restricted to exactly match the measured output of the real sys-
tem y:(7) by imposing G:(3) = w(j), j € Ipn,g as an additional constraint in
the problem (3.4), see, e.g., [RMD20; Mill7; AR19b; All20; Hu?24/. Under the
assumption that the output equation in (3.1b) is subject to additive measurement
noise v, this is a reasonable approach, as the estimated measurement noise 04(j) =
Y (7) — h(Z4(j),u(4),0) is equal to the fitting error of MHE, and thus directly ac-
counted for within the penalty for the estimated disturbance @,(j) = (dy(5), 0.(5)).
However, we are interested in more general systems where the measurement noise can
enter the output equation nonlinearly, compare also the discussion in Section 2.2.2.
In this case, trying to enforce a hard output constraint could lead to feasibility issues
in practice due to potential model inaccuracies. To prevent this, we avoid such a
constraint and instead include an additional term in the cost function that penalizes
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the output fitting error §:(j) — y:(j), compare also [KM23, Rem. 8]. Note that this
formulation was recently also adopted in [Ale25].

We denote a minimizer to the optimization problem (3.4) by (&},;), and the cor-
responding estimated output sequences by ;. The resulting state estimate Z(t) at
time step ¢ is then given by the endpoint of the estimated state sequence Zj, i.e.,
2(t) = & (). The optimization problem (3.4) is applied in a receding horizon fash-
ion, i.e., at each time step ¢t € Iy, the current state estimate Z(t) is obtained by
solving (3.4) based on the N most recent output measurements. When ¢ € Ijo y_1,
we solve the corresponding FIE problem, where N in (3.4) is replaced by ¢. To
simplify the notation, in the following we usually address both cases simultaneously
by replacing N in (3.4) with N; = min{¢, N'}.

Early works concerned with the stability analysis of nonlinear MHE schemes rely on
certain observability conditions, compare [MR95; MM95; RRM03; ABBO08]. In re-
cent years, however, the notion of i-IOSS has become the standard for characterizing
nonlinear detectability in this context (see Chapter 2), enabling significant advances
in MHE theory, compare, for example, [RJ12; Ji+16; Miill17; RMD20; AR21; KM23;
Hu24; Ale25], and see Section 3.3 for a detailed overview of the historic development.

In [Sch+23, Sec. I1I], we developed a Lyapunov-based MHE framework, where the
i-IOSS Lyapunov function characterizing the detectability of the system directly
serves as N-step Lyapunov function for MHE, see [Sch+23, Thm. 1, Cor. 1]. This
crucially relies on the following discounted cost function being used in (3.4a):

N-1

J (&4, Dy, i, t) = nVT(2,(0), Z(t — N)) + ;} NI L@ (), 9e(G) — we(5))  (3.6)

with the discount factor n € (0,1), quadratic penalties I'(z,Z) = |z — Z|% and
L(w, Ay) = |w|g + |Ay|% for some positive definite weighting matrices P, Q, R,
and the filtering prior’ z(t — N) = #(t — N). The cost function in (3.6) essentially
constitutes a standard least squares objective under additional fading memory, i.e.,
more recent measurements and disturbances are weighted more heavily in the cost
function than older ones. This Lyapunov-based MHE approach has many theoretical
advantages and ultimately leads to much less restrictive conditions than comparable
approaches, see Section 3.3 for a detailed discussion. The key condition to apply
[Sch4-23, Thm. 1, Cor. 1] and hence ensure robust stability of MHE is, however, that
the cost function parameters n, P,Q), R are chosen in accordance with the i-IOSS
Lyapunov function. Hence, in order to apply the theoretical results in practice, such
an i-IOSS Lyapunov function must first be found, which is generally a non-trivial
task and hence drastically limits its applicability.

Here, our methods developed in Chapter 7 become particularly relevant, which en-
able the systematic computation of i-IOSS Lyapunov functions by numerically solv-
ing certain LMI conditions. Consequently, suitable cost function parameters 7, P,
(@, R that inherently ensure robust stability of MHE can easily be computed. In

3Wording according to [RMD20, Sec. 4.3.3]. Alternative choices for selecting the prior estimate
are discussed in more detail in Section 6.3.3.
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fact, our verification methods from Chapter 7 thus transform the disadvantage of
the scheme from [Sch+-23, Sec. I1I] into a strong advantage, since a time-consuming
tuning of the cost function can also be avoided, compare also Remark 3.4 below
regarding tuning possibilities.

Due to the numerous advantageous properties of the Lyapunov-based MHE frame-
work for discrete-time systems (resulting from the combination of the results from
[Sch+4-23, Sec. I11] and Chapter 7), we will now develop and analyze a corresponding
approach for continuous-time systems in the following section, heavily relying on
our results from Chapter 2. Here, it turns out that the continuous-time Lyapunov-
based MHE framework has advantages over the discrete-time one if the original
physical system evolves in continuous-time (which is usually the case in practice),
especially concerning the sampling scheme and required detectability verification,
see Section 3.3 below for a detailed discussion.

3.2. Continuous-time Lyapunov-based MHE

In this section, we focus on MHE for general nonlinear continuous-time systems.
Specifically, we propose a Lyapunov-based MHE scheme with a discounted least
squares cost function (Section 3.2.2) and establish robust global exponential stability
of the estimation error in a time-discounted L?-to-L> sense (Section 3.2.3). Here,
we employ the notion of i-ilOSS as introduced in Chapter 2 to characterize the
underlying detectability property.

3.2.1. Setup

We consider the continuous-time system from (2.5), where we for the sake of concise-
ness consider the generalized disturbance input w that describes both the process
disturbance and the measurement noise, see Chapter 2 for more details. The overall
state-space model therefore reads

B(t) = f(x(t), u(t), w(t)), 2(0) =X, (3.7a)
y(t) = h(z(t), u(t), w(t)), (3.7b)

where we recall that ¢ > 0 is the time, z(t) € X C R" are the states, x € X is
the initial condition, and y(t) € Y C RP are the noisy output measurements. The
(known) control input u and the (unknown) disturbance input w are measurable,
locally essentially bounded functions taking values in &4 C R™ and W C RY, and
we denote the set of such functions as My and M.y, respectively. The mappings
f:XXUXW = R"and h: X xU x W — Y constitute the system dynamics and
output equation. In the following, we assume that f and h are jointly continuous
and that & and W are closed.

For any initial state y € X, we denote the solution of (3.7a) at a time ¢ > 0
driven by the control u € M, and the disturbance w € My by z(t, x, u, w), and
the corresponding output signal by y(t, x,u, w) := h(z(t, x, u, w), u(t),w(t)). In the



46 3.2. Continuous-time Lyapunov-based MHE

following, we assume that solutions of (3.7) are unique, defined globally on R, and
satisfy z(t, x,u,w) € X and y(t, x,u,w) € Y for all t > 0 for all y € X, u € My,
and w € Myy.

Since we are interested in an optimization-based method for (nonlinear) state esti-
mation, we inevitably have to employ some sort of sampling strategy. To this end,
let 7 C Rsp be a set containing (arbitrary) distinct time instants. Given some a
priori estimate \ of the unknown initial condition y, the overall goal is to compute,
at each sampling time ¢; € T, the estimate Z(¢;) of the true system state x(t;). In
the next section, we provide conditions under which the resulting estimation error
converges exponentially (compare Remark 2.3) to a neighborhood around the origin
by means of the following definition.

Definition 3.1 (RGAS, RGES). A state estimator for system (3.7) is robustly globally
asymptotically stable (RGAS) if there exist functions B3, By, Buw € Kso and a constant
p € (0,1) such that the estimated state & with £(0) = Y satisfies

BIa(5) — ot o ww)) < Bl — X + [ Bullw(r)hdr  (38)

for all t; € T, all initial conditions X, x € X, all controls u € My, and all distur-
bances w € Myy. If additionally B(s) > C1s" and .(s) < Cays” for some Cy,Co, 1 >
0, then the state estimator is robustly globally exponentially stable (RGES).

Note that Definition 3.1 slightly differs from the property introduced in Defini-
tion 2.4, as we consider (3.8) only pointwise for all ¢; € 7 (and not for all £ > 0
as in (2.47)). This is natural in an optimization context, since the estimates are
produced at certain time instants and not continuously, compare also [MM95]. How-
ever, also note that all the beneficial properties implied by RGAS as discussed in
Section 2.2.4 still apply.

Remark 3.2 (Pointwise error bound). Eztensions to account for a pure continuous-
time stability notion as in Definition 2.4 can be easily deduced by predicting the
estimated state between two consecutive samples t;, e.q., using the nominal system
dynamics or an additional auziliary observer, compare Chapter 4.

3.2.2. Design of the MHE scheme

The MHE scheme presented below relies on the detectability property of the system
in (3.7), where we employ the notion of i-ilOSS from Definition 2.1—more precisely,
its Lyapunov function characterization from Definition 2.3, see Chapter 2 for more
details on i-il[OSS and its use in the context of nonlinear detectability. Here, we
restrict ourselves to the special case of exponential detectability, that is, we assume
that the functions oy, ag, 0y, 0, in (2.19a) and (2.19b) are of quadratic form.
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Assumption 3.1 (Exponential detectability). System (3.7) admits a quadratically
bounded i-iIOSS Lyapunov function U according to Definition 2.3 satisfying

X1 = x2lp S Ulxn, xe2) < Ixa — xal% (3.9a)

U(x1(t), 22(t)) < Ulxa, x2)n' + /Ot 0" (Jwi(7) = wal7)IG + [y (7) = 12(7) 3 ) dr
(3.9)

with P,P,Q,R = 0 for all t >0, x1,x2 € X, u € My, and wy, wy € Myy.

Note that the requirement of exponential detectability is a standard condition for
robust stability of MHE, ensuring a linear contraction of the estimation error over a
(finite) horizon, compare, e.g., [RMD20; AR21; Sch+23; KM23; Hu24]. Moreover,
assuming additive measurement noise, by using the same reasoning as in the proofs
of Theorem 2.1 and Corollary 2.1, one can show that Assumption 3.1 is equivalent
to the system (3.7) being exponentially i-ilOSS with disturbed outputs (compare
Definition 2.1), which in turn can be shown to be necessary for the existence of
RGES observers by suitable adapting the proof of Proposition 2.5. However, it
should be noted that in case the measurement noise enters the output equation
nonlinearly, there might be a gap between Assumption 3.1 and the system being
exponentially i-iOSS (with disturbed outputs), compare Remark 2.6.

In Section 7.1.2, we provide sufficient conditions (in terms of LMIs) for constructing
a quadratic i-iIOSS Lyapunov function U satisfying (3.9). Assumption 3.1 can be
relaxed to asymptotic detectability (Definition 2.3) if the FIE problem is considered,
compare Remark 3.8 below.

Let the initial estimate Y € X be given. At any sampling time t; € T, the proposed
MHE scheme considers the past input and output trajectories of the system (3.7)
within the moving time interval [t; — T},,t;] of length T}, = min{¢;, T} for some
T > 0. Let w, : [0,T3,) - U and yq, : [0,T3,) — Y denote the currently involved
segments of the input and output trajectories of system (3.7), which are defined as

u, (1) =u(t; =T, + 1), 7 €1[0,T3,), (3.10)
yti(T) : y(tz - jjtl + T,X,'LL,U)), TC [07ﬂz) (311>

Then, the optimal state trajectory on the interval [t; — T, t;] is obtained by solving
the following optimization problem:

Amlp J()%tia wtp gtiv tz) (312&)
Xt; Wt

s.b. @, (1) = (7, X4y, wey, Wy, ), T € [0, T3], (3.12Db)
Z‘jti (7-) = y(Tv Xtm utiv wti)a T € [07 Ez)y (312C)
I,(1) € X, T €0, T3], (3.12d)
wti(T) € Wa gti(T) € y, T € [077—;51) (3126)

The decision variables x;, and @, : [0,7},) — WV denote the estimates of the state at
the beginning of the horizon and the disturbance signal over the horizon, respectively,
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estimated at time ¢; (where w0, is minimized over all measurable, locally essentially
bounded functions mapping from [0,7},) to W). Given the input trajectory seg-
ment wu;, in (3.10), these decision variables (uniquely) determine the estimated state
and output trajectories #;, and @, via (3.12b) and (3.12¢) as functions defined on
[0,T},] and [0,T;,), respectively. In (3.12a), we consider the discounted objective

Ty, o A
J(f(ti’ wtiagtw ti) = nTtiF(f(tw a_:(ti - T;fz)) + /0 nTti L(wti(T)> Y, (T) — Yy, (T))dT
(3.13)

with quadratic prior weighting I'(x, Z) = 2|x—Z % and stage cost L(w, Ay) = 2|wl[3+
|Ay|%, compare Section 3.1 and Remark 2.3. Here, Z(¢t; — T},) is a prior estimate
that is specified below and the parameters n, P, Q), R are from Assumption 3.1.

Remark 3.3 (Discounting). The use of exponential discounting in (3.13) establishes a
direct link between the detectability property (Assumption 3.1), the MHE scheme (via
the cost function (3.13) ), and the desired stability property (RGES, see Definition 3.1
and Theorem 3.1 below). It is motivated by recent time-discounted MHE approaches
for discrete-time systems, which, compared to their non-discounted counterparts,
allow the direct derivation of stronger and less conservative robustness guarantees
by leveraging this particular structural connection, compare, e.qg., [KM18; KM23;
Hu2j; Sch+23] and see also the discussion in Section 3.3.

Remark 3.4 (Tuning). We point out that fizing the weighting matrices P,Q, R in
the MHE objective in (3.13) to the values from the i-ilOSS Lyapunov function is in
fact without loss of generality and therefore does not restrict any tuning possibilities.
In particular, the scaled Lyapunov function U(xy,z5) = KU (21, z5) with

1

K = (max{max(P, P), Anax(Q, Q) Amax (B, R)}) (3.14)

satzsﬁes4 Assumption 3.1 with P, Q, R replaced by arbitrary positive definite matrices
P,Q, R and P replaced by K P, compare also [Sch+23, Rem. 1] for a similar discus-
siton in a discrete-time setting. Note that this also allows for choosing the weights
in (3.13) time-varying (e.g., based on nonlinear Kalman filter update recursions) if
uniform bounds are either known a priori or imposed online.

Moreover, we point out that n in (3.13) can be replaced by any 1 € [n, 1), since the
dissipation inequality (3.9b) for a given i-ilOSS Lyapunov function U is still a valid
dissipation inequality for U if n is replaced by n € [n,1). Throughout this section,
we choose the parameters n, P,Q, R in (3.13) according to those from the i-ilOSS
Lyapunov function from Assumption 3.1 to simplify the notation.

Note that the continuous-time MHE problem in (3.12) and (3.13) is in fact an
infinite-dimensional optimization problem (in contrast to MHE formulations in dis-
crete time, compare Section 3.1). A standard approach to address such problems

4Generally, note here that |24 < Apax(4, B)|z|% for any real vector z and any A, B = 0 of
appropriate dimensions.
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are direct methods that essentially transform them into a finite-dimensional opti-
mization problem, which can then be solved using tailored numerical optimization
algorithms, see [RMD20, Ch. 8] for further details. In this case, a global solution
to the (discretized) MHE problem exists under Assumption 3.1, since I' and L are
positive definite (due to positive definiteness of P, Q, R) and radially unbounded in
the decision variables and the sets X and W are closed.

We denote a minimizer to (3.12) and (3.13) by (X;,,%;), and the corresponding
optimal state trajectory by @; (1) = (7, X}, u,,@;), 7 € [0,T3,]. The resulting
state estimate at sampling instant ¢; € T is then given by

#(t) = 3, (T,). (3.15)

Furthermore, we define the estimated state trajectory Z(t), t € [0,t;] as the piece-
wise continuous function resulting from the concatenation of optimal trajectory seg-
ments according to

tr o (t—k(t) + Tew), te (0t
X t=20
for all t; € T, where k(t) is the sampling time associated with ¢ defined by
k(t):= min k. (3.17)

ke{keT:k>t}

We use the estimated state trajectory z(¢) in (3.16) to define the prior estimate Z(¢)
appearing in the cost function (3.13); more specifically, we select

Bt~ T) =it —T,), teT. (3.18)

Note that this choice corresponds to a continuous-time version of the filtering prior,
compare Section 3.1.

Remark 3.5 (Estimated trajectory). Computing the piecewise continuous state tra-
jectory (3.16) is essential for the prior estimate T(t;—Ty,) in (3.18) to be well-defined
for all t; € T. To ensure that this estimate is available at time t; € T (i.e., has
already been computed in the past such that the MHE problem in (3.12) can actually
be solved at sampling time t;), the horizon length T must naturally satisfy

T > 6 :=supk(t) —t, (3.19)

>0

where & can be referred to as the mazimum deviation between a time t and its asso-
ciated sampling time k(t) >t that may occur for allt > 0. For equidistant sampling
using a constant sampling period § > 0, i.e., when T = {t € Rs¢:t =nd,n € [5¢},
it trivially holds that § = . Note that computing the full trajectory (3.16) (and
hence the third step in the algorithm below) could be avoided by designing T such
that t; — Ty, € T for allt; € T, compare also Remark 3.7.

The MHE problem (3.12) is solved in a receding horizon fashion, and the corre-
sponding algorithm can be summarized as follows. Given the sampling time t; € T
and its predecessor t; € T (if there is none, set t; = 0),
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1. collect the input and output trajectory segments u;, and y,,
2. solve the MHE problem (3.12) with objective (3.13),

3. update the estimated trajectory (3.16) by attaching the most recent optimal
trajectory segment 27 (7), 7 € (t; i,

4. update t; = t;, pick the next sampling time ¢; = mingc(re7r>1,3 K, and go
back to 1.

The stability properties of the proposed continuous-time MHE scheme are estab-
lished in the next section. In particular, we provide simple conditions for designing
a suitable set 7 and a horizon length 7" such that RGES of MHE (in the sense of
Definition 3.1) is guaranteed.

3.2.3. Robust stability analysis

In the following, we show how the i-ilOSS Lyapunov function U from Assumption 3.1
can be used to characterize a decrease of the estimation error Z(t) —x(t) in Lyapunov
coordinates over the interval [¢t; —Ty,, ] for any ¢t > 0 and its corresponding sampling
time ¢; = k(t) (where we define z(t) := z(t, x,u,w), t > 0 for notational brevity).
Indeed, this requires invoking the specific choice of the cost function (3.13) involving
the optimal trajectories over the interval [t; — Ty, t;] estimated at time ¢;. Then, we
apply this bound recursively to establish RGES of MHE in the sense of Definition 3.1,
see Theorem 3.1 below.

Proposition 3.1. Let Assumption 3.1 hold. Then, the state estimate &(t) in (3.16)
satisfies

U0, 2(0) < 7 (D (P, PGt~ T, a(t, )
ti
w4 [ T le(lr ), (3.20)
ti_Tti
forallt >0, X, x € X, u e My, we My, where t; = k(t) with k(t) from (3.17).

The main idea of the proof of Proposition 3.1 is similar to that of [Sch+23, Prop 1],
with technical differences due to the continuous-time setup.

Proof. Given any t > 0 and its corresponding sampling time t; = k(t), let [ :=
t —t; +T;, €[0,T;] and recall that 2(t) = 27 (1) = x(l, X7, wy,, W;,) by (3.16). Since
@7, satisfies (3.7) on [0,T;,] due to the constraints (3.12b)-(3.12e), we can invoke
the i-ilOSS Lyapunov function from Assumption 3.1. To this end, we use that
z(t) = z(t, x,u,w) = x(l,z(t — T3,), us,, wy,), where wy, : [0,7;,) — W denotes the
segment of w in the interval [t; —T,,t;) defined by wy, (1) := w(t; — T3, +1), 1 € [0,T3,).
Then, we can evaluate the dissipation inequality (3.9b) with the trajectories x4 (1) =
27 (1) = (1, X7, ug;, wf) and (1) = x(l, z(t; — T3,), uy;, wy,) and the corresponding
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outputs y1 (1) = ¢;. (1) and ya(l) = v, (1) with g, from (3.11), which yields
U2(@),2(t)) = U@ (1), 2(t = Ti; +1))
!
< UGEO) 2t~ T+ [ o (,7) —wn (7) + 1 () — (D) dr

<) (U<>z:, o(ti = T )"

[ (1 ) = () + 15 ) — e R)ar). (321)

where the last inequality follows by exploiting that [ < T, the definition of [, and
the fact that 27 (0) = X}.. Define

U= U, x(t; —T,))n™ +/ T ([ (7) = we, ()]G + 17,(7) = v (7)) dr
(3.22)

By Cauchy-Schwarz and Young’s inequality, we have
[, (1) — we, (T)[G < 2007 (7)]G + 2lwe, ()]G, 7 € [0, 7). (3.23)
From a similar reasoning and the application of (3.9a), we obtain

U(Rr,, ot — Tn) < %, — 2t = T) 5
=%i, — 2t = T,) + 2(t: = To,) — 2(t; — Tl

< 20X, — @t — T)lp + 202t = T,) — ot =T[5 (3.24)

Then, U in (3.22) can be bounded using (3.23)-(3.24), which yields

_ T;
U < 29|t — Th,) — a(t; — T3, %+/0 02wy, (7)o dr
T;
+ 25|55, — 2t — T,)|5 + /0 0T (20 (1) G + 195 (7) = e ()[R ) dr
T;
= 2" |2t — T,) — w(ts — To,) 5 + 2 /0 0" |wn, (7) BT + T (R, 07 97 1),

(3.25)

where in the last equality we used the definition of the cost function from (3.13).
By optimality, it further follows that

J(Xt 7wt 7@157 ) < J( ( T‘ti)thiaytmti)

g 27]Tti

T, .
) % + 2/0 0wy, (7')|2Qd7'.
(3.26)

Hence, (3.25), (3.26), and the definition of the prior estimate in (3.18) lead to

_ T;
U< 47]Tm‘ |£(t, — T}l) — {L’(ti — E |2ﬁ—{- 4/ nTti_T|wt-(T)|ggd7'

= dnti|2(t = Th) — w(t — Toy)

24 4/ 0w (r) 3 dr, (3.27)
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where the last equality followed by a change of coordinates. In combination, from
(3.21) with (3.22) and (3.27), we obtain

Ua(t),a(t) < 00

<n (ti—t) <47]Tzi

j<t1 - Ez) - x(tl - Ez)

t;
ey ] nti—T|w<T)|gsz). (3.28)
ti—Tt,

Using [2(t; — Tt,) — x(ti — T1,) 1% < Amax(P, P)|2(t; = T},) — x(t; = Ty, ) |7 and the first
inequality in (3.9a) yields (3.20), which finishes this proof. O

In the following, we consider the case where the estimation horizon 7" and set of
sampling times T are designed such that

M (P, PYT =0 = p7=% € (0,1) (3.29)

holds for some p € (0,1), where ¢ is defined in (3.19). Provided that an i-ilOSS
Lyapunov function as in Assumption 3.1 is known, we point out that for any design
of T, condition (3.29) can be easily satisfied by choosing 7" such that

. 1n<4)\max (Fa B))
In(n)

+4, (3.30)

leading to
p = (4D max (P, P))T=31. (3.31)

Whenever (3.29) is satisfied, Proposition 3.1 directly provides a dissipation inequal-
ity in integral form with exponential decrease for the estimation error in Lyapunov
coordinates; consequently, the i-ilOSS Lyapunov function U can be viewed as a
Lyapunov-like function for MHE on each interval [k(t) — Ty, t] for all t > 0.

In the following, we establish RGES of MHE by applying the bound (3.20) recur-
sively to cover the whole interval [0, ;] for a given sampling time ¢; € 7. However,
special care must be taken when concatenating the dissipation inequalities due to
the overlap of their domains.

Theorem 3.1. Let Assumption 3.1 hold. Suppose that the horizon length T is chosen
such that (3.29) is satisfied for some p € (0,1). Then, the estimation error satisfies

t;
() — (t)[3 < 4045 — x[5 + 8 /O P (7[R dr (3.32)

forallt; € T and all X, x € X, u € My, and w € My, i.e., the proposed MHE
scheme is RGES in the sense of Definition 3.1.

Proof. We start by noting that condition (3.29) leads to n < p and

A max (P, B)UT = PT75775-
This implies the following relation:

4)\max(p7 B)nT—(k(t)—t) _ pT—Sné—(k(t)—t) < pT—SpS—(k(t)—t) _ pT—(l<:(1t)—t)7 (3‘33)
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which holds for any ¢ > 0. Assume that an arbitrary sampling time ¢; € T is given.
We define the sequence of sampling times {k;}, j € I>( starting at ky = ¢; using the
following recursion:

ki1 = min k (3.34)

with
}CjI:{k'Glefj>k'ij—T}

if the set K; is non-empty, and k;;1 = k; otherwise. In the following, we use
¢ = 4\max (P, P) for notational brevity.

Now assume that for some time s > 0, k; = k(s) > T is the corresponding sampling
instant. From Proposition 3.1, it follows that

U@ (s), 2(s))
<o 0 (e U (ks = 7). 2l = 7))

k; 5 Kjt1
H4 [T dr 44 [ e dr 4 [ () dr ).
s j+1 5~
(3.35)

We aim to apply this property recursively. To this end, we have split the integral
on the right-hand side involving the interval [k; — T, k;] in three parts (noting that
ki =T < kjt1 < s < k;j); the first part overlaps with the previous iteration covering
the interval [k;_1 —T, kj_1] (unless k;_1—T € T = k; = k;_1—T), and the third part
overlaps with the succeeding iteration covering the interval [k;1q — T, kj11] (unless

k’j—TETik’j_ﬂ :kj—T).
We claim that
U(#(ko), x(ko)) < en™p* MU (&(k; = T),x(k; = T))
+ 8/ P (7 B + 4/ P w(r)Bdr (3.36)

holds for any ky € 7 and all j € I5( for which k;;, > T is satisfied, and we give a
proof by induction. For the base case, consider (3.35) with s = kg. We obtain

U(2(ko), x(ko)) < en"U(2(ko — T), x(ko — T))
e [ 4 [ el
k1 Q ko—T Q=

for which (3.36) with j = 0 serves as an upper bound.

We now prove (3.36) for general integers j € I>o. To this end, consider (3.35) with
s=Fk; —T. If j € I is such that k;;; > T, we can use the fact that

U(@(k; —T),x(k; = T))

<o I (et UKy 1~ T), s = )+ 4 [ 9l

=T
+4/ 7wy )de¢+4/ J+1—Tyw(7)deT).

(3.37)

kjp1 =T
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Now assume that (3.36) is true for some integer j € I for which k;4; > T'. In the
following, we show that (3.36) then also holds for j + 1. The combination of (3.36)
and (3.37) yields

U(z(ko), z(ko)) < enl—(kir1=(ki=D)) jho—k
(" UGy =T alksa = 1)) + 4 / (1) [y dr
+4/ 7T w(r )‘Qd7-+4/

+8/ P |Qd7+4/ P () B (3.38)

JHT\w(T)deT)

]+1_

From (3.33) and (3.34), we can infer that

CnT*(kHl*(krT))pko k; <p —(kjp1—(k; T))pko k; —pko ki1 (3.39)

Applying (3.39) to (3.38) and using that n < p leads to

U(j(k0)7x(k0>>
< pko_kﬂlchU(A(ij -T), (k?j—i-l -T))

+4 / P \Qd7+4/ o (r )deT+4/ PR (r) Pydr

kjp1 =T

+8 / PP w(r) B + 4 / Lo (r) B dr
kj+a kj—T
< proEiientU(&(kjsa — T), a(kjr = T))

+8/ P w(r |QdT+4/ P w () Bdr.

J+1_

This proves (3.36) for all kg € 7 and all j € I, for which k;; > T is satisfied. In
fact, the above argument shows that (3.36) also holds for the smallest j € I, for
which k;11 < T. Furthermore, when k;; < T, from (3.28) it follows that

Uz(k; —T),z(k; —1T))
< a0 (42 3(0) — 2(0)

+4/ = )|er+4/ 7T (r) fydr ).

The combination with (3.36) leads to

U(2(ko), z(ko))

kji1
< CnT—(ijrl—(k’j—T))pkO—kj (477kj+1|;f3(0) — 3:(0)]%—1— 4/}{ HT nkj+l_7’w(7')|éd7'
L

A S 2
+4/0 it |w(7)|QdT>

ok 2 AR 2
#8 [ o) dr 44 [ w(r) B, (3.40)
kjt1 kj—=T
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By using (3.39) and the fact that n < p, from (3.40) it follows that
U(%(ko), (ko))

< 4pM](0) |P+4/ P fw(r |Qd7+4/ P w(7) Bdr
+8/ PR fu(r |Qd¢+4/ PP (7 [Bdr

< 457)2(0) — 2(0)5 + 8 /0 P (7 B (3.41)

Applying the lower bound in (3.9a) and recalling that ¢; = ky yields (3.32), which
finishes this proof. O

Some remarks are in order.

Remark 3.6 (Horizon length and prior weighting). Another interpretation of the
condition in (3.29) on the horizon length for guaranteed RGES of MHE is that this
ensures that the prior weighting (specifically, the term nT'(x, %) in (3.13)) is not too
large compared to the integral over the stage costs. This is a natural requirement in
MHE to ensure that the estimation scheme can keep up with the data and does not
only follow a (potentially unstable) system trajectory, compare also [Rao00, Example

4.6.1].

Remark 3.7 (Sampling strategy). If the set T is such that t; —T, € T forallt, € T
(which is the case, e.g., for equidistant sampling with a constant period 6 > 0 and
T being an integer multiple of §, compare Remark 3.5), it follows that the interval
boundaries of each time horizon considered in the MHE optimization problem (3.12)
coincide exactly with two sampling times. Consequently, it suffices to evaluate (3.20)
only at sampling times t = t; € T —yielding a more direct Lyapunov-like function
for MHE—and simply apply this bound recursively to establish RGES as is the case
in discrete-time settings (e.g., [Sch+23, Cor. 1]), in particular without the need to
take into account any discrepancy between horizon boundaries and sampling times.
These simplifications result in a slightly weaker condition on the horizon length and
a slightly improved RGES result; namely, we can take 6 = 0 in (3.29) and replace
the factor 8 in (3.32) by the factor 4.

Remark 3.8 (Full information estimation). The restriction to an exponential de-
tectability property (Assumption 3.1) can be relaxed to asymptotic detectability (in
the sense of Definition 2.3) if FIE is applied, that is, the MHE scheme in (3.12)
and (3.13) with T;, = t;. In this case, we consider the cost function (3.13) with Ty,
replaced by t;, T'(x,Z) = a2(2]x — Z|) and L(w, Ay) = 0,(2|w|) + o,(|Ay|), where
Qg, 04,0y € Ko (and oy € K appearing below) correspond to the i-ilOSS Lyapunov
function parameters from Definition 2.3. By applying the same steps as in the proof
of Proposition 3.1, we can infer that the corresponding estimation error satisfies

(2 (t) — 2(t9)]) < 20 ax(2lt — x) +2 [ 1o 2l(r))dr

forallt; € T and all X,x € X, u € My, and w € My, which implies that FIE is
RGAS in the sense of Definition 3.1.
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3.3. Discussion

The MHE framework for continuous-time systems proposed and analyzed in Sec-
tion 3.2 builds on our ideas for the discrete-time case from [Sch+23, Sec. III]. How-
ever, we want to emphasize that the results do not trivially follow from this. Instead,
Theorem 3.1 is an interesting (and more general) theoretical result on its own re-
quiring a different proof technique, and moreover, offers significant advantages over
purely discrete-time schemes, especially when the physical system to be estimated
actually corresponds to a continuous-time one (which is often the case in practice).
Specifically, the continuous-time MHE scheme from Section 3.2 allows for arbitrary
sampling strategies to define the set T, i.e., the sampling instants at which the
underlying optimization problem (3.12) is actually solved, which provides a huge
additional degree of freedom compared to [Sch+23, Sec. III]. Since the set T can be
modified online, the proposed MHE scheme can even be used in an event-triggered
fashion, that is, by choosing the sampling instants during operation, depending on
a suitable triggering rule. Consequently, the continuous-time MHE scheme pre-
sented in Section 3.2 can be better tailored to the problem at hand, which can yield
more accurate results with less computational effort compared to standard equidis-
tant sampling. Furthermore, the consideration of a continuous-time system model
simplifies the detectability analysis (i.e., the verification of certain LMIs, compare
Chapter 7), which is structurally easier and particularly does not require specify-
ing a certain discretization scheme and a sampling period beforehand. Moreover,
assuming that the numerical solution of the continuous-time MHE problem (3.12)
is sufficiently accurate (compare the discussion below Remark 3.4), the robustness
guarantees provided by Theorem 3.1 are valid for MHE applied to the real physical
continuous-time system, and not to an approximately discretized model (which may
suffer from additional discretization errors).

In the following, we focus on the role of the discounting in (3.13), which creates a
direct link between detectability, MHE, and robust stability (compare Remark 3.3).
Since this conceptually originates from our work [Sch+23, Sec. III] (for discrete-
time systems), it is appropriate to discuss it in a more holistic context covering both
discrete- and continuous-time MHE approaches and their historical development.

MHE: A trade-off between practical designs and theoretical guarantees

Designing MHE schemes for nonlinear systems generally requires balancing practical
designs against valid theoretical guarantees. For example, one may choose a very
simple scheme involving a zero prior weighting and standard quadratic penalties,
that is, the cost function in (3.13) with = 1 and P = 0, compare [MM95]. However,
since past data is completely neglected in the design, the system must in general be
observable to ensure stability of MHE, and furthermore, large estimation horizons
may be required to obtain a performance comparable to FIE, compare [RMD20,
Sec. 4.3.1] and see also Chapter 6 (where we analyze the performance of MHE with
and without a prior weighting in more detail). Therefore, a non-zero prior weighting
seems appropriate, which, on the other hand, requires a certain dependency on the
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unknown FIE cost [RRMO3] or knowledge of specific parameters of the observability
property [ABBO08; AA16] to ensure stable estimation, both of which are generally
difficult (or even impossible) to verify for general nonlinear systems.

Establishing MHE for general detectable nonlinear systems that follow a practi-
cal design, provide good theoretical guarantees, and require conditions that can be
easily verified has also emerged as a major problem in the more recent literature,
compare, for example, [Mull7; Hul7; AR19b; KM18]. In particular, robust sta-
bility of MHE could be established in [Miill7; AR19b] based on i-IOSS using a
general cost function that permits standard quadratic penalties, however, the ro-
bustness bounds deteriorate with an increasing estimation horizon. Such a behavior
is counter-intuitive and undesired since one would naturally expect better estima-
tion results if more information is taken into account. This issue could be avoided
using a modified cost: either by adding a max-term that penalizes the largest sin-
gle disturbance as in [Mill7; Hul7], or by using a specific cost structure satisfying
the triangle inequality [KM18]. Hence, a trade-off between a standard quadratic
cost function and good performance guarantees for MHE has arisen. This could
be resolved in the Lyapunov-based MHE frameworks from Section 3.2 (in continu-
ous time) and [Sch+23, Sec. III] (in discrete time), which allow choosing standard
quadratic penalties (with additional time-discounting) while providing theoretical
guarantees that improve as the horizon length increases. We point out that com-
parable results were achieved earlier by using more general time-discounting with
K L-functions [KM23], or without discounting using a Lyapunov-like function [AR21;
All120]. In the following, we compare these three structurally different approaches
and highlight the benefits of Lyapunov-based MHE.

MHE using general time-discounting [KM23]

The requirements of Theorem 3.1 (and [Sch+23, Thm 1]) for guaranteed robust sta-
bility of MHE are fundamentally the same as in [KM23], namely, that the detectabil-
ity property of the system (given by i-IOSS) must be suitably related to the cost
function used for MHE by employing additional time-discounting. Consequently,
the robustness bounds established in Theorem 3.1 and [Sch+23, Thm. 1, Cor. 1]
are qualitatively comparable to those from [KM23, Thm. 14] for the special case of
exponential stability. However, we point out that under certain conditions, [KM23,
Thm. 14] also implies an asymptotic stability result using a nonlinear contraction.
In contrast, in Section 3.2 (and [Sch+23, Sec. III]), exponential detectability (i.e.,
a quadratically bounded i-iIOSS Lyapunov function, compare Assumption 3.1) is
crucially required to achieve a linear contraction over the estimation horizon, which
is in line with most of the recent results on nonlinear MHE [Hu24; AR19b; Hul7;
Miill17; KM18], compare also [AR19b, Prop. 1] and [Hu24, Lem. 1].

Whereas [KM23; KM18; Hu24; AR19b; Hul7; Mull7; Ale25] build their analysis
on properties of certain K- and KL-functions, we employ corresponding Lyapunov
function characterizations in Section 3.2 and [Sch+-23, Sec. III]. This fundamental
difference enables further theoretical insights and practical improvements. First,
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verifying the required detectability condition in order to guarantee RGES of MHE
becomes rather straightforward, particularly because we provide simple LMI con-
ditions for computing i-IOSS and i-ilOSS Lyapunov functions in Chapter 7. Even
though these results directly imply traditional K L-characterizations of i-IOSS and
i-ilOSS as mentioned in Remark 7.4 below, we obtain a stronger and more di-
rect relation between the i-(i)IOSS Lyapunov function and the corresponding MHE
cost function (which simplifies its tuning, compare Remark 3.4), as the additional
(and possibly conservative) step of calculating the respective ICL-functions can be
avoided. Furthermore, arguing in Lyapunov coordinates generally allows for less re-
strictive conditions on the horizon length for guaranteed RGES of MHE compared
to, e.g., [KM23, Thm. 14], which can be seen in Table 3.1 and the discussion below.
An additional useful feature is that even in the case of merely asymptotic (instead
of exponential) detectability, we can still use an exponential decrease in the dissipa-
tion inequality without loss of generality (consider the i-ilOSS Lyapunov function
from Definition 2.3 together with Proposition 2.3). This enables a much simpler and
more intuitive tuning of the FIE cost function compared to, e.g., [KM23, Ass. 1] and
[Hu24, Ass. 3| using general KL-function inequalities, see also [Sch+-23, Sec. I1I-C]
and Remark 3.8.

A Lyapunov-like function framework for MHE [AR21; All20]

We point out that a Lyapunov approach to stability of FIE already appeared in the
literature; in particular, a Lyapunov-like function (termed a Q-function) was used
in [AR19a] to establish nominal stability of FIE, and the results were extended in
[AR21] and [A1120, Ch. 5] to RGES and RGAS of FIE®, respectively. However, the
proposed Q-function significantly differs from the Lyapunov function employed in
Section 3.2 and [Sch+23, Sec. III], especially in its non-trivial structure utilizing
two time arguments. The key ingredient in [AR21], [All20, Ch. 5] is a sequence of
augmented infinite-horizon problems, each considering the first ¢ disturbances and
zero disturbances thereafter. As a result, each of these infinite-horizon problems has
finite disturbance sequences and therefore well-defined solutions. Then, at any time
t € I, the respective infinite-horizon cost function is compared to the truncated
finite-horizon cost function considering the partial time interval Ijg;_;; for some
J € Ijpy. This procedure allows establishing one-step dissipation in j for each
J € Ijo). However, since the resulting function is only semidefinite, it needs to be
combined with the i-IOSS Lyapunov function to finally create the desired Q-function.
Taking into account its different components, (“pessimistic”®) Lyapunov-like bounds
on the Q-function are established in [AR21, Prop. 3.14] for exponential, and in
[A1120, Sec. 5.3] for asymptotic stability. In this context, note that the lower bound
of the Q-function is given by the lower bound of the i-IOSS Lyapunov function; the

®Note that RGES of MHE was shown in [AR21, Thm. 4.2] assuming that the underlying FIE
is RGES and provides a linear contraction over the estimation horizon, i.e., without explicitly
constructing a Q-function for MHE, compare [All20, Sec. 5.5.3] and [KM23, Sec. 4].

6Wording according to the discussion below [AR21, Cor. 3.18]; it is not distinguished between
the influences of long past or recent disturbances.
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upper bound, however, requires an additional stabilizability assumption of certain
structure, compare [AR21, Ass. 3.6] and [All120, Ass. 5.14].

The Lyapunov-based analysis in Section 3.2 (and [Sch+23, Sec. III]), on the other
hand, is much simpler in many respects, enabled by an additional discount factor
in the cost function. Note that this corresponds to a fading memory design, a con-
cept that has been widely used in the literature for decades in many research areas
(see, e.g., [BC85; MS00]), and which was previously exploited also in the context of
state estimation, e.g., to deal with model errors in Kalman filter applications [SS71].
Within our Lyapunov-based framework, this results in a strong connection between
detectability and the MHE cost such that the i-IOSS Lyapunov function directly
serves as a Lyapunov function for MHE, see Proposition 3.1. As a result, many
(potentially conservative) steps, excessive over-approximations, and additional con-
ditions such as stabilizability could be avoided in the analysis. Interestingly, the
conditions on the cost function in terms of compatibility with i-IOSS are fundamen-
tally similar for all the results considered above (except for the time-discounting),
see Remark 3.4, [Sch+23, Rem. 1], [AR21, Ass. 3.5], [Al120, Ass. 5.13], and [KM23,
Ass. 1].

Lyapunov-based MHE allows for shorter horizons

In the following, we compare the discrete-time methods discussed above by means
of their respective conditions on the horizon length for guaranteed RGES of MHE,
which illustrates the general benefit of arguing in Lyapunov coordinates (we re-
strict ourselves to the discrete-time case here, as there are no MHE approaches
for continuous-time systems in the literature that are comparable with the results
from Section 3.2). For a broader overview, we also consider [AR19b, Thm. 1],
i.e., MHE based on a KL-function characterization of i-IOSS, but without a time-
discounted objective function as in [KM23|. For a fair comparison, we choose the
cost functions for [AR21; KM23; AR19b] such that the smallest possible horizon
follows in each case: we consider b(s,t) = (5(2s,t) according to [KM23, Rem. 6] and
Vo(x,Z) = |x — Z|? in [AR19b, Ass. 3]. Since the analysis is much more involved for
[AR21], we consider only an ideal (strict) lower bound on the minimal horizon length
which follows from a vanishing prior weighting (¢, = ¢, — 0 in [AR21, Ass. 3.4])
and under a perfect stabilizability condition (¢ — 0 in [AR21, Ass. 3.6]).

Provided that a quadratically bounded i-IOSS Lyapunov function” is given, Table 3.1
shows for each case the resulting constants C' > 0 and p € (0,1) defining the con-
traction condition Cu’ < 1 that the horizon length N must satisfy for guaranteed
RGES of MHE. Solving the conditions for the minimal stabilizing horizon length
by Npin = [—InC'/In ] and applying standard properties of the logarithmic func-
tion, we arrive at the following conclusions. First, under optimal choices of the cost
functions in terms of the horizon length, the contraction conditions from [KM23,
Thm. 14] and [AR19b, Thm. 1] are (except for the additional factor 3) very similar

"See Definition 7.1 in Chapter 7 and compare Assumption 3.1.
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Table 3.1. Requirement for the horizon length N for different results from the literature.

Result C K
[SCh+23, Thm. 1] 4)\max(ﬁ7 B)
)\max(f) )\mln(B)
[AR21, Thm. 4.2] > m > {‘/1 —A-n5e®
[KM23, Thm. 14 S i) 1
AII]a,)( ﬁ
[AR19b, Thm. 1] 3/852=0) Vi

Depicted are the respective constants C, z1 > 0, which form the contraction condition Cp¥ < 1
that the horizon length N must satisfy for guaranteed RGES of MHE.

to each other, despite a structurally different MHE design and proof technique®.
Second, we can generally conclude that [Sch+23, Thm. 1] provides the least conser-
vative estimate on the minimal horizon length N, for guaranteed RGES of MHE;
to see this, recall that Apax(P)/Amin(P) > Amax(P, P) for all P = P = 0 and observe
that each constant C, p in Table 3.1 has its minimal value at Apax(P)/Amin(P) = 1.
This general fact is also observed in the numerical example in Section 3.4 below,
where we compute the minimal stabilizing horizon length for each case (compare
Table 3.2). As a side remark, we note that a direct consequence of the choices made
in the proof of [AR21, Prop. 3.15] is that generally no better contraction rate than

W= M ~ (.93 and hence no smaller horizon length than N = 10 can be obtained
using [AR21, Thm. 4.2], even in case of n — 0 in (7.2b) (which corresponds to triv-
ial observability, e.g., in case of full state measurements) and under the ideal setup
considered above.

Overall, the Lyapunov-based MHE schemes from Section 3.2 and [Sch+-23, Sec. I1]]
employ a practical (fading memory) least squares cost function and provide theoreti-
cal stability and robustness guarantees that improve as the horizon length increases.
This becomes especially powerful when combining it with our results from Chapter 7
below, where we provide simple LMI conditions to compute quadratically bounded
i-IOSS and i-iIOSS Lyapunov functions (for discrete- and continuous-time systems,
respectively) so that an MHE design with guaranteed robust exponential stability is
directly obtained. The simulation examples in the next section show that this partic-
ular combination enables guaranteed robust stability of Lyapunov-based MHE under
practical conditions, in particular requiring significantly shorter horizons compared
to results from the literature.

8For both [KM23, Thm. 14] and [AR19b, Thm. 1], note that the factor 8 in the second column
of Table 3.1 could be easily replaced by 4 by a straightforward extension of the respective
derivation. The additional factor 3 appearing in the last row results from a max-based i-IOSS
bound used in [AR19b, Thm. 1] (whereas [KM23, Thm. 14] allows for using a less-restrictive
sum-based i-IOSS bound) and could also be avoided by a suitable modification. Nevertheless,
the above conclusions also apply to these improved conditions in the practical case where
Amax(P)/Amin (P) > Amax (P, P), compare also the simulation example in Section 3.4.
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3.4. Numerical examples

We consider two examples from the literature: a chemical reactor process in Sec-
tion 3.4.1 and a realistic 12-state quadrotor model with flexible rotor blades in Sec-
tion 3.4.2. As first step, we apply the verification methods proposed in Sections 7.1.1
and 7.1.2 below to verify i-IOSS and i-ilOSS for the corresponding discrete- and
continuous-time models, respectively. Here, it is also worth noting that the lack of
such methods in the literature was generally considered a major problem in [AR21],
as i-IOSS became a standard detectability assumption in the recent literature on
nonlinear MHE, compare Section 3.3. Theorems 7.1 and 7.2 provide useful tools to
actually verify this crucial property in practice. Based on these results, we apply
the Lyapunov-based MHE schemes from [Sch+23, Sec. III] and Section 3.2. Overall,
the following examples demonstrate the practicability of Lyapunov-based MHE and
the verification methods presented in Sections 7.1.1 and 7.1.2, thus illustrating the
ability of MHE to provide valid theoretical guarantees under practical conditions.

The simulations are performed in MATLAB using CasADi [And+18] and the NLP
solver IPOPT [WBO05]. LMIs are verified using YALMIP [L6f04; Lof09] and the
semidefinite programming solver MOSEK [MOS24].

3.4.1. Chemical reaction

We consider the reversible chemical reaction 2A = B taking place in a constant
volume batch reactor, which is taken from [TRO02, Sec. 5|. The system state x
consists of the partial pressures of A and B and evolves according to

jfl = —2]61.%% + 2]€2$2,

3.42
jIQ = kll'% — ]{521’2 ( )

with k; = 0.16 and ko = 0.0064. An initial quantity of A and B is fed into the
reactor, but the exact composition is unknown. A pressure gauge measures the
total pressure prevailing in the reactor, yielding the output equation y = x; + 5.
The true initial state of the system and its a priori estimate are

2(0) = x = m ,  X= [2;1 . (3.43)

This setup poses a challenge for state estimation; in fact, simple estimators such
as the standard EKF can fail to provide meaningful results, compare [RMD20, Ex-
ample 4.38] and see the simulation results in Figure 3.1 below. This example is
frequently used in the MHE literature (see, e.g., [RMD20, Example 4.38]), however,
i-IOSS has never been certified. In the following, we apply the methods proposed in
Sections 7.1.1 and 7.1.2 to verify this crucial property for both the discretized and
the original continuous-time model and apply the Lyapunov-based MHE schemes
from [Sch+23, Sec. III] and Section 3.2.
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Table 3.2. Minimum required horizon length for guaranteed RGES of MHE compared to
the different methods from the literature considered in Table 3.1.

[Sch+23, Thm./Cor. 1] [AR21, Thm. 4.2] [KM23, Thm. 14] [AR19b, Thm. 1]
15 > 8- 10° 119 142

Discrete-time Lyapunov-based MHE framework

To obtain a discrete-time model of the system (3.42), we apply an Euler discretiza-
tion using the sampling time tA = 0.1, leading to

of =z + ta(—2k 2] + 2koms) + wy,
LL’; = Iy + tA(kll’% - /{221’2) + Wa,

Y=+ a2+ ws,

where we consider additional disturbances w € R3. In the following, we treat w as a
uniformly distributed random variable satisfying |w;| < 1073 4 = 1, 2 for the process
disturbances and |wz| < 0.1 for the measurement noise. We assume that the prior
knowledge & = [0.1,4.5] x [0.1,4.5] is available, which follows from the physical
nature of the system under the above conditions (in particular, the initial condi-
tions (3.43) and boundedness of the disturbance w), compare also the simulation
results in Figure 3.1 below.

For the considered system, we can apply Corollary 7.1 in combination with SOS
optimization to compute a quadratic Lyapunov function U(z,Z) = |z — #|% in the
sense of Definition 7.1 with

102 0 0
4%941n] )
= , Q=10 10" 0], R=10%
[4n13sm 0 o0 10°

and the decay rate n = 0.91. We point out that, to the best of the authors’ knowl-
edge, this is the first time that i-IOSS has been explicitly verified for this example.

Based on the i-IOSS Lyapunov function above, we can now compute the minimum
horizon length N, sufficient for robust stability of MHE according to [Sch+23,
Sec. I11], and compare it to corresponding estimates from the recent nonlinear MHE
literature, i.e., the Lyapunov-like function framework [AR21], MHE with general
time-discounting [KM23], and without time-discounting [AR19b], by resolving the
respective conditions in Table 3.1. As can be seen from Table 3.2, the Lyapunov-
based MHE approach from [Sch+423, Sec. I1I] yields a minimum horizon length that
is (at least) one order of magnitude better (i.e., smaller) than those obtained from
the literature.

For the following simulation, we choose N = 30 > N,,;, to provide a small estimation
error bound. The simulation results are depicted in Figure 3.1, which shows robustly
stable estimation as guaranteed by [Sch+23, Thm. 1]. In order to compare the
results, we also simulated the EKF. As can be seen in Figure 3.1, however, the
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Figure 3.1. Comparison of MHE results (blue), EKF estimates (magenta), real system
states (red) and measurements (green circles) for the discretized chemical reaction, where
x1, 21 are solid and z9, Zo are dash-dotted. We have used N = 30, which guarantees RGES
of MHE by [Sch+23, Thm. 1].

corresponding estimates exhibit a serious error compared to MHE, which is partly
due to the fact that the physical constraints were not met. In summary, the overall
simulation results are similar to [TR02, Sec. 5], [RMD20, Example 4.38], but with
valid robustness guarantees for MHE.

Continuous-time Lyapunov-based MHE framework

We consider the system (3.42) with initial condition (3.43) under additional distur-
bances w € R3, which yields

I"l = —lel’i + 21{321’2 + wq
i’g = k’ll‘% — ]{?2232 + wWo (344)

y:x1+x2—i—w3.

We consider the disturbance signal w to be piece-wise constant over intervals of
length ta = 0.01 and satisfies w(t) € W = {w € R? : |w;| < 0.1, i = 1,2, 3} for all
t > 0, see left plot in Figure 3.2. Here, we consider the simulation length ¢, = 5
and additionally assume that the true trajectory x satisfies z(t) € X = {z € R? :
0.1 <uz; <5,i=1,2} for all 0 <t < tg,, which is reasonable under this setup.

We verify the LMI conditions (7.33) on® X x W, and by application of Theorem 7.2,

9Here, we exploit that condition (7.33) is linear in z; for a fixed value of = 0.4 and kK = — Inn,
solving (7.33) for the vertices of X implies that (7.33) holds for all X x W by convexity of X.



64 3.4. Numerical examples
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Figure 3.2. Disturbance signal w (left) and sampling times ¢; contained in the set 7 (right)
for the continuous-time MHE scheme applied to the chemical reaction.

the quadratic i-ilOSS Lyapunov function U(xy, z9) = |21 — 2|3 with

p_ 4.009 3.768
3768 3.549

satisfies Assumption 3.1 on X x W with n = 0.4, Q = diag(10?,10%,10%), and
R =102

We use the MHE objective (3.13) with I'(x,Z) = 2|x — Z|% and L(w, Ay) = 2|w|g, +
|Ay|% and want to perform 50 MHE updates during the simulation (in the interval
0, tsim]). To illustrate the flexibility of the MHE scheme from Section 3.2 allowing for
non-equidistant sampling (in particular, in contrast to the discrete-time framework
applied in the previous section), we design the set 7 such that it contains more
samples towards the beginning of the experiment, as can be seen by the blue dots
in the right plot in Figure 3.2. This yields § = 0.19 in (3.19). Choosing the horizon
length T' = 2 satisfies (3.29) and guarantees the convergence rate p = 0.86 in (3.32).

We solve each MHE problem (3.12), where we employ a multiple shooting approach
and integrate the system dynamics in (3.44) using the classic Runge-Kutta method
(RK4) with step size to = 0.01. The computations took at most 7., = 19.6 ms
per iterate of the MHE algorithm presented at the end of Section 3.2.2 for all sam-
pling times t; € 7. The estimation results are depicted in Figure 3.3. This shows
fast convergence of the estimation error to a neighborhood around the origin, as
guaranteed by Theorem 3.1.

3.4.2. Quadrotor

We adapt the example from [Kai+17] and consider a quadrotor model involving
four rotors with flexible blades. Let Z denote the stationary inertial system with
its vertical component pointing into the Earth, where position and velocity of the
quadrotor are represented by z = [z1,2,23]" and s = [sy,s2,83]", respectively.
By B we denote the body-fixed frame attached to the quadrotor, with the third
component pointing in the opposite direction of thrust generation. The attitude of B
with respect to Z is captured by a rotation matrix R (where we use zyz-convention),
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Figure 3.3. Estimation results of the continuous-time Lyapunov-based MHE scheme ap-
plied to the chemical reaction. Top: comparison of the estimated trajectory Z (3.16), the
true system trajectory x, and the measurements y; bottom: the corresponding estimation
error. The circles correspond to the estimates Z(¢;) at the sampling times ¢; € T.

which involves the roll, pitch, and yaw angle of the quadrotor represented by & =
[6,0,]". The angular velocity of the quadrotor in B with respect to Z is given by
Q = [Q1,,93]". Assuming a wind-free environment, the overall dynamics can be
described as

z =3,

£=T(£9,
ms = mges — TR(§)es — R(£) BQ,
JO = —QXJQ+ 71— DQ,

(3.45)
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where ez = [0,0,1]" and (-)* refers to the skew symmetric matrix associated with
the cross product such that ©*v = u x v for any u,v € R3. The thrust T € R
and the torque 7 € R? are generated by the four rotors by means of their angular

velocities w; via
2

Ct Ctr Cct ctr w1
TN | 0 —lep 0 ler w%
[T‘| ey 0 —ler 0 w% ’

—CQ CQ —CQ CQ wZ

and the matrix I' is defined as

1 singtanf cos¢tanf
['e¢) =10 cos ¢ —sin ¢

0 sin¢sect cos@psect

For further details on the model and its derivation, we refer the interested reader
to [Kai+17; NS19]. The parameters are chosen as m = 1.9, J = diag(5.9,5.9,10.7) -
1073, 9=9.8,1=0.25cr =107, co =107% B =1.14-¢5, and D = 0.0297 - e3e; .
In summary, the overall model has the states x = [27,£7,s7,Q7]T € R!2 and the
inputs u = [wy,ws, w3, ws]" € R We additionally assume that the dynamics of i; is
corrupted by an additive disturbance d;, i € I[; 19, and that only noisy position and
orientation measurements y = [27,£"]T + v with noise v € RS are available. In the
following, we consider d, v uniformly distributed such that |d;| < 1073, = 1,19, and
lv;] < 0.1, 7 =T and define w = [d",v"]" € R!*. The discrete-time model (3.1)
is then obtained via Euler-discretization using the sampling time tA = 0.05.

We assume that some input-output sequences {u(t)} and {y(¢)} have been measured
while performing a certain control scenario of the quadrotor that ensures z(t) € X =
{z 1&| < 7/6,|%| < 1, € Ing}t and u(t) € U = {u : Ju;| < 1500, € Ijy 4} for
all t € I¢; the objective is to reconstruct the corresponding state trajectory using
Lyapunov-based MHE. To this end, we verify condition (7.26) on X x U by suitably
gridding the state space and thus compute a quadratic i-IOSS Lyapunov function
with the decay rate n = 0.87. Choosing the horizon length M = 30 satisfies the
conditions [Sch+-23, Thm./Cor. 1] such that RGES of MHE is guaranteed.

Figure 3.4 shows the real, measured, and estimated position of the quadrotor (in the
frame 7) to illustrate the maneuver flown. The overall estimation error in Lyapunov
coordinates is depicted in Figure 3.5 and illustrates exponential convergence to a
neighborhood around the origin, as guaranteed by [Sch+23, Thm./Cor. 1].

We conclude this section by noting that similar results follow from the application of
the continuous-time MHE framework from Section 3.2 (in particular, Theorem 3.1)
and the i-ilOSS verification from Section 7.1.2 to the original continuous-time model
in (3.45), although we omit a detailed discussion here for reasons of space and
redundancy.
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Figure 3.4. Comparison of the estimated (blue), true (red), and measured (green) position
of the quadrotor.
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Figure 3.5. Estimation error in Lyapunov coordinates of MHE applied to the discretized
quadrotor model.
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3.5. Summary

In this chapter, we focused on robust stability guarantees of MHE for detectable non-
linear systems under process disturbances and measurement noise. We discussed a
basic MHE scheme in discrete time and discussed the general structure of the un-
derlying optimization problem. We briefly introduced the Lyapunov-based MHE
scheme from [Sch+23, Sec. III], which employs a least squares objective under addi-
tional discounting and enjoys many beneficial theoretical properties, provided that
the cost function is selected in accordance with a known i-IOSS Lyapunov function
characterizing the detectability property of the system.

In the second part, we presented a counterpart for continuous-time systems—mnamely,
a Lyapunov-based MHE scheme for general nonlinear perturbed continuous-time sys-
tems. Assuming that the system is detectable (i-ilOSS) and admits a corresponding
i-iIOSS Lyapunov function, we showed that there exists a sufficiently long estima-
tion horizon that guarantees robust global exponential stability of the estimation
error in a time-discounted L?-to-L> sense. While the overall robust stability anal-
ysis is based on similar ideas as in the discrete-time setting in [Sch+23, Sec. 11},
the continuous-time MHE framework offers some significant advantages in practice.
In particular, the sampling times at which the underlying optimization problem is
solved can be chosen arbitrarily, which even allows the MHE scheme to be applied
in an event-triggered fashion using a suitable triggering rule. Consequently, the pro-
posed MHE scheme can be tailored to the problem at hand, which can yield more
accurate results with less computational effort compared to standard equidistant
sampling.

We discussed Lyapunov-based MHE (for both discrete- and continuous-time sys-
tems) in the context of recent results from the literature, highlighting its advan-
tageous properties arising from the fact that we argue entirely in Lyapunov coor-
dinates. First, tuning the MHE cost function by suitably relating it to i-(i)IOSS
in order to achieve valid theoretical guarantees (which typically requires general
K L-function inequalities in the literature) becomes easy and intuitive, which even
applies for the case of FIE and under merely asymptotic (rather than exponential)
detectability. Second, a Lyapunov-based analysis generally allows for significantly
less conservative (i.e., smaller) estimates of the minimum required horizon length
compared to the literature.

The applicability of Lyapunov-based MHE for discrete- and continuous-time sys-
tems was illustrated using a nonlinear chemical reaction and a quadrotor model
from the literature. Here, we verified the required detectability condition by com-
puting i-IOSS and i-ilOSS Lyapunov functions using our methods from Sections 7.1.1
and 7.1.2 and successfully applied the Lyapunov-based MHE schemes from [Sch+23,
Sec. I1I] and Section 3.2. For the latter, we used a non-equidistant sampling method,
which illustrates the greater degree of flexibility compared to purely discrete-time
approaches. Overall, the combination of Lyapunov-based MHE and the verification
methods from Sections 7.1.1 and 7.1.2 allow for guaranteed robustly stable state es-
timation under practical conditions, for both discrete- and continuous-time systems.
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real-time applications

In this chapter, we present several suboptimal MHE schemes for general nonlinear
discrete-time systems and provide robustness guarantees with respect to process
disturbances and measurement noise that particularly do not require optimality of
the solutions. This is crucial in order to ensure the practicability of MHE methods,
especially in real-time applications. To this end, we employ an a priori known,
robustly stable auxiliary observer, from which the robust stability properties can
be inherited. In Section 4.1, we specify our setup concerning the system and the
auxiliary observer. Then, in Section 4.2, we consider a classical MHE formulation
that optimizes over system trajectories and allows the user to choose a standard
least squares cost function, as is typical in practical applications. In Section 4.3, we
propose a modified MHE formulation where we directly optimize over trajectories
of the auxiliary observer, yielding an estimation scheme that is easier to implement,
provides improved theoretical guarantees, and can even outperform comparable fast
MHE approaches that optimize over system trajectories.

Disclosure: The following chapter is based upon and in parts literally taken from
our previous publications [SM23d; SWM23; SKM21]. A detailed description of the
contributions of each author is given in Appendix A.

4.1. System description and auxiliary observer

We consider the discrete-time, perturbed nonlinear system

2t +1) = f(x(t),u(t),d(t)),  2(0) = x. (4.1a)
y(t) = h(a(t), u(t), v()), (4.1b)

where t € I5 is the discrete time, x(t) € R” is the system state at time ¢, y € R”
is the initial condition, u(t) € R™ is the (known) control input, d(t) € RY is the
(unknown) process disturbance, v(t) € R" is the (unknown) measurement noise,
and y(t) € RP is the noisy output measurement. The nonlinear continuous functions
fiR"XR"™ xR?— R” and h : R" x R™ x R" — RP represent the system dynamics
and output equation, respectively. We denote the nominal (disturbance-free) system
equations as fy(z,u) = f(x,u,0) and hy(z,u) = h(z,u,0).

Note that in this chapter, the system description (4.1) explicitly distinguishes be-
tween process disturbances d (which affect the evolution of the system) and mea-
surement noise v (which affects the output) and hence refrains from employing a
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generalized noise input w = (d, v), which is necessary because they require a different
treatment here.

In the following, we assume that the unknown true system trajectory satisfies
((t),u(t),d(t),v(t) e ¥ xU XD xV =2, t €l (4.2)
where Z is forward invariant in the sense that
(r,u,d,v) € Z = f(zr,u,d) € X, h(z,u,v) €Y. (4.3)

In (43), ¥ CR", U CR™, D C R,V CR", Y CRP are some known closed
sets, where we assume that 0 € D and 0 € V. Such constraints typically arise from
the physical nature of the system, e.g., non-negativity of partial pressures, mechan-
ically imposed limits, or parameter ranges. Using this information can significantly

improve the estimation results, compare Section 3.1. If no such sets are known a
priori, they can simply be chosen as X =R", U/ =R", D=R?, V=R", Y = R".

In the following, we require a Lipschitz continuity property of h.

Assumption 4.1 (Lipschitz continuity of h). The function h in (4.1b) is Lipschitz
continuous, i.e., there exists a constant Ly, > 0 such that

|h(z1, u,v1) — h(x2, u, v2)| < (|21 — 2| + [v1 — v2])

for all x1,x9 € X and vi,v9 € V uniformly for all u € U.

Given some initial guess y of the true state y, the overall goal is, at any time
t € Iso, to provide an estimate Z(t) of the current state x(t) that satisfies the
following stability notion.

Definition 4.1 (RGES). A state estimator for system (4.1) is robustly globally ex-
ponentially stable (RGES) if there exist Cy,Cy,C3 > 0 and p € (0,1) such that the
resulting state estimate &(t) with £(0) = X satisfies

(1) — 2(0)] < max {CupfK — xl,_max oG], max Copt ()]}
J€l0,e-1) J€lo,e—-1)
(4.4)

for all t € Iso, all initial conditions x,x € X, and all disturbance and noise se-
quences d € D™ and v € V.

Definition 4.1 corresponds to a discrete-time (exponential) version of the stability
notion from Definition 3.1 and is often used in the recent MHE literature, see, e.g.,

[RMD20; KM23; AR21; Sch+23|, and compare also Section 2.2.4 for more details.
Due to the use of exponential discounting in (4.4), we have the following equivalence.

Proposition 4.1. A state estimator is RGES as characterized in Definition 4.1 if
and only if (4.4) holds with each mazimization operation replaced by summation.
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Proof. The proof is straightforward and follows the lines of the proof of, e.g., [AR21,
Prop. 3.13]. O

In the following, we present several MHE schemes with robust stability guarantees
that in particular do not rely on optimality of the solutions, which is crucial for
practical (especially real-time) applications. Instead, stability properties are inher-
ited from an additional (potentially poorly performing) auxiliary observer. To this
end, we consider the following standard form given by a mapping g : O xU xY — O
with O C R" such that, at any time ¢ € I>, the dynamical system

2(t+1) = g(z(), u(t),y(1), 2(0) =, (4.5)

with initial condition ¢ € O constitutes an estimate of the state z(t + 1) of the
system (4.1) using the measured inputs and outputs (u(t),y(t)) and the previous
internal state z(t) € O. We assume that some observer in the form of (4.5) is
available that satisfies the following property.

Assumption 4.2 (RGES auxiliary observer). There exists an i-1SS Lyapunov function

Vo : O x X — R along with matrices P, Py, Qo, Ro = 0 and a constant n, € (0,1)
such that

o = af, < Vilz,0) < |2 -l (4.60)
Vol (e e, 0)), f(e, ) < o Vols, ) +1dl, + o2, (46b)

for all z € O and all (z,u,d,v) € Z.

The i-ISS Lyapunov function V, provided by Assumption 4.2 implies RGES (Defi-
nition 4.1) of the observer in (4.5). Such a characterization was previously used in
the context of MHE in [KMAZ21]. Designing state observers as in (4.5) for perturbed
nonlinear systems that admit a corresponding i-ISS Lyapunov function is an active
area of research. Assumption 4.2 can be verified with a quadratically bounded i-ISS
Lyapunov function V, satisfying (4.6a) by employing the differential dynamics, com-
pare, e.g., [SP16; YWM22|. Alternatively, we could restrict the design to a quadratic
function V,, where sufficient conditions can be derived based on, e.g., incremental
quadratic constraints [Zha+19] or specific Lipschitz properties [GHO92; ZB13]. A
quadratic (time-varying) function V, also arises for Kalman-like observers, compare
[RU99; JRBO05]. Note that Assumption 4.2 is our key assumption and can restrict
the class of systems to which the MHE schemes presented below are applicable.

Remark 4.1 (Observer description). We want to point out that observers as in (4.5)
are not in the most general form possible. Instead, we could simply require the
observer to be a sequence of maps {V;}°, rather than a system, such that

2(t+1) = (€ {(ulh), ¥(7)) Fi=o), t € 0, (4.7)

compare [ART21, Def. 2.2] and see also [SWI7, Rem. 25]. This general description
would also allow for observers that do not admit a classical state-space represen-
tation, which we considered in our work [SM23d]. For auziliary observers in the
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context of suboptimal MHE, however, such description is rather of theoretical inter-
est. This is because we are particularly interested in auziliary observers that can
be evaluated fast and with very little computational effort (while they may produce
rather poor estimation results). Conventional observers in the form of (4.5) comply
with this condition, as they only require a simple forward simulation of the observer
dynamics. More sophisticated estimation methods that can only be described by the
general form (4.7) (such as MHE or FIE) would potentially provide better estimation
results, but would be completely contrary to our goal (i.e., developing fast suboptimal
MHE methods for real-time applications).

In Section 4.2, we consider a rather classical MHE formulation that optimizes over
trajectories of the system (4.1), where we use the auxiliary observer in (4.5) to
construct a candidate solution for the underlying optimization problem and invoke
Assumption 4.2 to infer stability of suboptimal MHE. In Section 4.3, we present a
modified MHE problem that optimizes over trajectories of the observer (4.5), where
the i-ISS Lyapunov function V, from Assumption 4.2 directly serves as (multi-step)
Lyapunov function for suboptimal MHE.

4.2. Optimizing system trajectories

In this section, we present a suboptimal MHE scheme involving the system dynam-
ics (4.1). We specify the design in Section 4.2.1 and analyze stability in Sections 4.2.2
and 4.2.3 (considering different classes of nonlinear systems). We discuss the theo-
retical properties resulting from different setups in Section 4.2.4, extend our results
to auxiliary observers that may not satisfy the MHE constraints in Section 4.2.5,
and provide a numerical example in Section 4.2.6.

To ensure that the unknown true trajectory can actually be recovered from the
obtained input-output measurements, we use the following notion of exponential
detectability.

Assumption 4.3 (Exponential detectability). System (4.1) admits a quadratically
bounded i-10SS Lyapunov function U : X x X — Rxq, that is, there exist matrices
P, P, Qs, Ry, Gy = 0 and a constant ns € (0,1) such that

|z — x2|2£S < Ul(xy,z9) < |z1 — I2|2fs’ (4.8a)

U(f(xbua d1)7 f(x2>ua d?))
< U (w1, 2) + |di — dol§y, + o1 — v2|%, + |h(21, u,v1) — h(z2,u,v0)|5, (4.8b)

for all (x1,u,dy,v1), (T2, u,ds, ve) € Z.

The i-IOSS Lyapunov function U from Assumption 4.3 is the direct discrete-time
counterpart of Definition 2.3 (for continuous-time systems) and corresponds to As-
sumption 1 in [Sch+23]. It essentially represents an (equivalent) Lyapunov char-
acterization of exponential i-IOSS, which has become standard in recent years as
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a notion of nonlinear detectability in the context of MHE, compare, e.g., [RMD20;
AR21; Hu24; KM23|, and see Chapter 2 for more details on i-IOSS and nonlinear
detectability. In Section 7.1, we show how i-IOSS Lyapunov functions can be sys-

tematically constructed for general nonlinear systems using the differential dynamics
and LMIs.

In the following, we impose a compatibility condition between the i-IOSS Lyapunov
function for the system and the i-ISS Lyapunov function for the auxiliary observer.

Assumption 4.4 (Compatibility). The parameters from Assumptions 4.2 and 4.3 are
such that ng < 1, and Py < P,.

Note that Assumption 4.4 is without loss of generality, as the functions U and/or
V,, can simply be re-scaled to satisfy the compatibility conditions; we only make this
assumption for the sake of simplicity. However, we want to point out that considering
ns < 1, is quite natural, since generally no faster convergence of the observer error
(captured by 7,) can be expected than the slowest decay of the unobservable mode
of the system (captured by 7).

4.2.1. Suboptimal MHE design

The general MHE problem considered in this section corresponds to the standard
formulation from Section 3.1, with minor technical differences. In particular, at each
time ¢ € I>(, we consider the past input and output data in a moving time window
of length N; = min{t, N} for some fixed N € I,. Given the corresponding input
and output sequences restricted to the current horizon

we = {uw(7)} 20", wlg) = u(t — Ny +7), J € T, ¢ € Iz, (4.9)
ye = {u () ;V:tala v(j) =yt =Ny +j), je Lo, n,—155 T € I>o, (4.10)

we can state the following NLP:

rnjn J(it,gt,@t,gt,t) (411&)
2t,de, 0t

5.6 2(7 + 1) = F(@:05), w(5), di(5)), § € Tone-)s (4.11Db)

9e(7) = h(2:(5), w(5), (7)), J € Lio,ve-1); (4.11c)

jt(]) € X) j € H[O,Nﬂa (411d)

di(j) €D, 0(j) €V, 5:(J) €Y, § € Ty, (4.11e)

The cost function J(-) is specified below. The decision variables &; = {Z( j)};y:to,

dy = {Jt(j)};\[:to_l, and 0; = {@t(j)}jyz‘al are sequences' that contain estimates of

the state, the process disturbance, and the measurement noise over the estimation

!Compared to the problem formulation (3.4) in Section 3.1, the decision variables involve the two
sequences d; and v; instead of a single (combined) sequence w;, which is because we explicitly
distinguish between process disturbances and measurement noise in the system description
in (4.1).
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horizon, estimated at time ¢ € [Iso,. They uniquely form a sequence of output
estimates §; = {§:(j)} %" under (4.11c). We consider the following cost function:

N¢—1

J(jtadta@tvgtat> = F(£t(0)7i(t - Nt)) + Z ﬁNt_j_lL(dt(j)a@t(j)vgt(j> - yt<j))7

=0

(4.12)
where Z(t — N;) is a prior estimate that is defined below and 7 > 7y is a tuning
parameter with 7, from Assumption 4.3. The stage cost L and prior weighting I'
are selected as

[(2,7) = 2[& — 2%, (4.13)
& (4.14)

L(d, 9, Ay) = 2|d|, + 2|0[% + |Ay

where the matrices Ps, Qs, R, and G correspond to the i-IOSS Lyapunov function
parameters (Assumption 4.3). Note that this does not restrict any tuning possibil-
ities, as the Lyapunov function U can be suitably re-scaled such that (4.8a) and
(4.8b) hold for some desired positive definite matrices Ps, Ry, Qs, Gs, compare
Remark 3.4.

Remark 4.2 (Cost function parameters). The stage cost L in (4.13) and prior weight-
ing T' in (4.14) correspond to the choices we made in Section 3.2 and [Sch+23,
Sec. Ill]. This ensures a compatibility property between MHE and detectability
(i-10SS), similar as in [KM23, Ass. 1], [AR21, Ass. 3.5/, [Hu24, Ass. 4], see Sec-
tion 3.3 for more details. The design parameter n, however, significantly differs from
the designs proposed in Section 3.2 and [Sch+23, Sec. I1I], [KM23] [Hu24], which
essentially require ns < n < 1 to form a discounted cost function, compare also
Remark 3.3. Here, in contrast, we do not require a strict upper bound, but merely
consider ns < 1, which hence also covers the practically relevant case of quadratic
penalties (without discounting) for 1 = 1. This is exclusively possible here because
we infer RGES of (suboptimal) MHE not from the detectability property of the sys-
tem, but from the stability property of the auziliary observer (Assumption 4.2). Note,
however, that generally better theoretical guarantees (in terms of tighter error bounds
that do not deteriorate with an increasing horizon) emerge using a discounted cost
function (1 < 1), see also the discussion in Section 4.2.4 below.

Furthermore, we would like to emphasize that the quadratic penalties in (4.13) and
(4.14) could be modified by simply requiring boundedness of T' and L in terms of
general power law functions in the form of Cs* for arbitrary C > 0 and a > 1,
which corresponds to the setup we considered in [SM23d, Ass. 2]. However, this may
result in the cost function not being differentiable at certain points, thus requiring
the use of non-standard solvers (e.g. derivative-free optimization methods [RS12]) or
the introduction of additional auziliary decision variables, which in turn increases
the size of the optimization problem and hence the computational demand. Since
quadratic (i.e., least squares) cost functions are also the most relevant in practice,
we limit our analysis to these.

Now, rather than solving (4.11) to optimality at each time ¢ € I>, we consider the
following suboptimal estimator.
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Definition 4.2 (Suboptimal estimator). Let t € 1>y, N € Isq, some prior estimate
z(t — N;) € X and the measured input-output sequences uy and y; in (4.9) and
(4.10) be given. Furthermore, let (%, d;, 7;) € XNF x DNe x YNt denote a feasible
candidate solution to the MHE problem (4.11) with the corresponding output sequence
§; € YNt. Then, a suboptimal solution of (4.11) is defined as any tuple (&, czt,f)t) €
XNHL DNexc YN that satisfies (i) the MHE constraints (4.11b)—(4.11e) and (ii) the
cost decrease condition

J(:%t7czt7@t7gt7t) S J(jtadtaﬁt7ﬂt7t)' (415)
The (suboptimal) state estimate at time t € I is then defined as &(t) = T¢(IN).

Remark 4.3 (Decrease Condition). Note that the condition in (4.15) ensures that at
a given time t € I>, the cost of a suboptimal solution is no larger than the cost of the
candidate solution. This property can be achieved by many off-the-shelf numerical
solvers if they are applied to the problem (4.11) with the candidate solution as a warm
start and then terminated after a finite number of iterations (including 0), compare
[PRW11]. In particular, one may implement (4.15) as an additional constraint and
use some algorithm that provides, at every iteration, a feasible estimate, which is
the case for, e.g., feasible sequential quadratic programming algorithms [LT01].

Alternatively, one could explicitly test for satisfaction of the constraints in (4.11b)—
(4.11¢) and the condition in (4.15) for a given suboptimal solution (&, dy, 0,) (which
is obtained, e.g., after terminating the optimization algorithm after a few iterations),
and if at least one of these conditions is violated, choose the candidate solution as
the current suboptimal solution (which satisfies all constraints by definition). We
point out that this does not require warm-starting the optimizer with the candidate
solution itself; instead, any warm start could be chosen, e.q., based on the shifted
solution from one time step before, extended with a one-step forward prediction us-
ing the nominal system dynamics, compare [WVD14; Kih+11]. Taking such an
improved warm start into account while having the candidate solution (T, Jt,fjt) n
hand to ensure condition (4.15) and thus guarantee robustly stable state estimation
can yield improved performance in practice, compare also the simulation example in
Section 4.2.6.

To establish RGES of the suboptimal estimator from Definition 4.2, we construct the
required candidate solution (7, d;, ;) and the prior weighting Z(t — N;) by using the
auxiliary observer in (4.5) satisfying Assumption 4.2 (RGES) and Assumption 4.4
(compatibility with i-IOSS). Here, a key element is the following re-initialization
procedure. Similar to the receding horizon nature of MHE, we define a second
estimation horizon T; := min{¢, T} for some fixed length 7" € I 5. Then, at each
time ¢ € I>(, we re-initialize the auxiliary observer using

ME—T), tel
G = gi( ) =t (4.16)
X te ]I[O,Tfl]v

where Z(t — T') is the suboptimal state estimate obtained T steps in the past and
X is the a priori guess of the true unknown initial condition x of the system (4.1).
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Next, we perform a forward simulation

2(j+1) =g(z(y),ult —T,+37),yt =Ty + 7)), j€ Lo, 7 —155 (4.17a)
z(0) = G (4.17b)

and set the prior estimate according to

[Z’(t — Nt) = Zt(T;g — Nt), t e ]IZO‘ (418)

In Section 4.2.2, we first consider general nonlinear systems as in (4.1) and construct
the candidate solution based on a nominal system trajectory initialized with an
estimate provided by the auxiliary observer in (4.17). Then, in Section 4.2.3, we
consider the special case of systems that are subject to additive disturbances, which
allows us to construct the candidate solution from an observer trajectory, leading to
tighter error bounds and improved estimation results, compare also the numerical
example in Section 4.2.6. To infer stability of suboptimal MHE, the general idea is
to consider T" > N and exploit the contraction property of the auxiliary observer
(provided by Assumption 4.2) from t — T to t — N through the candidate solution
(T4, dy, 0;). In the following, we show that there always exists some 7' large enough
such that the suboptimal estimator from Definition 4.2 is RGES in the sense of
Definition 4.1, even when the optimizer performs zero iterations.

Remark 4.4 (Observer domain). In Sections 4.2.2 and 4.2.3, we consider the case
where the auxiliary observer in (4.17) lives in X to ensure feasibility of the candidate
solutions (which corresponds to the requirement O = X ). In practice, however, con-
ventional observers are generally not gquaranteed to produce physical plausible state
estimates, and if X C R"™, there might be time instants at which the observer state
leaves the set X, for example due to transient dynamics or external perturbations.
This is addressed in Section 4.2.5, where we consider the case of O D X and employ
additional projections when constructing the candidate solutions to ensure satisfac-
tion of the MHE constraints (in particular, (4.11d)).

To summarize the overall suboptimal MHE algorithm, the steps that need to be
performed at each sampling time ¢ € I>, to obtain the current suboptimal state
estimate Z(t) are as follows.

1. Collect the current data sequences u; and y; and the past suboptimal estimate
2t —Ty).

2. Re-initialize? the auxiliary observer via (4.16) and perform a forward simula-
tion of (4.17) over T} steps.

3. Obtain the prior (4.18) and construct the candidate solution (Z;, w;, 7).

2When implementing the proposed suboptimal MHE scheme, the observer in (4.17) does not need
to be re-initialized for ¢ € Ijp 7_1j, as the corresponding observer trajectories coincide in this
interval (due to the fact that their initial states are all the same by (4.16)). Consequently,
for ¢t € Ijg p—_q, it suffices to apply a one-step forward prediction of (4.5) initialized with the
previous observer state.
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4. Approximately solve the MHE problem (4.11).
5. Obtain a new suboptimal estimate &(t) = Z:(NV;).

6. Set t =t + 1 and go back to 1.

4.2.2. Systems subject to nonlinear process disturbances

In this section, we consider the case where the observer in (4.5) satisfies O = X’ (this
will be relaxed in Section 4.2.5, compare Remark 4.4). We construct the candidate
solution (, d,, ;) based on the nominal dynamics f, initialized with a past estimate
obtained from the auxiliary observer in (4.17). Specifically, we define

T+ 1) = ful@(5), ue(§)), J € Lon,—17, T4(0) = z(Th — Ny), (4.19a)
di(5) =0, j € I n,—1), (4.19b)
0(7) =0, j € Ijon,—1, (4.19¢)

which yields the corresponding outputs :(j) = h(Z:(5), ue(5), 0:(4)), 7 € Ljo,n,—1]
under (4.11c). Note that since z(7; — NV;) € X by definition, the forward-invariance
property in (4.3) implies that the candidate solution (4.19) is feasible for the MHE
problem in (4.11).

To establish RGES of suboptimal MHE, we require an additional Lipschitz continu-
ity assumption on the perturbed dynamics f.

Assumption 4.5 (Lipschitz continuity of f). The function f is Lipschitz continuous,
i.e., there exists some constant Ly > 1 such that | f(x1, u, dy)— f(x2,u, d3)| < Le(|Jz1—
To| + |dy — dg|) for all 1,29 € X and all dy,ds € D uniformly for all u € U.

Assumption 4.5 entails a global Lipschitz property of f. Indeed, this can be restric-
tive in the general case of unbounded sets X', U, and D; however, it is not restrictive
if these sets are compact (which is often the case in practice). Notice also that we
impose Lg > 1 in Assumption 4.5, which allows for simpler proofs and is indeed with-
out loss of generality. This could also be avoided by merely requiring that Ly > 0
in order to obtain less conservative results; however, a Lipschitz constant Ly < 1 is
rather irrelevant in our setting, as this would imply a contracting system behavior,
rendering the observer design a trivial task.

We now state a few auxiliary results. The first one provides an upper bound on the
estimation error of the observer in (4.17) (in Lyapunov coordinates) in the respective
time interval Ij,_r, ;, which we explicitly state for ease of reference.

Lemma 4.1. Suppose Assumption 4.2 applies. LetT € > be arbitrary. The observer
in (4.17) satisfies

Vo(zu(5), &t = Ti + 5)) < Vo(Gro(t — T)ir}
+ 3 (ld( = Ty + )3, + ot = Ti+0)[3,) (4.20)
=0

forall j € ljo ), allt € 1>, and all G, x € X, d € D*°, and v € V™.
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Proof. The statement follows directly from the application of the dissipation in-
equality in (4.6b) guaranteed by Assumption 4.2 with respect to the initialization
of the observer in (4.16). O

We now establish a bound on the fitting error of the candidate solution.

Lemma 4.2. Suppose that Assumptions 4.1, 4.2, and 4.5 apply. Let N € Isg and T €
I-n be arbitrary. Then, the fitting error of the trajectory defined by the candidate
solution in (4.19) satisfies

19:(5) — ve(5)|2.
t—Ni+7

o(N)(j + DL (Vo(ft?ﬂf(t —T)met+ Y ng ! ( )5, + lv(i )ﬁ%o))
i=t—T}%
for all j € Ijg n,—1) and t € I>q, where
o(s) = 201)\maX(Gs)Lﬁn;S, >0 (4.22)
G/I'Ld G = ma‘X{]-a )‘min(Bo>71) Amin(CQO)ila )\min(RO)il}-

Proof. We start by considering any ¢ € I and the sequences of the true state, the
process disturbance, and the measurement noise, restricted to the current estimation
horizon:

vy = {2 (1) 120, 2:(5) = 2(t = Ne+ ), j € Igniy, (4.23)
= {di(j) ;V 0_17 di(j) = d(t — Ne+7), j € Lo,ne—1p, (4.24)
v = {p ()N Moh u(g) = ot = Ne+4), j € Lo ne—1)- (4.25)

Since the candidate solution in (4.19) defines a trajectory of system (4.1), we can
apply the output equation h in (4.1b). Together with Assumption 4.1 (Lipschitz
continuity of h) and Jensen’s inequality, the fitting error can be bounded by

[5:G) = (D)8, < 22max(GOLE (185) — G + [ ()P)  (4.26)

for all j € Ijg,n,—1). Recursive application of the dynamics in (4.1a) (where we recall
that d,(j) = 0 for j € Ijp n,—1]) together with Assumption 4.5 yields

[70(7) — 2:(5)] < L[4(0) — 2(0)] + iLﬂdt(J’ —i)l. (4.27)

Squaring the result and using Jensen’s inequality leads to
[2:(5) — 2 (5)I°
4 j
< (j+ 1LY (WO) —(0)] +>_lde(j — i)l2>
i=1

t—Ne+j—1

< (j+ LY (!5@(0) = (O + Amin (Qo) ™ D né_i_l\d(i)léo), (4.28)

i=t—Ny
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where the last step follows by the definition of d; in (4.24) and the fact that
nyNmi=t > 1 for all i € Ijo,n,)- Since #4(0) = 2/(Ty — N;) and 24(0) = x(t — V)
due to the definitions of the candidate solution in (4.19) and x; in (4.23), we can
invoke Lemma 4.1, which yields

24(0) — 24(0)]* = [2(Ty — Ny) — a(t — Ny)|?
1

< mvo(zt(rft — Ni), z(t — Ny))

— N,
o

S )\mm(Po)( (Cta ( ))770

4 Z nh zl<‘dt—Tt+z)]Q—i—]v(t—Tt—l—z)]R))

i=t—T}%

T]_Nt t—Ni—

= —° t—i—1 2

= (P Vo(Ge,z(t — T Z Mo ( )!Q + |v(i )\RO) . (4.29)
From the combination of (4.28) and (4.29), we obtain

|1~3t(j> - xt(j)|2
< (j+1)LPp N (Amnl(P) (Vo(Ct, z(t —T,))nl

t—N¢— 1 t—Ni+j—1
+ 3 77“1( Do, +10@R) | + s X atHdG)R, |-
i=t—T% )\min(Qo) i=t— Ny

Now, considering again (4.26) and using the definition of ¢; as stated in this lemma,
we can conclude that

15:(7) — v ().
< 2C1Amax(Gs)LﬁnJ N+ 1LY
t—N¢+j

: (%(Ch (t —Ty))nlt + ZT ne ! (|d(i)|éo + |U(i)|§zo) )7
=t t

where we note that the sum now includes the element i = ¢t — N; + 7. Defining
0 : Rs¢p — Ry according to (4.22) leads to (4.21), which finishes this proof. O

We now provide an upper bound on the cost function in (4.12) evaluated at a sub-
optimal solution as defined in Definition 4.2 using the candidate solution in (4.19).

Lemma 4.3. Suppose that Assumptions 4.1, 4.2, and 4.5 apply. Let N € I and
T € I>n be arbitrary. Then, the cost function in (4.12) evaluated at any suboptimal
solution provided by the estimator from Definition 4.2 using the candidate solution
in (4.19) satisfies

J('@h JM @t7 gt? t)

< o (Ny) (Vo(Ct, (t—Ty))nit + 277 <|d (t— N5, + vt — )%, )) (4.30)
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for allt € Iy, where

ﬁst?S _ L2
G(s):=s-o(s)-¢ T’ 7 L s>0 (4.31)
Sﬁ8717 n= L%?

and o(s) is from (4.22).

Proof. We start by employing the cost decrease condition in (4.15). By definition
of the prior estimate in (4.18) and the candidate solution (in particular, the initial
condition in (4.19a) and the zero-disturbances in (4.19b) and (4.19c¢)), it follows that

Ni—1
J(f't,dt,@ta@t,t) < J(ft,dt,ﬁuyt, Z 77Nt Ea 1|?J1t —Z/t( )

for all ¢ € . Applying Lemma 4.2 for each j € Iy n,—1) yields

J(:%ta Czta @tv gt7 t)

Ni—1
<o(Ny) D MG+ D)LY (VB(Q, w(t —T,))ng’
=0
’ t—N¢+j
T 1( D)3, + o )\3%0)). (4.32)
i=t—T¢

Here, note that the argument of the inner sum is independent of j; hence, we can
simply enlarge the upper bound of summation to its maximum at 7 = N, — 1 and
move the complete term in large brackets in front of the outer sum. The remaining
terms can be bounded as

Ni—1 Ni—1

SN I G+ DLE < Nt > (LR /). (4.33)
j=0 j=0

Considering 77 # L?, by application of the geometric series we further have that

Ny _ L?Nt

— (LE/m™ 7

—Nt 1 LQ 77 —Nt 11— (L L =L

Z o L—(L¢/n) - Lt

By applying (4.33), (4.34), and the definition of ¢ in (4.31) to (4.32), we obtain

(4.30) (the remaining case where 77 = L follows by direct computation), which
concludes this proof. O

(4.34)

The following proposition provides a multi-step Lyapunov characterization of robust
stability for suboptimal MHE.

Proposition 4.2. Suppose that Assumptions 4.1, 4.2, 4.3, 4.4, and 4.5 apply. Let
N € 159 and T € Isn be arbitrary. Then, the suboptimal estimator from Defini-
tion 4.2 using the candidate solution in (4.19) satisfies

U(2(t), (1)) < C(Nt) o UGyt — T))

+zn LAt = ) Eo + 0= D) (4.35)
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for allt € Iy, where

C(s) := (24 7(5)) Amax(Po, Py), s >0, (4.36a)
Q(s) == (2+05(5))Qo +2Qs, 5 >0, (4.36b)
R(s):=(2+0(s))Ro+2Rs, s> 0 (4.36¢)

with o as defined in (4.31).

Proof. Consider any t € I>, and the true sequences z;, d;, and v, restricted to the
estimation horizon as defined in (4.23)—(4.25). Since both the true and the esti-
mated trajectory are trajectories of the system (4.1) evolving in Z, we can describe
their difference at any ¢t € I>¢ by evaluating the i-IOSS Lyapunov function from
Assumption 4.3. Specifically, applying the dissipation inequality (4.8b) recursively
for N, times yields

U(&¢(Nt), 2(Ny))
< tU(-’Bt(U) +(0))

- Z I (1) — di(h)|G, + 18:5) — vi),

+10:G) —w()E,)  (437)

for all t € I5o. By application of the upper bound in (4.8a) together with Cauchy-
Schwarz and Young’s inequality, we obtain that

U(2:(0), 2:(0)) < [£:(0) — 2:(0) %,
< 2[2(0) — &t — Ny)|5, + 2[T(t — No) — 2:(0) 3. (4.38)
Similarly, we have that
(7)) = de(D)o. < 251G, + 21di()]3, (4.39)

and

[0:(5) — v (4) R, 20 (7)) (4.40)
for all j € Ijp n,—1- Hence, from (4.37) with (4.38)—(4.40) and the definition of the
cost function in (4.12), we obtain

U(8(N), () < 277§“|i‘(t — Ny) — 2(0)[3,

i < 200:(7)

. Z nY I (20 (I, + 2B + I (s oy, 51,1,
(4.41)

By definition of the prior in (4.18) and the compatibility property from Assump-
tion 4.4, the first term of the right-hand side in (4.41) can be bounded by invoking
Lemma 4.1, which yields

3 (t — Ny) — 2, (0)[3,
<0t T, = Ny) — ot — Nt)@o
t—N¢—
VGt~ T S LdG)G, + G R,) - (442)

j=t—=T
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Here, we note that
Vo(@,2) < [ = [}, < Anax(Po, PIIE = 2[p, < Amax(Po, B)U(2,2)  (4.43)

for all Z,z € X. Consequently, from (4.41) and (4.42), the application of Lemma 4.3,
and (4.43), we obtain (4.35) with C, @, R as defined in (4.36), which finishes this
proof. O

Now, provided that T satisfies
pli=C(N)nl <1, (4.44)

Proposition 4.2 implies (by the definition of ; in (4.16)) that the i-IOSS Lyapunov
function U from Assumption 4.3 is a T-step [SS-like Lyapunov function for subop-
timal MHE, satisfying

U(&(t),x(t)) < p"U(@(t = T),2(t = T)) + Zlﬁ?fl (1t = 3oy + [0 = ) rw)

for all ¢t € I.p. Here, we want to emphasize that, for each fixed N € I, there
always exists 1" large enough such that (4.44) is satisfied. Clearly, Proposition 4.2
implies RGES of suboptimal MHE, which we show next.

Theorem 4.1. Suppose that Assumptions 4.1, 4.2, 4.3, 4.4, and 4.5 apply. Fiz
some N € Isg and let T € Isn be such that condition (4.44) is satisfied. Then,
the suboptimal estimator from Definition 4.2 using the candidate solution (4.19) is
RGES according to Definition 4.1.

Proof. Define @ = Q(N) and R = R(N). From Proposition 4.2 and the contraction
condition (4.44), it follows that

UEt+T),z(t+T)) <U@E(®R),x(t)p"
+ P A+ T = )G+ Wt +T = j)lz)

j=1
for ¢ € I>y. Recursive application of the previous bound yields

U(&(t +kT), a(t + k1)) < U(&(t), 2(t))p™"
kT
+ 307 (ld(t+ BT = )G+ [t + kT = j)[3)
j=1
for all ¢ € Ijg7—q) and all k € I>o. For ¢ € Ijgr_y), by applying the same steps as in
the proof of Proposition 4.2 but using only the first inequality in (4.43), it follows
that

t

U@(t), 2(t) < 2+ 5(N)PIR = I3, + 32 (1 = ) + lott = )13)

=1
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By combining the previous inequalities and using the lower bound in (4.8a), we
hence obtain

2(6) =~ 2O, < 2+ SN~ X, + 7 (1l = )l + lele = )
: (4.45)

for all t € Iso. By using the fact that P, P,,Q, R are positive definite matrices
that can be bounded using their respective eigenvalues, taking the square root, and
exploiting subadditivity, it is easy to see that (4.45) corresponds to RGES in a
sum-based form. From Proposition 4.1, this is equivalent to RGES in the sense of
Definition 4.1 (in a max-based form), which concludes this proof. O

Remark 4.5 (Horizon length). We want to emphasize that under the conditions of
Theorem 4.1, the proposed suboptimal estimator is RGES for any choice of N € I>;
in other words, there is no minimum required horizon length as it is the case in, e.g.,
[Mil17; KM18; RMD20; AR19b; AR21; KM23; Hu24]. This is due to the fact that
we do not require contraction of the estimation error from time t — N to the current
time t, but establish stability by exploiting the contracting behavior of the auxiliary
observer (Assumption 4.2) from timet — T tot — N.

Remark 4.6 (Re-initializing the auxiliary observer). Note that the re-initialization
and forward simulation of the auziliary observer as suggested in (4.16) and (4.17)
(i.e., Step 2 in the algorithm outlined below Remark 4.4) is required to compute the
prior (4.18) and the candidate solution (4.19). To save computation time, however,
it is also possible to initialize the auxiliary observer only once at time t = 0, thus
avoiding its repeated re-initialization. This is a special case of the proposed subop-
timal MHE scheme with T =t and was also considered in our work [SKM21]. The
corresponding estimation error can be directly bounded using the Lyapunov decrease
property in (4.35), which reveals that, not very surprisingly, suboptimal MHE is
RGES for T =1 and any value of N € Isq. We point out that the decay rate of the
estimation error then takes the theoretically best possible value. In contrast, con-
sidering a fived, sufficiently large constant T in (4.44) results in a worse decay rate
and a slightly more computationally intensive scheme. In practice, however, much
better estimation results are to be expected since improved suboptimal estimates are
used to re-initialize the auziliary observer, thus introducing additional feedback into
the suboptimal estimator. This can lead to much faster recovery from a poor initial
guess, as also illustrated by the simulation example in Section 4.2.6.

4.2.3. Systems subject to additive process disturbances

We now construct a second candidate solution based on the entire trajectory of the
auxiliary observer within the estimation horizon, which therefore also includes the
most recent observer estimates. This more sophisticated approach allows us to avoid
many conservative arguments applied in the proof of Lemma 4.2, which, as we will
show below and discuss in more detail in Section 4.2.4, leads to improved theoretical
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guarantees (especially in combination with a discounted cost function using 7 < 1).
To this end, we have to strengthen the conditions on the considered class of nonlinear
systems and auxiliary observer to ensure that the auxiliary observer forms a valid
system trajectory. In particular, we impose one-step controllability of the dynamics
in (4.1a) with respect to the process disturbance (compare [KMA21, Rem. 2]) and
consider an auxiliary observer given in output injection form [KM20; SW97].

Assumption 4.6 (Additive disturbances). The system dynamics in (4.1a) satisfy
flz,u,d) = folz,u) +d.

Assumption 4.7 (Full-order state observer). The observer dynamics in (4.5) satisfy
9(z,u,y) = fulz,u)+k(z,u, hy(2z,u) —y) with the output injection law k : R™ x R™ x
RP — R™, where k(-,-,0) = 0. Moreover, there exists some constant k > 0 such
that the injection law can be uniformly linearly bounded by |k(z,u, hy(z,u) — y)| <
Klho(z,u) —y| for allz€ O, uel, y e ).

Remark 4.7 (Full-order state observer). Assumption 4.7 consists of two parts. First,
it requires that the auziliary observer is a full-order state observer in output injection
form, compare [KM20; SW97]. Note that this is not restrictive, since from [KM20,
Lem. 2] and [SW97, Lem. 21] it follows that any robustly stable full-order state
observer must in fact have this form. The second part states a linear bound on the
injection law k depending on the current fitting error of the observer. Although this
linear bound can be restrictive, we note that this is directly satisfied for any observer
that utilizes the injection law k(z,u, hy(z,u) —y) = K(z,u) - (ha(z,u) — y), where
K :R"xR™ — R™? forms a matriz that can be uniformly bounded on O xU. This
is the case for nonlinear Luenberger- or Kalman-like observers (see, for example,
[GHO92; GK9/; ZB13; BT07]) and can also be satisfied for the EKF under uniform

observability and boundedness conditions, compare [RU99].

For ease of notation, in the following we employ the definition

k() o= k(z(5), ult = Tt +j), hm(2(5), ut = Te + ) —y(t — Ty + j))

for all j € Ijo7,—1) and ¢ € I>y. Provided that Assumptions 4.6 and 4.7 hold, the
dynamics of the system and the observer share the same structure, which allows us
to interpret the terms f,(z,u) and k of the observer dynamics directly as estimates
of the terms f,(z,u) and d of the system dynamics. We hence choose the candidate
solution

T4(j) = 2(Ty — Ne +j4), 7 € Iovy)s (4.46a)
di(j) = ke(Ty — Ne + ), J € Loy, -1, (4.46D)
0(j) =0, j € Ljo,ny-1, (4.46¢)

which yields the outputs §.(5) = h(Z¢(j), w(5), 0:(5)) for all j € I n,—1) and ¢ € I>
under (4.11c). Here, note that in case of D C R™, we assume that k,(7,— N;+j) € D
for all j € Ijo n,—1] and t € > to ensure feasibility of the candidate solution.
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To derive robust stability guarantees for the resulting suboptimal estimator (Defi-
nition 4.2), we again start by establishing a bound on the fitting error achieved by
the candidate solution in (4.46).

Lemma 4.4. Suppose that Assumptions 4.1, 4.2, 4.6, and 4.7 apply. Let N € I
and T' € I>y be arbitrary. Then, the fitting error of the trajectory defined by the
candidate solution (4.46) satisfies

|5:(J) — yt(j)|2cs

t—Ni+7
< cony eI (Vo(ft,%(t —Ty))ndt + > o0y o ( ’Q + Ju(i )ﬁ%o)) (4.47)
i=t—T%
Jor all j € Ijo n,—1) and t € I>q, where
€2 = 2mae(Gs) L max {1, Ayin (Po) ™", Amin (o) ™' |- (4.48)

Proof. Due to Assumptions 4.6 and 4.7 and the candidate solution in (4.46), it
follows that #,(j) = z(Ty — N; + j) for all j € Ign,—1) and ¢ € I>,. Hence, the
application of Assumption 4.1 together with the fact that 7;(j) = 0 for j € Ijg n,—1]
by (4.46¢) and the boundedness property of V, from (4.6a) yields

19:(5) — w ()12,
< 2 ax (Gs) L i(‘ (Ty — Ny + j) — 2(t — Ny + j)|? +|U(t—Nt+])|)
= MV(Z’t(Tt Ny +j),z(t — Ny +‘j)>+W‘U<t—Nt+ﬁ’%@

< e (Vo(au(Ti = Ni+ ), 2t = No+ 1) + [o(t = Ne+ ), )

where in the last inequality we have used the definition of ¢y from (4.48). Since the
auxiliary observer is RGES by Assumption 4.2, we can invoke Lemma 4.1, which
leads to

’ﬂt(j) - yt(j) ?;

< 0 (VB(Q, w(t —Tp))ne "+

Ti—Ni+j—1
+ > N ((d( = T+ i), + ot — Ty +6)|F,)
1=0

+ vt — N +j)|§%o) .

By multiplying the sum by 1 = n,/7, and using the fact that 1/7, > 1, we can move
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the term |v(t — N; + j)|%. into the sum, which yields
19:(7) — yt(j)|és

< ¢yn, NI (VO(Q, a(t —Tp))nlt

Ti—Ni+j
n Z i @1(\dt—Tt—|—z)|Q —|—|v(t—Tt—|—z)]R)). (4.49)

A simple change of coordinates shows that (4.49) is equivalent to (4.47), which
concludes this proof. O

The following result shows that the i-IOSS Lyapunov function U from Assump-
tion 4.3 is a T-step Lyapunov function for suboptimal MHE, similar to Proposi-
tion 4.2.

Proposition 4.3. Suppose that Assumptions 4.1, 4.2, 4.3, 4.4, 4.6, and 4.7 apply.
Let N € I>9 and T' € I>n be arbitrary. Then, the suboptimal estimator from
Definition 4.2 with the candidate solution in (4.46) satisfies the property in (4.35)
for all t € 1o, where C,Q, R are from (4.36) with

()
—~ 2)‘maX(QS)“2> e £

=14+ —— =3 o , s> 0. 4.50
7 < Auin(Ga) ) s, L=1 ’ (450

Proof. Consider an arbitrary time instant ¢ € I, and the cost decrease condition in
(4.15). By applying the candidate solution (4.46), the prior estimate in (4.18), and
the definition of the stage cost in (4.14), we obtain

Ni—1

J(j:taczta@bgtvt) S J(‘%tadtv@tagt)t) S Z ﬁNt_j_l (2|dt(])|?gs + |gt<j) - yt(])
=0

2
Gs )

(4.51)
Here, from the definition of the candidate solution in (4.46) and Assumption 4.7, it
follows that

|dt< )|Q Amax (Qs) ke (Ty — Ny + 5) [
< Amax (@)W P (2(Th = Ni + 5), wi() = v (5)”

= Amax(@s)F 2’%( ) — yt(])‘2

maLx(Qs)/f2 2

15:(5) — ve(4)]6,

B mm(Gs>
Thus, (4.51) leads to

A NN 2)\max
J(-%t,dt,ﬂtayt;t) < <1+)\(G> Z 77Nt 7= 1‘,% )_yt( )‘ . (4'52)
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By applying Lemma 4.4, we further obtain that
J<i'ta Czta @ta gta t)

2/\maX(Qs)/fz Ne—1 7 Ny—j—1

j=0 Mo

i=t—T}

- (wg,x(t STt Y e (), + |v<z'>|%o)) -

Now, we enlarge the inner sum by considering 7 = N; — 1 in the upper bound
of summation, which renders the inner sum independent of the outer one. Then,
we define ¢ as in (4.50), which leads to the upper bound on the suboptimal cost
J (&4, cit, Ot, i, t) as defined in (4.30). The remaining part of this proof follows by
using exactly the same steps that we applied in the proof of Proposition 4.2 (with
o from (4.50)). O

Proposition 4.3 provides a T-step ISS-like Lyapunov function for suboptimal MHE
(compare the discussion below Proposition 4.2), from which we can directly infer
RGES.

Theorem 4.2. Suppose that Assumptions 4.1, 4.2, 4.3, 4.4, 4.6, and 4.7 apply. Fix
some N € Isq and let T' € Isn be such that condition (4.44) is satisfied. Then, the

suboptimal estimator from Definition 4.2 using the candidate solution in (4.46) is
RGES according to Definition 4.1.

Proof. Pick some T' € Iy such that the condition in (4.44) is satisfied. The state-
ment follows by applying the same steps as in the proof of Theorem 4.1 (with C, @, R
as defined in (4.36) using ¢ from (4.50)). O

Remark 4.8 (Uniform bounds). If the tuning parameter 7 is chosen such that n < 1,
(which is always® possible), then 7(s) in (4.50) can be uniformly bounded for all
s > 0. In this case, the parameters C,Q, R as defined in Proposition 4.3 also turn
out to be uniform in N, which consequently also applies to the disturbance gains
C1, Cy, C5 determining the bound on the estimation error provided by Theorem 4.2
(i.e., RGES). Therefore, the choice of 1 < n, recovers the advantageous property of
time-discounted cost function designs (compare, for example, [KM23; Hu2}]), pro-
viding an error bound that does not deteriorate when increasing the horizon length N,
see also the discussion in Section 3.3.

We note the following corollary from Theorem 4.2, where we consider a suboptimal
version of FIE.

Corollary 4.1. Let the conditions of Theorem 4.2 hold and assume that 1 < 1.
Then, (suboptimal) FIE (i.e., the estimator from Definition 4.2 with N = t) using
the candidate solution (4.46) with T = N =t is RGES.

3This is immediately true if s < 7, (as 7 defines the lower bound on the tuning parameter 7). In

case of s = 1, (which we also allow by Assumption 4.4), one can easily find some 7j, € (7, 1)
and replace every 7, by 7,, which again allows for choosing 77 such that ns <7 < 7, is satisfied.
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Table 4.1. Summary the different MHE setups considered in Sections 4.2.2 and 4.2.3.

System Candidate solution Result Scaling factor
f(z,u,d) system trajectory (4.19) Thm. 4.1 NnO_NﬁZ:é:zN, n#L?
fo(x,u) +d  observer trajectory (4.46)  Thm. 4.2 %, 0% 1

Proof. The statement directly follows from the fact that suboptimal FIE is a special
case of the proposed suboptimal MHE scheme (with 7; = N; = t). Since 1 < 1,
holds by assumption, the parameters C,(Q, R in Proposition 4.3 can be rendered
uniform in N, see Remark 4.8. Specifically, the property in (4.35) with T, = N, = t,
the matrices C,Q, R from (4.36) with o replaced by 7o, = lim o(s) and o(s)
from (4.50) provides a valid bound on the estimation error of (suboptimal) FIE for
all t € 1>, from which RGES (Definition 4.1) can be directly inferred (see the last
part of the proof of Theorem 4.1). O

4.2.4. Discussion

Table 4.1 summarizes the main characteristics of the suboptimal MHE schemes
presented in Sections 4.2.2 and 4.2.3. Here, the first column shows the class of
systems to which the candidate solution in the second column is applicable, the
third column refers to the corresponding result establishing RGES of suboptimal
MHE, and the last column shows a scaling factor appearing in the disturbance gains
C1,Cs, C5 (compare Definition 4.1) to indicate their dependency on the horizon
length N and the tuning parameter 7.

As can be seen from the first row of Table 4.1, the use of the candidate solution (4.19)
allows for considering general nonlinear systems. However, since only a single state
estimate of the auxiliary observer is considered for the construction of the candidate
solution (to form its initial state) and otherwise the nominal system dynamics are
employed, many overly conservative steps had to be applied, especially in the proof
of Lemma 4.2. This particularly refers to (i) the recursive application of the Lipschitz
property of f (which results in a dependency on L¥); (ii) the fact that we can exploit
the stability property of the observer only once but want to establish RGES with
exponentially discounted disturbances (resulting in the factor n,); (iii) the fact
that we aim for a bound in terms of a sum of squares (instead of a squared sum),
which results in the factor N from the application of Jensen’s inequality. Here,
the improvement obtained by using a discounted cost function design (7 < 1) is
negligible, as the exponential dependency on N remains.

By strengthening the requirements on the setting (considering additive disturbances
in Assumption 4.6 and a full-order state observer involving a linearly bounded output
injection law in Assumption 4.7), we can construct a more sophisticated candidate
solution in (4.46) based on the entire trajectory of the auxiliary observer within the
estimation horizon, see the second row in Table 4.1. Since more recent observer
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estimates are thus also taken into account, we can avoid the repeated use of the
Lipschitz property of f and Jensen’s inequality. This results in disturbance gains
that depend on the ratio 77/1,, that is, we obtain linear growth in N when 77 = 7, and
exponential growth when 1 > 7,. However, in the case of 77 < 7,, the disturbance
gains approach a fixed value for N — oo, thus applying uniformly for all N € I,
see Remark 4.8. Overall, this setup together with the choice of 7 < 7, provides
the potentially least conservative error bound of the suboptimal MHE methods
considered here (depending on the constants involved).

4.2.5. Auxiliary observers leaving the domain of the system

Until now, we assumed that the auxiliary observer in (4.5) evolves in X’ by imposing
that O = X', which was necessary to ensure that the candidate solutions in (4.19) and
(4.46) result in valid system trajectories that satisfy the MHE constraints in (4.11d)
and (4.11e). However, it is well-known that state observers in the form of (4.5)
do not necessarily provide physically plausible estimates and hence may leave a
corresponding set X' due to transient dynamics or external perturbations (consider,
for example, the peaking phenomenon in high-gain observers [KP13]). This is a
general weakness of conventional observer designs, which may lead to a lack of
accuracy, implementation problems, or, in the worst case, to the destabilization of
the system in output feedback designs, compare [Ast+21]. Here, a key advantage
of optimization-based state estimation methods (such as MHE) becomes apparent,
where such constraints can be naturally taken into account. In order to maintain
this feature with the previously developed suboptimal MHE methods, we have to
suitably adapt the candidate solutions and prior estimate to account for an auxiliary
observer that may violate the constraints.

In the following, we therefore consider O O &', where we assume that X is convex.
To render the candidate solutions (4.19) and (4.46) feasible, one could apply the re-
design strategy proposed in [Ast+21] to ensure that the modified auxiliary observer
satisfies the constraints. However, this severely limits the set of possible observers
to a particular method and does not allow for user-defined customization. Instead,
we use the projection function py : R" — X to project the observer state z onto the
set X', which can be defined as

px(z) = arg gél}fl |z — z|. (4.53)

Associated with the auxiliary observer (4.17), we furthermore define the projection
error (that is, the difference between the observer state and its projection):

€t<t — j) = Zt(ﬂ — j) — p_)((Zt(Tt — j)), j < ]I[O,Tt]> te ]120. (454)

Here, note that e,(t — j) = 0 if (73 — j) € X. We aim to show the following
property of suboptimal MHE.

Definition 4.3 (-RGES). A (suboptimal) moving horizon estimator for the system
in (4.1) is e-RGES if there exist constants C1,Cy,C3,Ce > 0 and p € (0,1) such



90 4.2. Optimizing system trajectories

that the resulting state estimate &(t) with £(0) = X satisfies

|2(t) — 2(t)] < max {Clptb% — x|, max Cyp'™7Hd(5)], max Csp"Hu(4)|,

€ljo,t—1 J€lo,t-1)
max Cgpt_j_l‘ET(j)(jN} (4.55)
J€lo,t—1)

forallt € 1>y, all initial conditions X, X € X, and all disturbance sequences d € D>
and v € V>, where 7(j) ==t — |'Z]T.

Remark 4.9 (e-RGES). The property in (4.55) defines a slightly modified version
of the stability notion given in Definition 4.1 that incorporates an additional dis-
turbance term induced by the projection error . If satisfied, it directly reveals that
the influence of the projection error is bounded and decays over time. Note that by
Assumption 4.2, the estimation error of the observer converges to a neighborhood of
the origin for t — oo. Hence, if the true system state evolves in the interior of X
and if the true disturbances d and v are small enough, there exists some t* such that
2(t) € X for allt € Is4«. Consequently, in this case the influence of the projection
error converges to zero for t — oo. Note also that, since we treat the difference be-
tween the observer estimate and its projection as an additional disturbance in (4.55),
the theoretical bound on the estimation error for suboptimal MHE gets worse when
considering O D X. In practice, however, better results can be expected [RMD20),
Sec. 4.4], especially in combination with the proposed re-initialization strategy of the
auxiliary observer, which can also be seen in the example in Section 4.2.6.

We now adapt both candidate solutions from (4.19) and (4.46) by employing the
projection function py in (4.53). For the first case, we construct a nominal system
trajectory initialized with the projected observer state. Specifically, the candidate
solution (4.19) is modified to

T4(j j‘ 1) = ful@:(5), w(4)), J € Lon—115 T4(0) = pa(2:(Ts — Ny)), (4.56a)

di(7) =0, j € Ijo,n,—1]5 (4.56b)
(7)) =0, j € Lpn,-1)- (4.56¢)

In a similar fashion, we modify the prior estimate in (4.18) according to

Z(t — Ni) = pa(2(Ty — Vy)). (4.57)

Under these adaptions, we can guarantee e-RGES of suboptimal MHE as shown in
the following result.

Theorem 4.3. Suppose that Assumptions 4.1, 4.2, 4.3, 4.4, and 4.5 apply. Fix some
N € I>g. Then, there exists T' € Iy such that the suboptimal moving horizon

estimator from Definition 4.2 using the candidate solution in (4.56) and the prior
estimate in (4.57) is e-RGES in the sense of Definition 4.5.
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Proof. The proof follows similar lines as the proofs in Section 4.2.2. For ease of
comprehension, we have structured it into three parts: first, we derive a bound
on the fitting error of the modified candidate solution; second, we derive an upper
bound on the suboptimal cost; third, we invoke i-IOSS and conclude RGES.

Part 1. We start by following similar arguments that were needed to establish
Lemma 4.2, where the first steps to derive (4.27) remain unchanged. Here, due
to the modified candidate solution in (4.56) and the definition of the projection
error in (4.54), we have that

|7:(0) — 2(t = N,)|?

< 2|2(Ty — Ny) — 2(t — Ny)* + 2|24(0) — 2Ty — N)|?

= 2|2(T; = Ny) — 2(t = N)[* + 2lpa (2(T, = No)) — 2Ty — NP
= 2|z(Ty — N;) — x(t — Ny)|? + 2|es(t — Ny) |2

Applying similar steps that followed (4.28), observe that (4.21) can be modified to

2

|Z?t(j) - yt(j)

Gs
) t—N¢+j .
< 20(N)(j + DI (vo«t, T+ S e (@R, + (),
i=t—T%
+ " et — Nt)|2) (4.58)

for all j € H[O,Nt—l] and t € ]:[20.
Part II. Performing similar steps as in the proof of Lemma 4.3 using (4.58), the
bound on the suboptimal cost in (4.30) is modified to

J(&, dy, b1, 9, t)

< 20 (N;) (v;@t,:v(t O (ldet = 5)1g, + vt = I,

i=1

+ et — Nt)|2)' (4.59)

Part III. We use similar arguments as in the proof of Proposition 4.2 and first
derive (4.41). Here, we additionally note that

Z2(t = Ny) = 2(0)|F, < |pa(z(Ty = Ny)) — 2(t — Ny |5,
<22(Ty = Ny) — 2(t = Np)I B, + 2 max (Ps)[ec(t — Ny)|?

< 2V0(2,5(Tt - Nt)a :L‘(t - Nt)) + 2)‘maX(ﬁS)’€t<t - Nt)‘2>
(4.60)

where the latter inequality followed by invoking Assumption 4.4 and boundedness of



92 4.2. Optimizing system trajectories

V, from (4.6a). By performing analogous steps as in (4.37)—(4.41), we hence obtain

U(2¢(Np), 2¢(Ny))

Nt .
< NV (2(Th = Ny, a(t — No)) + Dond ™ (21d(t = 5)15, + 2ot = 5)I3,)
j=1

+ 40 Amnax (Ps) e (t — NI + J (&, dy, By, D, ). (4.61)

By applying Lemma 4.1, the upper bound on the suboptimal cost from (4.59), and
the fact that ns <7, (Assumption 4.4), it follows that

U(2¢(Np), 2¢(Ny))

< C(N)RIU (G (t — N)) +sz P (1d(t = ) + ot — ) o)

7j=1

+ (Phnax PR + 26 (N ) [ea(t = No)|?
< ¢ U (Gt = )

+ zn (1At = )b + [0t = Do + CNDlet = §)12), (4.62)

where?
C(s) :==2(2 4+ 7(8)) Mmax(Po, Py), s >0, (4.63a)
Q(s) :==2(2+0(s))Qo + 20, s >0, (4.63D)
R(s):=2(2+0d(s))R, + 2R, s >0, (4.63c)
C(8) := 206 (2Amax (Ps) + 7 (s)), s > 0. (4.63d)

Note that the bound in (4.62) implies an [SS-like Lyapunov decrease property for
suboptimal MHE, similar to Proposition 4.2. Now, suppose that T satisfies the
contraction condition in (4.44) with C' from (4.63a). Then, we can apply the same
steps as in the proof of Theorem 4.1 to infer that suboptimal MHE is e-RGES in
the sense of Definition 4.3, which hence concludes this proof. O

We now consider the case where the system in (4.1) is subject to additive distur-
bances (Assumption 4.6) and where the observer in (4.5) specializes to a full-order
state observer in output injection form (Assumption 4.7). This allows us to consider
(and modify) the candidate solution in (4.46), leading to improved theoretical prop-
erties. To this end, we project the whole state trajectory of the observer restricted
to the current estimation horizon onto the set X, yielding #,(j) = px (z(Ty — N¢+7))
for all j € Ijo n,) and ¢ € I>9. To obtain some Jt(j) such that the system dynamics
(4.1a) (under Assumption 4.6) are satisfied, we again exploit one-step controllability

4Note that the last step applied in (4.62) is indeed conservative and could also be avoided.
However, this allows for much simpler and concise proofs, since an inequality similar to (4.62)
naturally appears when using the observer-based candidate solution, which is shown in the
subsequent theorem.
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with respect to the disturbance input d. Overall, we modify the candidate solution
(4.46) according to

T4(j) = pa(2(Ty — Ne+ 7)), J € ljo,ny), (4.64a)
di(j) = pa(2(Ty = Ny + j + 1))

— fa(Px (2e(Ty — Ny + 7)), ue(5)), J € Lpo,n, -1y, (4.64b)
o(j) =0, j € Ljo,n,-1- (4.64c)

Here, in case of D C RY, we assume that d;(j) € D for all j € Ijgy,_1 and ¢ € I
to ensure feasibility of the candidate solution, compare Section 4.2.3.

Theorem 4.4. Suppose that Assumptions 4.1, 4.2, 4.3, 4.4, 4.5, 4.6, and 4.7 apply.
Fix some N € Isg. Then, there exists T € Isn such that the suboptimal moving
horizon estimator from Definition 4.2 using the candidate solution (4.64) and the
prior estimate in (4.57) is e-RGES in the sense of Definition 4.5.

Proof. The proof follows similar lines as the proofs in Section 4.2.3 and Theorem 4.3.
We have again divided it into three parts, where we first derive a bound on the fitting
error of the modified candidate solution, then on the suboptimal cost, and finally
invoke i-IOSS and conclude RGES.

Part I. We start by applying the same steps as in the proof of Lemma 4.4. Using
the candidate solution (4.64), the output equation (4.1b), the triangle inequality,
and Assumption 4.1, the fitting error of the candidate solution can be bounded by

|9:(4) — yt(])%
< Amax (G)[3:(5) — ve(G) P

< A (Go) LE(172(7) — 20(5)| + o (5))?

< A (Go) LE(1%4(7) — 26(Ty = Ne+ 4)| + |2(Th = Ny + 5) = 2(5)] + [0 (5)])°

for all j € Ijon,—1) and all ¢ € I>o. Using Jensen’s inequality, the definition of the
projection error in (4.54), and the lower bound of V, in (4.6a), it follows that

51) = )13, < Bhnae(Go) L (57 Volar(Ti = N+ ), xlt = N+ )

AImn(Bo)
1 , .
Sy N ), et = N ).
The application of Lemma 4.1 then yields a slightly modified version of Lemma 4.4,
that is, the bound

_l_

’ﬂt(j) - yt(j)

3
< ooy MY (vo<<t, x(t = T)m!

t—N¢+j

+ ZT 0t (1d ()G, + [v(i )\%O+I€t(j)!2))
t (4.65)
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for all j € Ijo n,—1) and all ¢ € I, where ¢, is from (4.48).

Part II. Now, we consider the suboptimal cost J(Z;, dy, Oy, ¢, t) and follow the first
part of the proof of Proposition 4.3 to derive (4.51). To establish a bound on the term
|Jt(j)|2Qs, we first note that for a given a € R™, |px(a) — b| < |a — b| for any b € X,
since by convexity of X and optimality of py, the angle between py(a) —a and a —b
is obtuse [HL93, Thm. 3.1.1, p. 117]. Now, consider the definition of the candidate
disturbance d;(j), j € Ijo n,_1) from (4.64c) and recall that f,(#:(5), u:(j)) € X (due
to the invariance property from (4.3) and the fact that Z;(j) € X by definition).
The application of Assumptions 4.5 and 4.7, the definition of the projection error
in (4.54), the triangle inequality, and Assumption 4.1 then lets us infer that

|dy(7)] = [pa(2e(T — Ny +j + 1)) = ful@(), we(5))|
<|a(T = Ne+ 5+ 1) = fu(@:(5), we(5))]
= [fa(2e(T — Ne + j + 1), u(5)) + ke(Ti — Ni + 7) — ful@e(5), we(5))]
< Lelz(Th — N+ 5) — 2(5) + k(T — Ni + 5)
< Lilee(t = N+ j)| + kil ha(2e(Te — N+ 5), ue(4)) — we(5)]
< Lele(t = Ny + J)| + 6lha(z(Th — Ne + 5), we(5)) — ha(Ze(5), wi(5))]
+ K| P (Ze(7), ue(5)) — v ()|
< (Lt + KLn)lee(t — Ny + J)| + £19:(5) — v (5)]

for all j € Ijon,—1) and ¢ € I>o. Hence, by using Jensen’s inequality, we obtain
()G, < Amax(Qa)lde(5)?
2 max (Qs)K°

< 2max (Qs) (L + K Ly)?|es(t — Ny + 5))* + /\—<G)|y~t(ﬂ — 5|z,
(4.66)

for all j € Ijgn,—1) and t € I>. Combining (4.51) with the bounds in (4.65) and
(4.66) leads to

A T A A 4>\max Qs /{2 Nt_lf i1~ / - .
J (&, dy, By, G, t) < <1+A_((G))> Yo7V G G) — w1,
min s j=0

Ne—1 )
+ 4)‘maX(QS)(Lf + ’{Lh)Q Z ﬁNt_j_1|5t(t - Nt + ])|2
j=0

Using (4.65), we further obtain that

J(fh Jt7 @ta gt) t)

< 25(Ny) (Vo(ct,x(t — T + ijnﬁ‘l (1t = )3, + vt - j)l%o))

+0e(N) D7 et — J)I%, (4.67)

Jj=1

where

0:(5) = (26(Ne) + Amax(Q<) (Le + £L1)?) max {1, (7/10)°} (4.68)
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and

(&) @
4)\max S 2 5, L 1
W) Cy - 1—-1 77? ?é , S > 0. (469)
n

_ 3
a(s) = 1 <1 + N (G)

Note that the factor 2 preceding ¢ in (4.67) (and (4.68)) is intentional and canceled
by an additional factor 1/2 in (4.69) in order to match the notation to the proof
of Theorem 4.3 and thus enable a more direct comparison and concise derivation in
the following Part III.

Part III. We proceed similarly to the proof of Theorem 4.3 and first derive (4.61).
Using the bound on the suboptimal cost from (4.67), we can establish (4.62), where
C,Q, R are as defined in (4.63) using & from (4.69) and C.(s) := 4nsAmax (Ps) +0.(s).
The remaining part follows by applying the same steps in the proof of Theorem 4.3

that were applied after (4.62), which finishes this proof. O

no

To summarize, by using the modified candidate solutions in (4.56) and (4.64) and
the prior estimate in (4.57), we can cover the practically relevant case where the
auxiliary observer in (4.5) may leave the set X. Specifically, we could preserve
robust stability and constraint satisfaction guarantees of suboptimal MHE without
requiring any changes to the design of the auxiliary observer.

4.2.6. Numerical example

We adapt the example from [RMD20, Example 4.39] and consider the set of re-
versible reactions A = B + C, 2B = ( taking place in a well-stirred, isothermal,
gas-phase batch reactor. The Euler-discretized model describing the evolution of

the concentrations of the species A, B, and C over time corresponds to
x] = x1 + ta(—pro1 + pawaxs) + d,

T3 = Ty + taA (P17 — patats — 2p3y + 2pam3) + da,

ng =x3+ tA(plﬂ — P2Xox3 + P3$§ - P4$3) + ds,

y:$1+$2+$3+v,

(4.70)

where tA = 0.25 is the step size and d € R? and v € R are additional process dis-
turbances and measurement noise. We consider the parameters p; = 0.2, p, = 0.05,
p3 = 0.2, and p, = 0.1 and select the initial conditions y = [0.5,0.05,0.1]" and ¥ =
[2,0.5,0] . We consider the prior knowledge X = {z € R®: 0 < z; < 3,i = 1,2,3},
where non-negativity follows from the physical nature of the system (substance con-
centrations cannot be negative) and the upper bound provides a compact set with
respect to realistic initial conditions and disturbances. During the simulations, the
disturbances d and v are treated as uniformly distributed random variables that are
sampled from the sets {d € R?: |d;] < 1073,i=1,2,3} and {v € R : [v| < 5-107%}.
Note that since we consider additive disturbances in (4.70), Assumption 4.6 holds
true. Moreover, the functions f and h are Lipschitz on X with Lipschitz constants
Ly =1.032 and L, = |[1,1, 1]| = 1.732, which renders Assumptions 4.1 and 4.5 valid.
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In the following, we verify the remaining technical assumptions used in the previ-
ous sections, implement the proposed suboptimal MHE schemes, and compare the
respective estimation results with established methods from the literature. The sim-
ulations are performed on a standard laptop (Intel Core i7 with 2.6 GHz, 12 MB
cache, and 16 GB RAM under Ubuntu Linux 20.04) in MATLAB with CasADi
[And+18] and the NLP solver IPOPT [WBO05|; LMIs are solved using YALMIP
[L6f04] and MOSEK [MOS24].

Observer design and i-10SS verification

For the system in (4.70), we design a conventional Luenberger observer in the form

of
2 =g(2,y) = ful2) + K- (ha(2) = y). (4.71)

Note that this choice immediately validates Assumption 4.7. We compute the con-
stant observer gain K € R"*? based on the differential dynamics, where a sufficient
LMI condition analogous to the dual (i.e., control) problem considered in [MS18§]
can be derived. Here, the domain O of the observer is chosen as a proper superset
of X by selecting O = {z € R3: —0.04 < 25 < 4, -2 < 23 < 4}, as the observer
is not guaranteed to adhere to the physical constraint of non-negative states (i.e.,
substance concentrations), see also Figure 4.1 below. By imposing a quadratic Lya-
punov function V,(z,z) = |z — z|% (leading to P, = P, = P in (4.6a)), we can thus
verify Assumption 4.2 on O with 7, = 0.97 and

—0.1 3.100 2.170 1.674 102 0 0
K=|-01], P=1{2170 4210 2.154|, Q,=|0 10® 0|, R,=10%
—~0.5 1.674 2.154 3.077 0 0 10

Now, we compute an i-IOSS Lyapunov function U for the system in (4.70) that
satisfies Assumption 4.3. To this end, we adapt Corollary 7.1 in Section 7.1.1 to
our current setup (that is, considering distinct process disturbances d and measure-
ment noise v instead of a generalized disturbance input w = (d,v)). We verify the
corresponding LMI conditions on the set X while imposing U(zq,x2) = Vo(x1, 22)
to ensure the compatibility condition in Assumption 4.4 and achieve the smallest
possible value of Apax(Po, Ps) = 1 (which is generally beneficial in practice to allow

for smaller disturbance gains and observer horizons 7). The remaining parameters
are 1y = 0.9383 and

102 0 0
Qs=10 102 0|, Rs=10% Gs = 50.
0 0 102

Thus, all technical assumption employed in the theoretical analysis in Sections 4.2.2—
4.2.5 are verified.
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Table 4.2. Value of Ty, for different state constraints and candidate solutions.

Admissible constraint Candidate solution Result Trin

System trajectory (4.19) Theorem 4.1 263
Observer trajectory (4.46)  Theorem 4.2 247

System trajectory (4.56) Theorem 4.3 286
Observer trajectory (4.64)  Theorem 4.4 349

() €O

() e

Suboptimal MHE design

In the following, we consider the cost function in (4.12) and select the horizon length
N = 3, parameterize the prior weighting and stage cost in (4.13) and (4.14) according
to the i-IOSS Lyapunov function parameters from above, and choose n = 5. We
first compare the theoretical requirements for suboptimal MHE using the candidate
solutions in (4.19) and (4.46) (which do not allow the inclusion of prior knowledge
about the set X C O in the MHE problem in (4.11)) and the projected candidate
solutions in (4.56) and (4.64) (which allow enforcing the state constraint Z;(j) € X,
j € ]I[O,Nt—l] in (4].1(1))

Table 4.2 compares the estimates of the minimum required observer horizons T},
to guarantee robust stability of suboptimal MHE provided by Theorems 4.1-4.4.
For the first case (2,(j) € O), we observe that the observer-based candidate so-
lution (4.46) provides a tighter error bound (and hence yields a smaller estimate
of Tinin) compared to the system-based candidate solution (4.19), which is in line
with the main observations in Section 4.2.4. For the second case (#,(j) € X)), the
respective error bounds (and thus the estimates of T},,) are larger compared to
the first case, which is due to additional conservative steps in the respective proofs
leading to more conservative disturbance gains, compare the respective formulas
in (4.36) and (4.63); this in particular applies to the proof of Theorem 4.4, resulting
in slightly more conservative guarantees and hence a larger value of T},,;,, compared to
that required by Theorem 4.3. In practice, however, better estimation results can be
expected if knowledge about X is included in the MHE scheme and a corresponding
candidate solution is used, compare also the simulation results below.

Generally, we note that the values of T,,;, in Table 4.2 are rather large. This is
on the one hand due to the fact that we guarantee robust stability of suboptimal
MHE without any optimization, and on the other hand due to various conservative
steps within the respective proofs; hence, the guarantees are rather of conceptual
nature, and good simulation results are also obtained for much smaller values of T'.
However, it should be noted that the estimates of Ty,;, do not jeopardize the real-
time capability of suboptimal MHE, as this only determines the forward simulation
of the observer in (4.71) (which is computationally cheap and has fixed complexity).
Moreover, we want to point out that a valid choice is always T" = t, which would
directly lead to RGES of suboptimal MHE for each candidate solution from above
and any horizon length N, while only one observer iteration needs to be performed
at each time step to construct the current candidate solution, compare Remark 4.6.
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Figure 4.1. Comparison of suboptimal MHE results using the candidate solution in (4.56)
(blue) and the candidate solution in (4.64) (cyan) after performing i = 3 steps of the
optimizer (IPOPT), the Luenberger observer (red), real system states (black), and output
measurements y (green dots). The light magenta curves show the estimation results of
suboptimal MHE using the unmodified (i.e., non-projected) candidate solution (4.46) and
#4(j) € O, j € Ijp ) in (4.11d). Solid lines correspond to the first state x1, #1, 21, dashed-
dotted lines to the third state x3, £3, z3 (where the minimum value of z3 is 23(2) = —1.015).
The gray dashed line represents the lower bound of the set X.

In the following, we focus on suboptimal MHE involving the state constraint Z;(j) €
X in (4.11d) to avoid potentially poor transient behavior caused by the Luenberger
observer, compare Figures 4.1 and 4.2 below. Specifically, we implement two subop-
timal estimators relying on the projected candidate solutions from (4.56) and (4.64),
respectively. To ensure feasibility of the candidate solutions, we consider D = R"
and V = ) = R? in the MHE problem in (4.11e). To illustrate the potential of
the proposed re-initialization strategy in practice, we choose T = 5 in the following,
although we must note that this choice is not theoretically covered.

Simulation results

Figure 4.1 shows the estimation results of the suboptimal estimators after performing
i = 3 steps of the optimizer (IPOPT) compared to the real system states and
the Luenberger observer from (4.71), which we use for constructing the candidate
solutions and the warm start for the optimizer. We observe that both suboptimal
estimators are capable of improving the estimates of the auxiliary observer (that
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10*2 | | | | |
0 10 20 30 40 50 60

Figure 4.2. Estimation error for the Luenberger observer (red) compared to suboptimal
MHE using the system-based candidate solution in (4.56) (blue) and the observer-based
candidate solution in (4.64) (cyan) after performing i = 3 steps of the optimizer (IPOPT).
Solid lines correspond to T' = 5, dashed-dotted lines to T' = ¢t (i.e., without re-initializing
the auxiliary observer). The light magenta curve shows the estimation error of suboptimal
MHE for the case of N =3, T'= 5, and i = 3 using the unmodified (i.e., non-projected)
candidate solution (4.46) and the constraint &(j) € O, j € Ijy y,) in (4.11d).

leaves the set X' in its transient phase) while providing physically plausible estimates.
The corresponding estimation errors over time are depicted in Figure 4.2 (solid
lines), which illustrates robust stability, fast convergence, and overall significantly
improved behavior compared to the Luenberger observer. This advantage becomes
particularly apparent when comparing the results with suboptimal MHE using the
set O instead of X as state constraint (this corresponds to the first case in Table 4.2),
which yields physically implausible estimates and only slightly improves the results
of the auxiliary observer, see the light magenta curves in Figures 4.1 and 4.2.

Figure 4.2 additionally shows the estimation error of suboptimal MHE with T' = ¢
(i.e., without re-initializing the auxiliary observer). Here, the suboptimal estima-
tors initially show a significant improvement compared to the Luenberger observer,
which is mainly due to the fact that the corresponding estimates satisfy the state
constraints X'. However, without re-initializing the observer with an improved sub-
optimal estimate, the prior weighting causes the suboptimal estimates to converge
close to its trajectory again. This illustrates the effectiveness of the proposed re-
initialization strategy, which provides the ability to quickly recover from a poor
transient behavior of the auxiliary observer, see also Remark 4.6.

For a more detailed numerical comparison, we employ two different performance
metrics: the sum of squared errors (SSE) defined as SSE := Yl |#(t) — x(t)|?
and the normalized accumulated cost J,e. := % Zii?j J(Zy, cit, O, Ut, t). To evaluate
the computational complexity, we also consider the average computation time per
sample T,y (considering all ¢t € Iy). Table 4.3 compares the values of the SSE,



100 4.2. Optimizing system trajectories

Table 4.3. Estimation performance for different configurations of suboptimal MHE.

Configuration candidate solution (4.56) candidate solution (4.64)
N T 1 SSE Jace Tavrg SSE Jace Tavrg
3 5 0 16.09  740.31 1.88 13.06 486.66 1.88
3 5 1 3.00 24.05 2.60 3.19  26.66 2.60
3 5 2 2.58 23.01 3.29 2.61 2292 3.30
3 5 3 2.68 22.48 4.01 2.68 2248 4.01
3 5 4 2.81 22.42 4.70 2.81 2243 4.69
3 5 ) 2.90 22.38 5.37 291 2238 5.38
3 5 10 2.97 22.34 6.69 297 2234 6.67
3 5 * 2.97 22.36 6.64 297 2236 6.63
10 15 0 25.07 1295.10  2.08 15.16 457.06 2.09
10 15 1 455  100.19 2.85 3.67  27.93 2.86
10 15 2 2.49 20.35 3.60 2.55  20.09 3.61
10 15 3 2.56 19.89 4.36 262 19.75 4.36
10 15 4 2.70 19.65 5.16 272 19.64 5.18
10 15 ) 2.76 19.74 5.92 278  19.73 5.93
10 15 10 2.84 19.67 7.53 2.84 19.67 7.52
10 15 * 2.83 19.72 7.60 283 19.72 7.58

Each value represents the average over 100 simulations of length tg,,, = 60; asterisks represent
fully converged optimization problems; the Luenberger observer achieves SSE = 28.65.

Jace, and Taye for different configurations of the proposed suboptimal estimator and
for different values of ¢ representing the maximum number of iterations allowed
solving the respective NLP, averaged over 100 simulations. For suboptimal MHE
with N = 3 and T" = 5, we see that performing only one iteration of the optimizer
is already sufficient to significantly improve the estimation results of the auxiliary
observer (achieving a reduction of the SSE by ~ 90 %). Moreover, we observe that
1 = 3 iterations are sufficient to provide estimation results that are close to optimal
MHE (that is, where we consider optimal solutions of the NLP), while saving =~ 40 %
of the corresponding computation time. Consequently, the influence of the different
candidate solutions (and warm starts) also becomes negligible for i > 3 iterations.

To investigate the influence of longer estimation horizons, we also consider subop-
timal MHE with N = 10 and 7" = 15. Here, we can observe qualitatively the same
behavior as before; however, the estimation results for ¢ = 0,1 are slightly worse
compared to the case where N = 3 and T' = 5. This is due to the fact for T' = 15,
the (initially poorly performing) auxiliary observer is re-initialized later than in the
case of T' = 5, hence yielding a worse warm start trajectory and therefore requir-
ing more iterations to improve. For ¢ > 2, better performance is then achieved
compared to the case where N = 3 (in terms of SSE and J,..), however, requiring
longer computation times as expected. Overall, this example shows that perform-
ing only very few iterations of the optimizer already leads to significantly improved
estimation results compared to the auxiliary observer while reducing computation
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times compared to optimal MHE, demonstrating the effectiveness of the proposed
suboptimal MHE framework.

Comparison with fast MHE schemes from the literature

We compare the proposed suboptimal estimator to the fast MHE schemes from
[Kith+11] and [WVD14], which are referred to as f-MHE; and f-MHE, in the re-
mainder of this section, respectively. Both schemes rely on the generalized Gauss-
Newton (GGN) algorithm and employ a quadratic cost function in filtering form,
that is, where the estimation horizon at a given time t includes the most recent
measurement y(t). For a meaningful comparison, we implement the proposed sub-
optimal MHE scheme in a similar fashion, that is, in its filtering form® and using the
GGN algorithm (with Lagrange relaxation, compare [WVD14]) for approximately
solving the optimization problem. We consider the candidate solution based on the
nominal system trajectory (4.56) and on the projected observer trajectory (4.64)
and denote the resulting estimators as s-MHE; and s-MHE,, respectively. For each
estimator, we choose N = 3 (and T' = 5 for s-MHE; »), parameterize each cost
function according to the choices from the previous section based on the i-IOSS
Lyapunov function U, construct the respective warm start using the previously ob-
tained (suboptimal) solution (compare Remark 4.3), and incorporate the constraint
set X using a simple active-set method [Jat00].

Table 4.4 compares the estimation results in terms of SSE and computation time 7,yq
per sample, averaged over 100 simulations. Here, it can be seen that the estimation
results of s-MHE, 5 are generally more accurate (in terms of SSE) and also require
less computation time compared to the corresponding values in Table 4.3, which
results from the fact that we use the filtering (instead of prediction) form of MHE
and the GGN algorithm (instead of IPOPT), respectively. Moreover, performing
¢ > 1 GGN iterations reveals that s-MHE; and s-MHE,; perform slightly faster
than MHE; and slower than f-MHE,, which was to be expected and is mainly
due to the respective design of the cost function. Specifically, s-MHE; , has a prior
weighting I' involving constant parameters only, f-MHE; has a time-varying prior
weighting where the parameters of I' needs to be updated each time-step using a
QR decomposition [Kith+11], and -MHE; has no prior weighting and penalizes
solely the fitting error [WVD14]. This is also the reason why f-MHE, performs best
(i.e., achieves the lowest SSE) for i = 1, as the prior weighting prevents the other
estimators from converging as similarly fast. However, for ¢ > 2, the prior weighting
is able to improve the estimation results, which generally yields a lower SSE for
s-MHE;, , and £-MHE,; compared to -MHE,.

Overall, this example shows that the considered suboptimal/fast estimation methods
perform very similarly, both in terms of their accuracy (SSE) and their computation
times (Tavg). However, our proposed suboptimal MHE framework is more flexible

®Note that the results derived in Sections 4.2.2-4.2.5 for the prediction form of MHE (i.e., without
incorporating the current measurement y(t) at time t) can be straightforwardly extended to
the filtering form of MHE, compare also [RMD20, Sec. 4], [AR19b, Sec. 3], and the discussion
in Section 3.1.



102 4.3. Optimizing observer trajectories

Table 4.4. Comparison of the estimation results of the proposed suboptimal (s-MHE; 2)
and fast MHE schemes (f-MHE; 5) for different numbers of GGN iterations i.

; s-MHE; s-MHE, -MHE, f-MHE,
SSE  Tawg SSE  Tawrg SSE Tavrg SSE Tavrg
0 17.70 0.07 14.22 0.08 135.12 0.05 135.12 0.01
1 3.02 0.51 2.98 0.51 2.23 0.52 1.63 0.43
2 0.73 0.87 0.73 0.87 0.77 0.92 0.79 0.80
3 0.67 1.27 0.68 1.28 0.41 1.35 0.54 1.20
4 0.28 1.62 0.25 1.63 0.27 1.72 0.42 1.56

Each value represents the average over 100 simulations of length tg,,, = 60; the average com-
putation time 7Tayrg is in milliseconds (ms).

than that of [Kith+11; WVD14], as it is applicable to a larger class of nonlinear
detectable systems and allows for a completely free choice of optimization algorithm.
Moreover, we can provide robust stability guarantees independent of the horizon
length and the number of iterations performed; in contrast, {MHE, 5 provide either
no guarantees at all [Kith+11] or only for observable systems [WVD14], heavily
relying on the convergence properties of the GGN algorithm.

4.3. Optimizing observer trajectories

In the previous section, we have considered a classical MHE formulation that op-
timizes over trajectories of the system (4.1). Now, we consider a modified MHE
problem that directly optimizes over trajectories of the observer (4.5), which is spec-
ified in Section 4.3.1. This formulation allows for a more direct stability analysis in
Section 4.3.2, ultimately leading to tighter error bounds. Moreover, the numerical
example in Section 4.3.3 shows that the resulting suboptimal MHE scheme can yield
improved convergence behavior in applications if the auxiliary observer is rather ag-
gressive.

4.3.1. Suboptimal MHE design

Given some finite estimation horizon N € [ and a time ¢ € I>(, we consider the
following modified MHE problem:

min J(i’t, :gt; t) (472&)
s.bt. 2+ 1) = 9(2:(7), w (i), 9:(5)), J € Tjovi—1y, (4.72b)
9:(7) = ha(2:(5), w(5)), J € Lon—1y, (4.72¢)
2:(5) € O, j € Tony, (4.72d)

where N; = min{t, N}, u, is defined in (4.9) and corresponds to the truncated input
sequence applied to the system (4.1), g in (4.72b) corresponds to the dynamics of
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the auxiliary observer from (4.5) evolving in the set O, and h,, in (4.72c) represents
the nominal output equation of the system in (4.1). The decision variables of the
optimization problem in (4.72) are the elements of the estimated state sequence &; =
{&(j) %o, which (uniquely) defines a sequence of output estimates 9; = {7(j )}j'\f:tofl
under (4.72¢). The cost function J in (4.72a) is defined as

Ni—1
)\mln ~

T (4, 1y t) = 2|2,(0) — 2(t — N[y + 212 (C) Z o 1900 = ve(G)IEs (4.73)

where Z(t — IV;) is the prior estimate defined below, y; is defined in (4.10) and
corresponds to the truncated output sequence obtained from the system (4.1), the
parameters 7, and P, are from the i-ISS Lyapunov function V, (Assumption 4.2),
and Ly, refers to the Lipschitz property of A (Assumption 4.1). The parameters G > 0
and W > 0 are weighting matrices that can be tuned arbitrarily; their respective
influence on the theoretical properties of the resulting estimator is discussed in detail
in Remark 4.13 below.

Remark 4.10 (Discounting). The cost function in (4.73) involves a discounted stage
cost using 1, as discount factor. This could be generalized by replacing 1, in (4.73)
with a tuning parameter n satisfying 0 < n < 1. Howewver, note that in contrast to
Section 4.2, we aim to establish a contraction over the estimation horizon from time
t— N to timet and hence require a discounted cost with 1 < 1, compare Remark 4.2
(but without requiring a lower bound on 1 apart from zero, as we do not invoke
i-10SS here). Adopting the key ideas from Section 4.2, it is possible to modify the
scheme and corresponding analysis to allow for an arbitrary tuning parameter n > 0,
see Remark 4.15 below for details. However, we emphasize that choosing n > 1 would
deteriorate the theoretical guarantees.

Remark 4.11 (Optimizing observer trajectories). In contrast to all other MHE for-
mulations considered in this thesis and also to most of the literature on nonlinear
MHE for uncertain systems (see, e.qg., [RMD20; KM23; AR21; Kih+11; Hu2j/), the
MHE scheme in (4.72) does not optimize over process disturbances czt(j), J € lon—1)
(in contrast to, e.g., the NLP in (4.11)). Instead, we optimize over trajectories of
the auxiliary observer by employing its dynamics in (4.72b), avoiding the need for
an additional disturbance input. This is computationally beneficial as it drastically
reduces the number of decision variables, compare the simulation results in Sec-
tion 4.3.53. Similar MHE formulations were previously considered in [SJF10; SJ14;
Suw+14; WK17]. In Section 4.3.2 below, we show that this direct coupling between
MHE and the auziliary observer allows for using the corresponding i-1SS Lyapunov
function V, (Assumption 4.2) as N-step Lyapunov function for (suboptimal) MHE.

A direct consequence of this formulation is that the estimated states T,(j), j €
Ljo,n,—1) naturally live in the domain of the auziliary observer (that is, the set O),
which we explicitly invoke in (4.72d). Now consider the case where the true system
state x(t) is known to evolve in some set X (e.q., due to the physical nature of the
system (4.22), see the discussion below (4.3) and compare also Section 3.1). As we
rely on rather conventional state observers in (4.5), we generally have that O O X,
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as there is no gquarantee that the observer provides physically plausible state estimates
for all times, compare the discussion in Section 4.2.5. To still use the additional
knowledge about X in the MHE formulation to improve its estimation performance,
one could suitably re-design the auxiliary observer as suggested in [Ast+21] (to en-
sure that O = X) or use additional projections as in Section 4.2.5. However, it
should be noted that such projections lead to a worse bound on the corresponding
estimation error, compare Definition 4.5.

Instead of solving the NLP in (4.72) to optimality, we consider the following subop-
timal estimator.

Definition 4.4 (Suboptimal estimator). Let t € 1>y, N € Iso, some prior esti-
mate T(t — Ny), and the input-output sequences u; and y; in (4.9) and (4.10) be
given. Furthermore, let &, € ONt+ denote a feasible candidate solution to the MHE
problem (4.72) with the corresponding output sequence ;. Then, the corresponding
suboptimal solution of (4.72) is defined as any sequence &, € ONHL that satisfies
(i) the MHE constraints (4.72b)-(4.72d) and (ii) the cost decrease condition

‘](j}tagtat) S J(i'tagtat)' (474)
The (suboptimal) state estimate at time t € 1o is then defined as Z(t) = &(Ny).

We consider the following candidate solution &, € ONt+1:

jt(j + 1) = g(‘%t(])vut(j)v yt(])>7 .7 € H[O,Nt—l}a (475&)
Ht—N), teloy,
7(0) = {2E=N), =N (4.75b)
X5 t e ]:[[(]7]\/’_1].

where u; and y; are defined in (4.9) and (4.10), respectively, and correspond to the
input-output sequences obtained from the system (4.1) in the current estimation
horizon. The corresponding candidate output sequence is generated from (4.72c)
and denoted as g = {gjt(j)}év:’fgl.

Note that the candidate solution in (4.75) does not restrict the warm start of the
particular algorithm used to (approximately) solve the NLP in (4.72), compare also
Remark 4.3. Here, a practical choice is, e.g., the observer trajectory generated
by (4.5) initialized using the most recent suboptimal solution (specifically, the ele-
ment Z;_1(1)) and driven by the current input-output sequences u; and ;. We also
want to emphasize that the candidate solution in (4.75) is much simpler in contrast
to the ones we constructed in Section 4.2, where the auxiliary observer needed to be
re-initialized, re-simulated, and transformed into a trajectory of the system (4.1).

It remains to define the prior estimate (¢t — NV;) used in the cost function in (4.73).
Here, we choose the standard filtering prior

Ft—N), telsn

' (4.76)
X le H[QN—I}:

-~ {
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where Z(t — N) is the suboptimal estimate obtained N steps in the past and Y corre-
sponds to the a priori guess of the unknown initial condition x of the system (4.1).

In the next section, we derive practical conditions for robust stability of suboptimal
MHE, simply by exploiting the direct coupling between the MHE problem in (4.72)
and the auxiliary observer in (4.5) satisfying Assumption 4.2.

4.3.2. Stability analysis

We first require an auxiliary result that establishes a bound on the cost of the
candidate solution (4.75).

Lemma 4.5. Let Assumptions 4.1 and 4.2 hold and x € O. Let N € I>( be arbitrary.
Then, the cost function (4.73) evaluated at the candidate solution (4.75) satisfies

N¢ )
J(Ee, G, t) < Npd Vo (2(t — Np), 2t — Ny)) + Ny >l Hd(t = 5)[3,

j=1
Amin(P1)
(g ) S et = ) (.77
for allt € I>o.

Proof. First, note that the candidate solution (4.75) is feasible for the problem
n (4.72), which follows from the definition of the observer in (4.5) and the fact that
X € O. From the cost function (4.73) and using that 7;(0) = Z(t — N;) by (4.75b)
and the definition of the prior estimate in (4.76), it follows that

~ ~ )\mln
J(l"t» Yt, 75) <

- 2L2)\max< Z nNt ]|yt yt(])|2G (478)

The output equation (4.1b), Assumption 4.1, and the definitions of the true state
and measurement sequences z; and v; from (4.23) and (4.25) imply that

15:(7) — v (N1 < Amax(G)|1(Ze(4), ue(5), 0) — (@ (5), we(5), ve(4)) [
< Amax(G)2LE (12(5) — 2(5) 7 + |ve(5)]7)
)‘m X(G)

) = a0 + 2R, ). @9

By combining (4.78), (4.79), and the lower bound on V, from (4.6a), we therefore
obtain

o) < & w (Vi) o) + 2 EROE) . @)

Since ; constitutes a state trajectory of the observer (4.5) via (4.72d), we can invoke
Assumption 4.2 and apply the dissipation inequality (4.6b) for each j € Ijo n,—1) for
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7 times. This leads to

NIV (@4(5), 2(5)) < e (nz;vom +an |y (0)[3, + il >|zo)>

for each j € Ijp,v,—1). Summing up over all j € Ijg n,—1] yields

N¢—1

D 0 TIVo(@4(5), we()) < Nitg Vo(74(0), 24(0))
=0
Ni—
ENY g ()G, + lee()R,) (481)
7=0
where d; is from (4.24). Combining (4.80) and (4.81) yields
N, '
J(Fe, G, t) < N Vo(20(0), 24(0)) + N D_ 0o~ Hdi(5)15,

j=1

+(nj:§§) )Zan“\v @8

By recalling that 7;(0) = z(t — NV;) by (4.75b) and (4.76) and the definitions of
the sequences zy, d;, v, we observe that (4.82) is equivalent to (4.77), which hence
concludes this proof. O]

In the following, we show that V, is an N-step Lyapunov function for suboptimal
MHE.

Theorem 4.5. Let Assumptions 4.1 and 4.2 hold and x € O. Let N € I5 be
arbitrary. Then, the suboptimal state estimate &(t) satisfies

Vo(2(1), (1)) < vl(Nt)V (Z(t = Np), 2(t — Ny))

+zn (a(N)ld(t = )G, + (Nt —5)[%,)  (4.83)

for allt € Isg and any N € s, where

Wl(ka T, 5) ::2)‘maX(F Bo)no+>\max<Po, W)knr+s (4.84&)
ok, 1) :=1 + Apax(Po, W)kn, (4.84Db)
= 55) /\min(Pl)
ky7) =1+ Amax (Po ~py tE| 4.84
Tl )=+ A (P 9) (32200 1) (4510)

with® ~1(r) :=~,(r,r,r) and v;(r) :=75,(r,7), i = {2, 3}.

6We define the functions 7; in (4.84) as functions of three (two) separate variables, since this will be
convenient for various extensions and adaptations discussed in Remark 4.15 and Section 4.3.3.
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Proof. At any t € I, the constraint in (4.72b) ensures that the estimated sub-
optimal trajectory &; = {f:t(j)}é-v:to is a trajectory of the observer (4.5), which by
Assumption 4.2 admits the i-ISS Lyapunov function V,. Hence, we can apply the
dissipation inequality (4.6b) for N, times, which leads to

Val((2), (1)) = Val(@4(Ny), ()
< 0 Vi(2,(0) +zn (ld(t = )R, + ot — ), . (4.85)

where x; corresponds to the truncated state sequence as defined in (4.23). Using
(4.6a) with Cauchy-Schwarz and Young’s inequality, we further have that

Vo(24(0), 24(0)) < [£:(0) — Z(t — Ny)| 5.
< 20#,(0) — #(t — N)[E +202(t — Ny) — 2,(0)[5,.  (4.86)

The second term of the right-hand side in (4.86) can be bounded by exploiting (4.6a)
according to

2|:l_j(t - Nt) - xt(0)|2fo S 2)\maX(Fo7Bo)‘/;)(j(t - Nt)7 $t<0)) (487)
Using a similar reasoning, the first term of the right-hand side in (4.86) satisfies
2024(0) — Z(t — N[5 < Amax(Po, W)J (24, G2, 1), (4.88)

which follows from the definition (and non-negativity) of the cost function (4.73).
In combination, from (4.85) with (4.86)—(4.88), we obtain

Vo(2(t),2(t)) < )‘maX<Fov W)néVtJC%U i, ) + 2>‘maX(P0a£o)ncj)Vt%(j(t — Ny), 74(0))

+zn (1 = ), + ot = DIR,) (4.89)

Now recall that
‘]('f"h@tat) S J(‘%tugt?t) (490)
due to (4.74). Consequently, from (4.89) with (4.90) and Lemma 4.5, we ob-
tain (4.83), which hence concludes this proof. ]

Provided that N € > is chosen such that
PV =y (N) <1 (4.91)
holds, Theorem 4.5 directly implies that
Vo(@(1), 2(t)) < pNV (2(t = N), z(t = N))

+zn H(N)d(t = )E, + (Nt —)3,)  (4.92)

for t € I (recall the definition of the prior estimate in (4.76)). Consequently, the
i-ISS Lyapunov function V,, characterizing robust stability of the auxiliary observer
is an N-step ISS-like Lyapunov function for robust stability of suboptimal MHE.

Some remarks are in order.
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Remark 4.12 (Condition on the horizon length). By standard properties of the expo-
nential function, one can easily verify specific properties of 71 : R>o — R>o on the
open interval [0, 0o) —namely, that 7, is continuous, has one (global) mazimum, and
limy 00 71 (V) = 0. Consequently, there always exists some Ny € Iso sufficiently
large such that (4.91) holds for all N € Isn,,.. In practice, a suitable value of N
can be easily obtained by evaluating the condition in (4.91) numerically.

Remark 4.13 (Parameterization of the cost function). The matrices W and G in used
in the cost function in (4.73) are arbitrary tuning parameters (satisfying W > 0 and
G = 0). The choice of G has no impact on the theoretical guarantees (note that G
does not appear in (4.83) ), since the stage cost is normalized by its largest eigenvalue
Amax(G). Consequently, G can be used to scale the output estimates differently in
case p > 1. In contrast, W has a direct influence on all functions ~yy,72,7ys in (4.84)
via the generalized eigenvalue Mpax(Po, W). This can be exploited to adjust the degree
of confidence in the observer’s estimates by specifying how much the estimated trajec-
tory &, = {24(5)} % may (Amax(Po, W) > 1) or may not (Amax(Po, W) < 1) deviate
from the observer trajectory initialized at &(t — N;) and driven by the current input-
output sequences uy and y; from (4.9) and (4.10). For small values of Amax(Po, W),
the minimum horizon length is dominated by the first summand in (4.84a), and the
functions 7, and 75 in (4.84b) and (4.84c) approach unity; consequently, the dis-
turbance gains of suboptimal MHE appearing in (4.83) become closer to that of the
auziliary observer given in (4.6b) (and converge to them for Apax(Po, W) — 0).
Conversely, the further one allows to deviate from the stabilizing observer by choos-
ing large values of Amax(Po, W) in (4.84), the worse the guarantees become and the
larger the horizons must be chosen (which is also intuitive, since our design is mainly
aimed at preserving the stability properties of the auziliary observer). On the other
hand, this choice typically leads to good results in practice, since the estimate from
the auxiliary observer can (potentially significantly) be improved with only a few
iterations, compare also the simulation example in Section 4.3.3.

Remark 4.14 (Asymptotic behavior for large N). Similar properties as discussed
in Remark 4.12 for the function 1 also apply to vo and ~s. In particular, both
of these functions are monotonically decreasing in N for N large enough, and
lmpy o0 Y2(NV) = limy oo v3(IN) = 1. Together with the fact that limy_,o 71 (N) =0
(see Remark 4.12), this implies the appealing theoretical property that for N — oo,
the bound from Theorem 4.5 converges to the bound given by the i-ISS Lyapunov
function V,, in (4.6), regardless of how the cost function (4.73) is parameterized.
This is generally not the case for the suboptimal MHE schemes presented in Sec-
tion 4.2, where the guarantees for suboptimal MHE are strictly worse than those
from the auxiliary observer.

Remark 4.15 (Alternative candidate solution). For N € Isq arbitrarily fized, we
could also apply the re-initialization strategy that we suggested in Section 4.2 (see
(4.16) and (4.17) above) and derive a T-step Lyapunov function for a sufficiently
large T' € 1>y, thus ensuring robust stability of suboptimal MHE for an arbitrary
horizon length N € I>o. However, the candidate solution becomes more intricate.
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In particular, at each t € Iso, we need to re-initialize the auxiliary observer T, =
min{t, T} steps in the past using z(0) = Z(t —T3) and perform a forward simulation
for Ty steps to obtain the candidate solution T,(j) = z(Ty — Ne + j), j € Ijony; in
addition, the prior estimate T(t— Ny) needs to be replaced by z(T; — Ny) as in (4.18),
see Section 4.2 for more details. Then, by suitably modifying the proofs of Lemma 4.5
and Theorem 4.5, we can derive (4.83)—(4.84) with functions 7,(Ny, Ni, Tt), v2(IVy),
v3(Ny), where 1 is replaced by 2Amax(Po, Py) in (4.84b)~(4.84c). Condition (4.91)
(with ~1(N) replaced by 7, (N, N, T)) can then be easily solved for a sufficiently large
value of T'. Alternatively, one may also omit the re-initialization step of the auziliary
observer and use T = t instead, which considerably simplifies the construction of
the candidate solution. In this case, the property in (4.83) directly implies RGES
of suboptimal MHE, compare Remark 4.6 and see also the simulation example in
Section 4.3.3.

Remark 4.16 (Filtering form of MHE). The MHE problem in (4.72) neglects the
current measurement y(t) and thus corresponds to the prediction form of MHE.
However, we want to emphasize that our results can be easily extended to the fil-
tering form of MHE (i.e., such that the cost function in (4.73) includes the term
19:(Ny) — ye(N)|%), albeit with a (significantly) more cumbersome notation, com-
pare also [RMD20, Sec. 4.2]. In particular, by suitably adapting the proof of Theo-
rem 4.5, we can derive (4.83) with the functions v (Ny), v2(Ny), and v3(Ny) replaced
by 71 (Nt + 1, Niy Ny), 7o (N + 1, Ny), and 75(Ny + 1, Ny) /1., respectively.

From Theorem 4.5, we can straightforwardly deduce RGES of suboptimal MHE as
shown in the following corollary.

Corollary 4.2. Suppose the conditions of Theorem 4.5 are satisfied. Let N € 1>
be such that the condition in (4.91) holds. Then, the suboptimal moving horizon
estimator from Definition 4.4 is RGES.

Proof. We start by defining ¢; := 7,(N,0,0), ¢ := 7,(N, 0), and ¢ := 75(N, 0) such
that 7, (k,r, s) < canl, Yok, r) < ¢, J5(k, 1) < ¢3 for all k € [0, N] and all ;s > 0.
Due to definition of the prior in (4.76), Theorem 4.5 implies that

Vo(@(t), 2(8) < exnVa(%ox) + Somi " (eald(t = )b, + cslo(t — i)[R,)  (4.93)

j=1
for all t € Ijpn_1. For ¢t € I>y, on the other hand, Theorem 4.5 implies (by
satisfaction of (4.91)) the Lyapunov decrease property in (4.92), which leads to

Vo(2(t),2(t)) < p"Vo(2(t = N),z(t — N))
! (cald(t = ), + calolt = D)) - (4.94)

The combination of (4.93) and (4.94) together with the fact that n, < p (which is a
simple consequence of (4.91)) yields

t

Val#(0), (1)) < cipVo(Ro ) + 3 7 (cald(t = )3, + calolt — )3, (4.95)

J=1
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for all t € > (compare the proof of Theorem 4.1). By applying the uniform bound-
edness condition of V, from (4.6a) and taking the square root, we can straight-
forwardly transform (4.95) into a sum-based formulation of RGES. By Proposi-
tion 4.1, this is equivalent to RGES in the sense of Definition 4.1, which concludes
this proof. O]

4.3.3. Numerical example

To illustrate our results, we consider the batch reactor example from Section 3.4.1,
which corresponds to the dynamical system

xf =z + ta(—2k12? + 2kowo) + dy, (4.96a)
13 = 2o+ ta(kia} — kowo) + da, (4.96b)
y=x1+12+0 (4.96¢)

with parameters k; = 0.16, ko = 0.0064, and tAo = 0.1, see Section 3.4.1 for more
details. We consider the initial condition y = [3,1]" and the poor a priori guess
R0 = [0.1,4.5]". The disturbances d € R? and v € R are modeled as uniformly
distributed random variables sampled from {d € R? : |d;| < 2-107%,i = {1,2}} and
{veR: |v] <107%} during the simulation.

In the following, we consider the proposed suboptimal MHE scheme from Sec-
tion 4.3.1, where we first analyze the influence of the weighting matrix W; then,
we compare the estimation results to the suboptimal scheme from Section 4.2 (more
specifically, Section 4.2.3) and two fast MHE schemes from the literature.

In order to apply suboptimal MHE, we first have to design an auxiliary observer
for the system in (4.96). To this end, we consider a simple Luenberger observer in
the form of (4.71) and design the constant observer gain K by following the same
procedure as in Section 4.2.6. Consequently, Assumption 4.2 can be verified on
O ={z€eR":0.1 <z <6} using a quadratic Lyapunov function V,(z,z) = |z—x|%
and the parameters 7, = 0.955,

3
K [7.999 ] p- l1.537 1.380] Q.- llo 0

~9.997 1.380 1.254 0 1031’ Ho =100,

leading to P, = P, = P in (4.6a).

As additional benchmark for suboptimal MHE, we consider the standard (i.e.,
fully optimized with respect to the system dynamics) MHE formulation presented
in [Sch+23, Sec. III]. This essentially corresponds to the scheme outlined in Sec-
tion 3.1 using the discounted cost function from (4.12) with 77 = 7, and the prior
weighting and stage cost from (4.13) and (4.14), respectively. For the validity of
the theoretical guarantees from [Sch+23, Thm. 1], the cost function parameters 7,
Ps, Qs, Ry, Gy are to be chosen according to an i-IOSS Lyapunov function U in
the sense of Assumption 4.3 (which is also required in the design of the suboptimal
MHE scheme from Section 4.2). To this end, we adapt Corollary 7.1 to our current
setup (with distinct process disturbances and measurement noise) and verify the
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corresponding LMI conditions on O, while imposing U(x,z2) = V,(z,x) for the
sake of comparability. The remaining parameters are 7y = 0.9545 and

103
?s:Pm Qs:[2 10 0

0 2_1031, R, =2-10°, G, = 200.

Suboptimal MHE with different prior weightings

In the following, we consider G = 1 and W = aP, in (4.73), where we select
a € {10%,1,1073,107*} in order to illustrate the influence of the prior weighting
as theoretically analyzed in Remark 4.13. Moreover, we consider the filtering form
of MHE (which is generally beneficial in practical applications) and hence employ
the modifications from Remark 4.16. The respective minimum required horizon
lengths Ny, ensuring the contraction condition (4.91) are shown in the upper part
of Table 4.5. Here, we can observe that the value of a has a direct influence on
the value of N;,, which is clear because the factor /\max(ﬁo, W) = 1/a appears in
the function 74 in (4.84a) and hence in the contraction condition in (4.91), see also
Remark 4.13.

We simulate each suboptimal estimator and the benchmark MHE scheme in MAT-
LAB with CasADi [And+18] and the NLP solver IPOPT [WBO05], where we select
N = Ny, so that valid theoretical guarantees’ are obtained in each case. Table 4.5
shows the SSE and the average computation time 7., per sampling instant for
different numbers of solver iterations i. Here, we observe that small values of a are
required to improve the estimates from the Luenberger observer (which corresponds
to the case of i« = 0 in Table 4.5). In line with Remark 4.13, this requires larger
horizons in order to satisfy condition (4.91). However, Table 4.5 indicates that the
choice of larger horizons only has a relatively small impact on the computation time.
This is in line with the simulation results reported in [Suw-+14; WK17] and mainly
due to the formulation of the MHE problem in (4.72), which in particular avoids
the estimation of additional process disturbances (and thus the use of corresponding
decision variables) compared to classical MHE schemes, see, e.g., (4.11). Moreover,
we find that already ¢ = 1 iteration is sufficient to significantly improve the estimates
of the auxiliary observer, while preserving its robustness guarantees and reducing
the computational complexity in terms of 7,,, compared to the benchmark MHE
scheme by ~ 66 %. In fact, Table 4.5 also shows that performing one iteration of the
optimizer yields estimation results that are close to the fully converged ones. The
reason why allowing more iterations sometimes leads to smaller computation times
in Table 4.5 can be attributed to the fact that this generally produces very accurate
(close to optimal) warm starts for the optimization problems, which accelerates the
optimization algorithm accordingly.

"Note that using a different (worse conditioned) matrix P allows for choosing a smaller horizon
length for the benchmark MHE scheme, compare Section 3.4.1.
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Table 4.5. Comparison of the estimation results of suboptimal MHE for different weighting
matrices W = a P, and different numbers of solver iterations i.

a = 102 a=1 a=1073 a=10"*
i Nmin:16 Nmin:45 Nrnin:128 Nmin:155
SSE  Tavre SSE  Tavre SSE  Tavre SSE  Tavrg
0 4290 2.30 4290 2.50 4290 2.86 42.85 297
1 42.83 3.09 4247 3.34 3.49 3.93 1.11 3.61
2 42.85 3.14 4248 3.41 3.49 4.13 1.09 3.45
3 4293 3.14 4252 3.40 3.46 4.05 1.12 3.36
* 4298 3.14 4253 3.40 3.50 4.10 1.12 3.40
Each value represents the average over 100 simulations of length tg, = 200; the average

computation time T,y.g is in milliseconds (ms); asterisks represent fully converged optimization
problems; the benchmark MHE yields Vi, = 30 and achieves SSE = 0.5 with T,yrg = 10.86 ms.

Comparison with fast MHE schemes from the literature

We compare the proposed suboptimal estimator (which we denote in following as
s-MHE;) to the suboptimal MHE scheme presented in Section 4.2 (s-MHE,) and
to the fast MHE schemes from [Kith+11] (MHE,) and [WVD14] (f-MHE,). For
comparison reasons, we fix the horizon length to N = 10, and thus, consider the mod-
ifications from Remark 4.15. Motivated by the findings from Table 4.5, we choose
W = 107*P, and select T = t, which trivially ensures RGES of suboptimal MHE,
see Remark 4.15 (here, it turned out that the additional effort of re-initializing the
auxiliary observer was not worthwhile for this application example). For s-MHE,,
we consider the observer-based candidate solution from (4.46) and use the same cost
function as for the benchmark MHE (i.e., the discounted cost function from (4.12)—
(4.14) parameterized using the i-IOSS Lyapunov function U from above and with
n = ns). Here, we also select T' =t to ensure valid theoretical guarantees, compare
Remark 4.6. The cost function for -MHE; is parameterized analogously, whereas
f-MHE, does not allow for tuning, see [WVD14] for further details. Since f-MHE;
and -MHE, both rely on the GGN algorithm, we implement the suboptimal MHE
schemes s-MHE; and s-MHE; in a similar fashion, relying on a Lagrange relaxation
[WVD14]. To this end, we have to adapt the initial estimate to { = [2,1.8]T, since
the GGN algorithm does not converge using the previously chosen initial estimate,
illustrating its local nature, compare [WVD14]. As additional comparison, we again
consider the benchmark MHE scheme from above, although the corresponding guar-
antees do not hold anymore since N = 10 < Np;, = 30.

Figure 4.3 shows the simulation results for all estimators under study, which reveals
an improved transient behavior of s-MHE; compared to s-MHE,, the fast MHE
schemes -MHE; and -MHE,, and the auxiliary observer. This is mainly due to the
fact that the auxiliary observer is rather aggressive and converges accordingly fast,
albeit being highly sensitive to noise and exhibiting significant oscillations. These
oscillations are efficiently reduced by the proposed suboptimal scheme s-MHE; (as
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Figure 4.3. Estimation results for the proposed suboptimal MHE scheme under the mod-
ifications from Remark 4.15 (s-MHE;), suboptimal MHE from Section 4.2 (s-MHE3), and
the fast MHE schemes f-MHE; [Kiith+11] and {-MHE; [WVD14] after performing i = 1
GGN iteration compared to the Luenberger observer and the (fully optimized) bench-
mark MHE using a fixed estimation horizon N = 10. Top: Real system state x; and its
estimates &1 over time; bottom: estimation error in Lyapunov coordinates.
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Table 4.6. Average computation time Tayrg per sample in milliseconds (ms) for the proposed
suboptimal scheme compared to similar methods from the literature.

s-MHE; s-MHE, f-MHE;, f-MHE, benchmark
0.57 0.69 0.61 0.46 10.55

Each value represents the average over 100 simulations of length ¢, = 80.

we use a small weighting matrix W), while its fast convergence property could be
preserved. Moreover, the estimates are close to those of the benchmark MHE. In
contrast, the suboptimal/fast MHE schemes that optimize over system trajectories
converge much slower, which is due to the slower dynamics of the system compared
to the auxiliary observer. To achieve a faster convergence and improved transient
behavior, one would have to perform more than one GGN iteration per time step,
which is consistent with the simulation results obtained in Section 4.2.6. Further
simulations have shown that the use of auxiliary observers with significantly slower
error dynamics does not necessarily lead to advantages (in terms of the convergence
rate) of the proposed suboptimal MHE scheme over the methods from Section 4.2.
This is in line with intuition and suggests that the auxiliary observer should be

designed rather aggressively in applications to achieve fast convergence of subopti-
mal MHE.

From the computation times shown in Table 4.6, we observe that s-MHE; is slightly
faster than s-MHE, and f-MHE;, which is mainly due to the fact that less decision
variables are used in the optimization problem (4.72) compared to (4.11). Moreover,
s-MHE} is slightly slower than -MHE,, as the latter avoids the computation of a
prior weighting. Overall, the differences in the computation times are rather small,
and all suboptimal /fast MHE schemes under consideration are capable of reducing
the computational complexity (measured in terms of 7,y,,) compared to the bench-
mark MHE by ~ 95 %. However, the proposed suboptimal MHE scheme is generally
much more flexible compared to f-MHE; and {-MHE, from [Kith+11] and [WVD14]
(in particular, since arbitrary optimization algorithms can be used) and has the
potential to converge faster than schemes relying on a standard MHE formulation
(such as SMHE, and f-MHE;, ,), while providing valid theoretical guarantees.

4.4. Summary

In this chapter, we presented several suboptimal MHE schemes that are applicable
to general nonlinear systems and established robust stability guarantees with respect
to unknown process disturbances and measurement noise. This is crucial in order
to ensure real-time applicability of MHE in cases where the optimization problem
cannot be solved to optimality within one fixed sampling interval. The suboptimal
schemes rely on an a priori known, robustly stable auxiliary observer, which is used
to construct a suitable candidate solution to the respective MHE problems. By
imposing that any suboptimal solution to the MHE problem achieves at most the
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same cost, the proposed suboptimal estimators inherit the stability properties of the
auxiliary observer while benefiting from the performance of numerical optimizers.
Here, we considered two conceptually different MHE formulations: first, a rather
classical one that optimizes over trajectories of the system, and second, a modified
version that optimizes directly over trajectories of the auxiliary observer.

The first MHE formulation allows for the use of a standard least squares cost func-
tion (with or without additional discounting), which is typically chosen in practical
applications. In this context, we considered two different candidate solutions; one is
applicable to general nonlinear systems, the other requires a certain structure of the
system and the observer, but provides qualitatively better theoretical guarantees
(in particular, disturbance gains that do not deteriorate with increasing estimation
horizons). Moreover, we suitably modified the candidate solutions to account for
the practically relevant case where the auxiliary observer may violate the MHE
constraints. We showed that the i-IOSS Lyapunov function characterizing the de-
tectability of the underlying nonlinear system is a Lyapunov function for suboptimal
MHE, from which robust stability can be directly inferred. In contrast to most of
the related literature, the derived robustness guarantees are valid independent of
(i) the horizon length; (ii) the chosen optimization algorithm; (iii) the number of
solver iterations performed at each time step (including zero).

The second MHE formulation (which directly optimizes over trajectories of the aux-
iliary observer) can further improve the estimation results, both from a theoretical
and a practical point of view. Since the corresponding suboptimal MHE scheme is
even stronger connected to the auxiliary observer, the theoretical analysis is more
direct, ultimately leading to tighter error bounds. Specifically, we show that the
Lyapunov function characterizing robust stability of the auxiliary observer is also
a Lyapunov function for suboptimal MHE under a suitable choice of the horizon
length. Consequently, the derived guarantees are independent of the optimization
algorithm, hold for an arbitrary number of solver iterations (including zero), improve
as the horizon length increases, and asymptotically approach those from the auxil-
iary observer (which is the best possible bound). However, in contrast to classical
MHE formulations optimizing over system trajectories, it is not directly possible to
consider state constraints in the MHE problem if the auxiliary observer does not
naturally comply with them, see Remark 4.11 and compare also Section 4.2.5.

The simulation examples showed that both MHE formulations are very effective,
especially in the case of poor transient behavior of the auxiliary observer. Moreover,
with only a few iterations of the optimizer, we were able to significantly improve the
estimates of the auxiliary observer and achieve an overall estimation performance
close to that obtained with standard (optimal) MHE, while significantly reducing
the required computation times.






5. Joint state and parameter
estimation

In this chapter, we address the case where the dynamical model of a system to be
estimated suffers from additional parametric uncertainties. To this end, we propose
and analyze MHE schemes for joint state and parameter estimation that are appli-
cable to general nonlinear systems. Here, our main concern is to avoid the restrictive
assumption of a uniform PE condition for the parameters (compare the discussion
in Section 1.2.4) and instead consider the practically relevant case where insufficient
excitation may occur frequently and unpredictably during operation. Here, the ba-
sic idea is to use online information about the current excitation of the parameters
and to adjust the corresponding regularization term in the cost function accordingly.
This allows us to establish theoretical guarantees for the state and parameter esti-
mation error that are valid for all times, even if the parameters are never or only
rarely excited.

In Section 5.1, we introduce the general problem setup. In Section 5.2, we present
and analyze an MHE scheme for joint state and parameter estimation, where we first
restrict ourselves to the special case of constant parameters. This will be relaxed
in Section 5.3, where we generalize the proposed MHE framework to time-varying
parameters. Our results are complemented by the verification methods developed
in Section 7.2, which provide practical tools for online monitoring PE properties of
general nonlinear systems.

Disclosure: The following chapter is based upon and in parts literally taken from
our previous publications [SM23b] and [SM24a]. A detailed description of the con-
tributions of each author is given in Appendix A.

5.1. Setup

We consider discrete-time systems in the form of (3.1) with additional parametric
dependency, that is,

f(t), u(t), w(t),p(t),  =(0) =X, (5.1a)
) g(p(), ut),w(t)), p0) =¢, (5.1b)
y(t) = h(z(t), ult), w(t), p(t)), (5.1¢c)

where t € II5 is the discrete time, x(t) € R™ is the state at time ¢, p(t) € R is the
unknown (generally time-varying) parameter, x € R" and ¢ € R are the correspond-
ing initial conditions, y(t) € R? is the (noisy) output measurement, u(t) € R™ is a
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known input (e.g., the control input), and w(t) € RY is an unknown generalized dis-
turbance input representing both process disturbances and measurement noise. The
nonlinear continuous functions f : R" xR xRIxR? — R", g : xR°xR™ xR? — R,
and h : R” x R™ x RY x R — RP? represent the system dynamics, the parameter
dynamics, and the output equation, respectively.

The system description (5.1) obviously covers standard setups in the context of
parameter estimation:

1. Constant parameters p(t) = p, t € I>( for some unknown constant vector p,
where g(p, u,w) = p in (5.1b). This corresponds to the special case considered
in most of the theory on system identification and online parameter estimation,
compare, for example, [Lju99; IS12]. This case is addressed in Section 5.2.

2. Time-varying parameters p(t), where g(p,u,w) can be used to model known
internal dynamics of p, the variable u can represent the influence of known
inputs (e.g. explicit dependence of p on time) and the input w can represent,
e.g., an unknown drift. We consider the case of time-varying parameters in
Section 5.3. Note that this covers the important special case of

for some matrix By, where the term B,w corresponds to an unknown input.

In the following, we assume that the states z(t) are uniformly detectable (i-IOSS)
and the parameters p(t) are non-uniformly observable (in the sense that observability
depends on the excitation of the system and may be absent during operation). Here,
we want to emphasize that the distinction between states and parameters is rather
artificial, as discussed in the following remark.

Remark 5.1 (Distinction between states and parameters). Note that the separation
between states and parameters in the system description in (5.1) is rather for ease
of presentation and may not necessarily correspond to the physical understanding
of the model. In general, the variable x can represent all time-varying quantities
of a (possibly extended) system that are uniformly detectable, and p represents all
quantities that are non-uniformly observable. This is particularly relevant for sys-
tems in which the observability of certain states depends on the excitation (which
can then be described by (5.1b)), or for systems in which certain parameters prove
to be uniformly detectable (which can then be described by (5.1a)).

In the following, we assume that the unknown true system trajectories satisfy
(z(t),u(t), w(t), p(t)) € Z, t € Lo, (5.3)
where
Z:={(z,u,w,p) e X xUXW XP:
flz,u,w,p) € X, g(p,u,w) € P, h(x,u,w,p) € Y}

and X CR", PC R, U CR™ W CRY and Y C RP are some known closed sets.
The set Z can be used to incorporate additional information about the physical
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domain of the real system trajectories in the estimation scheme, which can often
significantly improve the estimation results, compare [RMD20, Sec. 4.4] and see
Section 3.1 for further details. Such constraints typically arise from the physical
nature of the system, e.g., non-negativity of partial pressures, mechanically imposed
limits, or known parameter ranges. If no such information is available, they can
simply be chosen as X =R", P =R°, U =R", W =R, Y = RP.

The overall goal is to compute at each time ¢ € Is( the estimates Z(t) and p(t) of
the true unknown state z(t) and parameter p(t) using some given a priori estimates
% and € and the past measured input-output sequence {(u(j), y(5))},=h- To ensure
robust estimation under disturbances and noise, we require suitable detectability
and excitation properties, which we specify in detail below.

Assumption 5.1 (State detectability). System (5.1) admits an i-IOSS Lyapunov
function U : X x X — Rsq, that is, there exist matrices P, P, S, Qy, Ry = 0
and a constant ny € (0,1) such that

|z — a:2|2£ < Ulzy,22) < |21 — 225, (5.4)

U(f(xlauawlapl)af(aj??u?w?ap?))
S ,r]XU(xth) + |p1 _p2|%x + |U)1 - w2’2QX + ‘h(x17u7w17p1> - h(x27u7w27p2)|%2x
(5.5)

for all (x1,u, w1, p1), (T2, u, wa, p2) € Z.

Assumption 5.1 is equivalent! to exponential i-IOSS when interpreting the param-
eter p as additional (constant) exogenous input in (5.1a). This concept became
standard as a description of nonlinear detectability in the context of MHE (for state
estimation) in recent years, see, e.g., [RMD20; AR21; KM23; Hu24; Sch+23]. It
essentially implies that the difference between any two state trajectories is bounded
by the differences of their initial states, their disturbance inputs, their parameters,
and their outputs, see Chapter 2 for more details on this topic. We point out that
Assumption 5.1 is not restrictive; in fact, by an extension of the results from [ART21;
KM23|, one can show that this constitutes a necessary and sufficient condition for
the existence of robustly stable state estimators if the true parameter is known, and
of practically stable state estimators with respect to the parameter error when only
an estimate of the true parameter is available. Moreover, Assumption 5.1 can be
numerically verified using LMIs and SDP by adapting our results from Section 7.1.1
below.

In the following, we first consider the special case of constant parameters p(t) = p
in (5.1b) and propose a suitable MHE scheme for joint state and parameter estima-
tion. To this end, we employ a certain non-uniform PE property to distinguish the
cases where the currently involved data segments are informative enough for param-
eter estimation or not. In Section 5.3, we generalize the overall MHE framework by
considering the case of time-varying parameters as described by (5.1b). Here, we
adapt our notion of PE and modify the MHE scheme and analysis accordingly.

!This follows by a straightforward adaption of the converse Lyapunov theorem from [ART21].
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5.2. Constant parameters

In this section, we address MHE for joint state and parameter estimation for the case
of constant parameters, that is, where g(p, u, w) = p in (5.1b). We outline the MHE
design in Section 5.2.1, provide a detailed technical analysis in Section 5.2.2, discuss
the special case of uniform persistent excitation in Section 5.2.3, and illustrate the
efficiency of the proposed approach with a numerical example in Section 5.2.4.

We now specify the notion of PE used in this section. In particular, we define the
set of persistently excited trajectory pairs, which contains all trajectory pairs that
exhibit a T-step distinguishability property with respect to the parameters.

Definition 5.1 (Set of persistently excited trajectory pairs). Consider some fized
matrices Sy, Py, Qp, Ry > 0 and a constant n, € (0,1). The set containing all
persistently excited trajectory pairs of length T' € 1> is defined as

Ep = { ({(ml(t)aU(t%wl(t)apl)}f:_ol A(@2(), ult), wa(t), p2) tT:_Ol) ezl xzh:

zi(t +1) = f(zi(t), ut), wi(t), pi), i=1,2, t € Iy,
yi(t) = h(zi(t), u(t), wi(t), pi), i =1,2, t € Loy,
Ip1 — P2|§p < Ug|ff1(0) - x2(0)|?ﬂp

+ z% ny ! (|w1(j) —wa ()5, + . (j) — y2(j)’2Rp) }

For two trajectories that share the same initial state and the same disturbance in-
puts, if they form a pair contained in the set Ep, it holds that the sum of their
output differences is zero if and only if their parameters are the same. In other
words, trajectory pairs contained in E; are sufficiently excited—and hence infor-
mative enough—for parameter estimation. In Section 5.2.3, we discuss the relation
between detectability of the states (Assumption 5.1), excited trajectory pairs (Def-
inition 5.1), uniform PE, and a uniform joint detectability condition for both the
states and the parameters.

5.2.1. Design

The MHE scheme we propose below is a modification of the basic discrete-time
MHE scheme from Section 3.1, particularly tailored to joint state and parameter
estimation. Here, we will mainly focus on the technical description of the scheme;
for a more detailed discussion, we refer to Section 3.1.

At each time t € I, the proposed MHE scheme considers measured past input-
output sequences of the system (5.1) within a moving horizon of length N, =
min{t, N} for some N € I. For convenience, we denote them by the corresponding
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truncated data sequences restricted to the horizon:

= {u(4) ;Vto_ly u(j) = u(t — Ny +7), J € Lo,ny—1)» t € I, (5.6)
= {2 veG) =yt = Ne+j), j € Ipn,—1], t € Iz, (5.7)

The current state and parameter estimates Z(t) and p(t) at time ¢ € Iy are then
obtained by solving the following NLP:

min J(Zy, Py, Wi, Gi, t) (5.8a)
T4, Pt Wt
st 2(5+1) = f(2:0), w(5), @ (5), De)s J € Lpovp-1, (5.8b)
t( ) h( ( ) (j)7wt(j)7ﬁt)7 je ]I[O,szl]a (5 80)
(2:(5), wr(5), 0e(4), De) € 2, § € Lpony—1- (5.8d)

The cost function J(-) is specified below. The decision variables &; := {2(j)}}, €
XN b€ P, oand by == {dy(5)} 5" € W denote the estimated state sequence,
parameter, and disturbance sequence over the horizon, respectively, estimated at
time t. When implementing the scheme in practice, it may be beneficial to employ a
multiple shooting formulation for the parameter as well in order to create sparsity of
the NLP, compare also Section 3.1. In this case, the vector p; needs to be replaced
by a sequence p; = {pi(j )};V;O that is kept constant by adding the artificial constant
parameter dynamics p¢(j+1) = p¢(j), j € Ljo,n,—1] as optimization constraint in (5.8).
The constraint in (5.8d) enforces prior knowledge about the domain of the system,
where we use the set Z defined in (5.3) to keep the notation concise, compare
Section 3.1 for an alternative (variable-wise) formulation. Given the past input
sequence u; in (5.6), the decision variables Z;, p;, and @, uniquely define a sequence
of output estimates ¢, := {J (j)}jﬁgl under the output equation in (5.8¢c).

In (5.8a), we use the discounted quadratic cost function

J(Zt, Pr, Wi, G, ) := y(Ne)|2(0) — 2(t — >|W(t Ni) + [P —p(t = Nt)‘Vt )
Ni—1
+ Z 77Nt ” 1( )|Qt Netg) T 19:(7) = (‘j)%(t_NtH))’
(5.9)

where the prior state and parameter estimates (¢t — N;) and p(t — V;) are specified

below. We impose the following conditions on the cost function parameters ~(-), 11,
ne and the weighting matrices W (t), V (), Q(t), and R(t).

Assumption 5.2 (Cost function). The discount parameters v, ny, ne satisfy

V(8) = 1 + Amax(By, P), 8 >0, (5.10)
m € (max{ny,mp}, 1), (5.11)
12 € [max{ny,mp}, 1). (5.12)



122 5.2. Constant parameters

Furthermore, there exist matrices W,V,V,Q, R = 0 such that

P < W(t) < W, (5.13)
25, <2V < V(t) < (5.14)

2(Qx + Qp) 2 Q1 ) ﬁ (5.15)
Ri+ R, < R(t) <R (5.16)

uniformly for all t € I5.

Assumption 5.2 ensures large tuning capabilities of the cost function (5.9) while
satisfying certain relations to the detectability and excitation properties from As-
sumption 5.1 and Definition 5.1. This is conceptually similar to the recent MHE
literature (for state estimation) and typically permits a less conservative stability
analysis due to the structural similarities between the detectability condition, the
MHE scheme, and the desired stability property, compare Remark 3.3 and see the
discussion in Section 3.3 for more details. Potential time dependency of the weight-
ing matrices in (5.13)—(5.16) can be used to incorporate additional knowledge (e.g.,
by choosing Kalman filter covariance update laws [QH09; RRMO03]), which can be
beneficial in practice to improve estimation performance. Assumption 5.2 implies
that the cost function (5.9) is radially unbounded in the (condensed) decision vari-
ables, which together with continuity of f and h ensures that the estimation problem
described by (5.8) and (5.9) admits a (not necessarily unique) globally optimal so-
lution at any time ¢ € I, compare [RMD20, Sec. 4.2]. In the following, we denote
a corresponding minimizer by the tuple (], p;, wy).

It remains to define suitable update laws for the prior estimates to ensure a proper
regularization of the cost function (5.9). To this end, for the state prior we select

.f'(t)z ‘%I(N)v tE]IZN
X t € I N1

This choice corresponds to the filtering prior, compare [RMD20, Sec. 4.3] and see also
Section 3.1. For the parameter prior, we propose the following excitation-dependent
update law:

b if t € [y and X(t) € E
ﬁ(t)={p“ 1 > and X(f) € Ex, (5.17)

p(t — N;), otherwise,

X(t) = (@), wli) 8(0). 9DV A @), uli)w (i) Y,

is the pair of the currently optimal and (unknown) true trajectory restricted to
the estimation horizon. The update law in (5.17) depends on the excitation of
the trajectory pair X (t), where Ey is from Definition 5.1. In particular, the prior
estimate p(t) is updated with the currently estimated parameter p; only if p; was
computed using sufficiently informative data. Conversely, if we detect insufficient
excitation, we simply select the past prior p(t — IV;) as the new prior p(t). Overall,
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this procedure ensures that the MHE cost function in (5.9) is always regularized with
a meaningful prior that was computed using informative data. In Section 7.2, we
propose suitable methods to practically check whether the respective PE condition
X(t) € Ey holds (in particular, without knowledge of the unknown true trajectory).

The resulting state and parameter estimates at time ¢ € I, are then defined #(t) =
&7 (Ny) and p(t) = p; (compare also Remark 5.2 for an alternative definition of the
current parameter estimate). This leads to the joint state and parameter estimation

=[O PO en =[S0 e

ep(t) pt) —p £—p
In the following, we show how the horizon length N must be chosen so that the
estimation error (5.18) exhibits a certain robust stability property that is valid
regardless of the parameter excitation.

5.2.2. Stability analysis
Our theoretical analysis relies on the following two Lyapunov function candidates:

Fl(t,Li’,Jf,ﬁ,p) = U(i‘,l’) + |ﬁ _p|%/(t)7 (519)
Do(Z,z,p,p) = U(Z,x) + c|p —p\zv, c>1, (5.20)

where U is the i-IOSS Lyapunov function from Assumption 5.1 and V() < V is
from the cost function (5.9) under Assumption 5.2. The following two auxiliary
results establish fundamental properties of I'y and I'y for the two cases where the
current level of excitation is too low (X (t) ¢ Ey, Lemma 5.1) or sufficiently high
(X(t) € En, Lemma 5.2).

Lemma 5.1. Let Assumption 5.1 hold. Consider the MHE scheme (5.8) with the cost
function (5.9) satisfying Assumption 5.2. Assume thatt € Igy_q ort € {t € Isn :
X(t) ¢ Ex}. Then, it holds that

Dyt 2(8), 2(t). p(1). p) < my Ver (N, ><nx (N = N) — a(t = N

+ 2¢1(Ne)ny |P(t - N;) — p|2*
+ 2¢1(N)n an Hw(t = )13, (5.21)
where . i
er(s) == A(S, V)1 ZX F (V. V), 5> 0. (5.22)

Proof. We start by defining the sequences of the true states and disturbances re-
stricted to the estimation horizon:

2= {x(§) )0, w(j) = x(t = Ny + ), J € Ty, t € Lo, (5.23)
W ‘= {wt( ) ;Vtol, wt(]> = 'lU(t — Nt +]), j € H[O,Ntfl}' t e Hzo. (524)
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Now, consider the function I'y in (5.19). Since we have that Z(t) = Z;(N;), the
boundedness property of V() from (5.14) implies

F1 (t7 f(t), x(t)uﬁ(t)ap) < U(‘f:: (Nt)7 xt(Nt» + Amax(vu K) ’ﬁ: - p|2z (525>
Due to satisfaction of the MHE constraints (5.8b)—(5.8d), we can invoke Assump-
tion 5.1 (in particular, the dissipation inequality (5.5)), which lets us conclude that

Ni—1
U(27(No), we(N2) < it U (27(0), 20(0)) + D 7 by — pl,
7=0

- z I (17 () = wiG) B, + 15 () — i) R, -
(5.26)

Note that [p; — p[% < A(Sx,V)|p; — pl%. Furthermore, by applying the geometric
series we obtain

= Ni—j—1 2 N 1 — 2
2 P = Pl < MG V) 15— ply (5:27)

X

From the upper bound in (5.4) and Jensen’s inequality, we have

U(#;(0), 24(0)) < |25(0) — 24(0) %

<2|127(0) — Z(t — Np) |5+ 2|zt — Ny) — 2:(0)[% (5.28)
for all j € I}y n,). Similarly, we obtain
157 — ply < 2097 — p(t — NIy +2[p(t — N,) — ply, (5.29)
and
7 (7) — we()G, < 2007 (7)1, + 2hwe ()5, (5.30)

for all j € Iy n,). Applying (5.26)—(5.30) to (5.25) leads to

Lyt 2(1), 2(2),6(1), p)

< (2127(0) = 2(t = N5+ 202t — Ny) — 24(0) %)
+ cl<Nt> (2097 = p(t = NI, +2lp(t — o) = pl})

+ Z I (20a; ()1, + 2w, + 15:G) — w()IE,)

where we have used the definition of ¢;(s) from (5.22). Using that ;""" > 1 and
c1(Ny) > 1, we can invoke the cost function (5.9) due to the facts that 73 < (s, )
forallsZO,nXSng,andQPjW()jW,QKjV()jV,ZQXjQ()j
R, = R(t) for all t € I5¢ by Assumption 5.2, which yields

Fl(tvi'(t%aj(t)?ﬁ(t)?p)
smNc1<Nt>(n5f|x<t—Nt>—xt< )+ ¥ p(t = No) = pl

+ ZnNt TNl + @) (53D
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Using optimality and boundedness of W (t), V(t), and Q(t) leads to

Ax

J(x:7p:7w:7yt7 )< J(xtvpawtayta )
< Y(No)|2e(0) — 2(t = N3 + 0" [p — Bt — No) - + Z ()5 (5.32)
7=0

Combining (5.31) and (5.32) and recalling the definitions in (5.23) and (5.24) yields
(5.21), which hence concludes this proof. O

Lemma 5.2. Let Assumption 5.1 hold. Consider the MHE scheme (5.8) with the cost
function (5.9) satisfying Assumption 5.2. Assume that X (t) € Eyn for somet € Isy.
Then, it holds that

Fz(i‘(t),l’(t),ﬁ(t),p) < IUNF (t_N j( —N),ZL‘(t—N),ﬁ(t—N),p)

+ 2¢o(c Z mw(t — j |Q7 (5.33)
for all ¢ > 1, where
= max{ V2w (W, P)es(e, N)Y(N), Vealc N)m} (5.34)
and, for any ¢ > 1 and s > 0,
ca(c, 8) = Amax(V, Sp) + Amax (Sx; Sp) (1 — 1) /(1 — ). (5.35)

Proof. We start by following the same arguments as in the beginning of the proof of
Lemma 5.1 (based on the fact that the optimal estimated trajectory is a trajectory
of the i-IOSS system (5.1) by invoking the MHE constraints (5.8b)—(5.8d)). This
allows us to exploit (5.26) and (5.27) with V replaced by S, leading to

Lo(@ (), (), p(t), p) = U(@} (N), 2(V)) + el — pl
< WU 0),2(0) + e M =,

+ 2 I (107 (5) — we () [, + 197 G) — v G, )

with z; and w; as defined in (5.23) and (5.24), respectively, and where we have used
the definition of cy(¢, N) from (5.35). In the following, we drop the arguments of ¢,
for the sake of brevity. Since X (t) € Ey by assumption, it follows that

07 —pl3, < np| < ) = 2(0)[3,
+ Z ) 7 (17 (5) — we() B, + 195 () — w413, ) -

Using the bound on U together with the definition of v(s) from (5.10) and the fact
that cy(c,s) > 1 for all s > 0 due to ¢ > 1 and (5.14), we obtain

F2(§5(t)7 Ji(t),ﬁ(t),p)

SQ(’Y(N)’J%I(O)—% |p+ Z T 1<|wt () — wt(j)%+|g:(j)_yt(j>|?§))7
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where 7 := max{n, 1}, Q= @x + @y, and R := R, + R,. Application of (5.28)
and (5.30) with @y replaced by @ together with the definition of the cost function .J
from (5.9) and Assumption 5.2 leads to

Ca(a(0),2(0). 5(0), ) < e2(Y(N)]alt = N) = i (0) y + z = ()l
G510, 97.1) ).
By optimality, the first inequality in (5.32) holds, which leads to
Ta(&(t), 2(1), (1), p) < 2e27(N)|2(t = N) = 2 (0) 5 + comy’ [p(t = N) = plirew)

N-1 ‘
+2e 3 T w ()3
=0
Application of [Z(t — N) — 2:(0) 3 < Amax(W, P)|Z(t — N) — 2,(0)|3 and recalling
the definitions of I'; from (5.19), u from (5.34), and z; and w; from (5.23) and (5.24)
yields (5.33), which finishes this proof. O

Now, let

p = max {0 Ver(N) (0 + (V) Amax (W, P), n3' } (5.36)
and ¢ be such that
c=2¢(N)/(1—=p)+1 (5.37)
with ¢; from (5.22). The robustness guarantees for the proposed MHE scheme
require satisfaction of the following conditions on the horizon length N:

2 max (W, P)ca(e, N)y(N) < 1, (5.38)
cole, N)nl¥ < 1, (5.39)
Y er(N) (1 +7(N))Amax (W, P) < 1 (5.40)

where ¢ (s) and y(s) are from (5.22) and (5.10), respectively. The conditions (5.38)
and (5.39) imply that p© € (0,1) in (5.34) and hence ensure contraction of the
state and parameter estimation error in case the excitation condition used in (5.17)
is met (i.e., X(t) € Ey). Condition (5.40) implies p € (0,1) in (5.36) and ¢ > 1
in (5.37) and hence ensures boundedness of the estimation error in case the excitation
condition is not met (i.e., X(¢) # Ey). Under Assumption 5.2, there always exists a
sufficiently large N such that the contraction conditions (5.38)—(5.40) are satisfied.
This becomes apparent by noting that the left-hand side of each of these conditions
can be bounded by a function that exponentially decays to zero as N — oo, which
follows by invoking (5.10)—(5.12) and uniform boundedness of ¢; and ¢y from (5.22)
and (5.35).

At each time ¢ € I, we split the interval [0,¢] into sub-intervals of length N and
the remainder | =t — [t/N|N

k
Z (i + 1)N + 5N, (5.41)
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Figure 5.1. Division of the current time interval I}y corresponding to the sum in (5.41).
The times t1, 2, ..., tx, refer to PE horizons where X (¢;) € Ey for i € Iy .

where k € I>g, iy, € Iy for k € I>1, and j € I>g are defined as follows. First, let
the set P
T = {TGH{N,t] =T = { N
contain all past time instants from the set {¢,t—N,t—2N, ...} at which the excitation
condition used in (5.17) was met (in the following also referred to as PE horizons for
simplicity). The variable k& denotes the total number of PE horizons that occurred
until the current time ¢ and is defined as the cardinality of Ty, i.e., k := |T;|. Suppose
that k € I>;. The sequence {t,,}* _, contains time instants corresponding to PE
horizons, where t; := max{7 € 7;} and

JN, X(7) e]EN}

b1 =max{T € Ty : T <ty }, m € I jq

if k € Iso. The sequence {i,,}* _; denotes the numbers of non-PE horizons (i.e.,
past time instants where the excitation condition (5.17) was not met) between two
successive times ¢, and ¢,,.1 with

bt — N =t
Im — N

, m € gy

if k € Iso, and? iy, = (¢ — N —[)/N. Finally, j stands for the number of non-PE
horizons that occurred between time ¢ and t; if £ > 1 (and between time ¢ and [ if
k=0),ie.,

. t—max{7T € T,l}

j= N .

Overall, the partitioning in (5.41) allows us to theoretically cover occasional oc-
currence of PE horizons, which of course includes the special cases in which PE
horizons never occur (k = 0), or in which all horizons are PE (j = 0, i,, = 0 for
all m = 1,...,k). The general partitioning of the interval o, is also visualized in
Figure 5.1.

We are now in a position to state our main result of this section. Our key argument
is that the Lyapunov function I'y in (5.20) decreases from t,, to t,,41 (i.e., over
the light-cyan colored areas in Figure 5.1) by invoking the contraction conditions
(5.38)—(5.40) and Lemmas 5.1 and 5.2, provided that N is sufficiently large.

Theorem 5.1. Let Assumption 5.1 hold. Consider the MHE scheme (5.8) with the
cost function (5.9) satisfying Assumption 5.2. Suppose that the horizon length N

2Note that {t,,}% _;, {im}%,_; do not have to be formally defined for k& = 0, as this yields an
empty sum in (5.41).
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satisfies (5.38)—(5.40). Then, it holds that

1

o Talt3(0), (), 5(0), )

< M (Cri' R = Xl + ot IE — pI%)

! iN
+ MY s (= )G+ Y o Hw(t = r)lG
r=1 r=1
£ 3T AIY ST (e = N = 3 (i + DN = )l
r=1 q=1

m=1

(5.42)

forallt € Isg and all X, x € X, all f,p € P, and all input and disturbance sequences
u € U™ and w € W™, respectively, where 77 = max{nx,np}, it = max{u,pn},

pn = Y/p with p from (5.36), and

Co = Amax(V, V), (5.43)
Cy =0 Vet (N)(2 + Amax (B, P)), (5.44)
Cy = (2¢1(N) + Amax(V, V) 0 Y, (5.45)
() := max {nl_NCI(N),CQ<C, N)}2@. (5.46)

Before proving Theorem 5.1, we want to highlight some key properties.

1. By the definition of I'; in (5.19) and the lower bound in (5.4), it follows that
La(t, 2(2), 2(1), p(t), p) = U(2(t), x(t)) + [p(t) = pligy = lex(®E + lep(D)i >

min{ Apin (L), Amin(V) }He(t)[?, t € Iso. Hence, Theorem 5.1 provides a bound
on the joint state and parameter estimation error (5.18) that is valid regardless
of the parameter excitation; it also applies if the excitation condition in (5.17)
is never met (which corresponds k£ = 0 in (5.42)) and constitutes a bounded-
disturbance bounded-estimation-error property.

. Satisfaction of the excitation condition in (5.17) for some ¢ € I>x (leading to
non-zero values of k in (5.42)) always improves the error bound (5.42) with
respect to the initial estimation error.

. If k — oo for t — oo, then the estimation error converges to a ball centered
at the origin with the radius defined by the true disturbances.

Proof of Theorem 5.1. We prove the statement in five parts—mnamely, by deriving

bounds

(
) ()
3) on I'y(+) involving data from [tg,t; — 1],
) (+) involving data from [0, — 1],
) (
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Part 1. We define .

Du(t) == Tt 2(t), 2(t), B(1). p) (5.47)
for notational brevity and assume that j € I>;. From Lemma 5.1, the fact that
_ 9 = _
‘ca(j)gtrac]t\ifgn c:r(lfhtio]r\lf)gg/él()g), i‘vlgagé?;;f e = Mt = A0 By (5e4) and the

Li(t) < pU(z(t = N), 2t = N)) + cilp(t — N) = pli; + Z??S*l\w(t —7)lg, (5.48)

where ¢, = 2¢1(N), 2¢1(N)nyVQ < Q with Q from (5.46), and p satisfies p < 1.
In (5.48), note that z(t —N) = 2(t—N) and p(t—N) = p(t—qN) = p(t—jN) for all
q=1,...,j due to the update rule (5.17). Since U(Z(t — N),z(t — N)) < Ty(t — N)
by (5.19) and the definition of I'y from above, we can recursively apply (5.48) for j
times, yielding

4(0) € PUGE— JN) 2l jN)) + 32 0~ (e — 3N) — i
+ ijpq” Yo Hw(t = (g = 1N =) (5.49)

q=1 r=1

Using pn := {/p > 12 (this follows by the definition of p in (5.36)), the geometric
series, and ¢} /(1 — p) = 2¢1(N) /(1 — p) < ¢ by (5.37), we have that

[y(t) < Ta(@(t = jN), a(t — jN), Bt — jN).p) + JZPT!U}(t -l (5.50)

r=1

Part 2. Assume that k € I>1. Then, t — jN = t; corresponds to the most recent PE
horizon where X (t1) € Ey and p(t — jN) = p(t1) by (5.17). Invoking Lemma 5.2
yields

Po(2(t = jN), x(t = jN), p(t = jN),p) = To(2(t1), #(t1), p(t1), p)

N
< p"Ti(ty — N,Z(ty — N),z(ts — N),p(ts — N),p) + >_ s Hw(ts — rlg. (5.51)

r=1

where we have used that 2cy(c, N)Q =< @Q with Q from (5.46). By the definition of
Iy from (5.19), we obtain

111(251 - N7:f'(t1 - N)?*T(tl - N)?ﬁ(tl - N>7p)

= U(z(ty — N),z(ty — N)) + [p(ts — N) = plio_n

<Ti(ty — N,2(ty — N),z(ty — N),p(t1 — N),p) + |p(t1 — (i1 + 1)N) — p[%,
(5.52)

where we have used that z(ty — N) = Z(t; — N) and p(t; — N) = p(ty — gN) =
p(ty — (i1 + 1)N) for all ¢ = 1,...,4; + 1. In the following, consider k € I>5. Then,
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p(t1— (i1 +1)N) = p(te). Using a similar argument as in (5.49), the geometric series,
and the definition of py, we have that

Fl(tl - N,i’(tl - N),x(tl — N),ﬁ(tl - N),p)

) R C/ N ’ilN -
<P U(E(), 2(ta)) + 77 plp(tz) —plg+ Doy et = N =n)lg. (5.53)
r=1

Combining (5.51)—(5.53) with the fact that ¢ = ¢} /(1 — p) + 1 and the definition of
i = max{u, py}, we obtain

(i1+1)N
Lo(2(t1), x(t1), p(tr), p) < pNTo(E(ta), x(ta), H( )+ Z i w(ty —r)[5.

(5.54)

Part 3. Suppose that k € I>,. By applying (5.54) recursively for all m € Ij; ,_1) and
the fact that t — jN — 3¢ _ (i, + 1)N = [ by (5.41), we can infer that

Po(2(t = jN), x(t = jN),p(t — jN), p)
< Mo (2(1), 2(1), p(1), p)

k (im+1)N m—1
+ 3 I N T w(t — N = Y (g + 1N = 1)[3,. (5.55)
m=1 r=1 q=1

Part 4. By the definition of I's from (5.20), it follows that

Pa(2(1), z(1), p(1), p)

U(z(1), (1)) + clp(l) = pli; + clp(l) — pl;
Co(Tu(l, 2 (1), 2(1), p(1), p) + Amax(V, V)7 D (1) = pI)

| /\

with Cp from (5.43), and where p(l) = € by (5.17). By using Lemma 5.1 with
z(0) = x and p(0) = &, we obtain

Fl(lv 'f;(l)’ l’(l),ﬁ(l),p)

l
< (NNl + ()R — x + dm "t 1€ — plE+ >y Hw(l = )5, (5.57)

r=1

where we have used the definitions of ¢’ and @) together with the facts that [ < N and
¢1(s) is monotonically increasing in s. From (5.56) and (5.57) and the definitions of
Ch and C; from (5.44) and (5.45), we can infer that

!

0o (), (0), p0),) < o (v — Xl + Comlé — plE+ 3w~ ld ~ 1)l )
(5.58)
Part 5. The property in (5.42) finally follows by combining (5.50), (5.55), and (5.58),

using that Cy > 1, and noting that the result holds for all [ € Ijg y_1}, k¥ € I>0, and
j €15 (ie., for all t € I5y), which finishes this proof. O
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Remark 5.2 (Periodicity in the parameter estimates). The update rule (5.17) leads to
a certain periodic behavior of the estimation error and its theoretical bounds. In par-
ticular, while accurate estimates and error bounds propagate over an integer multiple
of N time steps, this has no effect on the estimates and bounds in between. Improving
this is an interesting topic for future work; this would require using a different prior
parameter estimate p(t — Ny) (e.g., the most recent estimate that was computed with
sufficiently excited data), demanding the development of different proof techniques.
A practical solution to avoid propagation of poor parameter estimates is to just select
p(t) as the most recent estimate that was computed using PE data, i.e., p(t) = pk,
7 =max{7 € [joq, X(7) € En,}. We emphasize that in this case, the above developed
theoretical guarantees are still valid: the error e, (t) = p(t) — p is bounded by (5.42)
at time t = 7 due to the fact that Apin(V)|ep(7) > < T1(7, 2(7), 2(7), p(7), p).

In the following, we show that if the time between two consecutive PE horizons
can be uniformly bounded for all times, Theorem 5.1 specializes to RGES of the
estimation error. In practice, this can be the case for processes that are subject to
a certain periodicity, such as in industrial robotics or automated logistics, compare,
for example, [FTK13; Rom+22].

Corollary 5.1. Let the conditions of Theorem 5.1 be satisfied. Assume that there
exists a constant k > 0 such that j < Kk and i, < K for all m € I}y ) uniformly for
all t € Isy. Then, the joint estimation error (5.18) is RGES, that is, there exist
Ky, Ky >0 and M\, X2 € (0,1) such that

le(t)| < max {Kl)\§|e(0)|, K, m[elwtc] Mo Hw(t — T)|} (5.59)
rell,

forallt € Isg and all X, x € X, all é,p € P, and all input and disturbance sequences
u e U and w € W™,

Proof. Consider (5.42). Define p, = [u%rl with 1 > max{y, py} from Theo-
rem (5.1). Since j and i,, are uniformly bounded by & for all m € Iy 4y and k € I,
we can write that

N < psEON < e (i DN (5.60)

for all s € Ijgy. Since, 1 < p "Nt for all ¢ € {j, {in}%_1} and p, > 7, we can

also infer that

Ny < PN < N N N g < (5.61)

where the last inequality followed by (5.60). In addition, we can write that

k (im+1)N m—1 =Nl
> pm=HN Z B Hw(t—jGN — > (ig+1)N |é) < > ;f—1|w(t—jN—r)|é
m=1 = =1 =

(5.62)
by (5.60) with s = m —1 and (5.41). Hence, from Theorem 5.1, the definition of y,,
and (5.60)—(5.62), we obtain

kKN t
l’l’f-f,j A A A 2 r—
oA Ti(t, 2(t), z(t), p(t),p) < Crp] X — XI5 + Copll§ — pl&+ D> p Hw(t — r)[3).
r=1
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Using the definition of I'y from (5.19), the estimation error (5.18) satisfies

le()* < Kipiye(0)” + Ko Zu THw(t =) (5.63)

r=1

with the constants K1 = K,y max{C) Apax (W), Cz max(V)} and Ky = f(g)\max(Q)
where K3 := Co(pN min{ Apmin (P), Amin(V)}) L. By the geometric series, we have
that

1
let—TQ m t— 1) 5.64
Tzlu,i (e =) < g mas i e =) (5.64)

By taking the square root of (5.63) and using (5.64), we obtain (5.59) with constants

Ky = 2Ky, Ky = \/2K2/(1 — \/ix), M = \/fin, and Ay = /i, which finishes this

proof. O]

5.2.3. Special case: uniform persistent excitation

In the following, we consider the special case in which the excitation condition
in (5.17) is always satisfied by the following uniform PE condition.

Assumption 5.3 (Uniform persistent excitation). There exists T € 1> such that

({(0), 0. wa(8), P} {(walt), u), wa(t), p)}S ) € B

for all K € Isr and all trajectories {(z;(t),u(t), w;(t), pi) Heg! € 25, i = 1,2,
satisfying (5.1) for all t € Ijp k1)

Assumption 5.3 essentially imposes that any two system trajectories of certain length
form a persistently excited trajectory pair. Robust stability guarantees for joint state
and parameter estimation under Assumptions 5.1 and 5.3 are provided by Corol-
lary 5.1 (with £ = 0); however, we want to emphasize the following implications.

Proposition 5.1. Consider the system (5.1). The following statements are equivalent:
(a) Assumptions 5.1 and 5.3 hold.

(b) There exists a joint i-I0SS Lyapunov function G : X x X x P x P — Ry
such that, for some G,G,Q, R = 0 and a constant n € (0,1),

2
S G(ajla x27p17p2) S

2

1 — X2
[pl _pZ] 6’

G(f(l'la Uﬂ«Ulapl)a f([L‘Q,U, w27p2)7p17p2)

<nG (w1, w2, p1,p2) + lwi — w2’2) + [Py, u, wi, pr) = B2, u, wa, pa)l %
(5.66)

(5.65)

Ty — T2
P1— P2

for all (x1,u, w1, 1), (T2, u, wa, p2) € Z.
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Proposition 5.1 essentially implies that state detectability (Assumptions 5.1) and
uniform PE of the parameters (Assumption 5.3) is equivalent to uniform detectabil-
ity (exponential i-I0SS) of the augmented state x* = [¢7,p"]". Consequently, un-
der these assumptions one could simply consider the augmented state z® and apply
MHE schemes with corresponding theory for state estimation (e.g., [AR21; KM23;
Sch+23]). However, Assumption 5.3 is restrictive, usually not satisfied in practice,
and its a priori verification is generally impossible. The proposed method from
Section 5.2.1, on the other hand, provides a strict relaxation, since it is applicable in
the practically relevant case where the parameters are only rarely (or never) excited,
which violates Assumption 5.3 and hence implies that the augmented state cannot be
uniformly detectable (exponentially i-IOSS) and no joint i-IOSS Lyapunov function
satisfying (5.65) and (5.66) can exist.

Proof of Proposition 5.1. Let K € Ts; and {(2;(t), u(t), wi(t), pi) Yyt € 2K, i =
1,2 be two sequences that satisfy (5.1) for all ¢ € Ijp x—1]. Define the corresponding
outputs y;(t) = h(x;(t), u(t),w;(t),p;), i = 1,2, t € Ijpx_1). For the sake of con-
ciseness, define Ax(t) := x1(t) — xo(t) for t € Ijo k), Aw(t) = wi(t) — wy(t) and
Ay(t) = y1(t) — ya(t) for t € ljo,x—1), and Ap = p; —

We start with (a) = (b). Assumption 5.1 implies the following bound (by application
of (5.5), (5.4), and the geometric series):

1
A0+ 80k, < able O+ (o 1) 1805,
e (= A=) (560

for all ¢ € I}y k7, where we also added |Ap|%_ to both sides. We make a case distinc-
tion and first consider ¢ € Tjp x). Application of [Ap[§ < Amax(S, Sp)|Ap|%, and
Assumption 5.3 leads to

t
Ax(t)} + |1AplE, < 7' |Az(0)3 + 37 (|Aw(t — )% + Ayt — j)}), (5.68)
j=1

where we have used the definitions 77 := max{nx, 7, }, P, := P+¢ P, Q = Qx+a1Qp,
and R := R, +c R, with ¢; := (# + 1) Amax (Sx, Sp). Now, recall that (5.67) also
applies for t € Ijgr_q. Using the fact that 1 < 7'~77" for all ¢ € Ijpr_q], one can
verify that

e (|Az(®)]* +1ApI°) < e’ (|Az(0)]* + |Ap])
t

+ 37 (1wt — )3 + | Ayt — §)%) (5.69)

J=1

for all ¢ € Iy 7, where ¢z := min{Amin(P), Amin(Sx)} and

) 1



134 5.2. Constant parameters

Consider the augmented states

a0 = [0, a0 - 20

D1 D2

which evolve according to the augmented system dynamics

f(@i(t), u(t), wi(t), pi)

i (t+1) = fa(@i (), w(t), wi(t)) := l D

‘| ,i1=1,2, te ]I[O,Kfly

(5.70)
By satisfaction of (5.69) and the fact that |Az(¢)|? + |Ap]? = |23(t) — 25(t)[*, we
observe that the system (5.70) is exponentially i-IOSS [RMD20, Def. 4.5] with re-
spect to the outputs y2(t) = ha(22(t), u(t), w;(t)) := h(x;(t), u(t), w;(t),p:;), i = 1,2,
t € Ijox—1). Existence of an i-IOSS Lyapunov function G(-) and suitable matrices
G,G,Q, R = 0 satisfying (5.65) and (5.66) follows by a straightforward extension of
the converse Lyapunov theorem from [ART21].

It remains to show (b) = (a). Application of (5.66) and (5.65) yields
Amin(G) (|Az()]? + [API?) < Amax( @' (|A2(0)]* + |Ap|?)

+3 07 (|Aw(t = B+ Ayt —)E) (571

=1
for all ¢ € I k). Using that |Ap| > 0, we obtain
Ain (G) Az ()[* < Anax (G| A (0)*

t
F 32 (s @NAP + 1Dt = I + Ayt~ ).
j=1

which is an (exponential) i-IOSS bound for the system (5.1) considering p as an
additional constant input. Existence of an i-IOSS Lyapunov function U(z1, x2) and
matrices P, P,Q,, Ry = 0 and n, € (0,1) satisfying Assumption 5.1 follows by a
straightforward extension of the converse Lyapunov theorem from [ART21]. Now
fix T' € >, and consider some K € I>p. From (5.71) with ¢ = K and the facts that
n® <nT and |Azk|*> > 0, we obtain

(Amin(G) = Anax (G)" )| Ap[* < Amax (G| Az (0)

+ 377 (IAw(K = 5)[3 + | Ay(K = j)I3)

=1

for all K € I>7. Since there always exists T' € Is; such that (Apin(G) —Amax (G)n?) >
0, Assumption 5.3 is satisfied, which finishes this proof. O



5. Joint state and parameter estimation 135

5.2.4. Numerical example
To illustrate our results, we consider the following system

+ 2 3
] = 11 + tabi (g — a1x1 — agx] — pry) + wy,
ZE; = T2 + tA($1 — T2 + $3) + Wa,

x;r = I3 — tAbeQ + ws,

y:$1+w47

which corresponds to the Euler-discretized modified Chua’s circuit system from
[YZ15] using the step size tao = 0.01 under additional disturbances w(t) € R* and
(noisy) output measurements. The parameters are by = 12.8, by = 19.1, a; = 0.6,
as = —1.1, and p = 0.45, which leads to a chaotic behavior of the system. In the
following, we treat w(t) as a uniformly distributed random variable with |w;(t)| <
10734 = 1,2,3 for the process disturbance and |w4(t)| < 0.1 for the measurement
noise for all ¢ € Is,. We consider the initial condition z(0) = y = [1,0,—1]" and
assume that x(t) evolves in the (known) set X = [—1,3] x [—1, 1] x [-3, 3]. Further-
more, we consider the case where the exact parameter p is unknown but contained
in the set P =[0.2,0.8].

From the system equations, we see that the unknown parameter p enters the dy-
namics through the product pz?; hence, the excitation of p crucially depends on the
magnitude of z;. Figure 5.2 shows an exemplary system trajectory for the initial
condition y under random disturbances and measurement noise. Here, we find that
there are relatively large time intervals in which the state x; is close to zero. This
suggests that p is not sufficiently excited in these intervals for proper parameter
estimation, demanding for estimation techniques that are robust in this respect.

The objective is now to compute the state and parameter estimates Z(t) and p(¢)
by applying the MHE scheme proposed in Section 5.2 using the initial estimates
L =[-1,0.1,2]" and £ = 0.2.

To this end, we first construct the i-IOSS Lyapunov function U (Assumption 5.1)
and the set Ey (Definition 5.1) using the verification methods presented in Sec-
tions 7.1.1 and 7.2.1, respectively. The computations are carried out in MATLAB
using YALMIP [L6f09] and the SDP solver MOSEK [MOS24]. Specifically, we com-
pute a quadratic i-IOSS Lyapunov function U(z1,22) = |z — |3 with P > 0 by
adapting Corollary 7.1. Fixing some 7, € (0, 1), we can reformulate the dissipation
condition (5.5) as an infinite set of LMIs using the differential dynamics, which we
verify on X at selected grid points. The conditions are met for, e.g., n, = 0.91,

1485 —1.91 0.02
P,=1-191 218 -0.18
0.02 -0.18 0.04

, (5.72)

Sy =2-10% Q = diag(4,6,1,8) - 10?, and R, = 8 - 10%. The set Ey is constructed
using the methods proposed in Section 7.2.1, where we verify Assumption 7.6 by
choosing L(z1, z9) such that ® in (7.40) becomes constant. The LMI (7.41) is satisfied
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t

Figure 5.2. Solution of the modified Chua’s circuit system under process disturbances and
measurement noise in 3D space (top) and over time (bottom).

for, e.g., n =0.71 and

813 —-3.67 0.13
—-3.67 2.78 —-0.14]|.
0.13 —-0.14 0.01

P

Then, we choose ¢ = 1072 and v = 107° in the proof of Proposition 7.1 such that
np, = u = 0.747 in (7.55). We compute the matrices Q, = diag(6,3,3,12) - 10* and
R, = 6-10° by verifying (7.56) and (7.57) on Z x Z using SOS programming. Finally,
we choose a = 1072 and set S, = ayl,, which completes the offline verification.

For a simple cost function design, we first re-scale the i-IOSS Lyapunov function U
(i.e., the matrices Py, Qx, Ry, Sx) by the factor A\yax(Sx, Sp). We select constant
weighting matrices W (t) = 2F,, V(t) = 100S,, Q(t) = 2(Qx + @Q,), and R(t) =
Ry + R, for all t € I, the discount factors 7, = 0.934, and 1, = 0.9997, and the
horizon length N = 150. These choices satisfy Assumption 5.2 and the contraction
conditions (5.38)—(5.40); the minimal horizon length for the selected parameters is
Nmin = 137. We point out that such a relatively large horizon length is on the one
hand due to some conservative steps in the proofs, but on the other hand inherently
required here since the dynamics of the system under consideration are rather slow
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Figure 5.3. State and parameter estimation errors of MHE; (assuming uniform PE) and
MHE; (using excitation monitoring and adaptive regularization).

compared to the sampling time tx.

We consider the proposed MHE scheme presented in Section 5.2.1 under two dif-
ferent settings: first, without explicit excitation monitoring and naively assuming
uniform PE (satisfaction of Assumption 5.3), denoted as MHE;; second, with the
proposed excitation-dependent regularization update (5.17) and the estimate p(t)
in accordance with Remark 5.2, denoted as MHE,. For the latter, we check if
X(t) € En, by evaluating the function Oy, (Z;) defined in (7.62) in Section 7.2.1 at
the currently optimal solution Z; = (f;“ (0), pr, {w; (5) ;V:to_l). If the minimal eigen-
value ay := Anin(Or(Z})) satisfies ay > « for the predefined threshold a used in the
design of the set Ey below (5.72) (compare also (7.62) and (7.44)), we consider that
X(t) € Ey,, and X(t) ¢ Ep, otherwise.

The simulations are carried out in MATLAB over tg, = 5000 time steps. The
estimation errors of MHE; and MHE, are shown in Figure 5.3, which initially shows a
fast convergence of the state and parameter estimation errors for both schemes. This
is also evident in Figure 5.4, which illustrates the respective estimated parameters
over time. The initially accurate parameter estimation of both methods results from
a sufficiently high excitation level at the beginning of the simulation, which can be
seen in Figure 5.5.

However, phases of weak excitation occur during the simulation, especially in the
time interval [2000, 3000] (ay is close to zero in Figure 5.5). This renders the parame-
ter unobservable in this interval such that Assumption 5.3 is violated. Consequently,
MHE; provides very poor parameter estimates in this interval (see the cyan-colored
curves in the Figures 5.3 and 5.4). MHE,, on the other hand, explicitly takes into
account the current excitation level and modifies the cost function and parameter
estimates accordingly. This efficiently compensates for the phases of poor excitation
and leads to significantly better parameter estimation results (see the blue curves in
Figures 5.3 and 5.4). In contrast, we can also observe that the unobservability of the
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Figure 5.4. Parameter estimation results for MHE; and MHEs. The black-dotted lines
correspond to the bounds of the set P.
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Figure 5.5. Excitation level oy; values of oy above the red line indicate sufficient excitation.

parameter has almost no effect on the state estimation results. In fact, the optimal
state trajectories produced by MHE; and MHE, are almost identical (hence only
shown as one red curve in Figure 5.3). This can be attributed to the fact that the
parameter has a vanishing influence on the cost function when it is unobservable (in
particular, the influence is not visible in the output fitting error over the horizon).
To quantitatively support our statement, we additionally consider the root mean
square error (RMSE) for the state and parameter estimation error. As Table 5.1
shows, the RMSE of the state estimation error are equal for both MHE; and MHE,
whereas the RMSE of the parameter estimation error for MHE, is more than six
times smaller than MHE;.

We now compare the average time 7,,,, required to solve the nonlinear program (5.8)
at each time step (on a standard laptop) for the two schemes MHE; and MHE,. As
the last column in Table 5.1 shows, these are very similar, which is due to the fact
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Table 5.1. Comparison of RMSE and average computation times 7ay;; of MHE; and
MHE,.

Scheme RMSE((ey) RMSE(e,) Tavrg |10
MHE; 0.1707 0.1379 50.01
MHE, 0.1707 0.0209 49.96

RMSE(e;) := \/N SN e (1)]2, i = {x,p}

that the additional computation of oy required in MHE, (which mainly consists of
matrix operations) saves time in solving the actual optimization problem due to a
better conditioning of the cost function compared to MHE; (especially due to the
parameter prior update in (5.17)).

Overall, this simulation example illustrates the efficiency of the presented MHE
scheme for joint state and parameter estimation. In particular, we find that the pro-
posed adaptive regularization formed by the excitation-dependent update in (5.17)
together with the online excitation monitoring method from Section 7.2.1 is able
to effectively compensate for phases of weak excitation and thus ensure reliable
estimation results at all times.

5.3. Time-varying parameters

We now extend the theory developed in the previous sections for constant param-
eters to the more general case of time-varying parameters. Even if the basic idea
remains the same, this modified problem setting requires that some main compo-
nents of the scheme must be changed, additional tools used, and a different proof
technique employed. We clarify the modified setup below, provide the MHE design
in Section 5.3.1, analyze its theoretical properties in Section 5.3.2, and illustrate the
efficiency of the proposed approach with a numerical example in Section 5.3.3.

Since the parameters p(t) of the model in (5.1) are generally unobservable, we require
the following property of the parameter dynamics ¢ in (5.1b) to ensure boundedness
of the estimation error.

Assumption 5.4 (Parameter dynamics). There exists a continuous function V : P X
P — Rsg and matrices V.,V = 0, Q, = 0 such that

Ip1 = p2ly < V(p1,p2) < o1 — P2l (5.73)
V(g(p1,u,wr), g(p2, u,ws)) — V(p1,p2) < |wy —wslg, (5.74)

for all (x1,u, wy,p1), (T2, u, wa, p2) € 2.

Assumption 5.4 essentially constitutes an incremental Lyapunov characterization of
a uniform bounded-energy bounded-state (UBEBS) stability property. This concept
was originally introduced by [ASWO00b]| for continuous-time systems and is frequently
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employed in the context of integral input-to-state stability, see, e.g., [HM20; Liu+22].
A (non-incremental) Lyapunov version of UBEBS is also termed zero-output dissipa-
tivity by [ASWO00a]. Note that Assumption 5.4 does not impose asymptotic stability
of |p1(t) — pa(t)|, which would render our estimator design task trivial. Instead, it
merely implies that the difference |p;(t) — p2(t)| is bounded at each time ¢ € I3
in terms of the initial difference |p;(0) — p2(0)| and the sum of the disturbance dif-
ferences |w(j) — wa(7)|,5 € ljp¢—1), and particularly does not diverge because of
unstable internal dynamics. While this may seem restrictive at first glance, it is ac-
tually very intuitive and in fact necessary for providing bounded estimation errors
with respect to the disturbance energy for the case when the parameter p is unob-
servable during operation (which is also covered in our setup). Note that for the
common special case where g(p,u, w) = p + Bpw, Assumption 5.4 can be satisfied
by choosing V (p1,p2) = [p1 — p2| and Q, = B} B,,.

In order estimate the unknown parameter p(t), a suitable (non-uniform) observ-
ability notion is required. Here, we consider a modified version of Definition 5.1
and define the set E; containing all trajectory pairs that are sufficiently excited for
parameter estimation.

Definition 5.2 (Set of persistently excited trajectory pairs). Consider some fized

matrices Sy, Py, Qp, Ry = 0 and a constant n, € (0,1). The set containing all
persistently excited trajectory pairs of length T' € 15 is defined as

Er = { (LG (8), u(t), wi (8), pr (D) =g {(wa(t), u(t), walt), pa(0) } ') € 2% 27

zi(t +1) = f(z:i(t), u(t), wi(t),pi(t), i =1,2, ¢t € L7,
pi(t+1) = g(pi(t), ult), wi(t)), i = 1,2, t € Ipr_1j,
yi(t) = h(xi(t), u(t), wi(t), pi(t), i =1,2, t € Lpr-1,

p1(0) = p2(0) |5, <y |21(0) — 22(0) [,

+ 2:; w1 (5) — wa (7[5, + 1(5) — yz(j)\?ap}- (5.75)

In contrast to Definition 5.1 for the case of constant parameters, the PE property
embedded in the set Ep is defined with respect to the initial parameters p;(0),
i = 1,2 of the respective parameter sequences and without discounting the inputs
and outputs. Note that this constitutes a classical observability condition which has
often been used in the literature in the context of nonlinear state estimation, see,
e.g., [RMD20, Def. 4.28] and [FS23; WVD14; ABB08; RRM03], and compare also
[Bes07, Def. 11] and [Bes16]. The additional terms depending on the differences
21(0) — 22(0) and wy(j) — w2(j), j € Ljor—1] represent a robust generalization and
stem from the fact that we consider an unknown initial state (z1(0) # x2(0)) and
the presence of unknown disturbances (w1 (j) # w2(j), j € Ijo.r-1))-
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5.3.1. Design

The MHE scheme that we present below is a modification of the scheme from Sec-
tion 5.2.1 (for the case of constant parameters), mainly differing in that we use a
non-discounted cost function for structural reasons, compare Remark 5.4 below.

At each time ¢ € I5(, we consider the measured past input-output sequences u; and
y; of the system (5.1) as defined in (5.6) and (5.7), respectively, where we recall that
N; = min{t¢, N} for some fixed horizon length N € Iy. The current estimates Z(t)
and p(t) are then obtained by solving the following NLP:

xtrgiﬁ)t J (&4, Py, Wy, Gty t) (5.76a)
s.t. jt(] + ) ( ( )’ (])7 ()7 ()) J € ]I[O Ne—1]5 (576b)
Pe(d +1) = g(De(5), we(d), @(5)), 5 € Lo, w1y, (5.76¢)
9:(7) = h(2e(5), we(5), 0:(5), Dr(5)), J € Tjo.np—15 (5.76d)
(2:(7), we(5), 0(5), £ (7)) € Z, j € Ljo,n,—1)- (5.76e)

The decision variables & = {&:(j)}, B = {P(j)} 20, and @y = {d(j)} g
are the estimated state, parameter, and disturbance sequence over the horizon,
respectively, estimated at time ¢, which define a sequence of output estimates ¢, =
{9:(7)} 25" under (5.76d). We consider the cost function

J (&4, Py, Wy, G, t) = 29(N)|2,(0) — 2(t — Nt)’%"‘ QUNt‘ﬁt(O) —p(t — Nt)|27
Np—1

+ Z 2000 ()G + [9:(7) — v ()7 (5.77)

where the prior estimates x(t — Ny) and p(t — Ny) are defined below. The cost
function parameters are chosen depending on the parameters of Assumption 5.1,
Assumption 5.4, and Definition 5.2. In particular, we select @ = Qx + Qv + Qp,
R = Ry + R,, and the discount factors

Y(8) = 15 + Amax(DPps F)ng, (5.78)
n € (max{ny, np}, 1). (5.79)

Note that tuning the cost function in practice is possible by re-scaling the functions
U and V from Assumptions 5.1 and 5.4, respectively, or the parameters of the
set Er from Definition 5.2, compare also Remark 3.4. Moreover, note also that we
can easily generalize the cost function design to time-varying weighting matrices as
in Section 5.2.1 (i.e., Assumption 5.2); however, for the sake of simplicity we restrict
ourselves to constant weights in the following. As this choice is in fact a special case
of Assumption 5.2, it follows that the optimization problem in (5.76) with (5.77)
admits a globally optimal solution at any time ¢ € I (compare the discussion below

* o A% Nk

Assumption 5.2), which we denote by the tuple (&}, p;, ;).

The prior estimates z(t) and p(t) are updated similarly to the MHE scheme presented
in Section 5.2.1; in particular, for the state prior Z(t), we select the filtering prior

50) = {ij(N), t€lsy

X t € I N1,
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while the parameter prior p(t — N;) is adapted to the level of excitation that is
currently present. To this end, at any time ¢ € I, let

X () = ({5 0), ), @7 (), 5 () 1k s A (@), u(d), w(5), PG Yot )
denote the pair of the currently optimal and the true system trajectory restricted to
the estimation horizon. Then, we choose the prior estimate p(t) (that will be used
in the cost function (5.77) in N time steps in the future) according to the following
update rule:

(5.80)

(1) P (N), if t € Iy and X (t) € Er,
g™ (@t — Ny)),  otherwise

for t € Is; and p(0) = &, where g™V (p(t — N,)) is the solution of the system (5.1b)
after N steps initialized at p(t — N;) and driven by the input sequence u; from (5.6)
and the nominal disturbance wy(j) = 0, j € Ijg n,—1] for all ¢ € I>.

The MHE estimates are defined as last element of the optimal state and parameter
sequences Z; and pj, i.e.,

j:(t) = ﬁ:(Nt% ﬁ(t) = ﬁ:(Nt>? (581>

and the corresponding estimation error as

dwzl@aq:lﬂw—xm g—ﬂ
en(t)] ~ [(t) - pt) E-¢)

Remark 5.3 (Excitation monitoring). The proposed MHE scheme requires monitor-
ing whether X (t) € Ep currently holds or not. This is, however, non-trivial for
general nonlinear systems since the second trajectory contained in the pair X (t) is
the true, unknown system trajectory. It can be checked locally by adapting, e.g., the
techniques from [SJ11] or [FS23] that are based on the construction of nonlinear
observability maps using the mean-value theorem evaluated at the estimated trajec-
tory. For the important special case where g(p,u,w) = p + Byw, in Section 7.2.2
we provide a method to practically check whether the PE condition X (t) € Ey holds
(in particular, without knowledge of the unknown true trajectory) by evaluating a
suitably constructed observability metric.

(5.82)

, L€ ]121, 6(0) = [

Remark 5.4 (Non-discounted cost function). The main structural difference to the
design in Section 5.2.1 is the fact that the cost function in (5.77) involves a non-
discounted sum of the stage costs. As a consequence, there is a fundamental mis-
match between the detectability condition and cost function, compare Remark 3.3 and
the discussion in Section 3.3. Therefore, the bound on the estimation error that we
establish in Theorem 5.2 below is also conceptually weaker when compared to Theo-
rem 5.1 in the sense that it merely constitutes a bounded-disturbance-energy bounded-
estimation-error property (compared to the bounded-disturbance bounded-estimation-
error property provided by Theorem 5.1). This is mainly because if the parameter
s unobservable during operation, we can only use the Assumption 5.4 to bound the
evolution of the parameter estimation error (which in itself is a non-discounted in-
cremental UBEBS property, compare the discussion below Assumption 5.4), which
needs to be captured in cost function (5.77).
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5.3.2. Stability analysis

In this section, we establish fundamental stability properties of the estimation er-
ror (5.82). The general idea of the proof is similar to the one we used in Section 5.2.2.
Technical difficulties due to the fact that the parameter p(t) evolves according to
the dynamical system (5.1b) are addressed by invoking Assumption 5.4.

We consider the Lyapunov function candidate
D(c,2,z,p,p) = U(Z,x) +cV(p,p)?, c>1. (5.83)

The following two auxiliary lemmas establish boundedness properties of I' depending
on the level of excitation.

Lemma 5.3. Let Assumptions 5.1 and 5.4 be satisfied. Consider the MHE scheme
in (5.76) with the cost function in (5.77). Assume thatt € I ny_1) ort € {t € Loy :
X(t) ¢ Ex}. Then, the estimates (5.81) satisfy

(L&), (). (1), p(0)
<o Nea (1) (@ + 29N [E(E = V) = alt — Nl

4 al = N = plt = N)B+4 Y o= ) (5.8)

j=1
with
1 — ns—&-l
C1 (’l“, S) = max{r, )\max(Sxaz)n;l}(s + 1)ﬁ (585)

Proof. We start by defining the sequences of the true states, parameters, and dis-
turbances restricted to the estimation horizon:

= {2 ()} 20, 2:(5) = 2(t = Ne+3), j € Ipngs t € o, (5.86)
bt = {Pt(j)}jy:toa pe(j) = p(t = Ne+ ), j € I, € Lo, (5.87)
Wy = {wt(]) ;’V:to_la wt(]) - U}(t — N +])7 JE H[(]’Nt,u, te ]IZO‘ (588)

From (5.83) and the optimal estimates (5.81), we obtain
D(L,&(t), x(t), p(t), p(t)) = U (&} (No), 2e(No)) + V(B; (Vo) pe(Ne))*. (5.89)

Satisfaction of the MHE constraints (5.76b)—(5.76¢) implies that the optimal tra-
jectory satisfies the dynamics (5.1) and (2 (5), u:(7), wy(j),p;(j)) € Z for all j €
Ijo,n,-1]- Invoking the property (5.5) yields

DL, 2(t), x(t), p(2), p(t))

< 2 U(27(0), 24(0)) + i‘o I (7 () — wi()[G, + 197 G) — (),

N¢e—1 )
+ VB (N, pe(N))? + D0 n 77N (4) — pe(4) 3, -
=0
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From the bound (5.73) and application of the geometric series, we obtain that

V(p; (Ny), pe(Ny))? + Z net () — pe(9),

< max{1, Apax(Sx, V) ngl}zni“ V(P (5), pe(4))°.

7=0

From (5.74) and Jensen’s inequality, we further have that for each j € I n,,
. A2 2
V@G < (V5 0).p(0) + Z 97 (1) - wili)lo.

< <Nt+1>(v<pt< & Z 07(0) — wi)f, )
Combining the previous inequalities and using the geometric series, we obtain that
I(1,2(1), 2(t), p(t), p(t))
Ni—1
< 2 U(87(0), 24(0)) + Z I (7 () — wi()G, + 197 G) — (),

+01(1>Nt><v( 2t Z |7 (5) = wi( )|2Qv)

with ¢1(r, s) from (5.85). Using the fact that ¢;(1,s) > 1 for all s > 0, it follows
that

(L &(2). 2(2).5(0). p(1)
< (1. N) (niv U@ (0).2(0)) + V (5(0). 1 (0))

+ Z 070) = o, + 1) w0, ) (5:90)

By application of the bounds (5.4) and (5.73) together with Jensen’s inequality, we
obtain

U(27(0), 2:(0)) < |27(0) — 2 (0) 5 < 2/27(0) — Z(t — Ni)I

|p + 2|5Z"(t - Nt) - ﬂft(())%a

(5.91)

and

V(5;(0), p:(0))* < 15;(0) = pe(0) [ < 2157 (0) — p(t — No)[F + 2[p(t — Ni) — pt((0)|f/-)
5.92

Similarly, we have that

|7 (7) = we()[G < 207 ()5 + 2lwe(7)15 (5.93)
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for all j € Ijy ) with Q = Qx + Q.. Using (5.90)~(5.93) in (5.89), the facts that
n™M=N > 1 and ¢;(1, N;) > 1, and the definition of the cost function (5.77) lets us
infer that

I'(1,2(t), z(t), p(t), p(t))
< n_Ncl(l, Ny) (277)](Vt|f(t - Ny) — xt(o)% + 277Nt [p(t — Ny) — pt(0)|27

«+z2m )+ (@570 50))- (594)

By optimality, it follows that

J(&7, by, 0y, G, 1) < J (@, pes we, Yo, T)
Ne—1

< 29(Ny)|24(0) _f(t—Nt)’%+2nNt|pt( ) = p(t — Ny) |5+ 2 z% |we(j |Q (5.95)

Combining (5.94) and (5.95) and recalling the definitions in (5.86)—(5.88) yields
(5.84), which finishes this proof. O

Lemma 5.4. Let Assumptions 5.1 and 5.4 be satisfied. Consider the MHE scheme
n (5.76) with the cost function in (5.77). Assume that at some time t € Isy,
X(t) € Ey. Then, the corresponding estimates (5.81) satisfy

Ple, @), x(t), p(t), p(t)) < pl(1,Z(t = N),x(t = N),p(t = N),p(t = N))

+ 4er (e, N) max{1, Amax(V, Sp)} D |w(t — j)[5 (5.96)

j=1
with

p= ci(e, N)max{L, Amax (V, Sp)} max {Ahmax (P, P)Y(N), 2Xmax(V, V)N } (5.97)

forall ¢ > 1.

Proof. We start by using the same arguments as in the beginning of the proof of
Lemma 5.3, which leads to

D(e. (0), 2(t), B(t),p(t)) = UE(N), 2e(N)) + eV (5 (V) u(N))?
< (e, V) (YU (@(0),(0) + V(5 (0),pe(0))°

+ 3 1870) — @D, + 15 G) — w)l,)

with x;, p;, and w; defined in (5.86), (5.87), and (5.88), respectively. Note that
V(ﬁ;‘(()),pt(()))2 < Amax (V' Sp) |97 (0) — pt(0>’%p> where

15(0) = p(O)[3, < '127(0) — 2 (0)[ 7, + Z 7 (5) — we(i)lg, + 195 (5) — e (1),
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due to the fact that X (¢) € Ey. Hence, we obtain

Ple, 2(t), x(t), p(t), p(t))
< (e, N) max{L, Amax(V, Sp) } (nfo(:i-f(O), z(0)) + ' |77(0) — 2 (0) 3,

+Z\wt )+ 15 0) — )R

where we recall that ) = Qx + Qv + @, and R = R, + R,. Using the definition of
7 from (5.78), the bounds from (5.91) and (5.93), and the cost function (5.77), we
have that

L(e,2(t), z(t), p(t), p(t))
< er(e, N) max{1, Aae(V, sp)}<2 (N)pz(t —N) = ()2

Exploiting optimality as in (5.95), using the definition of x from (5.97), and recalling
the definitions in (5.86)—(5.88) yields (5.96), which finishes this proof. O

Now, let

p = Ver(1,N) (2 +29(N)) Apax (P, P) (5.98)

and ¢ be such that

8c1 (1, N)Amax(V, V.
_ Cl( ) 1)_p( )+2 (599)

with ¢; from (5.85). The robustness guarantees for the MHE require that n, N are
chosen such that

max{u, p} < 1. (5.100)

Note that this is always possible, since 7 satisfies condition (5.79) and ¢; is dominated
by a factor that exponentially decreases with V.

Now, we divide the time interval [0,¢] into sub-intervals (horizons) of length N
and the remainder | = t — [t/N|N, essentially using a similar partitioning as in
Section 5.2.1 with (5.41). In comparison, however, the overall notation becomes
simpler here, as we do not have to consider any additional time discounting of
the disturbances. More specifically, we define the set of time instants at which the
corresponding MHE optimization problem was solved involving an excited trajectory
pair as .

-7

T, = {TG]I[N,t] =7 = { N

By k € I, we denote the cardinality of Ty, i.e., k := |T;|. Furthermore, we define
the sequence of times {t,, }* by ¢, := max{r E T:},

J N, X(r) € IE:N}. (5.101)

tpp1 = max{T € T, : 7 < tn}, m € Iy i1,
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and tg,, := [, compare also Figure 5.1 for a visualization.

The following lemma establishes boundedness of the estimation error on [tq,¢] and
a decrease in Lyapunov coordinates on each interval [t,, 1,t,] for all m € Ip 4.

Lemma 5.5. Let Assumptions 5.1 and 5.4 be satisfied. Consider the MHE scheme
in (5.76) with the cost function in (5.77). Suppose that n and N satisfy (5.100).
Then, there exist cq1,cq2 > 0 such that the estimates (5.81) satisfy the following
bounds:

P(L,2(t), x(t), p(t), p(t)) < (e, 2(1a), 2(tr), p(tr), p(t)) + cqa (Z Iw(T‘)IQ)

r=ty

(5.102)

D(c, #(tm)s 2(tm), Bt ) p(tn)) . )
suf(c@(tmm,x(th),p(th),p(th))+cQ,2( > |w<r>|Q) (5.103)

r=tm+41

Jor all t € Iso, all m € Iy, all initial states X,x € X, all initial parameters

~

£,€ € P, and all sequences u € U™ and w € W™, where we recall that ty 1 =1 for
any k € I>g.

Proof. We start with the bound (5.102). Let j denote the number of insufficiently
excited horizons that occurred between time ¢ and ¢y, i.e., j := (¢t — t;)/N. First,
assume that j € I>;. From Lemma 5.3, the fact that [Z(t — N) — z(t — N)% <
Amax (P, P)U(Zi—n,x:—n) by (5.4), and the definition of p from (5.98), we obtain

(L 2(0). (). 5(0).p(0)
< pUG(E = N).alt = N)) +lp(t = N) = plt = M)+ ™ 3 i)y

r=t—N

with ¢} = 4¢;(1, N), and where p satisfies p < 1 due to satisfaction of (5.100). Note
that z(t — N) = &(t — N) and p(t — N) satisfies the update rule (5.80), which implies
that p(t — gN) = glU= 9N (p(t — jN)) for all ¢ € [0,5] and ¢t — jN = t;. From
Assumption 5.4 and Jensen’s inequality, it further follows that

t—qN—1 2
V(p(t = gN),p(t — gN))* < 2V(p(t1), p(t1))” + 2 ( ) \w(T)IQV) - (5104)

r=t1

Combined, we can write that

(1, 2(t), 2(t), p(t), p(t)) < pU(Z(t — N),2(t — N)) + 2¢\ Amax (V, VIV ((t1), p(t1))?

+ ¢ max{ 2 (V, V), V) (i |w(r)\Q> . (5.105)

r=t1
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Since
U@t —N),z(t—N)) <T'(1,2(t = N),z(t — N),p(t — N),p(t — N))

by (5.83), we can recursively apply (5.105) for j times, which by exploiting the
geometric series yields

030,00 (0, 500).0()) < PV G0, alt0) + 2222 Ly )y

I—p

r=t1

(5.106)

By (5.99), we have that 2¢) Amax(V,V)/(1 — p) < ¢, leading to (5.102) with cq; =
&) max{2\nax (V, V), 07N} /(1 — p), and we note that (5.102) holds for any j € Is.

It remains to establish the bound (5.103). Assume that k& € I>;. Then, ¢; corre-
sponds to the most recent horizon where X (1) € Ey. We can invoke Lemma 5.4,
which yields

[(c, 2(t1), z(t1), p(t1), p(t1)) < pI'(L,2(t — N),z(ts — N), p(ti — N),p(t1 — N))
+ der (e, N) max{1, Amax(V, Sp)} _1ZN|w(r)yg.

(5.107)

We further have that

= U(Z(ty — N),z(ty = N)) + V(p(ty — N), 2(t1 — N))?
<T(1,2(t = N),a(ts = N),p(tr — N),p(ty — N)) + V(p(t, — N),p(t: — N))?
< F(].,i’(tl - N),l’(tl — N),ﬁ(tl — N),p(tl - N))
2V (Bta) pra)? + 2 (Z \w(rm) , (5.108)

where in the latter inequality we have used similar arguments that were applied to
derive (5.104). Adapting the arguments applied to derive (5.106), we have that

P(l,i’(tl - N),J](tl - N),ﬁ(tl - N),p(tl — N))

QC&ATai(I‘O/’ K) V(ﬁ(tg), p<t2))2

n 4 maX{QAmax(Z>V)>U_ ¥ (12 |w(T)|Q) 7 (5.109)

< U(2(ta), z(t2)) +

1—

r=to

where we have used that p° <1 for all s € I5y. The combination of (5.107)—(5.109)
(which also hold with ¢, and t, replaced by t,, and ¢,,4; for each m € Iy ) and
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using the definition of ¢ from (5.99) leads to (5.103), where

/ AV —N
g = max {u ( max {2V, V)07 7} z) ey e, V) mase{1, A (7, sp>}},

L=p
which finishes this proof. m

We now combine the properties provided by Lemma 5.5 and establish a bound on
the overall state and parameter estimation error in terms of the initial errors and
the past disturbances that occurred in the interval Ijg ;.

Theorem 5.2. Let Assumptions 5.1 and 5.4 be satisfied. Consider the MHE scheme
n (5.76) with the cost function in (5.77). Suppose that n and N satisfy (5.100).
Then, the estimates (5.81) satisfy

Coli(t) = 2(0)le + Colp(t) — p(t)lv
< w—ﬁ(ﬁﬁl\x ~xXlp+CaviTlé - €Iy )

tm—1
+ \/_ Z |w ’Qs + Z \/—m Z |Q3 + Z ‘w |Q3 (5'110)
r=lm+1 r=ti

for all t € 1>, all initial states x,x € X, all initial parameters f,f € P, and all
sequences u € U™ and w € W, where 1) := max{ny,n,}, Co 1= v/2/2, and

Cy:=2n"Ne (1, N)(2 + Amax(Py, P)), (5.111)
Cy := (4c1(1,N) + 2¢)n~ Y, (5.112)
Qs = max{chl, cqQ.2, (4eq (1, N)n*N +20)}Q. (5.113)

Before proving Theorem 5.2, we want to highlight the key properties of the resulting
bound on the estimation errors.

o The bound in (5.110) is valid independent of the parameter excitation, and
it improves the more often the excitation condition (5.80) is satisfied during
operation.

o If K — oo for t — oo, then the state and parameter estimation error e(t) as
defined in (5.82) converges to a ball centered at the origin with the radius
defined by the energy of the true disturbance sequence. If additionally w(t) —
0 for t — oo, then e(t) — 0.

o Ift—t; and t,,.1 —t,, can be uniformly bounded for all times, then the estima-
tion error converges exponentially, which follows by using similar arguments
as in Corollary 5.1.

e In contrast to our results for constant parameters in Section 5.2, the bound
n (5.110) involves the (non-discounted) sum of disturbances w(r) over r €
I, 4y, which can be interpreted as the energy of the corresponding disturbance
subsequence {w(r)}._, . This is due to the fact that for trajectories that are
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insufficiently excited in some interval, we use the nominal dynamics of (5.1b) to
predict the evolution of p(t) and invoke Assumption 5.4 to bound the current
parameter estimation error |e,(t)|. Hence, no qualitatively better error bound
can be expected without further assumptions on the dynamics (5.1b), the
disturbance w, or satisfaction of the excitation condition (5.80).

Proof of Theorem 5.2. The claim follows by combining the bounds from Lemma 5.5
and invoking Assumption 5.4 for | € Ijp y_y. First, suppose that k£ € I>; and note
that p(t,,) = p(tm) for all m € Ij; 5. Hence, the recursive application of (5.103) and
the fact that ¢, = [ yield

[(e, 2(t1), z(t1), p(tr), p(t1)) . . )
< W T(e, @ (D), 2(1), (1), (1) + > ™~ (CQ,z ) !w(f’)\c)) : (5.114)

m=1 r=tm41

which is valid for all £ > 0 (in case k = 0, we have t; = [). For [ € I y_j, it follows
that

(e, (1), 2(0), p(1), p(1)) = U@ (1), (1) + eV (p(1), p(1))*
< T(L,2(1),2(0), p(1), (1)) + <V (p(1), p(1))%.  (5.115)

By using Lemma 5.3 with Z(0) = ¥ and p(0) = £, we obtain

T(1,&(1),z(1), p(1), p(1)) < er(1, Ny N (2% + 2v(1)|X — XI5

+n N e — B+ VY Jw(n)lg,  (5.116)
r=0

where we have used the definition ¢ = 4¢; (1, N) together with the facts that [ < N
and c1(1,s) < ¢;(1,N) for all s € [0, N — 1]. By Assumption 5.4, the facts that
= gV(p(0)) and p(0) = £, and Jensen’s inequality, it further follows that

2

-1
V(.0 < 20 67+ 2 (S uwlrle. ) (5.7

From (5.115)—(5.117) and the definitions of v, C, and Cy from (5.78), (5.111),
and (5.112), respectively, we can infer that

L(c, 2(1), (1), p(1), p(1)) < Ciif'[% — x| + Con'| — €5
2

-1
+ (™ 4+ 20¢) (2} |w(r)\Q> . (5.118)

Combining (5.102), (5.114), and (5.118), using the definition of @3 from (5.113),
applying the square root (which is concave and subadditive on Rsg), and Jensen’s
inequality finally leads to (5.110). Since (5.110) holds for any I € Ijy y_yj and k € I,
it holds for all ¢ € >y, which finishes this proof. O
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5.3.3. Numerical example

To illustrate our results, we consider the following system

+ 2 3
] = 11 + tabi (g — a1xy — agx] — pry) + wy,

113;— = T2 + tA(iﬁl — T2 + 333) + Wa,
SL’;F = X3 — tAbQIQ —+ ws,
P =p+w,

Y =11+ ws.

This corresponds to the perturbed modified Chua’s circuit system from Section 5.2.4,
where we additionally assume that the parameter p(t) is time-variant and subject
to an unknown disturbance input wy(t). Note that from the system description it
is immediately apparent that the observability of p(t) depends on the magnitude
of x1(t), compare also Figure 5.2 and the respective discussion in Section 5.2.4.
The parameters are by = 12.8, by = 19.1, a4 = 0.6, as = —1.1. The distur-
bances w;, i = 1,2,3,5 are uniformly distributed with |w;(¢)] < 10737 = 1,2,3
for the process disturbance, and |ws(t)| < 5- 1072 for the measurement noise for
all t € I5. The disturbance w, consists of two superimposed square waves such
that wy(t) € {—=107%,0,107*}, ¢t € I, compare the red curve in Figure 5.7 be-
low. We consider the initial conditions y = [2,0,—1]" and £ = 0.45 and assume
that z(t) and p(t) evolve in the (known) sets X = [—1,3] x [—1,1] x [-3,3] and
P =[0.2,0.8]. The objective is to compute the state and parameter estimates Z(¢)
and p(t) by applying the MHE scheme proposed in Section 5.3.1 using the initial
estimates ¥ = [—1,0.1,2]T and £ = 0.6.

Assumption 5.4 is satisfied with the function V(py,p2) = [p1 — po| and matrix
Q, = BpT B, using B, = [0,0,0,1,0]. We compute a quadratic i-IOSS Lyapunov
function U(zy,z2) = |21 — 225, Px > 0 by adapting the verification method
from Section 7.1.1, compare Section 5.2.4. To monitor the excitation of trajec-
tory pairs, we evaluate at each time ¢ € 5y the matrix Or(Z;) in (7.93) at the
currently optimal solution Z; = (ﬁf(O),p;‘(O), {@f(t)};v;()_l), see Section 7.2.2 for
more details. Here, we consider a trajectory pair X(¢) to be sufficiently excited if
@t = Amin(On,(ZF)) > a=5-107".

Tuning the cost function (5.77) based on the parameters of U, V', and the set Er
yields a minimum required horizon length N, =~ 300. This is rather conservative
due to conservative steps in the proofs (in particular, Lemmas 5.3 and 5.4), and good
performance is obtained using a smaller horizon length. To illustrate the potential
of the proposed MHE scheme, we choose N = 200 and n = 0.9, v(s) = n°, P = I,
V =1,Q = 1071, R = 103, although these invalidate the theoretical guarantees
established in Section 5.3.2. Furthermore, we update p(t) only if X(¢) € Ey,,
compare Remark 5.2.

The simulations are carried out in Matlab over tg,, = 4000 time steps. The estima-
tion error of the proposed scheme is shown in Figure 5.6, which shows fast conver-
gence of the estimation errors. This is also evident in Figure 5.7, which illustrates
the respective estimated parameter p(t) over time. In phases without sufficiently
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Figure 5.6. Estimation errors |ex(t)| (red) and |ey ()| (blue) for the proposed MHE scheme
compared to |e,(t)| for MHE without excitation monitoring (cyan).
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Figure 5.7. Estimates p(¢) for the proposed MHE scheme (blue) compared to MHE without
excitation monitoring (cyan) and the true parameter p(t) (red).

high excitation levels (a; < «, see Figure 5.8), the proposed MHE scheme is not
able to track the true parameter p(t) (which is clear due to the lack of information).
However, it still provides estimates with bounded errors that are much smaller com-
pared to using MHE without excitation monitoring (see the cyan-colored curve in
Figures 5.6 and 5.7).

This simulation example illustrates the efficiency of the proposed MHE scheme from
Section 5.3. When p(t) is observable from data, it is able to robustly track the true
parameter. If it is unobservable, it reacts appropriately to prevent the estimation
error from deteriorating arbitrarily.
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Figure 5.8. Excitation level ay; values above the red line indicate sufficient excitation.

5.4. Summary

In this chapter, we proposed MHE schemes for joint state and parameter estimation
that are applicable to general nonlinear systems, particularly tailored for parameters
that may suffer from insufficient excitation. Specifically, the cost function involves
an adaptive regularization term that is adjusted according to real-time excitation
information, where we rely on the excitation monitoring techniques developed in
Section 7.2. We first considered the case of constant parameters and derived a
bound for the state and parameter estimation error that is valid regardless of ex-
citation of the parameter, and in particular also applies if the parameter is never
or only rarely excited during operation. In the general case without excitation, our
result constitutes a bounded-disturbance bounded-estimation-error property, which
is qualitatively the best result that can be expected without additional specifica-
tions for the excitation or setup. The derived bound improves with respect to the
initial estimates the more often the parameter is detected to be sufficiently excited.
Moreover, if the time between two PE intervals occurred during online operation can
be uniformly bounded, our result specializes to RGES, i.e., it implies exponential
convergence of the state and parameter estimation error to a neighborhood around
the origin defined by the true disturbances. Note that although this requires some «a
priori knowledge about PE, it is still weaker than the standard uniform PE condi-
tion. For the latter case, we showed that uniform PE is equivalent to the existence
of a joint i-IOSS Lyapunov function for the augmented state vector consisting of the
states and the system parameters. This establishes the intuitive implication that
state detectability plus uniform PE of the parameter is equivalent to the augmented
system being uniformly detectable, which renders standard MHE methods for state
estimation applicable.

We extended our results to the more general case of time-varying parameters, which
additionally involved an incremental UBEBS property of the parameter dynamics in
order to provide bounded estimation errors. This is naturally required to ensure that
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arbitrary parameter drifts cannot cause the estimation error to become unstable in
case the parameter is unobservable.

The numerical examples illustrated that the proposed MHE schemes in combina-
tion with the PE monitoring techniques from Section 7.2 are able to efficiently
compensate for phases of weak excitation. For both constant and time-varying pa-
rameters, we obtained reliable estimation results for all times, which in particular
were prevented from deteriorating arbitrarily in phases without excitation, while
being accurate in phases with sufficient excitation.



6. Turnpike analysis and
performance guarantees

In this chapter, we investigate the turnpike phenomenon in optimal state estima-
tion problems using tools from optimal control, and leverage the insights gained to
develop novel accuracy, performance, and regret guarantees for MHE.

We start by formalizing the setup in Section 6.1, which includes some structural
differences and generalizations to previously considered MHE formulations. We
define a particular benchmark for MHE, namely the omniscient infinite-horizon op-
timal state estimator, which has access to all past and future measurements. In
Section 6.2, we discuss and analyze the turnpike behavior of MHE problems with
respect to this benchmark in detail, leading to new insights into optimal state es-
timation. These are exploited in Section 6.3, where we propose a slightly modified
variant of MHE involving an additional delay and derive corresponding performance
and regret guarantees with respect to the benchmark estimator. In Section 6.4, we
illustrate the results in terms of various numerical examples from the literature,
which show that the proposed modifications can significantly improve the estima-
tion results in practice.

Disclosure: The following chapter is based upon and in parts literally taken from
our previous publications [SGM24] and [SGM25]. A detailed description of the
contributions of each author is given in Appendix A.

6.1. Setup

System description

In this chapter, we focus on nonlinear uncertain discrete-time systems of the follow-
ing form:

z(t+1) = fx(t),u(t),dt)), =(0)=x, (6.1a)
(1) = h(x(t), u(t) + o() (6.1b)

with discrete time ¢ € I, state z(¢) € R, initial condition x € R", control input
u(t) € R™, (unknown) process disturbance d(t) € R?, (unknown) measurement noise
v(t) € RP, and output measurement y(t) € RP. The functions f : R" xR™xR? — R"”
and h : R® x R™ — RP define the system dynamics and output equation, which we
assume to be continuous.
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Remark 6.1 (System description). Note that we consider additive measurement noise
in (6.1b), which corresponds to a special case of the output equation usually con-
sidered throughout this thesis, compare Section 3.1 and see also Section 2.2.2 for
a detailed discussion on this topic. Here, this facilitates the analysis as it directly
allows us to gain intuition from standard optimal control theory. However, we con-
jecture that the results presented below can be extended to the more general case of
nonlinear measurement noise, and the derivation of the formal proofs is an interest-
ing topic for future work. However, we want to emphasize that the case of additive
measurement noise is actually frequently assumed in MHE theory (see, e.g., [ABB0S;
RMD20; Mul17; AR19b; All20; Hu2j] and compare also Remark 3.1) and moreover
is usually considered in practice, see, e.q., [HCE18; Els+21; Liu+17; Brel9; CLH22;
Kle+23].

In the following, we assume that trajectories of the system (6.1) satisfy
(x(t),u(t),d(t),v(t) e X xU XD xV, tely (6.2)

for some known sets X C R", U/ C R™, D C R? (where 0 € D), and V C R?, and
furthermore, that

(r,u,d) € X XU x D = f(x,u,d) € X. (6.3)

Such knowledge typically arises from the physical nature of the system (e.g., non-
negativity of certain physical quantities such as partial pressure or absolute temper-
ature), the incorporation of which can significantly improve the estimation results,
see [RMD20, Sec. 4.4] and compare also Section 3.1 for more details.

The optimal state estimation problem

MHE generally relies on the repeated solution of optimal state estimation problems,
compare, for example, Section 3.1. In the following, we study such schemes through
the lens of optimization theory, and in particular interpret the optimal estimation
problem as a graph-structured NLP that is parameterized by the data provided to
the NLP. We now revisit the principles of MHE in this context.

For ease of notation, we define the input-output data (or parameter) tuple D(t) :=
(u(t),y(t)) obtained from the system (6.1) at time ¢ € Iso. Now, consider a given
batch of input-output data D = {D(j)}/L, of length N + 1 for some N € I.
We aim to compute the state sequence # = {&(j)}}_, along with the disturbance
input sequences d = {d( j7)}i5" that are optimal in the sense that they minimize a

cost function involving the full data set D. In particular, we consider the following
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optimal state estimation problem

Py(D) : min Jn(2,d; D) (6.4a)
st 27+ 1) = f(2()), u(h), (7)), j € T, (6.4b)

2(j) € X, j €I, (6.4c)

d(j) €D, j € Tpn-u, (6.4d)

y(j) = h(2(j), u(j) €V, j € Lo (6.4¢)

For convenience, we define the combined sequence 2 = {£(j)}/_, containing both de-
cision variables # and d as 2(j) := (£(j), d(j)) for j € Ijo,ny—1y and 2(N) := (2(N),0).
The constraints (6.4b)—(6.4e) enforce the prior knowledge about the system model,
the domain of the true trajectories, and the disturbances and noise (note that fea-
sibility is always guaranteed due to our standing assumptions).

In (6.4a), we find it convenient to emphasize the dependency of the cost function
Jy used in (6.4a) on the data set D and the horizon length N, which is a slightly
different notation than the one we usually employ in this thesis, compare, e.g., (3.4b)
in Section 3.1. In particular, we define

Jn(d,d; D) = Z L(#(5), d(3); D)) + Lue(#(N); D(N)) (6.5)

with continuous stage cost L : X x D xU xR — R, and terminal cost Ly, : X xU X
RP — R>,. We point out that this is a generalization of classical designs for state
estimation, where L and L;. are positive definite in the disturbance input d and the
fitting error y — h(Z,u) for all z € X, deD,uel,and y € RP, compare [RMD20,
Ch. 4] and see also Section 3.1; it particularly includes the practically relevant case
of quadratic stage and terminal cost

L(z, d; (u,y)) = |dlg + ly — h(z,u)[% (6.6)

and
Lie(w; (u, ) = |y — h(z, u)]3, (6.7)

respectively, where ), R, S are positive definite weighting matrices. However, our
results also hold for more general cost functions L and L., which allow the objec-
tive (6.5) to be tailored to the specific problem at hand. Note that cost functions
with an additional prior weighting in (6.5) (as usual in MHE, compare Section 3.1)
are considered in Section 6.3.3.

In the state estimation context, a cost function with terminal cost as in (6.7) is
usually referred to as the filtering form of the state estimation problem. To simplify
the analysis and notation, the most recent works on FIE/MHE theory often consider
a cost function with L. = 0 (i.e., without terminal cost), which corresponds to the
prediction form of the state estimation problem, compare Section 3.1 and [Sch+23,;
KM23; AR21; Hu24], and see also [RMD20, Ch. 4] for a discussion on this topic.
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The optimization problem Py in (6.4) is a parametric NLP, the solution of which
solely depends on the (input-output) data provided, that is, the sequence D. We
characterize solutions to Py using the generic solution mapping (y:

2*(3) = CN(jv D)7 j € H[O,N]y (68)

which yields the value function Vy(D) = Jn(2*; D) where 2* = {2*(j)}}_,. While
the function ( returns a pair of optimal state and disturbance input, we use (% to
refer only to the optimal state of this pair, so that 2*(j) = (%(j, D) for all j € I ).

Remark 6.2 (Existence of solutions to Py). Throughout the following, we assume
that whenever we employ the solution mapping (n, the corresponding solution exists.
Note that under continuity of f and h in (6.1), this can generally be guaranteed by
choosing the stage cost L and terminal cost Li. such that the cost function Jy is
radially unbounded in the (condensed) decision variables (which requires positive def-
initeness of L and Ly, and observability’ of the system with a corresponding horizon
length N, compare [RMD20, Sec. 4.3.1]), or under compactness of the sets X and
D, see [RMD20, Prop. A.7].

Remark 6.3 (Discounting). We use a non-discounted cost function in (6.5), which
s conceptually different from most of the MHE formulations considered in this the-
sis, compare Section 3.1 and the discussion in Section 3.3. This is because, in this
chapter, we are not interested in deriving robust stability of MHE (where discounting
plays a crucial role), but in performance estimates and regret bounds with respect to
a particular benchmark solution. As this is a movel approach, we consider here the
case of non-discounted costs, which simplifies the analysis. Fxtending our results pre-
sented below to cost functions with discounting (i.e, where the sum in (6.5) contains
an additional term n™ =7 for some discount factor n € (0,1)) constitutes an interest-
ing topic for future work, which may be addressed by using similar arguments as in
the context of discounted economic MPC, compare, for example, [GKW16; Gri+21;
7ZG22], see Chapter 8 for more details.

Benchmark solution

We are interested in how the optimal solution defined by (6.8) compares to a cer-
tain (challenging) benchmark problem. For this purpose, we interpret the data
sequence D as a segment of an infinite data sequence Do, = {Du(j)}32_, such
that Do (j) = D(j), j € Ijpn), where Dy contains all past and future data that
could possibly be generated by the system (6.1) in the interval I. Then, we con-
sider the omniscient infinite-horizon estimator, that is, the solution of the (acausal)

infinite-horizon optimal state estimation problem

Po(Dy) : mémi L(2(5),d(j); Dao(j)) st. (6.4b)-(6.4e), j €I,  (6.9)

j=—00

LObservability is required here because the cost function Jy does not contain an additional prior
weighting as is the case in, e.g., Section 3.1; the case of MHE with prior weighting, which does
not require observability, is considered in Section 6.3.3 below.
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A

where 2(j) = (2(j),d(j)), j € I. We denote the solution to P, (Ds) by the infinite
sequence 2> 1= {2>(j)}32_, with 2%°(j) = (2*°(j),d>(j)), j € I, where we assume
that 2 exists and is unique for any possible D.,, compare Remark 6.2.

Note that in linear settings [SH22; BDF23|, a common benchmark for observers
estimating the state z(¢) at some time ¢ € I is the clairvoyant acausal observer
relying on data from the interval Ijp ), where in particular data from I1; 0 is
only fictitious (as it depends on future disturbances and noise) and may or may
not actually be measured at a future point in time (e.g., if the experiment is ter-
minated). We adopt this approach and take it even further by assuming that our
benchmark—the omniscient infinite-horizon estimator—can not only predict the fu-
ture (knowing data from Ij;1,)), but also has a perfect memory (knowing data
from (o0 —17)-

In the following section, we will investigate how the solution Z* in (6.8) behaves
compared to the benchmark z°° on the common domain of existence, i.e., the inter-
val Ijg v. In particular, we show that solutions of the finite-horizon problem Py (D)
exhibit the turnpike phenomenon with respect to the solution of the infinite-horizon
problem P, (D) (Section 6.2), which we then employ to construct (causal) estima-
tors that provide performance guarantees and bounded regret with respect to this
benchmark (Section 6.3).

6.2. Turnpike in optimal state estimation problems

Optimal state estimation problems (such as Py in (6.4)) can generally be interpreted
as optimal control problems using the disturbance d as the control input (compare
also [RMD20, Sec. 4.2.3] and [All20, Sec. 4]). In particular, a cost function (6.5)
that is positive definite in the estimated disturbance and the fitting error (as, e.g.,
in (6.6) and (6.7)) can be regarded as an economic output tracking cost, penalizing
deviations from the ideal reference (d"(j),y"(j)) = (0,y(4)), j € Ip,n). This refer-
ence, however, is generally unreachable, as it is usually impossible to attain zero
cost V(D) = 0, except for the special case where y(j), j € Ijp ) corresponds to
an output sequence of (6.1) under zero disturbances, i.e., d,v = 0. For unreachable
references, on the other hand, it is known that the corresponding optimal control
problem exhibits the turnpike property with respect to the best reachable refer-
ence [KMA19], which suggests that a similar phenomenon can also be expected in
optimal state estimation problems.

In Section 6.2.1, we provide a simple motivating example that supports this intu-
ition. Then, we consider two mathematical characterizations of the turnpike phe-
nomenon and provide corresponding sufficient conditions that rely on strict dissi-
pativity (Section 6.2.2) and decaying sensitivity (Section 6.2.3). For the latter, we
show in Section 6.2.4 how this is naturally satisfied in the linear quadratic setting
using standard optimal control and Riccati theory. In Section 6.2.5, we discuss the
considered turnpike characterizations with regard to their properties and limitations
and introduce a general turnpike definition that combines their advantages.
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Figure 6.1. Difference between the solution x*° of the infinite-horizon problem P, and
solutions Z* of the finite-horizon problem Py for different values of N.

6.2.1. Motivating example

Suppose that some output data y = {y(j )}]T:o for T' = 30 is measured from the sys-
tem z(t+1) = xz(t)+d(t) with z(0) = 1 and y(t) = z(t)+v(t), where d(t) = v(t) = 1
for all ¢ € . We consider the finite-horizon optimal estimation problem Py (D) with
D = {D(j)}Ly = {y(j)}}o, the quadratic stage and terminal cost (6.6) and (6.7)
using () = R =S5 = 1, and different values of N. For the benchmark estimator, we
also consider the infinite-horizon problem Py, (D), which we approximate by simu-
lating the system and computing the solution on some extended interval I_7, 7,7,],
where we choose T, such that the solution does not change (up to numerical accu-
racy) on Ijor if T is further increased.

Figure 6.1 shows the difference between the infinite-horizon solution z*°(j) and the
solution of the finite-horizon problem 2*(j) for j € I}y n) and different values of N.
One can clearly see that the benchmark x> serves as turnpike for the solution z*.
In particular, we find that Z* is constructed from three pieces: an initial transient
where T* converges to the turnpike x*°, a large phase where z* stays near the
turnpike x*°, and a transient at the end of the horizon where &* diverges from
the turnpike 2*°. Figure 6.1 also indicates that these transients? are independent of
the horizon length N. Note that a similar behavior could also be observed for the
disturbance difference d*(j) — d>(j), j € Iio,n—1]-

In the following sections, we provide and discuss different mathematical character-
izations of the turnpike phenomenon observed in this motivating example, relying
on strict dissipativity and decaying sensitivity.

2In the turnpike-related literature, the left transient is usually referred to as the approaching arc
(or entry arc), and the right transient as the leaving arc, compare [FG22].
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6.2.2. Turnpike under strict dissipativity

Motivated by the literature on nonlinear optimal control and economic MPC, we
first consider a strict dissipativity condition. Here, we focus on the terminal cost
Lic(z; (u,y)) = 0 to simplify the analysis.

Assumption 6.1 (Strict dissipativity). Consider an infinite data sequence Do, as-
sociated with the system (6.1) and the solution z*° of the infinite-horizon problem
P(Dy) from (6.9). The finite-horizon problem Py (D) in (6.4) for N € Iso and
the truncated data set D = {D(j)}}Ly with D(j) = Doo(j), j € Ippny is strictly
dissipative with respect to the supply rate

S(j,l‘,d) = L(Jf,d; D(.])) - L(‘TOO<.]>7doo(j)7 D(]))7 ] € ]I[O,N—l}a (610)

i.e., there exists a time-varying storage function A : I x X — R and a € K, such
that

AG+ 1, f(@,ug), d) = A0, ¢) < —allz = 2%()]) + 54, 2, d) (6.11)

for all j € Ijg Ny and all z = (z,d) € X x D. Moreover, there exists ay € Ky such
that |A(7,2)| < ax(Jx — 2°°(7)|) uniformly for all j € Ijo Ny

Strict dissipativity is a standard assumption in the context of (economic) model pre-
dictive control, usually employed to establish turnpike behavior of open-loop optimal
control problems and obtain stability and performance guarantees of the resulting
closed loop, see, e.g., [FGM18; GP19; KMA19]. Here, we define strict dissipativity
using a time-varying storage function and supply rate involving the (time-varying)
infinite-horizon solution z*°, compare [GPS18, Def. 6] for a time-varying setup in
the context of optimal control and see also the discussion in Section 6.2.5. The
upper bound on the storage function A\ provides an additional continuity property
with respect to the infinite-horizon solution.

The following result shows that under strict dissipativity (in the sense of Assump-
tion 6.1), the solutions of the finite-horizon problems Py are close to the optimal
solution of the infinite-horizon problem P., for most of the time, which hence con-
stitutes the turnpike associated with the optimal estimation problem.

Theorem 6.1. Let X be compact and suppose that Assumption 6.1 is satisfied. Con-
sider the infinite-horizon solution z*° for some data set D, associated with the
system (6.1). Then, there exists o € L such that for all Q € Ijo Ny, at least Q
points j € Ijon_1) of the solution 2*(j) = (n(j, D) using the truncated data set
D ={D(j)}¥, with D(j) = Duws(4), j € Ipo,n) satisfy

12°() = 2= () < o(N - Q) (6.12)

for all N € I>g and all possible data D,.
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Proof. We consider the rotated stage cost

Lrot(j7xad) = L(l’,d,D()) _L('T ( ) (])>D( ))
+ A, @) = A+ 1, f(z,u(j), d))

for all j € Ijpn-_1) and any point z = (x,d) € X x D. From strict dissipativity
(Assumption 6.1), we know that

Lyot(J; 2, d) = |z = 2=()), J € Lo, (6.13)

which implies that the rotated stage cost is positive definite with respect to the
difference |z — 2°°(j)| for all j € Ijo y—q] and any z € X x D.

Now consider some N € Iy and the solution 2*(j) = (n (4, d), j € Ip,n). Evaluating
the rotated cost function along 2* yields

z:: Luot (7, 5% (), d*(j)) = Z__: L(#* (), d*(4); D(7)) — L(x>(5), d(5); D(5))
+A(0,27(0)) — A(N, 2*(N)).

The application of (6.13) then leads to

> L@ 6). () D)) ~ L (), d¥(0): D))
2N E(N) AOFO) + T a0 - 0D 61

Due to the fact that X is compact and the storage function is bounded (Assump-
tion 6.1), we can define C) := max, ax(|zy — xg|) such that |A(j, x)| < C) for all
J €I and all x € X. We claim that the turnpike property holds with

20,)
)

o(r)=a* <

For the sake of contradiction, suppose not. Then, at least N —Q+1 points j € Ijp ny_1
satisfy |2*(j) — 2%°(j)| > o(IN — Q). Hence, from (6.14) it follows that

(6.15)

Z__:,) L(3*(§),d"(j); D(j)) = L(x™(j), d*(j); D(j)) > —2Cx + (N = Q)a(a(N - Q))
"~ —0, (6.16)

where the last equality follows from (6.15). However, (6.16) contradicts optimality
of 2* since it generally must hold that

2 L(&"(7), d"(4); D)) — L(2(j),d™(j); D(j)) = V(D) = Jy ({°()}; D)
<0,

which proves our claim. O
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Remark 6.4 (Relation to the literature). Theorem 6.1 and its proof follow the lines
of classical turnpike results in the context of (receding horizon) optimal control, see,
e.g., [GPS18, Th. 1]. However, because the initial state is free in the estimation
problem and not fixed as typical in control, we can avoid the need for an additional
reachability/controllability property to bound the value function Vn(D), simply by
exploiting the fact that the trajectory 2> truncated to the interval Ijp ny is a feasible
candidate solution.

6.2.3. Turnpike under decaying sensitivity

In the previous section, we established turnpike behavior in optimal state estima-
tion problems using strict dissipativity. The property characterized by Theorem 6.1
is, however, rather weak in the sense that we actually do not know which points
of the solution Z* are close to the turnpike z°°, and which are not. We can, how-
ever, strengthen this result under a decaying sensitivity condition, compare [NA20;

SAZ22; S721] and see also [Shi423; GSS20].

To this end, for any N € I, let us consider the auxiliary problem Py (D

rameterized by the data (D, z',2"), where D = {D(j)}, with D(j) = (u(j
UXRP, jeln, and 2!, 2" € X:

7' x%) pa-
)

y(h)) €

min Z L((i).d(3): D) (6.173)
s.t. 2(0) = (6.17b)
Z(N) = (6.17¢)
2(j + ) <:f<j), a(7),d(5)), j € Ton-1, (6.17d)
z(j) € X, j € Ipny, (6.17¢)
1(j) € D, §(j) — h(x(j), u(j)) € V, j € Ton-1- (6.17f)

For the sequences 7 = {Z(j)}}L, and d = {d(j) 15", let z(j) = (z(5),d(j)), j €
Ijo,n-1], and Z(N) := (z(N), 0) The constraints in (6.17b) and (6.17c) specify fixed
initial and terminal states of the sequence T for some given parameters z' and z*.
We characterize solutions to the problem (6.17) (assuming that they exist, compare
Remark 6.2) using the solution mapping Cy, i.e., such that z*(j) = (y(j, D, 2!, 2%),
j € iy with 2°(5) := (2°(5), d*(j)), j € Tp.n—1), and Z*(N) := (Z*(N),0).

We point out the following relation between the infinite-horizon problem P in (6.9)
and the auxiliary problem Py in (6.17).

Lemma 6.1. Consider an infinite data sequence Do, associated with the system (6.1)
and the causal subsequence D = {D(j)}X such that D(j) = Du(j) for j € Tjonj-
Any minimizer of Ps(Dso) is a minimizer of Py(D,2°°(0),2°°(N)) for any N € Io.

Proof. The proof relies on the principle of optimality. First, note that the problem
Py(D,z>(0),2°(N)) is feasible because the candidate solution {z°(j)}_, satisfies
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the constraints (6.17b)—(6.17f) with D = D. Let z*(j) := (n(4, D, 2°(0), 2(N)).
Now, suppose the claim is false. Then,

Z L(="(j): D(j)) > z L(z°(j); D).

To both sides of this inequality, we add the cost terms

which yields

V(Dw) > S L(=2(j); Daolf)) + > LEG:D0) + f;v L(=(5): Doolj)),

j=—00
(6.18)
where V(D) corresponds to the the value function associated with the infinite-
horizon problem P (Ds). Now, consider the infinite sequence & = {{(j)}52_

defined as
22(j), jelany
£0) = (x(),w(d)) == 2°(), J€lpny (6.19)
22(j), j€lsn.

Then, (6.18) can be re-written as

V(D) > 32 LEG): Ducli)). (6.20)

j=—00

The sequence ¢ satisfies the constraints in (6.9) due to the initial and terminal con-
straints in (6.17b) and (6.17c), respectively, and hence constitutes a valid candidate
solution for the infinite-horizon problem P, (D). However, the strict inequality in
(6.20) contradicts minimality of V (D), which proves the claim. O

We make the following assumption.

Assumption 6.2 (Decaying sensitivity). There exists B € KL such that for any
i,k € X and 2%, 2 € X, and any data sequence D = {D(j) j-V:O for which the
NLP in (6.17) is feasible and admits a solution, it holds that

Jor all j € Ijg Ny and all N € I>.

Decaying sensitivity is a quite natural property of parametric NLPs that charac-
terizes how much perturbations in the data at one stage influence the solution of
the optimization problem at another stage [NA20; SAZ22|. In our case, the prop-
erty (6.21) refers to two solutions of the optimization problem where the data sets
involved only differ in the initial conditions z},z} and terminal conditions z%, z},
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but otherwise contain exactly the same data; consequently, the bound given by the
right-hand side in (6.21) involves only those terms. In Section 6.2.4, we show that
Assumption 6.2 is naturally satisfied for linear systems under standard observability
and controllability conditions.

The following result establishes turnpike behavior in optimal state estimation prob-
lems using Assumption 6.2.

Theorem 6.2. Suppose that Assumption 6.2 is satisfied. Consider the infinite-horizon
solution z*° of the problem Py in (6.9) for some data set Dy, associated with the
system (6.1). Then, the solution 2* of the finite-horizon problem Py in (6.4) using
the truncated data set D = {D(j)}}_y with D(j) = Duo(j), j € Ipp,ny satisfies

12°(7) — 2= < B(127(0) = 22(0)[, ) + B(IZ°(N) = 2= (N)[, N —j)  (6.22)
for all j € Ijg Ny, N € I>g, and all possible Dy .

Proof. Theorem 6.2 is a simple consequence of Lemma 6.1 and Assumption 6.2.
First, note that the sequence 2* is a minimizer of Py(D,2*(0),2*(N)), which follows
by optimality of 2* and the fact that the solution of (6.17) is not changed by adding
the terminal cost L. (Z*(N); D(N)) in (6.5) due to the terminal constraint in (6.17c).
Moreover, by application of Lemma 6.1, we also know that z* is a minimizer of
Py (D, z>(0),2°(N)). Hence, we can invoke Assumption 6.2 to compare * and 2>
on Ijg 1, which leads to (6.22) and hence finishes this proof. ]

6.2.4. Linear systems

In this section, we show how Assumption 6.2 (decaying sensitivity) is naturally
satisfied in the standard linear quadratic setting. More specifically, we consider the
LTT system

z(t + 1) = Az(t) + Byu(t) + Ed(t) (6.23a)
y(t) = Cx(t) + Byu(t) + Fo(t) (6.23b)
and the quadratic stage cost
1 1
L, d: (u,9)) = 5ldly + 51y — (Co + Byl (624
for some weighting matrices @, R > 0.

Now, consider the solution z* of the NLP in (6.17) for some given admissible pa-
rameters (D, z!,2') and N € I5;. Invoking the first-order necessary conditions for
optimality, there exist adjoints (also called costates or dual variables) (), 5 € Tjo 1
such that the following equations are satisfied for all j € I y—_1;:

PG 1) = DG GG NG ), (6.250)
3) = P43 ),d (), VG + ), (6.250)
0= TX(5.2(). &) 3G + 1), (6.25¢)

~od
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where H is the associated Hamiltonian
H(j,x,d,\) == L(z,d; D(j)) + AT f(z, u(j), d).

For more details, we refer to [BH75] and [FG22|. For the linear quadratic setup from
above (i.e., the LTI system (6.1) and the quadratic stage cost (6.24)), the equations
in (6.25) specialize to

(5 + 1) = AZ*(j) + Byu(j) + Ed*(j), (6.26a)
M) =AM+ 1)+ CTRCz*(j) — CTRy(j) + CTRByu(j),  (6.26b)
0=Qd (j) + E"X*(j +1), (6.26¢)

where the boundary conditions are formed by the initial and terminal constraints
in (6.17b) and (6.17c). Solving (6.26¢) for the optimal disturbance input yields
d*(j) = —Q'ETN*(j + 1) (recall that @Q is positive definite and hence invertible),
which together with (6.26a) and (6.26b) leads to the Hamiltonian system

i P Sl | PO 8 i e ]
(6.27)

with j € Ijon—1. Note that the forced part in (6.27) involving the input-output
data D(j) = (u(4),y(j)), j € Ljo,n—1) stems from the nature of the problem (which
can be seen as an optimal control problem for output tracking with an additional
input reference).

In the following, we consider two optimal solutions z;, ¢ = 1,2 that differ in their
boundary conditions; more precisely, such that z(j) = (y(j, D, zl, 2t) for some
feasible D, i, !, i = 1,2, yielding the corresponding adjoints \*(j) for j € Iio, w1
and i = 1,2. For convenience, we define the differences in the optimal states Z;(j),

adjoints A*(j), and disturbances d;(j), i = 1,2 as

Az(j) = 21(J) — 23(4), J € Loy, (6.28a)
ANG) =AM 0) — A3(5), 7 € Ty, (6.28Db)
Ad(j) = di(j) — d5(4), J € To,n-1). (6.28¢)

Note that both optimal trajectories evolve according to (6.27); moreover, since they
rely on the same data D, the differences Ax(j) and AX(j) in (6.28a) and (6.28b)
satisfy the equations of the unforced Hamiltonian system

00 = lere T )

Assuming that A is non-singular, we can rewrite this into

Ax(j+1)
AN+ 1)

_ g | A7)

—H [M(j)] (6.29)
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with the Hamiltonian matrix

o [ATQATTR —QATT
| —-AR AT

where Q := EQ™'E" and R := C'T RC are symmetric. The matrix H in (6.30) oc-

curs very frequently in the context of linear quadratic optimal control and associated

Riccati theory; in particular, it is well-known that the reciprocals of the eigenvalues
of H are also eigenvalues of H, compare, for example, [Vau70] and [Kuc72].

(6.30)

Now, consider the discrete algebraic Riccati equation (DARE)
X-ATXIT+QX)'"A-R=0. (6.31)

We impose the following assumption.

Assumption 6.3 (System properties). The pairs (A, E) and (A,C) are controllable
and observable®, respectively.

Under Assumption 6.3 and invertibility of the system matrix A, it is well-known
that the DARE (6.31) admits a maximal positive definite solution P, and a minimal
negative definite solution P_ (which correspond to the unique stabilizing and anti-
stabilizing solution, respectively), compare, e.g., [KN99; Ton96; Kuc72; WK72], and
see also Sections 3.5-3.7 in [IOW99]. Moreover, these properties ensure that the
Hamiltonian matrix H in (6.30) has neither eigenvalues on the unit circle nor in the
origin, compare [Kué¢72, Lem. 1, Lem. 4]. Note that observability and invertibility
of A could be relaxed at the expense of a more technically involved analysis, see
Remark 6.5 below for further details.

The stabilizing and anti-stabilizing solutions to the DARE lead to the corresponding
“closed-loop” matrices

AL =A—-QA T (P, — R), (6.32)
A_=A—-QA T(P_. - R), (6.33)
where the eigenvalues of A, and A_ are strictly inside and outside the unit circle.

The following proposition builds on the results from [NM05; FNO5] and illustrates
that all trajectories satisfying the Hamiltonian system (6.29) can be suitably re-
parameterized using the solutions to the DARE (6.31).

Proposition 6.1. Consider the LTI system in (6.23) under Assumption 6.3 and let A
in (6.23a) be non-singular. Furthermore, consider the quadratic stage cost in (6.24)
and let Q, R = 0. Then, any solution to the Hamiltonian system (6.29) formed by
the two sequences { Az (j)}iLy and {AXN(j)}2y can be parameterized as

- [ e o

for suitable p,q € R™.

3Here, we refer to the usual definitions of controllability and observability in terms of the associ-
ated rank conditions with respect to the matrix pair involved, see, e.g., Definition 3.3.1 (p. 90)
and Theorem 16 (p. 200) in [Son90].
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Proof. The proof essentially follows the lines of the proof of [FNO5, Thm. 5. It can
be structured into two parts, where we first show that parameterized trajectories sat-
isfying (6.34) are trajectories of the Hamiltonian system (6.29), and conversely, that
all solutions of the Hamiltonian system (6.29) can be expressed in terms of (6.34)
for suitable p, ¢ € R™.

Part I. In order to show that trajectories of (6.34) also satisfy the dynamics of the
Hamiltonian system (6.29), we simply need to verify if the following equality holds
true:

I ; I —(N—j- I : I —(N—j .
A AL A
(6.35)
This can be separated into two parts involving p and ¢ independently of each other.

For the terms corresponding to p, by recalling the definition of H from (6.30) and
multiplying with AJ7 from the right, we obtain the condition

I [A+QA TR QAT [ 1
Gle-or S e

Here, we note that the first block row directly holds true by definition of A, in (6.32).
The second block row follows by using the definition of A, and replacing the differ-

ence (Py — R) by application of the DARE (6.31):

0=P A +A TR-—ATP,
=P, A-P.QA (P, —R)— A" "(P, — R)
= P{A—(I+P.QA (P, - R)
=Py A~ (I+PrQ)A™T(ATP (I +QP) " A)
= Py A—(I+PQ)P(I+QPy)'A
= PLA— (P.+ P.QP.)(I+QP,) A
=P, A— P (I+QP)(I+QP,)'A
=P, A—P,A
= ()’

which hence establishes the desired equality in (6.36). Considering the terms involv-
ing ¢ in (6.35), it must hold that

l;—] A= [A ffﬁgﬁ _%—4; T] M : (6.37)

This equality can be verified by using the definition of A_ from (6.33), the DARE
in (6.31), and the same arguments that were applied to establish (6.36). Conse-

quently, both (6.36) and (6.37) hold under the stated conditions, which implies
that (6.35) is satisfied and hence finishes the first part of this proof.

Part II. We now show that all solutions of the Hamiltonian system (6.29) can be
expressed in terms of (6.34) for suitable values of p and ¢. To this end, we prove
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that the parameterized system (6.34) has 2n linearly independent trajectories and
represents the complete set of solutions of (6.29). Define V, = l F{ ] and V_ = [ ]g ]

Jr —
From the first part of this proof, it follows that

HV+ - V+A+7 HV_ - V_A_.

This essentially implies that im(V, ) and im(V_) constitute H-invariant subspaces,
where the eigenvalues of H restricted to im(V) and im(V_) correspond to the eigen-
values of A, and A_ and hence are all stable and anti-stable, respectively. Hence, it
follows that im(V,) N im(V_) = {0}. Therefore, for a given p,q € R, the two tra-
jectories V+Aj+p and VA~ )q are linearly independent, and the dimension of the
linear space of trajectories of the parameterized system (6.34) is given by the sum of
the dimensions n; and nsy of the subspaces of trajectories of (6.34) corresponding to
the cases where p = 0 and ¢ = 0, respectively. Because V, and V_ are full column
rank and the powers of A, and A_ are nonsingular for all j € Ijp n], we have that
ny = n and ny = n. Consequently, the parameterized system (6.34) has 2n linearly
independent solutions, which implies that (6.34) parameterizes the complete set of
solutions of (6.29) and hence concludes this proof. O

Remark 6.5 (Conditions of Propositions 6.1). Propositions 6.1 essentially requires
that the system matriz A is invertible, that the pairs (A, E) and (A,C) are control-
lable and observable, and that the weighting matrices Q) and R are positive definite.
While controllability (with respect to the disturbance input) and positive definiteness
of Q and R are not overly restrictive in the estimation context, the invertibility of
A and observability may limit the applicability in practice. However, we empha-
size that these conditions are only imposed for the sake of clarity, ensuring that
the derived results and implications are easier to interpret. Specifically, they can
be relaxed by avoiding the derivation of the Hamiltonian system (6.29) and instead
consider the extended symplectic Hamiltonian system in descriptor form as done in
[FNO5; FNO7]. Similar conclusions may then be derived by adapting [FNO5, Th. 5],
simply requiring positive semidefiniteness of () and R, controllability of the pair
(A, E), and conditions on the extended symplectic matriz pencil associated with the
system, ensuring that it is reqular and has no generalized eigenvalues on the unit
circle. However, formulating the corresponding results with sufficient technical pre-
cision would require many additional tools and concepts, which would distract from
the main message.

Proposition 6.2. Consider the LTI system in (6.23) under Assumption 6.3 and let
A in (6.23a) be non-singular. Furthermore, consider the quadratic stage cost in
(6.24) and let Q, R > 0. Then, the optimal estimation problem in (6.17) satisfies
the decaying sensitivity condition in Assumption 6.2. More specifically, there exist
constants C' > 0 and A € (0,1) such that the differences defined in (6.28) satisfy

Az ())] + [Ade(5)] + [AANG)] < C (F]Az(0)] + AN Az(N)]) (6.38)

for all j € Iy Ny and any N € D>y, where Ade(j) = Ad(j) for j € Ipn-1 and
Ad.(N) = 0.
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Proof. Consider some N € I, D, xi xt i =1,2 such that the optimal estimation
problem (6.17) is feasible for both sets of parameters (D, i, zt), i = 1,2. Consider

the optimal solutions z;(j) = (n(j, D, xl, at) along with the corresponding adjoints
A7), 7 € Iy, @ = 1,2. Their differences in the states, adjoints, and disturbance
inputs can be characterized by (6.28), which satisfy the Hamiltonian system (6.29)

for all j € I n—1).

Since the conditions of Proposition 6.1 are satisfied, we can alternatively use the
parameterization provided by (6.34) to express the evolution of the differences in
(6.28). Here, we note that because A, and A~! are constant Schur stable matrices
where the eigenvalues of A, coincide with the eigenvalues of AZ!, there exists a
constant C'4 > 0 such that

)

uniformly for all j € I}y nj, where A = Apax(A+) € (0,1) (see, for example, [Per01,
Thm. 2, p. 56], the proof of which can be straightforwardly adapted to the discrete-
time setting considered here). In combination, we thus obtain

’ [A:cu)
AN(j)

v

)

[ P[] ‘ A~ \} < CuN (6.39)

< CaN|p| + CarY g (6.40)

fOI'j c ]I[O,N]‘

We now compute suitable p and ¢ depending on the boundary conditions given by
the initial and terminal constraints in (6.17b) and (6.17c) in terms of the parameters
ri, 2t i = 1,2—implying that Az(0) = 2} — 2}, and Ax(N) = 2t — 8. In particular,
by evaluating (6.34) at j = 0 and j = N, we obtain the following system of linear

equations: N
[AAQ(NO))] N L‘llf 5 1 lﬂ |

This can be solved for p and ¢ by simple matrix inversion. To this end, let M :=
(I—AYAZN)~! (where we note that M is well-defined for any N € I), which leads

to
p=(I+ANMAY)Az(0) — AZNMAz(N),
q=—MAYAz(0) + MAz(N).

Since A, and A~! are Schur stable, there exists a constant ¢ > 0 such that |[M| < ¢
uniformly for all N € I;. In combination with the property in (6.39), there exist
constants C7, Cy > 0 such that

Ipl < C1|Az(0)| + CoAV|Az(N)], (6.41a)
g| < CoAN|AZ(0)] + Cy|Az(N)). (6.41Db)

From (6.40) and (6.41), we hence obtain that

Am(j) j N—j N j N N—j
[A/\<j)H§CA()\]CI+)\ TON )|AZL‘<O)|+OA(/\]CQ)\ + A jC1)|Ax(N)|

< Cu(Cy + C) (M[Az(0)] + AN |Az(N)]) (6.42)
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uniformly for all j € I nj. This establishes the desired bound on the state and ad-
joint differences. It remains to derive a similar bound on the disturbance difference.
Using (6.28c), the optimality condition in (6.26¢), and the dynamics of the adjoint
difference according to (6.29) with (6.30), we have that

[Ad(7)] < 1QT'ETAN + 1))
< |QT'ETAT(|RIIAZ ()] + [AAG)])
< Ca(|Az ()| + AN

for j € Tjon_1], where Cy = |Q'ETA~"|max{|R|,1}. Define the extended dis-
turbance sequence Ad := {Adc(j)}1L, satisfying Ade(j) = Ad(j), j € Tjo,n—1) and
Ade(N) = 0. Hence, we obtain

[Az(5)] + |Ade(5)] + [AAG)] < (1 + Ca)(|Az(G)| + |AA(G)])

[A‘”(j )] ' (6.43)

<V2(1+CY) AAG)

for all j € Ip 7. Using (6.42) in (6.43) and defining C := v/2(1 + Cq)Ca(Cy + C»)
establishes the desired bound in (6.38) for any N € I-;. For the special case of
N =0, the bound in (6.38) trivially holds for the state and disturbance difference
Az(0) and Ad.(0), which implies that Assumption 6.2 holds and hence finishes this
proof. O]

6.2.5. Discussion

From the previous sections, one can see that there are in fact multiple ways to for-
malize the turnpike behavior observed in the motivating example in Section 6.2.1.
Specifically, in Section 6.2.2 we used a dissipativity condition (Assumption 6.1) of
the optimal estimation problem to derive a bound on the number of elements of the
sequence Z* that lie outside an e-neighborhood of the turnpike, compare [GM16; GP-
S18]. This definition is particularly suitable for use in the context of economic model
predictive control (see, for example, [FGM18]), and also has the decisive advantage
that the corresponding sufficient condition (strict dissipativity, see Assumption 6.1)
is a global concept. Unfortunately, the resulting turnpike property (Theorem 6.1)
is rather weak in the sense that it is not possible to infer which elements of the
solution Z* are actually close to the turnpike 2*°, and which are not. However, this
additional information is crucially required in the context of state estimation, as will
be clear in Section 6.3.

In contrast, in Section 6.2.3 we used a decaying sensitivity property (Assumption 6.2)
of the optimal estimation problem and derived an explicit bound on the difference
between the solution 2* and the turnpike z*°, see Theorem 6.2. To infer a global
turnpike property, Assumption 6.2 is required to hold globally as well, that is, for
any two optimal solutions of the NLP in (6.17) involving arbitrary (admissible)
2l 2t € X, i = 1,2. This is naturally satisfied for linear systems under control-
lability and observability, see Section 6.2.4. However, in the context of general

1)
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nonlinear systems, such a global condition is indeed (and unnecessarily) restrictive,
and corresponding results are usually stated in a local sense, that is, for two op-
timal solutions that are sufficiently close to each other. In particular, it is shown
in [SAZ22] that (local) exponentially decaying sensitivity is present under standard
regularity and optimality conditions of the problem (such as a uniform second-order
sufficient condition for optimality and uniform boundedness of the Hessian of the
Lagrangian), which are satisfied under certain local observability and controllability
assumptions, see [SZ21] and compare also [GSS20]. However, using a local version of
Assumption 6.2 would require that the finite-horizon solution z* is already close to
the unknown infinite-horizon solution 2*° in order to apply a local decaying sensitiv-
ity property and deduce turnpike behavior, and consequently allow for local results
only.

In the context of nonlinear optimal control, global turnpike properties featuring an
explicit (exponential or polynomial) time-dependent bound on the difference be-
tween optimal solutions and the turnpike are provided in, e.g., [Dam+14; TZ15;
Tré23; HZ22]. The corresponding results are usually established by combining as-
sumptions of global nature (such as strict dissipativity) with assumptions of local
nature that involve the linearizations of the extremal equations at the turnpike
(an optimal equilibrium), compare [Dam+14; Tré23]. For general nonlinear opti-
mal state estimation problems, establishing a global turnpike property in the sense
of (6.22), for example by combining global strict dissipativity (Assumption 6.1) with
a local version of decaying sensitivity (Assumption 6.2), is an interesting topic for
future work.

In the following, we employ a turnpike characterization that essentially reproduces
the core property from Theorem 6.2 in a global sense, where we retain general KL-
functions to cover arbitrary decay rates.

Definition 6.1 (Turnpike for optimal state estimation). Consider the infinite-horizon
solution 2z of the problem Py (Dy) in (6.9) for some data set Do, associated with
the system (6.1). The optimal estimation problem Py(D) using the truncated data
set D = {D(j)}}Ly with D(j) = Doo(j), j € Ljo,n) exhibits the turnpike property with
respect to z*° if there exists 5 € KL such that 2*(j) = (n(j, D) satisfies

12°(7) = 2 ()] < B(I27(0) = 2=(0)], 4) + BIZ"(N) = 2=(N)|, N —j)  (6.44)

forall j € Tjg Ny, N € Iso, and all possible data D.

In the following section, we use the turnpike property from Definition 6.1 to assess
the performance of MHE and its regret with respect to the benchmark 2*>°. For
practical applications, a reliable indicator for the presence of turnpike behavior
in non-convex optimal state estimation problems is to simply run simulations and
check whether the turnpike property can be observed, compare also the simulation
examples in Section 6.4.

We want to close this section devoted to turnpike in optimal state estimation with
the following remark.
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Remark 6.6 (Approaching and leaving arcs). Note that the finite-horizon problem
Py (D) considers a segment of the data set that underlies the infinite-horizon problem
P (Dw). Specifically, the neglected information involves the fictitious historical data
{Doo(j)};:l_oo and the future data {Doo(j)}5< x4 1, which is why, under the turnpike
property from Definition 6.1, finite-horizon solutions exhibit both a left approaching
arc and a right leaving arc, see Figure 6.1.

6.3. Performance analysis

In online state estimation, one is generally interested in obtaining, at each time
instant ¢ € >, an accurate estimate of the current true (unknown) state z(t). A
natural approach is to simply solve the optimal state estimation problem in (6.4)
based on all available (in particular: causal) historical data D = {D(j)}_, (by
setting N = ¢ in (6.4)). This corresponds to the case of FIE, which can be formalized
using the solution mapping (% defined below (6.8) as follows:

pie(t) = ¢ (t, D), t € Is. (6.45)

However, repeatedly solving P;(D) for the current FIE solution £1°(¢) is generally
infeasible in practice since the problem size continuously grows with time. Instead,
MHE considers the truncated optimal estimation problem Py (D;) using only the
most recent data

Dy = {Dy(j) j’vzo ={D(j) §'=th7 t €y,

where the horizon length N € I is fixed. More precisely, the MHE estimate at the
current time ¢ € I>( can be written as

i’mhe(t) o {CKT(]\C Dt)? te HEN (646)

¢, D), telony.

Such MHE schemes constitute well-established methods for state estimation, which
are increasingly applied in practice, compare Chapter 3. However, assuming that the
underlying optimal estimation problem exhibits the turnpike property in the sense of
Definition 6.1, we know that both the FIE sequence defined by (6.45) and the MHE
sequence defined by (6.46) consist of point estimates of finite-horizon problems that
lie on the leaving arc, see Figure 6.2; hence, MHE and FIE might produce estimates
that are actually far away from the turnpike.

In the following, we employ a novel performance analysis to improve the estimation
results of MHE as follows:

o Reduce the influence of the leaving arc by introducing an artificial delay in the
estimation (Sections 6.3.1 and 6.3.2).

e Reduce the influence of the approaching arc by using a turnpike-based prior
weighting (Section 6.3.3).
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<« '

—00 0 t — 00

Figure 6.2. Sketch of the infinite-horizon solution x> (blue), the current FIE solution
Gi(t, D) (green), and finite-horizon solutions (y(j, Dr), j € lj;_y 5 for different values of
7 € Iy (red dashed).

Our results in this section are based on the assumption that the MHE problems
exhibit the turnpike behavior from Definition 6.1.

Assumption 6.4 (Turnpike). The finite-horizon optimal state estimation problem Py
in (6.4) exhibits the turnpike property in the sense of Definition 6.1.

In the following, for the sake of simplicity we restrict ourselves to horizons N being
a non-negative even number, the set of which we denote by I%,.

6.3.1. A delay improves the estimation results

To avoid the influence of naturally appearing leaving arcs in finite-horizon estimation
problems that underlie MHE as in (6.46), it seems meaningful to introduce a delayed
MHE scheme (dMHE). Specifically, for a fixed delay 0 € Ijgn/o with N € IS, we
define

S(N—=06,Dy), tel

Cf(t_(svD)v teﬂ[&N—l}'

Note that for the special case 6 = 0, OMHE reduces to standard MHE (6.46).
Hence, the parameter ¢ is an additional degree of freedom that constitutes a trade-
off between delaying the estimation results and reducing the influence of the leaving
arc.

Remark 6.7 (0FIE). By replacing N with t and using only the second case in (6.47),
we can similarly define a delayed FIE scheme (0FIE). Consequently, all the following
results and implications derived for S MHE directly carry over to 0 FIE. However, as
MHE is of greater practical importance, we will limit ourselves to it in the remainder
of this chapter.
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Remark 6.8 (Smoothing form of MHE). Considering a fized delay in the estimation
scheme to improve the estimation results is actually quite common in signal process-
ing and filtering theory and refers to fixed-lag smoothing algorithms [CJ11, Ch. 5].
Early results for linear systems can be found in, e.g., [Moo73]; more recent works
address, e.g., robustness against model errors [YZ23] or extensions to certain classes
of nonlinear systems [RP15]. For linear systems with Gaussian noise, fived-lag re-
ceding horizon smoothers are proposed in [SS13; Kim13; KK22]. In this context,
the proposed  MHE scheme can also be interpreted as the (fized-lag) smoothing form
of MHE. Compared to the literature on smoothing algorithms, however, we consider
general nonlinear systems under arbitrary process and measurement noise and pro-
vide performance and regret quarantees with respect to the infinite-horizon optimal
solution using turnpike arguments.

The following result shows that by a suitable choice of the delay 4, the estimated
state sequence (6.47) can be made arbitrarily close to the state sequence of the
omniscient infinite-horizon estimator z>°

Proposition 6.3. Let Assumption 6.4 hold and X be compact. Then, there exists
o € L such that the estimated state sequence of MHE in (6.47) satisfies

|20 (5) — 22 (5)| < 0(6), j € Lsp—gy (6.48)

forallt € 155, 6 € [0, N/2], N € IS, and all possible data Dy

Proof. By compactness of X, there exists C' > 0 such that |x; — 23] < C for all
1,2 € X. The rest of this proof directly follows from the definition of {MHE
in (6.47) and Assumption 6.4. Specifically, for all j € Ij5 y_s5-1), we have that

|27 () — ()]

< |Gj+s (7, ) z(4)]

< B(I¢515(0, D) = 2>(0)], 4) + B¢ 15( + 0, D) — 2%(j + )|, 0)
< B(C,j) + B(C, 5)

< 2p(C,9),

where D(j) = Do(j), j € Ijoj1o)- For j € Iin_s4-4), on the other hand, it follows
that

2770 () — 2% (j))|

< V(N =6, Djvs) — 2())]

< B(CN (0, Djts) —=2*(j +0 — N), N = 0) + B(ICy (N, Djts) — 2(j + 0)],0)
< B(C,N =)+ B(C,9)

<28(C,9),

where D, 5(i) = Doo(i), @ € Ijj15-n,+s. Combining both cases for j € Ij5;_4 and
defining o(s) := 25(C, s), s > 0 yields (6.48), which finishes this proof. O
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Proposition 6.3 provides an estimate on the accuracy of )MHE in the sense of how
close the obtained sequence #%™P¢ is to the benchmark z> on the interval Lis¢—s7-
Since o € L, this difference can be made arbitrarily small by increasing the delay o
(as well as N if needed). This is in line with intuition, as increasing ¢ results in the

state estimates in (6.47) being closer to the turnpike.

In the following, we establish novel performance guarantees for SMHE and analyze
the regret with respect to the infinite-horizon benchmark solution.

6.3.2. Performance estimates for MHE

In this section, we consider the case where the dynamics (6.1a) are subject to additive
disturbances:
flz,u,d) = falx,u) +d (6.49)

with d € D = R". Furthermore, we impose a Lipschitz condition on the nonlinear
functions f, and h on X.

Assumption 6.5 (Lipschitz continuity). The functions f, and h are Lipschitz in
x € X uniformly for all uw € U, i.e., there exist constants L¢, Ly, > 0 such that

| fa(z1,1) — fa(z2,u)| < Le|z1 — 23], (6.50)
|h(z1,u) — h(xe,u)| < Ly — 4 (6.51)

for all x1, x5 € X uniformly for all u e U.

Note that Assumption 6.5 is not restrictive in practice under compactness of X (as
considered in Proposition 6.3).

The dynamics (6.49) ensure one-step controllability with respect to the disturbance
input d; consequently, the estimates #°™h¢(5), j € Ij5¢—s) form a feasible state tra-
jectory of system (6.1), driven by the disturbance input d®™he(5) = #ombe(j 4 1) —
fa(@™(5), u(4)), j € Lj54—s-1)- For the sake of conciseness, we define the combined
sequence 2ombe ag

2mhe(g) = (@), (), G € sgmsony 2O = 8) i= (27(t - 6),0).
(6.52)

We now specify the performance measure. To this end, we denote with ¢;,%, € I3
the time instants defining some interval of interest Iy, ,,;. For a given sequence 2

A

with 2(j) = (2(j), d(j)) satisfying the system dynamics Z(j+1) = f(Z(7), u(j), (Z(]))
for j € Ijo4,), we consider the performance criterion

to—1

T (8) == > L(2(j); d(5)) (6.53)
Jj=t1
with the stage cost L from (6.5). The following result provides a performance
estimate for YMHE, and moreover, can be used to quantify the dynamic regret with
respect to the omniscient infinite-horizon benchmark solution 2.
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Theorem 6.3. Consider the system dynamics (6.49) and the quadratic stage cost
in (6.6). Let Assumptions 6.4 and 6.5 be satisfied. Then, there ezists ¢ € L such
that for any choice of € > 0, the sequence 2°™2 in (6.52) obtained using SMHE for
some arbitrary delay 6 € ljg n/9) and horizon length N € IS satisfies the following
performance estimate: -

1+e¢

Tieraa) (27™) < (1 4 €) Jpey a1 (2%°) + ((t2 = 11)a(9)) (6.54)

for all ty,ty € li54_5), all t € 155, and all possible data D.

Before proving Theorem 6.3, we want to highlight some key properties of the per-
formance estimate (6.54).
Remark 6.9 (Performance of MHE).

1. The performance of SMHE (the sequence 2°™¢) is approzvimately optimal on
the interval I, 4,1 with respect to the infinite-horizon solution 2>, with error
terms that depend on the choices of €, §, and the interval length to — t;.

2. The performance estimate in (6.54) directly yields a bound on the dynamic
regret (i.e., the performance loss) of SMHE with respect to the omniscient
infinite-horizon benchmark solution z*°; in particular, it follows that

Lty — )5 (0)).

compare also Corollary 6.1 and the corresponding discussion below.

J[t1,t2](26mhe) - J[t1,t2](zoo) S 6‘][751,t2](200) +

3. In case of an exponential turnpike property (i.e., Assumption 6.4 holds with
B(s,t) = KsA' in Definition 6.1 for some K > 0 and X\ € (0,1)), the L-
functions o and o in Proposition 6.3 and Theorem 6.3 also exhibit exponential
decay. In this case, the performance of ) MHE converges exponentially to the
performance of the infinite-horizon estimator as ¢ increases. This behavior is
also evident in the numerical example in Section 6.4.

4. The performance estimate (6.54) grows linearly with the size of the performance
interval (i.e., the difference ta =ty —1t1) and tends to infinity if tA approaches
infinity. This property is to be expected (due to the fact that the turnpike is
never exactly reached) and conceptually similar to (non-averaged) performance
results in economic model predictive control, see, for example, [FGM18, Sec. 5]
and [Gril6]. To make meaningful performance estimates in case tx — 00, we
analyze the averaged performance in Corollary 6.2 below.

5. Theorem 6.3 is stated for the practically relevant case of quadratic stage costs
as in (6.6) for ease of presentation, but can easily be extended to more general
cost functions that fulfill a weak triangle inequality.

Proof of Theorem 6.3. Using the definitions from (6.5)—(6.7), the performance cri-
terion evaluated for SMHE reads
to—1

Titr a1 (270) = 37 1d™ ()]G + [y(5) — h(E@™(5), u())[%- (6.55)

Jj=t1
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From the definition of £°™2¢(5) in (6.47) and the fact that f,(2*°(5),u(j)) +d>(j) —
z>®(j 4+ 1) = 0 using (6.49), the square root of the input cost satisfies

@™ ()]

= |27 + 1) = 20 + 1) + fu(2¥ (), u(h)) = fa@(5), u() + d*()o
< 25+ 1) = 2%(j + Dl + Amax(@) L™ (5) — 2 (5)| + 14 (5) | (6.56)
for all j € I}, +,—1), where in the last step we have used the triangle inequality and
Assumption 6.5. Using Proposition 6.3 and the fact that ¢,,%, € Ij5;_5), it follows

that
|20 (5) — 2 (5)] < [2™(5) — 2 (5)] < (), J € Ly 4o (6.57)

where o € L. Hence, from (6.56) we obtain
(g < 14 ()l + (1 + L) Auax (@) (6), J € L a1,

Squaring both sides and using the fact that for any e > 0, it holds that (a + b)? <
(1+€)a® + %bQ for all a,b > 0 then lets us conclude that

1+e

()]G < (L4 Old* ()]G + —— (1 + Le)* Anax(Q)*0(8) (6.58)

for each j € Iy, 4,1 A similar reasoning for the fitting error (where we add
h(z*(j),u(4)) — h(z*(j),u(4)) =0, j € L, t,-1)) yields
ly(5) = R(@™ (), w())|r < |y(5) = ~(x>(5) w(i))| 7 + LnAmax(R)o (8)

for all j € I, 4,—1). By squaring both sides and using the same argument that
allowed us to obtain (6.58), we get

[y(5) = h(@™(7), u())[R < L+ )y(F) — h(@(5), u(h))I%

L2y (R)0(5) (6.59)

+

for all j € I}, 4,—1). The performance criterion (6.55) together with (6.58), (6.59),
and the definition of

7(s) = (14 L) Amax(@Q)* + LiAmax(R)?) 0(5)%,5 > 0
(where we note that o € L) establishes (6.54) and hence finishes this proof. O

To further derive a linear bound on the dynamic regret and an estimate of the
asymptotic averaged performance of IMHE, we first show that Jy, +,)(200) grows at
maximum linearly in the difference to — t;.

Lemma 6.2. Let D and V be compact. There exists A > 0 such that Jy, 1,)(%00) <
A(ty — t1) for any possible data Do .

Proof. Due to D and V being compact, there exist constants Cq, Cr > 0 such that
|d|g, < Cq and |y — h(2,u)|; < Cr for all (2,d,u,y) € X x D x U x R? such that
y — h(2,u) € V. Hence, the claim holds with A = Cq + Ck. O
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The following Corollary from Theorem 6.3 establishes bounded dynamic regret of
OMHE with respect to the benchmark z°°.

Corollary 6.1. Let the conditions of Theorem 6.3 be satisfied. Assume that D and
V are compact. Then, the regret of SMHE can be bounded by

I+e_
T () = (%) < (b2 = 1) €A + )

(6) (6.60)

€

for all ty,ty € Ijsp—s), all t € Iss, and all possible data Dy, where e >0 and o € L
are from Theorem 6.3 and A > 0 is from Lemma 6.2.

We emphasize that the regret bound provided by Corollary 6.1 is linear in the
interval length to — t1, where the slope C(¢,d) = (eA + %6(5)) can be rendered
arbitrarily small by suitable choices of € and §. Again, linear dependency on (t —1;)
is to be expected as the turnpike is never exactly reached, compare Remark 6.9.

The following result establishes an estimate on the averaged performance of {MHE
for the asymptotic case when (o — t1) — 0.

Corollary 6.2. Let the conditions of Theorem 6.3 be satisfied. Assume that D and
V are compact. Then, ) MHE satisfies the averaged performance estimate:

1+€5_(5)

1 1
lim sup -~ Jie, 1y (2"") < lim sup i) (27) +ed +
A

taA—00 taA—00 A €

for all possible data D, where ¢ > 0 and ¢ € L are from Theorem 6.3, A > 0 is
from Lemma 6.2, and ta =ty — ty.

Corollary 6.2 implies that the averaged performance of {MHE is finite (due to the
fact that Jy, 1,)(2>°) can be bounded as Jy, 1,(2>°)/ta < A by Lemma 6.2) and
approximately optimal with respect to the infinite-horizon solution z*>°, with error
terms that can be made arbitrarily small by suitable choices of € and 4.

As we show in the following, in the limit 6 — oo we can even fully recover the
benchmark performance. To this end, we need the following auxiliary lemma.

Lemma 6.3. For any function 0 € L, there exists a continuous function § : (0,00) —
(0,00), strictly decreasing, satisfying limg ,od(s) = 0o and lim, o d(s) = 0, and
such that 0(6(s)) < s* for all s > 0.

Proof. We prove our claim by constructing a suitable function §. To this end, note
that for any 6 € L, there exists a continuous function g : (0, 00) — (0, 00) satisfying
the following properties:

e g(s) is strictly decreasing on (0, c0),
. £1_r>r(1) g(s) = oo and lim g(s) =0,

e g(s) > 0(s) for all s> 0.
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A possible choice is, for example, g(s) = 0(s) + % Since g is strictly decreasing,

it is one-to-one; hence, there exists an inverse g=' : (0,00) — (0,00). Now, define
8(s) = g7'(s?), s > 0. It is easy to see that § is strictly decreasing and satisfies
lsi_r% 6(s) = o0, and lim 6(s) =0 (as g~! does). Moreover, this particular choice of &
implies

0(3(s)) < g(5(s)) < glg™'(s%)) = &
for all s > 0, which yields the desired result and hence finishes this proof. O

This enables the following corollary of Theorem 6.3.

Corollary 6.3. Let the conditions of Theorem 6.3 be satisfied. Assume that D and V
are compact. Furthermore, let the delay & be parameterized in € > 0 with d having
the properties from Lemma 6.3 for 0 = o, where o € L is from Theorem 6.3. Then,
letting € — 0, the averaged regret of  MHE satisfies

X 1 mhe o0
lim sup . (J[tl,t2]<26 : ) — J[tm](z )) =0,
A

tA — 00
e—0

for all possible data Do, where ta =ty — ty.

Proof. Consider the regret bound in (6.60), which applies due to the fact that the
assumptions of Corollary 6.3 are satisfied. As ¢ € L, we can choose § according to
Lemma 6.3 such that 5(d(e)) < €. Consequently, from (6.60) we obtain

3 1 mhne oo 1 + €
lim sup . (J[tl,tQ](z‘s ") — Jiyia) (2 )) <eA+— =+ (1+Ae.  (6.61)

ta—00 A €

Letting € — 0 establishes the desired statement and hence finishes this proof. O]

The construction of the function d(e) employed in Corollary 6.3 establishes a direct
relation between the upper bound on the averaged regret of MHE and the delay 0;
in particular, for the averaged regret approaching zero, we require that § — oo,
while for a larger bound smaller values of § suffice, see (6.61) and recall that §(e) is
strictly decreasing in its argument.

Overall, Proposition 6.3, Theorem 6.3, and Corollaries 6.1-6.3 imply that IMHE
is able to track the solution and the performance of the omniscient infinite-horizon
benchmark estimator. Generally, larger values of § reduce the influence of the leaving
arc and thus improve the performance estimates. Here, the best performance is
achieved for § = N/2, which, on the other hand, introduces a potentially large
delay (depending on the choice of N). However, in the practically relevant case of
exponential turnpike behavior, already small values of § are expected to significantly
reduce the influence of the leaving arc and hence improve the estimation results
compared to standard MHE (without delay), which is also evident in the simulation
examples in Section 6.4.2.

We conclude this section by noting that while it is possible in MPC to design suitable
terminal ingredients that yield finite non-averaged performance for t — oo (see, for
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example, [GP15]), this does not seem to be possible here, as it would imply that we
have certain information about future data in order to exactly reach and stay on
the solution of the acausal infinite-horizon optimal estimation problem.

6.3.3. MHE with prior weighting

It is known that MHE schemes with a cost function as in (6.5) might require rel-
atively large estimation horizons to achieve satisfactory estimation results, com-
pare [RMD20, Sec. 4.3.2]. In order to reduce the required horizon length and enable
faster computations, MHE formulations that leverage an additional prior weighting
are therefore usually preferred in practice, compare also Chapters 3-5. The prior
weighting can generally be seen as additional regularization of the cost function,
ensuring that the initial state #(0) of an estimated sequence & = {&(j)}}_, solving
the problem (6.4) stays in a meaningful region. In view of our turnpike results, a
well-chosen prior weighting hence reduces the influence of the approaching arc and
ensures that solutions of truncated finite-horizon problems can reach the turnpike
in fewer steps.

The prior weighting is usually parameterized by a given prior estimate z € X and
a (possibly time-varying) function I';(x,Z) that is positive definite and uniformly
bounded in the difference |z — Z|. As in previous chapters, we use the definition
N, := min{t, N}, which is convenient as it avoids additional case distinctions. At a
given time t € [, the (time-varying) MHE cost function with prior weighting can
then be formulated as

IR, (Z1, di; Dy, ) = Ty, (24(0), 2(t — Ny)) + I, (24, dy; Dy), (6.62)
with the current decision variables &; = {Z;(j )};V:to and d;, = {d,(j )}évzto_l, the current
data sequence D; = {Dy(j)}1% = {D(j) ‘—+_n,, and where Jy, is from (6.5) with N
replaced by /NV;. At any time ¢t € I>, the current MHE problem to solve is given by
the optimal estimation problem (6.4) with N replaced by N; and the cost function
Jy, from (6.62), which we denote by Py, (Dy, Z;—n,,t). The corresponding solution
(which exists under mild conditions, see Remark 6.2 and compare also Section 3.1) is
described by the sequence 2* = {Z*(j) };Z,, where 2*(j) = (Z*(j), d*(5)), 7 € T n—1)
and Z*(NV;) = (2*(¢t),0). The prior estimate Z(t — IV;) is typically chosen in terms of
a past solution of the problem Py, which introduces a coupling between the MHE
problems. For easier reference, it is therefore convenient to introduce an additional
index, where, e.g., Z/(j), j € Ijon, refers to the element Z*(j) of the solution of
Py, (-, t) computed at time ¢ € I, compare, e.g., Section 3.1.

We first consider the standard MHE case and set the current state estimate 2™h*P(¢)
to the last state of the optimal estimated sequence z}(N;), i.e., 2P (t) := 7} (IN;)
for all t € I5y. In Remark 6.11 below, we again consider an additional delay in the
MHE scheme to reduce the influence of the naturally appearing leaving arc.

A popular choice for the prior weighting is the quadratic cost

Ly(w,7) = |v = Zliye, (6.63)
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where W(t) is a constant or time-varying positive definite weighting matrix that
might be updated using, for example, covariance update laws from nonlinear Kalman
filtering, compare [RRMO03; QHO09; BZD20; Kiith+11]. Given some initial guess
X € X of the true initial condition y, there are two common choices for updating
the prior estimate z(t — NNy): first, the filtering prior

rr v(N), tel
.Zi'(t—Nt): {l;t—N( ) >N

(6.64)
X, t €l n-1]

which corresponds to the state estimate computed N steps in the past, i.e., the last
element of the solution to the problem PX(-,t — N); second, the smoothing prior

Ty, (1), tels

Z(t— N = { ” (6.65)

X t=0,

which refers to the second element of the solution to Py, (-,¢ — 1) computed at the
previous time step t — 1, compare [RMD20, Sec. 4.3.2]. MHE with a smoothing
prior can generally recover faster from poor initial estimates, whereas MHE with a
filtering prior essentially comprises measurements from two time horizons and may
therefore be advantageous in the long term. Notice that we mainly analyze MHE
with the filtering prior in this thesis, as this allows us to derive a contraction of the
estimation error over the horizon (and thus establish robust stability of MHE, see
for example Chapter 3), which is also in line with the most recent literature in this
context, compare, e.g., [Mull7; AR21; KM23; Sch+23; Hu24; Ale25]. In contrast,
the smoothing prior is used, for example, in [ABB08; AG17|, and often serves in
practice-oriented works as a linearization point for computing an improved prior
estimate based on EKF updates, compare, e.g., [Kith+11; BZD20] and see also the
review article [Els+21] for a more detailed discussion on this topic.

However, from our turnpike analysis in Section 6.2, we know that both of these two
choices may in fact be unsuitable if we are interested in approximating the infinite-
horizon optimal performance; the smoothing prior corresponds to an element of a
finite-horizon solution on the approaching arc, and the filtering prior to an element
of the solution on the leaving arc. To counteract this, we propose the following
turnpike prior:

Ty npp(NJ2), t€lsny

(6.66)
X5 t € I n/2—1),

(- V) = {
which corresponds to the middle element of the solution of Py (-,t— N/2) computed
at time ¢ — N/2. This particular choice avoids the influence of the approaching and
leaving arcs (for t € I>x). In fact, we can even show that the prior estimate z(¢ —
N,;) converges to a neighborhood of the turnpike z°° under the following modified
(exponential) turnpike property of the MHE problem Py, .

Assumption 6.6 (Exponential turnpike for MHE with prior weighting). There exist
constants K > 0 and A € (0,1) such that for all N € Isq, the solutions of the
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finite-horizon problem PX(Dy,z,t) and the infinite-horizon problem P (D) satisfy

2 () = 2°(t = N+ 4)] < K (|#7(0) — 2™t = N)|N + | (N) — 2 ()[ AV )
(6.67)

forallj € Tony, t € oy, T € X, and all possible data Do, where Dy = {Dy(j)}}Lo =
Do)}y

Assumption 6.6 essentially states that the infinite-horizon solution 2> serves as
turnpike for MHE problems with prior weighting, compare the discussion in Sec-
tion 6.2.5. Note that such behavior could be observed in all our numerical examples
in Section 6.4.2.

Remark 6.10 (Exponential turnpike). In contrast to Definition 6.1, we impose an
exponential turnpike property in Assumption 6.6, which is crucially required to derive
uniform (exponential) convergence of the turnpike prior (t— Ny) to the turnpike x>
in the following proposition. Note that this is conceptually similar to recent stability
results for nonlinear MHE, which also require exponential detectability (rather than
asymptotic detectability) to establish a linear contraction of the estimation error
over the estimation horizon (and thus derive exponential stability), see Chapter 3
for more details and compare also [AR19b; AR21; Sch+23; Hu24/.

Proposition 6.4. Let Assumption 6.6 hold and the sets X, D, and V be compact.
Suppose there exist constants c1,co > 0 and a > 1 such that

cle —z|* < Ty(z,z) < el — z|* (6.68)

for all x,x € X wuniformly for all t € I>y. Furthermore, assume that there exist
a1, 9, a3 € Koy such that

L(#,d; (u,y)) < ar(|d]) + aa(|y = h(@,u)]), (6.69)
Lie(%; (v, ) < as(ly — h(Z, u)|) (6.70)

foralld € X, d € D, (u,y) € U x RP satisfying y — h(Z,u) € V. Then, there
exists 0 € L such that for any p € (0,1), there exists N € IS, such that the turnpike
prior (6.66) satisfies

|z(t — N/2) —2>(t — N/2)| < p|lz(t — N) —2*(t — N)| + o(N) (6.71)
Jorall N € I and t € Iy

Proof. Consider any ¢ € Isy, the data sequence D, associated with the sys-
tem (6.1), and an arbitrary prior z(t — N) € X. Let Z = {Z/(j)}}L, denote the so-
lution of the problem PX(Dy, z(t— N),t) computed at time ¢, where Dy(j) = Do (),
j € Iy—ny. Furthermore, let Z; = {Z(j)}}., and dr = {J}“(j)};y:_ol denote the opti-
mal state and disturbance sequences contained in Zz;, and consider the solution 2>
of the infinite-horizon problem Py (D). From Assumption 6.6, we obtain

1Z5(j) — 2°(t — N + )| < K|75(0) — 2°°(t — N)|N + KCA\N I (6.72)
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for all j € Ijg 1, where C' > 0 satisfies |z, — 5| < C for all z1, 29 € X (compactness
of X ensures existence of such C'). By the triangle inequality, it follows that

|77(0) — 2™(t = N)| < [77(0) = 2(t = N)[ +[2(t = N) —2=({ = N)|. ~ (6.73)
Using (6.68), the cost function (6.62), and optimality of Z*, it holds that
1|7{(0) — z(t — N)|*
< JN(F7, di; Dy, t)
< & (0 s {4 G2 Do)
< ol (t = N) = 2(t — N)|* + Jy ({2() Y no {d° )2l ni Dist) . (6.74)

The bounds in (6.69) and (6.70), compactness of D and V, and similar arguments
as in the proof of Lemma 6.2 imply the existence of uniform constants A, B > 0
such that Jy ({xoo(j) b N {d®G) YN Dy, ) < AN + B. In combination with

(6.73) and (6.74), this leads to

|7:(0) —2>(t = N)|
<|az>({t—N)—z(t— N)|+ (?W’O(t — N)—z(t— N)|*+
1

1/a AN + B\ Ve
<1 + (@) > |zt — N) —z(t — N)| + <+> ,

1 C1

AN+B>1/“

8]

1/a

where in the last inequality we have used that the function r — r'/¢ is subadditive

for r > 0 and a > 1. Evaluating (6.72) at j = N/2, we can infer that

|2/ (N/2) — 2=°(t — N/2)| < K (1 + (cj)l/a> 25— Ty A2

+K(AN—|—B

1

) A2 4 KONV, (6.75)

For any p € (0,1), there exists N € 1%, such that K (1 + (cy/cy)Y*)AN? < p for all
N € L. 5. Define 0(s) := K((As+B)/c1)/*X*/?, s > 0. Obviously, oy is continuous;
moreover, oy (s) converges to zero for s — oo, since the exponential term dominates
for large enough s. Hence, there exists a function ; € L satisfying oq(s) < a1(s)

for all s > 0. Thus, from (6.75), we can infer that the updated turnpike prior
z(t — N/2) = &;(N/2) satisfies

|Z(t — N/2) — 2% (t — N/2)| < |5(N/2) — 2>(t — N/2)|
< plz(t — N) —2>(t — N)| 4+ 51(N) + KCAV/?

for all t € I,y and N € I¢ ;. Defining o(s) = 51(s) + KCA*/? for s > 0 and noting
that ¢ € L establishes the statement of this proposition and hence concludes this
proof. O]
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The conditions in (6.68)—(6.70) on the prior weighting, stage cost, and terminal cost
are standard (compare, e.g., [RMD20, Ass. 4.22]) and obviously satisfied for the
practically relevant case of quadratic penalties as in (6.6), (6.7), and (6.63). Provided
that the horizon length N is chosen sufficiently large, Proposition 6.4 implies (by
a recursive application of the property in (6.71)) that the turnpike prior z(t — Ny)
defined in (6.66) forms a sequence that exponentially converges to a neighborhood
of the turnpike (i.e., the infinite-horizon solution x*°), which is also evident in the
simulation example in Section 6.4.2. Here, we want to emphasize that the size of this
neighborhood depends on the horizon length N and can in fact be made arbitrarily
small by choosing larger values of N (due to the fact that o € L£).

Overall, a properly selected prior weighting I'; according to Proposition 6.4 ensures
that the initial state Z;(0) of the solution of the MHE problem Py, (-,t) is close to
the turnpike, which hence effectively reduces the approaching arc and allows using
short horizons. However, the natural occurrence of the leaving arc can still cause
the resulting estimate £™°P(¢) = #7(INV) to be again relatively far away from the
turnpike, which could again be reduced by introducing an artificial delay in the
MHE scheme as suggested in Section 6.3.1.

Remark 6.11 (Performance of MHE with prior weighting). For some fized delay
§ € Ijo,ny9, we can define SMHE (with prior weighting) as

#OmbeP(t — §) = §F (N, — 0), t € Iss. (6.76)

Under Assumption 6.6, it is straightforward to show that |#°™heP(5) — 2°°(5)| < o(9)
for all j € 544, t € Iss, with o € L from Proposition 6.3 (which can be easily
modified to this case). As a result, the performance estimates from Theorem 6.3
along with the Corollaries 6.1-6.3 directly carry over to d MHE with prior weight-
ing. Consequently, ) MHE with prior weighting and a suitably selected delay 6 can
recover the accuracy and performance of the infinite-horizon estimator, with shorter
horizons compared to § MHE without prior weighting. Here, we want to emphasize
that this conclusion holds under Assumption 6.6, i.e., for any choice of the prior
estimate x(t — Ny) from (6.64)—(6.66) (in contrast to Proposition 6.4, which is an
exclusive feature of the proposed turnpike prior (6.66)). Our simulation results in
Section 6.4.2 show that already (very) small values of 0 significantly improve the
estimation accuracy.

6.3.4. Offline state estimation

We now want to briefly discuss the case of offline state estimation, which can be
interpreted as a special case of our previous setup. Here, one is interested in match-
ing an a priori given data sequence D = {D(j)}]rzo for some T' € I to the system
equations (6.1) to obtain an estimate of the true unknown state sequence {z(j)};—.
To this end, a natural approach is to simply solve the optimal state estimation prob-
lem in (6.4) with N = T. However, if the data set (in particular, the value of T)
or the underlying model is very large or the computations are limited in terms of
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time or resources, solving the full problem Pr(D) for the optimal solution is usually
difficult (or even impossible) in practice.

Instead, we can construct an approximation of the optimal state sequence corre-
sponding to the solution of the full problem Pr(D) using a sequence of smaller
problems Py of length N € I$, and our results from Section 6.3. Specifically, we
define the approzimate estimator

Cx (4, D), J € Io,nygg
2%(5) = SN (N/2,Djsns2),  J € Iivjogr,r—nya—1) (6.77)
CN(N—=T+43,Dr), j€lip_nsm.

where (% is defined below (6.8) and D; = {D;(j)}}_g = {D(j)},—i_n for i € Iinp
are subsets (or partitions) of the full data set D.

Note that for j € Ijn/211,7—n/2-1], the approximate estimator in (6.77) corresponds
to the OMHE scheme in (6.47) with 6 = N/2. Hence, the accuracy and performance
estimates established in Section 6.3 (i.e, Proposition 6.3, Theorem 6.3, and Corol-
lary 6.1) directly apply with respect to the benchmark 2> (where the underlying
data set D, is a suitable extension of D to the interval I such that the system dy-
namics (6.1) and (6.2) are satisfied for all ¢ € I). Therefore, under Assumption 6.4,
the estimates 2%°(j) are close to the turnpike 2°°(j) for all j € Ijy/2r—n/9. Notice,
however, that the turnpike property imposed in Assumption 6.4 also applies to the
full problem Pr(D), which implies that the corresponding solution is also close to
2> on the interval Ijn/2r_n/o), compare Figure 6.2. Hence, Assumption 6.4 en-
sures that the estimated sequence in (6.77) is approximately optimal on Ijn 27— /2
with respect to the (unknown) desired solution of the full problem Pr(D), compare
Remark 6.9.

Moreover, since the individual finite-horizon estimation problems in (6.77) are com-
pletely decoupled from each other, computing the approximate estimator (6.77) can
be parallelized and hence has the potential to significantly save time and resources.
In other words, the construction in (6.77) can be considered as a distributed com-
putation of the optimal solution Pr(D) with negligible error (provided that N is
large enough), which can also be seen in the simulation example in Section 6.4.1.
This is practically relevant for, e.g., large data assimilation problems that appear
in geophysics and environmental sciences [ABN16; Car+18], but also more general

in the context of robust optimization for data-driven decision making, compare,
e.g., [Moh+18; MK17].

Remark 6.12 (Reduced computations). We can easily generalize our results by con-
structing the approximate estimator ¢ by concatenating subsequences of the so-
lutions of the truncated problems. Specifically, from each solution (n(j,D;), in-
stead of using only the single element at j = N/2 as in (6.77), we take all the
elements corresponding to j € lina—a nj2+a] for some A € Tjgny.  This con-
struction allows for qualitatively similar performance results as in Theorem 6.3
and Corollary 6.1, albeit with slightly worse bounds depending on the length of the
subsequences (i.e., A). However, this approach can greatly reduce the number of
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problems to be solved. In particular, assuming that there exists k € I such that
T,N,A satisfy T = N + (k+ 1)(2A + 1), our modified construction requires solving
Ka:=k+2= ggﬁ + 1 truncated problems. For the special case of A =0 (i.e., the
approzimate estimator (6.77) ), it follows that Kn =T — N +1, which is quite large if
T is large. However, increasing the value of A significantly reduces the value of Ka
(as K s proportional to 1/A). In fact, our simulation example in Section 6.4.1
shows that it is sufficient to select A relatively close to N/2 such that only the first
(resp. last) few elements on the approaching (resp. leaving) arc of the truncated

solutions are discarded, which significantly reduces the number of problems to solve.

6.3.5. Good performance implies accurate state estimates

So far, we have investigated how close the solutions of finite-horizon state estimation
problems are to the infinite-horizon solution. In practice, however, one is usually in-
terested in the accuracy of the estimation results with respect to the real (unknown)
system trajectory. In this section, we draw a direct link between the performance
of a state estimator (measured by the criterion in (6.53)) and its accuracy (in terms
of the estimation error). To this end, a detectability condition is required to ensure
that the collected measurement data contains sufficient information about the real
unknown state trajectory, where we again consider the notion of i-IOSS.

Assumption 6.7 (Exponential i-I0SS). The system (6.1) is exponentially i-10SS,
i.e., there exists a continuous function U : X x X — Rsq together with matrices
P, P,Q,R =0 and a constant n € (0,1) such that

|21 — @2|p < Ulay,22) < |2y — 223, (6.78a)
U(f<x17 U, d2)7 f(l'g, U, d?))
<nU(xy,x9) + |dy — d2|2Q + |h(21, 1) — h(xg,u)|% (6.78Db)

for all (x1,u,dy), (xe,u,dy) € X xU x D.

Assumption (6.7) is a Lyapunov function characterization of exponential i-IOSS,
which became a standard detectability condition in the context of MHE in recent
years, see, e.g., [RMD20; AR21; KM23; Sch+23; Hu24]. For further details on
i-IOSS and its use as a notion of nonlinear detectability, we refer to Chapter 2. We
want to emphasize that Assumption 6.7 is not restrictive in the state estimation
context; in fact, by adapting the results from [ART21; KM23], it is indeed necessary
and sufficient for the existence of robustly (exponentially) stable state estimators.
Moreover, Assumption 6.7 can be verified using LMIs, see Section 7.1.

Given a sequence & = {2(j)}i—y, t € I>o produced by some state estimator, the

following result establishes a bound with respect to the true state estimates x(j) for
J € Ijpy in terms of its performance.

Proposition 6.5. Suppose Assumption 6.7 holds. Consider the performance mea-
sure (6.5) for some t1,ty € Is¢ and the quadratic stage cost (6.6) for some Q, R > 0.
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Then, there exist C1,Cy, Cs > 0 such that

|2(r) — x(7)[*
< Cop " fi(t) — e(0)]” + Co_max {|d()P [0()*} + CaTp ) (3)  (6.79)

jeﬂ[tlﬁ—l]

for all 7 € Iy, 4y, all initial conditions x,x € X, and all input and disturbance
sequences u € U™, d, de D>, and v € V*>°, wheren € (0,1) is from Assumption 6.7
and

w(r+1) = f(a(r), u(r), d(r)), B(r+1) = f(@(r),u(r),d(r)),
z(0) = x, 2(0) = X,
y(r) = h(z(r),u(r)) + v(7), 2(r) = (2(r),d(7))

for all T € Isg.

Proof. Without loss of generality, we can assume that the matrices ) and R used
in the stage cost (6.6) are the same matrices as those in (6.78b). (In fact, for any
positive definite weighting matrices () and R, the i-IOSS Lyapunov function U from
Assumption 6.7 can be suitably scaled such that (6.78b) holds with that choice of
() and R.) As the sequences x and & form trajectories of the i-IOSS system (6.1),
we can apply Assumption 6.7 to evaluate their difference. Specifically, using the
dissipation inequality (6.78b), the fact that |a — b3 < 2|al%, + 2|b|% for any real
vectors a,b and matrix H > 0 by Cauchy-Schwarz and Young’s inequality, and the
definition of the performance criterion in (6.53), we can infer that

U(&(7), z(7))

+ 1@ (7 = 5), u(r = §)) = hla(r = 5),u(r = ))[})

T—11

<0 (@(t), @) +2 30 P (ldlr = DG + o = )lR)
¥ 22 7 (1407 = DB+ ly(r — §) = Rl — ), ulr — )
< ThU(E(h), 2 (h)) + 22 7 (1 = )G+ (T = DIR) + 2T 0 (2)-

The fact that a + b < max{2a,2b} for all a,b > 0 together with the convergence
property of the geometric series leads to

S (= DB+ ol — ) € o max (PGP,

j=1 1 - 1 J€lty r—1)
where C' := max{A\pax(Q), Amax(R)}. Using (6.78a), we obtain (6.79) with C} =
Amax (P)/Amin(P), Cy = 4C/(Amin(P)(1 — 1)), and C3 = 2/Anin(P), which finishes
this proof. O
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Proposition 6.5 draws a direct link between the performance of an estimator (mea-
sured by the criterion in (6.53)) and the corresponding state estimation error. In
particular, for large 7, the error is upper bounded by the performance Jy, ;,) and the
maximum of the disturbances d(j),v(j), 7 € Iy, -1 that affected the past system
behavior and associated measurement data. Hence, if the disturbances are small,
we directly have that good performance (small values of Jy, 4,1) implies accurate es-
timation results (small errors |(7) — x(7)|). Consequently, it is indeed advisable to
design estimators that achieve good performance in the sense of the criterion Ji, 4,).

We want to emphasize that Proposition 6.5 and its implications apply for any state
estimator/observer design. However, as the performance criterion appearing in the
estimation error bound in (6.79) constitutes a part of the cost function used in the
infinite-horizon problem P.,, the corresponding solution z* provides a compara-
tively small bound for the estimation accuracy for all 7 € I, 4, for any t1,t; € I.
Under the turnpike condition from Assumption 6.4, we know that YMHE along with
a suitably selected delay 0 achieves nearly the same performance as the benchmark
2% on any interval I}, ;,) C 5,4 for all ¢ € I5, and is hence expected to be simi-
larly accurate (note that this conclusion also applies to SMHE with prior weighting
under Assumption 6.6). This highly useful feature of MHE can also be seen in all
our simulation examples in Section 6.4.

6.4. Numerical examples

We now illustrate our theoretical results presented in Section 6.3. The following sim-
ulations were performed on a standard laptop in MATLAB using CasADi [And+18§]
and the NLP solver IPOPT [WBO05].

In Section 6.4.1, we first consider the offline estimation case by means of a nonlinear
batch reactor model and a linear system with more than 100 states. Our simula-
tions show that the proposed estimator (6.77) along with the modifications from
Remark 6.12 approximates the optimal (full) solution with negligible error, which
is particularly important in practice when the desired solution of the full problem
cannot be computed due to the size of the problem and common iterative solu-
tions (such as those provided by the Kalman filter and corresponding smoothing
algorithms) are not sufficiently accurate.

Then, in Section 6.4.2, we consider the online estimation case and particularly focus
on MHE with prior weighting, which we investigate using two realistic examples
from the literature: a continuous stirred-tank reactor and a highly nonlinear 12-state
quadrotor model. In both examples, we can observe the turnpike behavior being
present in MHE problems with prior weighting. Our main observation is that already
a small delay in the MHE scheme (one to three steps) reduces the overall estimation
error with respect to the true unknown system state by 20-25 %.
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6.4.1. Offline estimation
Batch reactor example

We consider the following dynamical system

.Z'l+ =x + tA(—Zk'll’% -+ 2]€2$2) + up + dl,
ZL’;_ = X9 —+ tA(k’ll'% — kZQZL'Q) + U2 + dg, (680)
Yy=x1+ 22+,

with parameters k; = 0.16, ky = 0.0064, and tAo = 0.1. This corresponds to the
chemical reaction example from Section 3.4.1 under Euler discretization and with
additional controls u € R?, process disturbances d € R?, and measurement noise v €
R. We consider a given data set D = {D(j)}/_, = {(u(t),y(t))}]-, with T" = 400,
where the process started at 2(0) = y = [3,0]", was subject to uniformly distributed
random disturbances and noise satisfying d(t) € {d € R* : |d;] < 0.05,7 = 1,2} and
v(t) € {v € R: |[v] <05}, ¢t € g, and where the input u(t) was used to
periodically empty and refill the reactor such that z(t + 1) = [3,0]" + d(t) for all
t = 50i with i € II; 7 and u(t) = 0 for all ¢ # 50i. To reconstruct the unknown state
trajectory {z(t)}L,, we consider the cost function (6.5)—(6.7) and select Q = I, and
R = S = 1. In the following, we compare the performance and accuracy of the
optimal solution Z* of the full problem Pr(D), the proposed approximate estimator
(AE) 2% from (6.77), and standard MHE 2™b¢ from (6.46) for different choices of
the horizon length V.

From Figure 6.3, for small horizons (N = 40) we observe that the AE achieves
significantly worse performance compared to the solution of the full problem (and
MHE). This can be attributed to the problem length N being too small, leading
to the fact that the estimates contained in Z?¢ correspond to solutions of truncated
problems that are far away from the turnpike, compare also the motivating exam-
ple in Section 6.2.1, particularly Figure 6.1 for small values of N. For increasing
values of N, the estimates are getting closer to the turnpike, and the performance
improves significantly. Specifically, we see exponential convergence to the optimal
performance. This could be expected since the system is exponentially detectable
[Sch+4-23, Sec. V.A] and controllable with respect to the input d, which suggests that
the turnpike property specializes to an exponential one and hence renders the third
statement of Remark 6.9 valid. Overall, a problem length of N = 130 is sufficient to
achieve nearly optimal performance. The MHE sequence ™", on the other hand,
generally yields worse performance than the AE (for N > 70). This is completely
in line with our theory, because 2™ is a concatenation of solutions of truncated
problems that are on the right leaving arc and hence may be far from the turnpike,
see the discussion below (6.46).

To assess the accuracy of the estimated state sequence with respect to the real
unknown system trajectory x, we compare the SSE of the full solution z*, the AE
2%, and MHE 2™be for different sizes N of the truncated problems, accumulated over
the interval Ijg 77. The corresponding results in Table 6.1 show qualitatively the same
behavior as in the previous performance analysis. In particular, the full solution
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Figure 6.3. Performance Jip 1 of the AE 3¢ (cyan) and MHE #mhe (ved) for different
lengths N of the problem Py compared to the performance of the full solution #* (green).

Table 6.1. SSE for the proposed AE and MHE.

Problem length N AE MHE
40 36.598 (+73.5%) 27.197 (+28.9%)
70 24.265 (+15.0%) 24.311 (+15.2%)
100 21.708 (+2.9%) 23.986 (+13.7%)
130 21.320 (+1.0%) 23.341 (+10.6%)
160 21.176 (+0.4%) 23.325 (+10.5%)

Values in parentheses indicate the relative increase in the SSE compared to the full solution
x* (which achieves SSE=21.1).

yields the most accurate estimates with the lowest SSE. The proposed AE yields
much higher SSE for small horizons (SSE increase of 73.5 % for N = 40 compared to
the full solution), but improves very fast as N increases, and exponentially converges
to the SSE of the full solution. On the other hand, the SSE of MHE improves much
slower, and is particularly much worse than that of the full solution and the proposed
AE (for N > 70).

Large estimation problems

We illustrate the potential of the proposed AE for large estimation problems where
the computation of the full solution is either time-consuming or simply impossible.
To this end, we consider the LTI system

z(t + 1) = Az(t) + Bu(t) + d(t),
y(t) = Cu(t) + v(t),
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Table 6.2. Simulation results for the full solution (full), the proposed approximate esti-
mator (AE), the fixed-interval smoother (FIS), and the Kalman filter (KF).

n D Estimator Jjo,11 SSE 7 [s]
30 10 full 12.91 40.81 9.914
30 10 AE 12.93 40.83 0.828
30 10 FIS 15.62 53.04 0.536
30 10 KF 4513.66 69.02 0.113
60 20 full 16.30 51.91 37.648
60 20 AE 16.31 51.91 2.849
60 20 FIS 19.02 66.80 1.608
60 20 KF 4021.66 94.68 0.354
120 40 AE 21.03 84.52 11.456
120 40 FIS 29.21 148.49 4.756
120 40 KF 18403.92 202.58 0.960

where the matrices A, B, C' correspond to a randomly selected stable system (com-
puted using the drss command of MATLAB) with m = 30 inputs, n € {30, 60,120}
states and p € {10, 20,40} outputs. We consider a batch of measured input-output
data D = {D(t)}], with T = 4803, where the system was subject to z(0) = x = 0,
a known sinusoidal input sequence u, and unknown process disturbance d and mea-
surement noise v; here, each element of d(¢) was drawn from a uniform distribution
over [—0.01,0.01] superimposed with a deterministic sinusoidal function of time
with a magnitude of 0.01 that may represent unmodeled nonlinear dynamics, and
each element of v(t) was drawn from a uniform distribution over [—0.1,0.1]. For
reconstructing the unknown state sequence z, we consider the quadratic cost func-
tion (6.5)-(6.7) and select @ = I,,, R = S = I,. In the following, we compare the
full solution of the problem Pr(D) with the AE (6.77), where we rely on the modi-
fications from Remark 6.12 and select k = 32, N = 150, A = 70 (this modification
reduces the number of truncated problems to be solved from K = 4654 for A =0
to merely Ka = 34, i.e., by more than 99 %). The full and truncated optimal esti-
mation problems can be cast as unconstrained quadratic programs (QPs), which we
solve using the quadprog implementation of MATLAB. The truncated QPs for the
AE are additionally solved in parallel using the Parallel Computing Toolbox. For
comparison reasons, we also consider the Kalman filter (KF) using the covariance
matrices Q! and R™!, where the initial estimate 2*/(0) is drawn from an isotropic
normal distribution with zero mean and identity covariance matrix I,,, and the ini-
tial covariance is chosen as pkf(()) = [,. Moreover, we consider the fixed-interval
smoother (FIS) considering the entire batch of measurements, which provides the
best possible estimates in the context of KF-related smoothing algorithms, see [CJ11,
Ch. 5] for further details and a description of the corresponding algorithm.

Table 6.2 shows the estimation results in terms of the performance index Jp g,
accuracy (SSE), and total computation time 7y, for different system dimensions.
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For n € {30,60}, we observe that the performance Jj ] and the SSE of the full
solution and the AE are nearly identical. However, the AE can be computed more
than 10 times faster than the full solution (saving more than 90 % of the computation
time) due to a (much) smaller problem size and the fact that the truncated problems
are solved in parallel. For n = 120, it was already impossible to numerically solve the
full problem Pr(D) due to the problem size (in contrast to the AE). For all system
realizations, the KF is much faster, as expected (because the QPs are replaced by
simple matrix computations), however, performs much worse than the AE (both
in terms of Jjo ) and SSE), which is mainly due to the fact that only past data is
used to compute the corresponding estimates. In contrast, the FIS combines the
KF forward recursion with a backward recursion so that each estimate is computed
based on the entire batch of data, which requires more computations but provides
improved estimates compared to the KF; however, the performance and accuracy
are still worse compared to the AE due to the fact that the considered disturbance
and noise distributions violate the conditions for the FIS to be optimal.

This example shows that the modifications from Remark 6.12 are very effective
for computing the AE in practice. Specifically, to recover the performance and
accuracy of the full solution, it suffices to choose A close to N/2 such that only the
first and last few elements of the truncated solutions (which lie on the approaching
and leaving arcs) are discarded. Overall, it turns out that the AE approximates
the full solution with negligible error, which is particularly important in practice
when the full problem Pr(D) cannot be solved due to the size or complexity of the
problem and iterative solutions such as the KF and related smoothing algorithms
are not sufficiently accurate.

6.4.2. Online estimation
Continuous stirred-tank reactor

We consider the continuous stirred-tank reactor (CSTR) from [RMD20, Example
1.11], where an irreversible, first order reaction A — B occurs in the liquid phase
and the reactor temperature is regulated with external cooling, see also [PR03] for
more details. The continuous-time nonlinear state-space model is given by

de _ Fo(eo —¢) —koe <_E)
dt  7r2h 0 exp RT “

i F(Ty—T) —AH (—E) o7

@ k "N ey 2T -1,
at - t o, Reexe{gp et e )
dh By F

dat w2

where the states are ¢ (the molar concentration of species A), T (the reactor tem-
perature), and A (the level of the tank), and the control inputs are T, (the coolant
liquid temperature) and F' (the outlet flowrate). The model parameters are taken
from [RMD20, Example 1.11]. The open-loop stable steady-state solution is z* =
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[0.878,323.5,0.659] " associated with the input u* = [300,0.1]"T. By using Runge-
Kutta discretization (RK4) with sampling time to = 0.25, we obtain the discrete-
time model

w(t+1) = f(x(t), u(t),dt) = fa(z(t), u(t)) + d(t),
y(t) = h(z(t),ut) +v(t) = [0 1 0] () +v(t),

where we define z(t) = [c(t), T(t), h(t)]" and u(t) = [T.(t), F(t)]", assume that only
the temperature of the reactor 7' can be measured, and consider additional process
disturbance d(t) € R? and measurement noise v(t) € R. The real system is initialized
with z(0) = x = [0.8,295,0.7]". In the following, we consider the simulation time
T, = 200 and apply an open-loop control sequence u with uy(t) = u3® for t € Iz
and wuy (t) as a trapezoidal input sequence with plateaus at u$® and u$® — 25. During
the simulations, we sample the disturbances d(t) and v(¢) from uniform distributions
over {d € R? : |dy| < 5-1073|dy] < 1,]d3] < 5-1072} and {v € R : |v| < 3}.
Figure 6.4 depicts exemplary state trajectories of the reactor for the given setup
under random disturbances and noise.

To estimate the true unknown state z(¢) from the measured input-output data on-
line, we design different MHE schemes that rely on the cost function (6.62) with
the horizon length N = 10 and quadratic costs (6.6) and (6.7), where we select the
weighting matrices @ = diag(103,1,10°) and R = S = 1. Moreover, we consider the
initial guess ¥ = [0.97,268,0.59] " and use a quadratic prior weighting (6.63) with
time-varying matrix W (t), ¢t € I, initialized with 7 (0) = 1072I3 and updated
using the well-known covariance formulas of the EKF. In the optimal estimation
problems, we also impose the state constraints X = [0.5, 1.5] x [200, 400] x [0.5, 1.5],
but we consider the disturbance sets to be unknown and use D = R3 and V € R. In
the following, we compare MHE with filtering prior (6.64), smoothing prior (6.65),
and turnpike prior (6.66) and additionally consider the infinite-horizon estimator
(IHE), which we approximate by solving the clairvoyant FIE problem using all sim-
ulation data D = {D(t)}/2,.

From Figure 6.5, we can observe that all MHE problems (for all priors) exhibit the
turnpike behavior with respect to the infinite-horizon solution, with clear approach-
ing and leaving arcs, which is a strong indicator that Assumption 6.6 holds true. We
additionally compare the standard MHE schemes (without delay) with dMHE (6.76)
using the turnpike prior, where we consider 6 = 1 and § = N/2. From Figure 6.6, we
see that the standard MHE schemes yield very similar estimation results in terms of
the difference to the IHE (for all priors), that OMHE with § = 1 provides estimates
that are much closer to the THE, and that MHE with 6 = N/2 (which corresponds
to the turnpike prior (6.66)) converges into a (small) neighborhood of the IHE, which
nicely illustrates Proposition 6.4.

We consider 100 different simulations with random disturbances and randomly se-
lected initial estimates y that are sampled from a uniform distribution over the
interval centered at x with a relative deviation of 25% for each state. Figure 6.7
indicates that the standard MHE schemes are again very similar in terms of their
SSE (for all priors), significantly outperformed by dMHE for § = 1 (which yields a
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Figure 6.4. CSTR: Exemplary state trajectories under random disturbances and noise for
the initial condition y and the given control profile for the coolant temperature T.. The
gray dots represent noisy measurements of the reactor temperature 7T'.

reduction in the SSE by 20 %). Moreover, we observe that the SSE of SMHE with
d = N/2 is very close to that of the THE.

Overall, this example nicely illustrates the developed theory. In particular, it shows
that MHE problems with prior weighting exhibit the turnpike behavior with respect
to the IHE (Assumption 6.6), with a potentially strong leaving arc, compare Fig-
ure 6.5. This motivates to incorporate an artificial delay in the estimation scheme
in order to reduce the influence of the leaving arc. Surprisingly, already a one-step
delay is sufficient to significantly reduce the influence of the leaving arc such that
OMHE tracks the performance and accuracy of the IHE with small error, compare
Figure 6.6 and Figure 6.7.

Quadrotor

We consider the quadrotor example from Section 3.4.2 and briefly recall the overall
model. By Z we denote the stationary inertial system with its vertical component
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Figure 6.5. CSTR: Finite-horizon solutions #7(j) compared to z°°(t— N +j), j € Ijg n} for
t € lj130,180] using the filtering prior (blue), smoothing prior (black), and turnpike prior
(red); highlighted are particular solutions obtained at ¢t = 149 and ¢ = 169.
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Figure 6.6. CSTR: Distance between state estimates using different MHE schemes and
the THE. Dots indicate values at time ¢, lines indicate the moving average over a sliding
window of size N + 1.



6. Turnpike analysis and performance guarantees

197

+ + +
4 T 1
31 | ! |
| | | +
- 1
NS 2.5 [~ T T : | i
= | | | | | |
e 1 0 s | |
N |
2 + + + T
|
| T
e |
1
15k i —
1 1 1 1 T T
a W 5 T a ¢
A $
B w\‘&

Figure 6.7. CSTR: Boxplot of the SSE for MHE using the filtering prior, the smoothing
prior, and the turnpike prior, OMHE using the turnpike prior for § =1 and § = N/2 =5,
and the IHE over 100 different simulations with random disturbance/noise and randomly

selected initial priors.

pointing into the Earth, where the position and velocity of the quadrotor are rep-
resented by z = [21, 20, 23] T and s = [sq, 89, 53] T, respectively. By B we refer to the
body-fixed frame attached to the quadrotor, with the third component pointing in
the opposite direction of thrust generation. The attitude of B with respect to Z is
described by a rotation matrix R (using zyz-convention), which involves the roll,
pitch, and yaw angle of the quadrotor that we denote by £ = [¢,0,%]". The angu-
lar velocity of the quadrotor in B with respect to Z is given by Q = [Q1, 0, Q3] .

Assuming a wind-free environment, the overall dynamics can be described as

zZ =3,

£=T(©9,

ms$ = mgez — TR(§)es — R(£) B,
JQ = —Q%JQ + 1 — DQ,

where ez = [0,0,1]7 and (-)* refers to the skew symmetric matrix associated with
the cross product such that ©*v = u x v for any u,v € R?. The thrust 7' € R and
the torque 7 € R? are generated by the velocities w; of the four rotors via

cr
T W |0
| | ler
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and the matrix ' is defined as

1 singtanf cos¢tan6

r'¢) =10 cos ¢ —sing |,
0 sin¢secf cos@psect

see [Kai+17; NS19] for further details regarding the model and its derivation. The
parameters are chosen as m = 1.9, J = diag(5.9,5.9,10.7) - 1073, ¢ = 9.8, [ = 0.25,
cr=107% ¢ =105 B =1.14-¢}, and D = 0.0297 - eze; .

The overall model has the states z = [27,£7,57,QT]T € R!2 and the inputs u =
(w1, ws, w3, ws]" € RY Using Euler-discretization and the sampling time to = 0.05,
we obtain the discrete-time model

w(t+1) = f(a(t), ult),d(t) = fula(t),ut)) + d(t),
y(t) = h(z(t), ult) + v(t) = [Is Ogxs| x(t) +v(t),

where we consider additional process disturbances d(t) € R'? and assume that only
measurements of the position z(t) and orientation &(t) are available, subject to the
measurement noise v(t) € R In the simulations, the disturbance d(t) and noise
v(t) are uniformly distributed random variables sampled from the sets {d € R!? :
|di] <2-1072,i=1,2,3, |d;] <2-107%,i =4,5,6, |d;| <2-1073,:1=7,8,9, |d;| <
2-107%¢=10,11,12} and {v € RO : |v] < 2-107 0 =1,2,3, |u;| <5-107%i =
4,5,6}. We consider the simulation time 75 = 1000 and a given open-loop control
input sequence {u(t) tTio, which moves the quadrotor spirally upwards, see Figure 6.8
for an exemplary trajectory under a specific disturbance realization.

To estimate the unknown state z(t), we consider the cost function (6.62) with the
horizon length N = 30 and quadratic costs (6.6) and (6.7), where we select Q =
diag(10%13,10%13,10313,10513) and R = S = diag(10'/3,10%13). Moreover, we use
the quadratic prior weighting (6.63), where the weighting matrix W (t) is initialized
with W(0) = 1012 and updated using the EKF covariance formulas for all ¢ €
I-y. We consider the case where no additional information about the domains of
the states and disturbances is available and use X = R!?2, D = R'?2, Y = RS
in (6.4c)—(6.4e). In the following, we examine 100 different simulations with random
disturbances, where we additionally sample the initial estimate y from a uniform
distribution over the set Xy = {z : || < 1,|&| < 7/16,i = 1,2,3, v = 0, Q = 0}.
We compare standard MHE with filtering prior (6.64), smoothing prior (6.65), and
turnpike prior (6.66), OMHE (6.76) with turnpike-based prior weighting and 6 = 1,
d =3, and § = N/2, and the THE (which we approximate by solving the clairvoyant
FIE problem using all simulation data D = {D(t)},).

From Figure 6.9, we observe that the MHE schemes with filtering and turnpike prior
perform quite similarly. The fact that MHE with smoothing prior is slightly worse
can be attributed to the fact that the movement of the quadrotor is rather slow
compared to the sampling time, while the horizon length N = 30 is also rather
small. In such setting, MHE with filtering or turnpike prior proves beneficial, as
this essentially considers measurements from a larger estimation window, compare
the discussion below (6.65). For OMHE, we can observe a reduction of the SSE of
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Figure 6.8. Quadrotor: Exemplary 3D trajectory for one specific disturbance realization;
comparison of the true trajectory (red), measurements (gray dots), MHE with filtering
prior (blue), and SMHE for 6 = N/2 = 15 (cyan).

approximately 10 % for 6 = 1, of 25 % for § = 3, and of by 50 % for 6 = N/2, which
is also close the SSE of the THE.

To conclude, this example illustrates that the developed theory is also applicable to
more complex and realistic systems from the literature. In particular, it again shows
that using the proposed {MHE scheme with a small delay ¢ can already significantly
improve the estimation performance in practice.

6.5. Summary

In this chapter, we investigated the turnpike phenomenon in optimal state esti-
mation problems and developed novel accuracy and performance guarantees for
optimization-based state estimation techniques, in particular MHE.

First, we showed that the solution of the (acausal) infinite-horizon optimal estima-
tion problem involving all past and future data serves as a turnpike for finite-horizon
problems that form the core of MHE and FIE. We considered different mathematical
characterizations of this phenomenon and provided sufficient conditions that involve
strict dissipativity and decaying sensitivity. Moreover, for the linear quadratic set-
ting, we showed that decaying sensitivity is naturally present under controllability
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Figure 6.9. Quadrotor: Boxplot of the SSE for MHE using the filtering prior, the smooth-
ing prior, and the turnpike prior, {MHE using the turnpike prior for 6 = 1, § = 3, and
0 = N/2 =15, and the THE over 100 different simulations with random disturbance /noise
and randomly selected initial priors.

and observability using standard arguments from optimal control theory.

From our turnpike analysis, we found that MHE problems generally exhibit both
a leaving and an approaching arc that can in fact have a potentially strong nega-
tive impact on the overall estimation accuracy. To counteract the leaving arc, we
suggested using an artificial delay in the MHE scheme, and we showed that the
resulting performance (both averaged and non-averaged) is approximately optimal
and yields bounded regret with respect to the infinite-horizon solution, with error
terms that can be made arbitrarily small by an appropriate choice of the delay.
Regardless of using a delay in the estimation, we proposed a novel turnpike prior
for MHE formulations with prior weighting, effectively counteracting the approach-
ing arc and proven to be a valid alternative to the classical options (such as the
filtering or smoothing prior) with superior theoretical properties. An interesting
topic for future work is to analyze the turnpike prior with respect to the gradient
condition proposed in [BZD20] to better understand and, if possible, further reduce
the influence of the approaching arc.

In our simulations, we found that MHE with the proposed turnpike prior performs
comparably well to MHE with filtering or smoothing priors, while the delay resulted
in a significant improvement of the estimation results. In particular, considering a
continuously stirred tank reactor example and a highly nonlinear quadrotor model
from the literature, we observed the turnpike phenomenon and found that a delay
of one to three steps improved the overall estimation error by 20-25 % compared to
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standard MHE (without delay). For offline estimation, the proposed delayed MHE
scheme has proven to be a useful alternative to established iterative filtering and
smoothing methods, significantly outperforming them especially in the presence of
non-normally distributed noise.

Our performance results are particularly relevant for applications where a small
delay in the online estimation can be tolerated, which is especially the case for
system monitoring, fault detection or parameter estimation. An interesting topic
for future work is the combination of the delayed MHE scheme with state feedback
control, and in particular the investigation of whether the delay in the closed loop is
worthwhile for significantly better estimation results, see also Chapter 8 for further
details.






7. Verification methods

In this chapter, we focus on the numerical verification of detectability (in terms of
i-I0SS) and PE properties for general nonlinear systems. Here, we rely on various
tools to reformulate the corresponding mathematical conditions in the form of LMIs
that can be efficiently solved using SDP. This is an important contribution in itself,
since such properties play a central role in any estimator or observer design in the
respective stability and robustness analysis, but practical tools to actually verify
them are lacking. In the context of the MHE schemes developed and analyzed in
this thesis, however, this becomes even more important, as the detectability and
excitation properties need to be known beforehand (or verified online) in order to
design and implement the corresponding MHE cost functions in the first place. In
Section 7.1, we focus on the computation of i-IOSS and i-iIOSS Lyapunov functions,
while in Section 7.2 we show how certain PE conditions can be verified by evaluating
a suitably constructed observability metrics.

Disclosure: The following chapter is based upon and in parts literally taken from our
previous publications [Sch+23, Sec. IV] and [SM24b; SM23b; SM23a]. A detailed
description of the contributions of each author is given in Appendix A.

7.1. Nonlinear detectability

In the following section, we provide a constructive and systematic approach to com-
pute i-IOSS and i-iIOSS Lyapunov functions for discrete- and continuous-time sys-
tems, respectively. We again want to emphasize that the lack of such a method in the
literature was generally considered a major problem in [AR21], as i-IOSS became a
standard detectability assumption in the recent nonlinear MHE literature, see, e.g.,
[Mill7; AR19b; RMD20; Hu24; KM23; AR21; Ale25] and compare also Section 3.3.
Here, we address this problem and provide practical tools to actually verify this cru-
cial property in practice. To this end, we employ the differential dynamics, which
results in simple LMI conditions involving the Jacobians of the system that can be
efficiently verified using standard tools such as SOS optimization, LPV embeddings,
or gridding techniques.

In general, the differential analysis of nonlinear systems plays an important role, as
simple and intuitive tools from linear control theory become applicable; for example,
by shifting the analysis of convergence between arbitrary system trajectories to the
study of the linearizations along each trajectory, see, e.g., [LS98]. Global properties
can then be inferred by using tools from differential geometry—typically based on a
suitable Riemannian (or Finsler) metric under which the differential displacements
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decrease with the flow of the system. This universal concept offers wide applicability
in the analysis [MS14; FS13; FS14; TRK19] and control [MS18; MS17; KTW21] of
nonlinear systems. In addition, as pointed out in [L.S98], it is also naturally suitable
for characterizing the convergence of observers (see, for example, [YWM22; SP12;
SP16]), and consequently, also for i-IOSS and i-ilOSS. In Section 7.1.1, we address
the discrete-time case and i-IOSS, whereas the continuous-time case and i-ilIOSS is
dealt with in Section 7.1.2.

7.1.1. i-10SS Lyapunov functions for discrete-time systems

We consider the system description from (3.1), that is, the nonlinear discrete-time
state-space model

x(t+1) = flz(t),u(t),w(t)), z(0) = x, (7.1a)
y(t) = h(z(t), u(t), w(t)) (7.1b)

with discrete time ¢ € I, state z(t) € R”, initial condition x € R", control
input u(t) € R™, (generalized) disturbance input w(t) € R?, output y(t) € R?, and
functions f : R®"XR™xRY — R" and h : R®"XR™xR? — RP. Let Z := X xU x W for
some X CR™" Y CR™ and W C R? be such that f(z,u,w) € X and h(z,u,w) € Y
for all (z,u,w) € Z. In the context of state estimation, this forward-invariance
property allows to incorporate a priori knowledge of the physical domain of the
system, compare Section 3.1. Here, it is merely required for technical reasons in the
proof of Theorem 7.1 below.

We are interested in verifying the following exponential detectability property of the
system in (7.1).

Definition 7.1 (Quadratically bounded i-IOSS Lyapunov function). A continuous
function U : X x X — R is a quadratically bounded i-IOSS Lyapunov function on
Z if there exist matrices P, P,Q, R = 0 and a constant n € (0,1) such that

|21 — 22|p < Ulzy, 22) < |3y — 225, (7.2a)
U(f(xla u, w2)a f(f[‘g, u, w2))
< U (1, 22) + |wi — wolg + [h(21, u,wi) — Ao, u, wo) % (7.2b)

for all (x1,u,wy), (x2,u, wy) € Z.

Note that by a straightforward adaption of the converse Lyapunov theorem from
[ART21], one can easily show that the existence of a quadratically bounded i-IOSS
Lyapunov function in the sense of Definition 7.1 is equivalent to the system (7.1)
being exponentially i-IOSS (and hence exponentially detectable).

We make the following assumption on the regularity of the system (7.1).

Assumption 7.1 (Differentiability). The functions f and h are continuously differ-
entiable on Z.



7. Verification methods 205

Under Assumption 7.1, we can evaluate the linearizations of f and h at a given point
(x,u,w) € Z as

0 0
&];(x,u,w), B(z,u,w) = 81{)(

Ooh Ooh

C(z,u,w) = %(a:,u,w), D(z,u,w) = a—w(:c,u,w),

Az, u,w) =

x7 u? w)?

(7.3)

where we omit the dependency of A, B, D, C on (x,u,w) whenever it is clear from
the context.

Now consider an arbitrary change of coordinates ¥ = ¢(z) with ¢ : R" — R", which
results in the equivalent system dynamics

f(@,u,w) = o(f(¢7" (2), u,w)), (7.4a)
h(z,u,w) = h(¢ ™ (Z), u, w).

Assumption 7.2 (Coordinate transformation). There exists a diffeomorphism ¢ :
R™ — R™ such that the function h in (7.4b) is affine in (Z,w), and Oh/0%; =0 for
alli=1,...n—p.

Provided that Assumption 7.2 holds, the transformed dynamics (7.4) are such that
the transformed output h in (7.4b) depends affinely on a subset of the system
state z, which is similar to the class of systems considered in [YWM22]. Note
that this is a fairly general setup covering several observability normal forms and
therefore many physical models that admit a corresponding transformation, com-
pare [YWM22, Rem. 1] and see also [NS90, Sec. 5.1] for further details. Moreover,
as we show in the following remark, the design of ¢ is particularly simple when a
linear combination of the state is measured, which is the case in many practical
applications, compare the example systems in Section 3.4.

Remark 7.1 (Coordinate transformation). In case the output function in (7.1b) is
linear, i.e., satisfies h(x,-,-) = Cx for some appropriate matriz C € RP*™ (neglecting
the inputs w and w for clarity), Assumption 7.2 can be trivially fulfilled using a
linear change of coordinates © = ¢(x) = Tx with T being a suitable non-singular
transformation matriz. Indeed, for any C € RP*™, one can find a non-singular

T € R™™ such that h(z,-,-) = Cx = CT7'% = [Opx(n_p), C]Z =: h(Z,",-) holds for
some matriz C € RP*P. This immediately implies that h is linear (and thus affine) in
z and Oh)0x; = 0 for alli =1,... ,n—p. In fact, the condition CT ' = [0px (n—p)> C]
represents an underdetermined system of linear equations that has infinitely many
solutions, which can therefore also be used as an additional tuning knob (e.g., for
normalization).

We partition the state z into two parts
T=|_
Ly

with z, € R""? and z, € RP. Then, the following Theorem yields a quadratically
bounded i-IOSS Lyapunov function according to Definition 7.1.



206 7.1. Nonlinear detectability

Theorem 7.1. Let Assumptions 7.1 and 7.2 hold and P : R™ — R™™ be such that

_ 09 9¢

P(a) = 5o(@) Plo(e)) 5 (2) (75)

with

0 P,

for some P, : R*P — RM=P)*x(=p) gpd Py € RP*P, Let X be weakly geodesically
convex!, and W be convez. If there exist n € (0,1) and symmetric matrices P, P = 0
and @, R = 0 such that

P@F{E@” ﬂ (7.6)

BTP+A — D'RC BTP+B —-Q — D'RD| — '
and
P<Px)=P (7.8)

hold for all (x,u,w) € Z with Py = P(f(x,u,w)), then there exists a quadratically
bounded -10SS Lyapunov function U that satisfies Definition 7.1.

The proof of Theorem 7.1 employs several properties and arguments from Rieman-
nian geometry. For the sake of notation, we use 27 = f(x,u,w) to denote the
successor state of x under the dynamics f given the inputs u and w.

Proof of Theorem 7.1. The proof consists of three parts. First, we establish the
dissipation inequality (7.2b); second, we derive the bounds (7.2a), where we initially
assume that the conditions (7.7)—(7.8) hold globally on R” x R™ x RY. Finally, we
show that the corresponding results also hold if the conditions are enforced on the
subset Z =X xU x W only.

Part I: Consider two arbitrary points (x1,u,w;) and (x2,u,ws) that are element
of R x R™ x R? with their corresponding outputs y; = h(xy,u,w;) and yo =
h(za,u,wsy). Define a smooth path ¢ : [0,1] — R™ parameterized by s joining
to xy with ¢(0) = z; and ¢(1) = x9. Define the smooth path of disturbances w(s)
joining w(0) = wy and w(1) = wy by the straight line

w(s) = wy + s(wy —wy), s€[0,1]. (7.9)

Note that this particular choice is valid since the disturbance can generally be treated
as an external variable that does not depend on any dynamics; therefore, the path
connecting w; and wy can be of arbitrary form. Given the tuple (c(s), u,w(s)), we
can apply the dynamics (7.1) and obtain

ct(s) = fle(s),u,w(s)), (7.10a)
C(s) = h(c(s),u,w(s)), (7.10Db)

LGeodesic convexity is a natural generalization of convexity for sets to Riemannian manifolds,
which reduces to convexity for the special case of constant metrics. For a formal definition, see,
e.g., [SP12, Def. 2.6].
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where the corresponding output ( yields a smooth path joining ((0) = y; and
¢(1) = yo. By differentiating (7.10) with respect to s € [0, 1], from the chain rule
and the linearizations (7.3) we obtain the differential dynamics

J

&

Alce(s), u,w(s))d, + Blc(s), u,w(s))dy, (7.11a)
C(c(s), u, w(s))o + D(c(s), u,w(s))dy, (7.11b)

(=9
I

<

where the path derivatives are defined as 0 := dct/ds(s), 0, = dc/ds(s), 0, =
dw/ds(s), and 0, := d(/ds(s). Formally, each d; with i € {x, w,y} denotes a vector
on the tangent space of the domain of 7 at i, compare [MS17; MS18]. We make the
following claim.

Claim 7.1. Let (7.7) hold for some (z,u,w) € R* x R™ x RY. Then, V(x,0,) =
5] P(x)d, satisfies

V(z",07) <nV(x,8:) + 0wy + |6, % (7.12)

Proof. By applying the definition of V together with the differential dynamics
(7.11a)-(7.11b) to (7.12), we obtain

5, [ATP,A—nP ATP.B][s,  [e "[cTRC  CTRD ][5,
Sy BTP.A  BTP.B||6,| = |6,| |DTRC Q-+ DTRD| |5,

which clearly is equivalent to (7.7). O

Consequently, by definition of V' and the path derivatives (0, 6., d,), from (7.12) it

follows that

2 2 2

det

de
%(3)

dw
%(5) o

d¢
+ I (s) —

s (s) (7.13)

<7
Py

P Q R

This differential property can now be transformed into an incremental property
by integration over s € [0,1] and utilizing tools from Riemannian geometry. In

particular, we treat P as a Riemannian? metric with which the manifold R” is

endowed. Let

B) = | 1 gZ(s)TP<c<s))Zz(s)ds (7.14

)
denote the Riemannian energy associated with the path ¢. The minimizer of E(c)
over all possible smooth paths joining ¢(0) to ¢(1) is given by a (possibly non-unique)
geodesic vy, existence of which is ensured by the uniformly boundedness of P in (7.8),
compare [MS17, Lem. 1] and see also [SP12, Lem. A.1].

Now, consider (7.13) and choose ¢ = ~; it hence follows that ¢ (s) = f(v(s), u,w(s))

by (7.10a). Let 4T denote the geodesic at the subsequent time instant joining the

successor states z1 = f(z1,u,w;) and 23 = f(x9,u, wy), where we point out that in

2A Riemannian metric P : R® — R™ " is a symmetric covariant 2-tensor with positive defi-
nite values that defines local notions of length, angle, and orthogonality by the inner product
(61,02)2 = 8] P(x)d for any two tangent vectors &1,d2, compare [SP12; MS17], and see also
[GHLO04] for further details.
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general ¢t # ~vT. However, by integration of (7.13) over s € [0, 1] and the definition
of the Riemannian energy (7.14), we obtain

E(y") < E(c") <nE(y)

(7.15)

——(s)

where the first inequality used the fact that ¢* is a feasible candidate curve providing
an upper bound for the (minimal) energy E(y"). In the following, we show that
U(xy,x9) = E(7) satisfies the dissipation inequality (7.2b). First, exploiting our
particular choice of w in (7.9) yields

[

Now we focus on the output term in (7.15) and make the following claim.

dw, |* 1
E(S) ds = /0 |w; — w2|éds = |w; — w2|2Q. (7.16)

Q

Claim 7.2. The derivative d/ds(s) is constant in s € [0, 1].

Proof. Given v and ¢, we can define the geodesic in transformed coordinates 7 :=
¢(7y). From (7.10b) and (7.4b), we have that

¢(s) = h(¢™ (¥(s)), u,w(s)) = h(7(s), u,w(s)) (7.17)

for all s € [0, 1]. Taking the derivative of (7.17) with respect to s € [0, 1] using the
chain rule yields

59 = S s(9) = S0l 6 + Gl G20,

Assumption 7.2 ensures that A is affine in Z, w, and consequently, the partial deriva-
tives Oh/07(Y(s), u,w(s)) and Oh/Ow((s),u,w(s)) donot depend on s; furthermore,
Oh/0z;(7(s),u,w(s)) = 0 for all i = 1,...,n — p. Since, in addition, dw/ds(s) is
constant in s € [0, 1] due to (7.9), it remains to show that this is also the case for
dy;/ds(s) foralli=n—p+1,....n

To this end, recall that 4 = ¢(y). Hence, by the chain rule,

dy 0)0)
ds( s) = aa;( v(s ))ds( s).

Due to our choice of P in (7.5), it therefore holds that

B = [ ﬁ(sfP(v(s))jZ
96

- / )T ) TP $)) 5o () G ()

S

(s)ds
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Thus, given a minimizing geodesic 7 for £ (v), the curve 7 is a minimizing geodesic
for E(¥) (by contradiction). Consequently, we have that J(s) = ¢(v(s)) is a solution
to the geodesic equation [GHL04, Def. 2.77], i.e., to the differential system

>3 Sk om0y D A
) - XTGP =0 k=1 7y

The objects f‘i-f ; represent the Christoffel symbols associated with the metric P which
are, following [GHLO4, Prop 2.54] and Appendix A1.1 in the report (arXiv) version
of the article [SP24], defined by

rk —_ln Y — apa,i_ 315&,]'__3151-,]'_
£ o) = 5 32 Vil G200+ 5220 - G @ (719

with the shorthand notation Y (z) = P(z)~" and Y}, the (k,a)-element of Y. Note
that in (7.18), we are only interested in the states of the geodesic 4 that appear in
the output (7.17), i.e., 4 for all k = n — p+1,...,n. For ease of notation, let us
define r := n — p + 1 for the remainder of this proof. Calculating the respective
Christoffel symbols reveals that

If=0, k=r...,n, (7.20)

which is a direct consequence of the proposed block-diagonal structure of P in (7.6);
to see this, note the following: First, the fact that P is block-diagonal implies that
also Y = P! is block-diagonal, and thus Y;; = P,; = 0 for i < r and j > r (and
vice versa); second, each derivative 8R,j /0Z, = 0 if a > r since P is independent of
Zy; third, each derivative 815(“» /0z; =0if a,i > r, and j < r since Py is constant.

Consequently, from (7.20), we have that all the Christoffel symbols affecting the
states 7;, i = r, ..., n vanish, and hence our special choice of P leads to a decoupling
of the geodesic equation (7.18); in particular, we obtain the simple second-order
homogeneous differential equation

iy
ds?

(s)=0, k=r,...,n,

which directly implies that d7;/ds(s) is constant in s € [0,1] for all i = ..., n and
hence yields the desired result. O]

Consequently, the output term in (7.15) consists only of terms constant in s € [0, 1].
Hence, by the Fundamental Theorem of Calculus, we obtain

I
0

72 ()
Applying (7.16) and (7.21) to (7.15) then yields

2

ds = (¢(1) = ¢(0)) TR(C(1) = €(0)) = |y — yaln- (7.21)

R

E(yY) <nE@) + |wi — wolg + |11 — vl%, (7.22)

which establishes the dissipation inequality (7.2b) with U(z1,x2) = E(7).
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Part II: We now show satisfaction of (7.2a) and start with the upper bound. Note
that since v is the path of minimum energy joining z; to s, every other path
yields a higher amount of energy, which clearly also applies to the straight line
[(s) = x1 + s(xg — 7). Therefore,

E(v) < E()= /Ol(xl —29) " P(I(s))(zy — m3)ds < |z, — :cg%, (7.23)

where the last step follows from uniform boundedness of P in (7.8). For the lower
bound, again by uniform boundedness of P, we have

0z [ 2 gty ( )ds (7.24)
> /1 az 7d8 (s)ds = |21 — s[3, (7.25)

where for the second inequality we exploited the fact that the minimizer of the
expression on the right hand side of (7.24) is given by the straight line [ since P
is constant. To verify this, recall that each minimizer of the Riemannian energy
E solves the geodesic equation (7.18); now observe that all the Christoffel symbols
(7.19) vanish if the underlying metric is constant. Therefore, (7.23) and (7.25)
establish (7.2a). Together with the first part of this proof, we can thus conclude
that U(xy,22) = E(y) is an i-IOSS Lyapunov function satisfying (7.2a) and (7.2b)
for all (z1,u,wy), (x2, u,wy) € R™ x R™ x RY.

Part I11: Finally, we note that the results from Part I and Part II, (including the
Claims 7.1 and 7.2) can be easily restricted to any subset X x U x W if it is ensured
that the minimizing geodesic connecting any two points on each of the subsets X
and W stays in the respective subset for all s € [0,1]. This is indeed the case for X
being weakly geodesically convex [SP12, Def. 2.6] and W being convex (as long as
w is chosen according to (7.9)). Provided that this applies, if conditions (7.7)-(7.8)
are enforced on the subset Z = X x U x W, we have that U(xy,z5) = E(7v) is
a quadratically bounded i-IOSS Lyapunov function satisfying Definition 7.1 for all
(1, u,wy), (x2,u, wy) € Z, which completes this proof. ]

We point out that for a fixed transformation ¢ and a constant n € (0,1), condi-
tions (7.7)-(7.8) reduce to linear constraints that need to be verified over the full
domain Z = X x U x W. Computationally tractable sufficient conditions in terms
of LMIs can then be obtained by using, for example, LPV embeddings [KT21], SOS
relaxations [Par03; WMB22], or simple gridding methods. In case ¢ is treated as a
decision variable (which may be less restrictive due to this additional degree of free-
dom), the conditions of Theorem 7.1 can be reformulated as a convex optimization
problem in a similar manner as in [YWM22].

The following corollary of Theorem 7.1 provides even simpler conditions for the case
where h in (7.1b) is affine in (z,w) and we restrict ourselves to a quadratic (instead
of quadratically bounded) i-IOSS Lyapunov function.
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Corollary 7.1. Let Assumption 7.1 hold, the output function h in (7.1b) be affine in
(x,w), and X and W be convex. If there exist n € (0,1) and symmetric matrices
P >0 and Q, R > 0 such that

ATPA—nyP—CTRC ATPB—CTRD
B'PA—-D'RC  B'PB—Q-D'RD

holds for all (z,u,w) € Z, then U(xy,x9) = |z1 — x2|% is an -I0OSS Lyapunov
function on Z and satisfies Definition 7.1 with P = P = P.

<0 (7.26)

Proof. The result follows immediately by setting z, = £ = ¢(x) = x in the proof
of Theorem 7.1, which can then be significantly streamlined (without the need for
Assumption 7.2), compare also the proof of Theorem 7.2 for the continuous-time
case below. As a direct consequence, we obtain (7.22) with E(y) = |z; — 2|3
and E(y") = |27 — 23]% since P is constant (resulting in the geodesics being
straight lines), which lets us conclude that U(zy,z3) = |21 — 72]% is a quadratic
i-IOSS Lyapunov function that satisfies Definition 7.1 with P = P = P for all
(21, u,wy), (T2, u,wy) € Z. O

Some remarks are in order.

Remark 7.2 (Relation to dissipativity). The proof of Theorem 7.1 introduces a dif-
ferential version of 10SS (see Claim 7.1). This characterization is equivalent to the
notion of differential (Q,S,R)-dissipativity [Ver+23, Def. 3] with S = 0, compare
also [KT21; FS13]. However, as pointed out in [Ver+23, Rem. 7], the correspond-
ing works crucially rely on R < 0 in order to derive incremental results by simply
exhausting the Cauchy-Schwartz inequality, see [KT21, Lem. 16] and compare also
[MS18, Thm. 1] and [WMB22, Thm. 2.4]. Note that in our case, this would restrict
the results to open-loop stable systems (since (7.2b) would need to hold with R = 0,
which directly implies i-1SS of system (7.1)). Moreover, this would result in the cost
function (3.6) not being positive definite, which generally can lead to an ill-defined
optimization problem (3.4). In contrast, we circumvent this technical condition by
suitably relating the state and output manifolds as it was similarly done in [SP24;
YWM22] for observer design. More specifically, from Assumption 7.2, i.e., by im-
posing the existence of coordinates T in which the output function h is affine (which
directly implies that h is totally geodesic by assumption, compare [Vil70]), and due
to our choice of the metric P(Z) according to Theorem 7.1 (or Corollary 7.1), we
immediately obtain an equality relation between the integral of the differential supply
rates and the incremental supply rates, see (7.16) and (7.21) for details. Conse-
quently, as a side result, we note that Theorem 7.1 (and Corollary 7.1) with n = 1
can be used to verify incremental dissipativity of system (7.1) subject to a positive
definite supply rate, relazing [Ver+23, Rem. 7].

Remark 7.3 (Extensions). To further generalize the parametrization of P(z) with
respect to T, we note that the following minor extension of Theorem 7.1 is possible
if, e.g., h(Z) = &, (neglecting w and w for ease of presentation). We could choose

ﬂ@:&%ﬂ%&ﬁ (7.27)
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with Pyl <P ) (Zy) = P 2 uniformly for all possible x, and some constant matrices
Py 1, Py = 0; that is, P in (7. 6) with an additional dependency ofP on Z,. Then,
the geodesic v minimizes the two independent functionals

_ L dy, _ d% dy
BG) = [ TE RN T (s)s + [ )T 5) D (s)ds. (729
o ds ds
Note that a direct consequence of Py(a?y) not being constant is that Claim 7.2 does
not hold in this case. However, by additionally imposing that R < P,(z,) in (7.7),
the output functional in (7.13) can be bounded by

|

e., the same functional that also appears in (7.28) and hence is minimized by 7.
Then, by following similar arguments as in the second part of the proof of Theo-
rem 7.1 (in particular, exploiting (7.29) and uniform boundedness of P,), one can
show that

1
)

and subsequently derive a similar i-10SS Lyapunov function as in Theorem 7.1 that
satisfies Definition 7.1. Finally, we note that one may relax Assumption 7.2, i.e.,
affinity of h, by imposing that h is a Riemannian submersion, compare [SP24].

dg

e1r > ds < [ L) TR () T (s, (7.29)

d¢

ds

(s)

R

ds <[y — y2|§3y72

Remark 7.4 (Closed-form expression). Note that Theorem 7.1 yields only an im-
plicit i-10SS Lyapunov function U, which is due to the fact that we have no analyt-
ical closed-form expression for the Riemannian energy of the minimizing geodesic.
However, note also that this is not needed for the design of Lyapunov-based MHE
(or FIE) schemes, since we only require knowledge of the discount factor n and the
matrices P,Q, R to design the MHE cost function (and additionally P to compute
the minimal horizon length for guaranteed RGES of MHE, see [Sch+23, Sec. II]
for further details). Similar considerations apply if Theorem 7.1 is used to compute
the ICL-functions of the standard i-10SS bound. Again, one only needs to know the
matrices P, P,Q, R and use (7.2a) after repeated application of the dissipation in-
equality (7.2b) to obtain the desired result. If nevertheless an analytical expression
for the i-I0SS Lyapunov function U is desired, Corollary 7.1 can be used to obtain
a quadratic function.

Remark 7.5 (Alternative derivation). An alternative way to compute a quadratic
i-10SS Lyapunov function is to first design an RGES observer based on, e.g., [SP16;
YWMZ22; Ast+21]. Then, under certain conditions, one can show that the cor-
responding Lyapunov function also serves as an i-10SS Lyapunov function, see
[KMAZ21, Prop. 4] and compare also [SM23d, Sec. VII]. However, these sufficient
conditions are crucially limited to quadratic Lyapunov functions and additive dis-
turbances in the dynamics (7.1a), and hence are only applicable to a smaller class
of detectable systems (in comparison to Theorem 7.1).
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7.1.2. i-ilOSS Lyapunov functions for continuous-time systems

We consider the continuous-time, nonlinear perturbed system from (3.7), that is,

#(t) = fz(t),u(t), w(t), =(0)=x, (7.30a)
y(t) = h(z(t), ult), w(t)), (7.30b)

with continuous time ¢ > 0, state z(t) € X C R", initial condition xy € X, con-
trol input w(t) € U C R™, (generalized) disturbance input w(t) € W C RY,
and output y(t) € Y C RP. Throughout the following, for simplicity we as-
sume that for any x € X, and functions u € My and w € M,y (where we re-
call that My, and M,y contain all measurable, locally essentially bounded func-
tions defined on Rsy and taking values in U and W, respectively), the solution
x(t, x,u, w) is unique, exists globally on R, and satisfies x(t, x,u,w) € X and
y(t, x,u,w) = h(z(t, x, u, w),u(t),w(t)) € Y for all t > 0, see also Section 3.2.1 for
more details regarding the setup. Furthermore, we define Z := X xU x W.

We impose the following regularity properties on the system and its input signals.

Assumption 7.3 (Regularity conditions). The function f is continuously differen-
tiable in all of its arguments, h is affine in (z,w), and the sets X and W are
convez. Furthermore, the input signals u and w are piecewise’® right-continuous.

We comment on Assumption 7.3 below Remark 7.6. In the remainder of this section,
we focus on the construction of smooth, quadratically bounded i-ilOSS Lyapunov
functions.

Definition 7.2 (Quadratically bounded i-ilOSS Lyapunov function). A smooth func-
tion U : X x X = R is a quadratically bounded i-iIOSS Lyapunov function on
Z if it is continuous and there exist matrices P, P,Q,R = 0 and a constant k > 0
such that

|z — x2|2£ < U(zy,x2) < |x1 — :L‘2|2F, (7.31a)
Ulzy,2) < —kU (21, 29) + |wy — w2|2Q + |h(@1, u, wy) — h(z9, u, wa)|%  (7.31b)

for all (z1,u,wy), (T2, u,wy) € Z.

Remark 7.6 (Integral form). An i-iIOSS Lyapunov function satisfying Definition 7.2
is also an i-iIOSS Lyapunov function in the sense of Definition 2.3 using a dis-
sipation inequality in integral form, compare also Assumption 3.1). To see this,
consider any x1,xX2 € X, u € My, and wy,wy € My satisfying Assumption 7.3
and define the corresponding trajectories x;(t) = x(t, x;, u,w;) and oulput signals

31f the results contained in this section are to be applied to the methods presented in Section 3.2, it
must be ensured that the estimated disturbance w;, in the MHE problem in (3.12) is also piece-
wise right-continuous. In practice, this is immediately the case when standard discretization
methods are used to solve (3.12).
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yi(t) = y(t, xi,u,w;), t > 0,1 =1,2. Now, let v:Rsog — R be the solution of the
initial value problem

0(t) = —ro(t) + [wi () = wa(t)]g + 91 () = g2 ()[7,  v(0) = Ulxa, xa)-

Solving for v yields

o(t) = e=*o(0) + / e (Juon (8) = wa(D)lg + Iy () — 1) ) dr.

Since the property in (7.31b) applies, from the standard comparison principle we
know that U(xyi(t),xo(t)) < wv(t) for all t > 0. Recalling that v(0) = U(x1, x2)
establishes (2.19b), where n = e™".

The construction of i-ilOSS Lyapunov functions satisfying Definition 7.2 can con-
ceptually be performed similarly to the discrete-time case in Section 7.1.1—namely,
by applying arguments from contraction theory and Riemannian geometry. For
clarity of presentation, however, in the following we restrict ourselves to systems
where the output equation (7.30b) is already affine in (x,w) as stated in Assump-
tion 7.3, without considering a state-space transformation and partitioning as in
Section 7.1.1, compare also Remark 7.7 below. This corresponds to the condition of
Corollary 7.1 for the discrete-time case and allows us to easily transfer a differential
property to an incremental one (it basically ensures that the output h evaluated
along the shortest path between any two points z1, x5 € X is a linear combination
of the respective outputs y;,ys for any point of that path). Note again that this
is directly satisfied if a subset (or linear combination) of the system state is mea-
sured, which is the case for many practical applications, compare the examples in
Section 3.4. Furthermore, it is still quite general in the sense that it covers several
observable canonical forms, see [YWM22, Rem. 1].

We define the linearizations of (7.30) at a given point (x,u,w) € Z as

of of

Az, u,w) = a—(x,u,w), B(z,u,w) = a—(x,u,w),
x w
(7.32)
C(z,u,w) = gZ(w,u,w), D(z,u,w) = gjj(x,u,w),

where we omit the dependency of A, B, D,C on (z,u,w) whenever it is clear from
the context. The following result provides LMI conditions for the construction of
quadratic Lyapunov functions.

Theorem 7.2. Let Assumption 7.3 be satisfied. If there exist matrices P,QQ, R > 0
and a constant k > 0 such that

PA+ ATP+kP—CTRC PB-CTRD
B'P - D'RC _p"rRD - q| =Y (7.33)

holds for all (x,u,w) € Z, then U(x1,z2) = |21 —x2|% s a smooth i-iI0SS Lyapunov
function on Z and satisfies Definition 7.2 with P = P = P.
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The proof follows similar lines as the proofs of, e.g., [MS18, Th. 1] and Theorem 7.1
above (with technical differences resulting from the continuous-time setup), compare
also [MS17; Sin+17].

Proof of Theorem 7.2. For any pair of points x1, x5 € X, let Z(xy, x5) denote the set
of piecewise smooth curves [0, 1] — X connecting z; and x5 such that ¢ € Z(z1, z2)
satisfies ¢(0) = z; and ¢(1) = z,.

Given any yi,x2 € X, u € My, and wy,wy € M,y satisfying Assumption 7.3,
we consider the trajectories x;(t) = x(t, x;, u, w;) and their output signals y;(t) =
y(t, xi,u,w;), t >0,1=1,2.

At any fixed time t = t* > 0, let us consider the following smoothly parameterized
paths for s € [0,1]: the path of states c(t,s) € Z(z1(t), x2(t)) and the paths of
disturbances w(t,s) = wi(t) + s(wa(t) — wi(t)). For ¢t € [t*,t* +¢€) (with e > 0
arbitrarily small to guarantee local existence of solutions and continuity of u, w over
t € [t*,t* + ¢€)) and each fixed s € [0, 1], the path ¢(¢, s) evolves according to (7.30)
such that

c(t,s) = fe(t,s),u(t),w(t,s)), (7.34a)
C(t,s) = h(c(t, s),u(t),w(t,s)), (7.34b)

where ((t,s) satisfies y;(t) = ((t,0) and yo(t) = ((¢,1) for each t € [t*,t* + €).
Differentiating (7.34) with respect to s € [0, 1] yields (after interchanging the order
of differentiation of ¢ and s)

by = Ab, + By, (7.35a)
5, = C8, + D&, (7.35h)

for all ¢ € [t*,t* + €) using the substitutions d, := dc/ds(t, s), d,, := dw/ds(t, s), and
0y :=d(/ds(t, s), and where the matrices A, B, C, D are the linearizations of f and h
as in (7.32) evaluated at (c(t,s), u(t),w(t,s)). Assuming that (c(t,s),u(t),w(t,s)) €
X xUxW forall t € [t*,t* + €), one can easily verify (by exploiting (7.35)) that
satisfaction of the pointwise LMI condition (7.33) implies that

d
Z10p < —rl0[5 + 0wl + 10y[7 (7.36)

for all t € [t*,t* + €). By integrating (7.36) over s € [0, 1], interchanging integration
and differentiation, and defining E(c(t, s)) := f, \dc/ds(t, s)|%ds, we obtain

E(c(t,s)) < —kE(c(t, s) t s)

for t € [t*,t* + €). The integration over t € [t*, t* + e) yields

E(c(t* +€,5)) — E(e(t, 3))

t*+e

< (—KE( (t,s) t s) t,s

t*

) dt.  (7.37)
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Note that E(c(t, s)) can be interpreted as the Riemannian energy of the path ¢(, s).
Since P is constant and X is convex, the shortest path ~(¢,s) (with the minimum
energy F(v(t,s)) over all possible curves c(t,s) € Z(z1(t),z2(t))) is, at each fixed
t > 0, always given by the straight line connecting x1(t) and z5(t), i.e., y(t,s) =
xq(t)+s(za(t)—x1(t)). Now let c(t*, s) = y(t*, s) in (7.37) and note that E(y(t,s)) <
E(c(t,s)) for all t € [t*,t* + €). Therefore, by taking ¢ — 0, we have that

2 1
ds+/
0 0

By construction of v and w (in particular, the fact that their derivatives with respect
to s € [0, 1] are constant in s € [0, 1]), it follows that

dw, , ac, .
%(t >S> %(t 75)

BO(t,5)) < ~rB(2(#,5) + [ ds.

d 2
i, )

2 09)| ds = [n(e) = walt)

and similarly,
2

Bo@9) = [
! dw * *\ |2
/0 " Qd5:|w1(t)—w2(t)|Q.

Using the fact that A is affine in (x,w) by Assumption 7.3 (which implies that C
and D are constant in s), we also obtain

(", 5)

2

S >
—(t* ds = ) — o (t9)]5 .
/0 ds( 7S)R s = [y (t") = y2(t") |5
Since t* > 0 was arbitrary, using the definition U(xy, ) := |v; — 2|% we can infer

that

U(x1(t), 25(t)) < —RU(1(t), 22(1) + [wi(t) — wa(t)lgy + [y1(t) = 92(t) 7

for each ¢ > 0. Since x;(t) and y;(t), ¢ = 1,2 correspond to solutions of (7.30) for
arbitrary xi1,x2 € X, u € My, and wy,wy; € M,y satisfying Assumption 7.3, we
can conclude that U satisfies (7.31a)-(7.31b) for all (zq,u,w), (22, u, ws) € Z with
P = P = P, which establishes the statement and finishes this proof. m

For a fixed value of x > 0, condition (7.33) represents an infinite set of LMIs (note
that (7.33) is linear in the remaining decision variables P, @, R). These may be solved
using a finite set of LMIs and standard convex analysis tools based on semidefinite
programming (SDP), e.g., by applying SOS relaxations [Par03], by embedding the
nonlinear behavior in an LPV model [ST23], or by suitably gridding the state space
and verifying (7.33) on the grid points.

Remark 7.7 (Generalizations). The requirement in Theorem 7.2 for P to be constant
can be relazed to a (block diagonal) state-dependent matriz P(x) similar to Theo-
rem 7.1 in discrete time if the system (7.30) is in some observer canonical form
(or admits an appropriate state-space transformation), see Section 7.1.1 for more
details. In this case, the LMI condition (7.33) can be accordingly modified to account
for a state-dependent matrixz P(x), similar to, e.q., [MS18, Prop. 1].
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Remark 7.8 (Dissipativity). The LMI condition (7.33) can be modified to verify more
general notions such as differential and incremental dissipativity (see, e.g., [Ver+23,
Def. 2, Def. 3]). Here, we note that Theorem 7.2 is a generalization of established
results in the sense that the LMI condition (7.33) is not restricted to certain supply
rates with R < 0 (which is a technical requirement in [Ver+23] to deduce incremental
from differential properties [Ver+23, Rem. 7]), compare also Remark 7.2.

7.2. Persistence of excitation

In this section, we focus on general nonlinear discrete-time systems that are subject
to an additional unknown parameter. Identifying unknown parameters is a funda-
mental problem in control and signal processing, and various different approaches
exist, see, e.g., the book [Lju99] for an introduction and overview of this topic.
The ability to uniquely identify the system parameters requires that the measured
(input-output) data is informative enough, which is usually achieved by ensuring
that the input injected to the system is sufficiently exciting. In this context, PE is
an important technical concept to formalize this condition and is usually the basis
for the technical convergence analysis of corresponding identification or estimation
algorithms, see, e.g., [Bit84; GMS86; LGI0; LB24], and compare also [Lju99, Ch. 13]
and [Bes07, Ch. 1, Ch. 7]. While an a priori verification of PE is easily possible
for LTV systems and can be ensured by a suitable choice of the input signal, this
is generally impossible in the presence of nonlinear systems. For this reason, such
rather abstract PE conditions are usually replaced in practice by considering suit-
able heuristics that are evaluated online, for example based on a sensitivity analysis
as in [Liu+21], albeit at the price of losing formal guarantees.

In this section, we propose a method to online verify PE that is applicable to general
nonlinear systems, which is a major relaxation in this context. We construct and
evaluate a certain matrix recursion, which can be interpreted as the filtered linearized
regressor information that is visible at the output. These results are applicable for
the MHE schemes presented in Chapter 5 for joint state and parameter estimation,
but also generally useful to verify PE of nonlinear systems online. We treat the case
of constant parameters in Section 7.2.1 and the more general case of time-varying
parameters in Section 7.2.2.

7.2.1. Constant parameters

We consider nonlinear discrete-time system in the form of (5.1) for the special case
of constant parameters:

z(t+1) = f(z(t),u®),w?),p), z(0)=x, (7.38a)
y(t) = h(z(t), u(t), w(t),p). (7.38Db)

Here, we recall that ¢t € I is the discrete time, z(t) € R” is the state, x € R" is
the initial condition, u(t) € R™ is the control input, w(t) € R? is the disturbance
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input, y(t) € RP is the output, and p € R is a constant parameter. Let! Z :=
{(z,u,w,p) € X xU x W x P} for some sets ¥ CR", U CR™ W CR? P C Re.
We impose the following regularity condition on the system.

Assumption 7.4 (Differentiability). The functions f and h are continuously differ-
entiable on Z.

Assumption 7.4 essentially allows us to apply the mean-value theorem. To this end,
for any 21,29 € Z, let z,(s) := 21 + s(23 — 1) for s € [0,1] and define

Az, 29) := /01 gi(zs(s))ds, C(z1, 22) == /01 g};(zs(s))ds,
B(z1, z2) = ; (;{}(zs(s))ds, D(z1,29) :== ; gZ(zs(s))ds, (7.39)
E(z1,29) := /01 gﬁ(zs(s))ds, F(z,29) := /01 gZ(zs(s))ds.

We require some boundedness properties of the terms in (7.39).

Assumption 7.5 (]?ounded linearizgtions). There exist constants B,C,D > 0 such
that |B(z1, 22)| < B, |C(z1,22)| < C, |D(21,292)| < D for all z1,2, € Z.

Note that Assumption 7.5 is naturally satisfied for special classes of systems (e.g., for
systems with additive disturbances w in (7.38) and where the output equation h in
(7.38b) is linear in z, which renders B, C, D constant) or generally if Z is compact.

Assumption 7.6 (State detectability). There exists a mapping L : Z x Z — R"*P,
a symmetric matriz P > 0, and a constant n € (0,1) such that the matriz

D(21, 29) := A(21, 22) + L(21, 22)C (21, 22) (7.40)

satisfies
®(21,20) PO(21, 20) < P (7.41)

for all 21,2, € Z. Furthermore, there exists L > 0 such that |L(z1, )| < L for all
21,29 € Z.

Remark 7.9 (State detectability). Assumption 7.6 is motivated by linear systems
theory, where detectability is equivalent to the existence of an output injection term
which renders the error system asymptotically stable. For any fized constant n €
(0,1), by using the Schur complement and the definition Y (z1, z2) := PL(z1, 22),
condition (7.41) can be transformed into an infinite set of LMIs (linear in the deci-
sion variables P and Y ). Then, these may be solved under a suitable parameteriza-
tion of Y (e.g., polynomial in z1, z3) using a finite set of LMIs and standard convex
analysis tools based on SDP, e.qg., by applying SOS relazations [Par03], by embedding

4In contrast to Chapter 5, we do not require Z to possess a forward invariance property here, as
we restrict our analysis to system trajectories satisfying (7.42).
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the nonlinear behavior in an LPV model [ST23], or by suitably gridding the state
space and verifying (7.41) on the grid points (assuming compactness of Z). We also
want to emphasize that L does not need to be constant as it is usually required in
the context of (adaptive) observer design, where this is crucial to be able to perform
the observer update recursions online, compare, for example, [Ibr18]. Instead, the
additional degree of freedom resulting from the fact that L may depend on both z
and zy can be used, e.q., to compensate for nonlinear terms in A(z1, z2) or C(z1, 22)
from (7.39). Furthermore, if L(z1,22) can be chosen such that ®(zy, z3) in (7.40)
becomes constant, the condition (7.41) can be drastically simplified (to one single
LMI), compare the simulation example in Section 5.2.4. Finally, we note that the
additional uniform bound on L(z, z3) is not restrictive under compactness of Z.

Remark 7.10 (Relation to i-IOSS in the sense of Assumption 5.1). In case the system
equations f and h are differentiable (Assumption 7.4) and admit bounded lineariza-
tions (Assumption 7.5), Assumption 7.6 implies the i-10SS property from Assump-
tion 5.1 used in the context of MHE for joint state and parameter estimation (see
Chapter 5). This can be shown by applying similar arguments as in the proof of
Proposition 7.1 below. However, the resulting i-10SS gains Q) and R in (5.4) might
be overly conservative compared to a direct verification of Assumption 5.1 using the
methods from Section 7.1.1, compare also the examples in Sections 5.2.4 and 5.5.5.

Now, consider an arbitrary trajectory pair

({1 (@), ult), wi (), pO) H A (2a(8), ult), wa(t), p2) L) € 25 x 27 (7.42)

for some T € 1>, where x;(t + 1) = f(x;(t), u(t), w;(t),p;), i = 1,2, t € Ljgp—qj. For
the sake of brevity, we define z;(t) := (2;(t), u(t), w;(t),p;), i = 1,2, t € Ijo.r—1}, and

Z; = (2:(0), pi {u®) ! {wi(0)}o' ) i = 1,2, (7.43)

Here, we note that each Z; (involving the initial condition z;(0)) uniquely defines
the sequence {z;(t)};—" (involving the states z;(t), t € Ijg 1)) for i = 1,2 using the
system dynamics (7.38a).

The following result provides a sufficient condition for the trajectory pair (7.42) to

be persistently excited, in the sense that the PE condition characterizing the set Er
in Definition 5.1 holds.

Proposition 7.1. Let Assumptions 7.4, 7.5, and 7.6 hold. Consider some o > 0.
There exist matrices Sy, Py, Qp, Ry = 0 and a constant n, € (0,1) such that the
following implication holds. If a trajectory pair as in (7.42) satisfies

Cr(Zy, Zy) = i pr Y (8 20 (1), 20 (1) TY (8, 21(8), 20(2)) = o, (7.44)

t=0

for any T € Tsg, where Y (L, 21, 29) := C(21,22)Y (t) + F(21, 29) and

Y(t+1) = P(21(t), 22(1))Y(t) + E(21(t), 22(t)) + L(21(t), 22(t)) F(21(t), 22(t)) (7.45)
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fort € Ijg 1) with Y (0) = 0,0, then the trajectory pair (7.42) also satisfies
p1 = palg, < mp |21(0) — 22(0)]3,

" Z ty 7 ([0a(G) = wa(D)[G, + 11 () —(DIR,) . (7.46)

Proof. Consider the trajectory pair (7.42) and the corresponding outputs y;(t) =
h(z;(t),u(t), wi(t),pi), © = 1,2, t € Ijgr_1. Define Aq(t) := qi(t) — q2(t) for
q € {z,w,y}, t € Ijpr_q) and Ap := p; — po. In the following, we will omit the
dependency of terms on (z(t), 22(t)), zi(t) = (x;(t), u(t), w;(t),p:;), i = 1,2 for the
sake of brevity. Using the mean-value theorem and the definitions from (7.39), we
obtain the incremental system

Ax(t+1) = AAx(t) + BAw(t) + EAp, (7.47a)

Ay(t) = CAz(t) + DAw(t) + FAp (7.47h)

for ¢ € Ijpr—1). Now consider the transformed coordinates (;(t) := x;(t) — Y (¢)p;,
i=1,2,t € lpr_1, where Y (t) is from (7.45). Define A¢;(t) = ¢i(t) —(a(t), t € Lo

and note that
A((t) = Ax(t) — Y (t)Ap. (7.48)

The difference A((¢) in (7.48) evolves according to

AC(t+1)=Ax(t+1)-Y(t+1)Ap
= AAz(t) + BAw(t) + EAp — (®Y (t) + E + LF)Ap. (7.49)

To the right-hand side of the previous equation, we add
0= L(Ay(t) — Ay(t)) = L(CAz(t) + DAw(t) + FAp) — LAy(t),

where L is from Assumption 7.6 and the latter equality follows by the incremental
output (7.47b). Hence, from (7.49) together with the definitions of ® from (7.40)
and A((t) from (7.48), we get

AC(t+1) = PA((t) + (B + LD)Aw(t) — LAy(t). (7.50)

Applying the norm | - |p = /| - |% to both sides and using the triangle inequality
leads to

[AC(E+ D]p < [RAC(H)]p + [(B + LD)Aw(t)|p + [LAY(E)|p-

We square both sides, use the fact that for any € > 0, (a+b)? < (1+¢€)a’+1E<b? for all
a,b > 0 by Young’s inequality, apply Assumption 7.6, and exploit that (37, a;)? <
ny",a? for any n € Isg and a; > 0, @ € Ijy, by Jensen’s inequality, which results

m

2(1+¢)

IAC(E+ D)% < (1+ | ACH)]3 + (I(B + LD)Aw(®)} + | LAY (1)[}) -

(7.51)
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Now, consider the recursion
S(t+ 1) = puSt) + Y(t, 21(t), () 'Y (£, 21(2), 22(2)), t € o1 (7.52)

with S(0) = Opxo, Y from (7.44), and some p € (0,1) that will be specified below.
Using (7.52), we can write that

|Ap[§e41) = mIAP[e) + [V (E 21 (8), 22(t)) Ap[*. (7.53)

Furthermore, by the definition of Y, the transformation (7.48), and the incremental
output (7.47b), it follows that

Y (t, 21(), 22(8)) Ap|* = [Ay(t) — DAw(t) — CAC(H)]*
6_12

< 3|Ay(t)|* + 3| DAw(t)]* + 31— 7

[AC()[p, (7.54)

where the last step followed by applying Jensen’s inequality, Assumption 7.5, and
P from Assumption 7.6.

Now consider the function W (¢, C1, G, p1,p2) := |G — Gl +vIp1 — paldsy, t € Loy
for some v > 0. We choose the constants p, €, introduced above such that

p=(1+e)n+3yC?*/Amin(P) < 1. (7.55)
Using (7.51), (7.52), (7.54), and (7.55), we obtain that

Wt +1,G(t+1),G(t+1),p1,p2)

= |A¢(t + 1)‘?3 + ’Y’Apﬁq(tﬂ)

< p(|ACHNE + 71 AplE) + el (B + LD)Aw(t)[p + 37| DAw(t)
+ e LAy (t)[p + 37| Ay(1)?

for all t € Ijop—q], where ¢, := 2(1 +€)/e. Due to satisfaction of Assumptions 7.5
and 7.6, we can find uniform @, R > 0 such that

]u—)@ > ¢|(B+ LD)w|% + 3v|Dwl|?, (7.56)
9% > ce|Lylp + 379)? (7.57)

for all 21,20 € Z and all w € R?, y € RP. Consequently, we can infer that

Wt+1,G(t+1),G(E+1),p1,p2)
< uW (t, Ci(t), G(t), p1, p2) + [Aw(t) |5 + | Ay ()% (7.58)

for all ¢ € Ijo ). The recursive application of (7.58) yields
W(T7 Cl (T)7 CQ (T)u P1, p2)
T

< 1"W(0,61(0), 6o(0), p1, p2) + D2 7 (|Aw(T = §)[3 + [Ay(T = j)[7) - (7.59)

=1



222 7.2. Persistence of excitation

By the definition of W, the recursion (7.52) with S(0) = 0, and the definition of Cr
in (7.44), we obtain

W(T, G (T), Go(T), p1,p2) > 4Ap(T) ' Cr(Z, Z)Ap(T) = ol Ap(T)[>. (7.60)
Furthermore, since Y (0) = 0, we also have that
W(0,¢1(0),¢2(0), p1, p2) = [Az(0) = Y (0)Ap[h + Y|Ap[5) = [Az(0)[1. (7.61)
From (7.59) and the bounds (7.60) and (7.61), it hence follows that

T
an|Ap? < pT|AZ(0)[3 + 3 177 (|Aw(T = )3 + 1Ay(T = j)[7),
j=1
which is equivalent to (7.46) with n, = u, P, = P, S, = ayl,, @, = Q, R, = R.
Noting that these choices are independent of the trajectories (7.42) and the value of
T concludes this proof. O

The numerical verification of (7.44) requires the knowledge of both trajectories
in (7.42). This is not the case when applied to the estimation problem presented in
Section 5.2, since the true trajectory is generally unknown. However, we can make
local statements based on data from only one of the trajectories that are valid in a
surrounding neighborhood. To this end, we define the closed ball centered at some
ZeXXxPxU" xWT of radius r > 0 by B(Z,r) :={Z € X x P xU" x WT :
|Z — Z| <r}. Then, we can evaluate (7.44) at (Z, Z) and define

Or(Z2) =Cr(Z,7). (7.62)
Proposition 7.2. Let f and h in (7.38) be twice continuously differentiable on Z. If

|Or(Z)| = o for some o > 0, then for any a € (0,d') there exists r > 0 small
enough such that |Cp(Z, Z)| > « for all Z € B(Z,r).

Proof. The proof follows similar lines as the proof of [FS23, Lemma 4.14]. For
ZeXxPxUT xWT T elsy, let

M(Z,r) = max 9r_ (Z,2)].
zeB(Zr) | 0(Z, Z)

Note that for each Z € X x P x UT x WT and r > 0, M(Z,r) exists since every
function involved is sufficiently smooth and B(Z,r) is compact. By the mean-value
theorem and the definition of M(Z,r), we can infer that

\Or(Z2) —Cr(Z,2)| < M(Z,7)r. (7.63)

From the triangle inequality, it further follows that
0r(2) — Cr(2,2)] 2 |01(2)| ~ [Cr(Z, Z)). (7.64)
Combining (7.63) and (7.64), we obtain
Cr(2, 2)| 2 10r(2)| — 0r(2) — Cr(Z,2)] = o — M(Z,1)r:

Now, for any a € (0,a’), there exists 7 > 0 small enough such that o/ =M (Z, r)r = a,
which implies that |Cr(Z, Z)| > a and hence concludes this proof. O
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To summarize, for the trajectory pair (7.42) and Z; and Z, from (7.43), we can
make the following conclusion: if Zy € B(Zy,r) with r small enough, then

OT(Zl) > o >0 = CT(Zl, ZQ) >a>0

by Proposition 7.2, which implies that the trajectory pair (7.42) satisfies the PE
condition in (7.46) by Proposition 7.1 and hence is an element of the set Er as
characterized in Definition 5.1. This is particularly important in the context of MHE
for joint state and parameter estimation (Chapter 5), as the excitation condition
in (5.17) used in the MHE algorithm to update the parameter prior can now be
checked based on the estimated trajectory only—without knowing the (unknown)
true one.

Remark 7.11 (Local nature of Proposition 7.2). Proposition 7.2 provides a local re-
sult. Applied to the MHE scheme from Section 5.2, it requires small disturbances w
and a proper guess of the initial condition x and the parameter p. Note, however,
that this is a standard condition for testing observability properties in the presence of
general nonlinear systems, compare, e.g., [SJ11] and [FS23]. Although the condition
on r is not explicitly verifiable in the context of state estimation for general mon-
linear systems (due to the fact that r is unknown), checking Or(Z) > o/ for some
o > 0 yields a reliable heuristic to test in practice if a trajectory pair is PE and sat-
isfies (7.46) or not, which is also evident in the simulation example in Section 5.2.4.
The construction of a in the proof of Proposition 7.2 also shows that larger values of
o' should be chosen if the estimates are more uncertain and therefore r is expected
to be large, which is consistent with intuition.

The main advantage of the proposed method for online PE verification is that it
can be applied to general nonlinear systems and requires only a few and relatively
mild assumptions, which is a major relaxation compared to most of the related
literature; its only limitation lies in its local nature. In the following section, we
show how global statements about PE of trajectories can be made by restricting the
class of systems under consideration.

Special case: linearly parameterized systems

In this section, we consider the special case where the system (7.38) is linearly param-
eterized, subject to additive disturbances, and possesses a linear output equation;
more precisely, we assume that

f(@,u,w,p) = fo(z,u) + G(z,u)p + Bw, (7.65a)
h(z,u,w,p) = Cx + Dw (7.65b)

for some constant matrices B, C, D of appropriate dimensions. Note that this cor-
responds to a class of systems that is often considered in the adaptive observer
literature, see, for example, [Fra+20; Ekr+13], and it particularly covers the adap-

tive observer canonical form used in the works [TM23; EEZ16; MST01; MT92;
BG88] as special case.
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In the following, we show how for such systems the proof of Proposition 7.1 can
be modified to construct a mapping Cr similar to (7.44) that satisfies the identity
Cr(Zy, Zy) = Cr(Zy, Zy) = Or(Zy) for any Z, Zs and thus enables global statements
about PE of a trajectory pair based on data of only one of the trajectories.

To this end, note that under Assumption 7.4, the definition G'(x,u,p) := G(z,u)p
represents a continuously differentiable function G’ : R” x R™ xR? — R™. Therefore,
by applying the mean-value theorem, we can write that

AG($17x2; U,p) = G(fﬁh U)P - G($27U)p = g(xl, $2,Uap)($1 - $2)= (7'66)

where

1 oG’
ox

G(x1, 29, u,p) 1= /0 (x1 + s(xe — 1), u, p)ds (7.67)

for all 1,20 € X and u € U.

Assumption 7.7 (Regressor observability). There exists a constant matriz H such
that
g(xlvx27u7p)TPg($17x2auvp) j CTHC (768)

uniformly for all z1,20 € X, u € U, and p € P with P > 0 from Assumption 7.6.

Remark 7.12 (Conditions on G). Assumption 7.7 essentially requires that changes in
the regressor G(x,u) are directly visible in the output, which is related to a matching
condition used in [Tyu+13; CR97; MT92]. Note that condition (7.68) is linear in H
and thus can be easily verified using standard LMI methods under compactness of
X, U, and P. For compact P, such H always exists for the special case where
G(z,u) = G(Cz,u), which includes the important classes of nonlinear adaptive
observer canonical forms that are often considered in the adaptive observer literature,
compare, e.q., [TM23; MST01; MT92; BGSS|.

Corollary 7.2. Consider the system (7.38) with f and h satisfying (7.65). Let As-
sumptions 7.4, 7.5, 7.6, and 7.7 hold and assume that ® in (7.40) is constant. Then,
the conclusion from Proposition 7.1 remains valid if in the definition of Cy in (7.44)
we replace Y by CY (t), where Y (t) is the matrix recursion

Y(t+1)=0Y(t)+ G(xi(t),ult)), t € Lpry (7.69)
with Y (0) = Opxo. Furthermore, we have the identity Cr(Zy, Zs) = Cr(Zy1, Z1).
Corollary 7.2 requires finding a map L in Assumption 7.6 such that & in (7.40)
becomes constant. This might be achieved by exploiting the fact that L can de-

pend on both z; and z5, compare Remark 7.9 and see the simulation example in
Section 5.2.4.

Proof of Corollary 7.2. We start by performing the same steps that were applied in
the proof of Proposition 7.1 to derive (7.51), which yields

IAC(E+ D)5 < (1+ | ACH)> + 3<1€+ )

N 3(1+e¢)

(I(B + LD)Aw(®) 5 + [LAy(D)]7)

|AG(x1(t)>xQ(t)7u(t)>p2)|?37 (770)
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where Ag (21 (%), zo(t), u(t), p2) is from (7.66). Note that the only difference to (7.51)
is the presence of the additional term Ag(z1(t), x2(t), u(t), p2) and the resulting
factor 3 (instead of 2). By application of (7.66), Assumption 7.7, the output function
(7.65b), and Jensen’s inequality, we obtain

A (a1 (t), 2a(t), u(t), )5 = |G (a1 (£), 2a(2), ult), p2) A ()]
< |CAz(B = |Ay(t) — DA
< 2 Ay()[% + 2/ DAw ()} (7.71)

The combination of (7.70) and (7.71) then yields

AL+ DI < (1 el AP + 22 (18 4+ LD) AW + 2DAw(D))
2 (rayo + 2180000 (1.72

Note that (7.72) is again very similar to (7.51), with additional terms involving |-|%;.
From here, we apply the same steps that followed after (7.51) to derive (7.46).

It remains to show that Cp(Zy, Zy) = Cr(Z1, Z1) = Or(Z1). However, this immedi-
ately follows by noting that the recursion in (7.69) solely depends on the sequences
{o1(t)} " and {u(t) 53 (ie., Z1), which concludes this proof. O

7.2.2. Time-varying parameters

In this section, we extend Proposition 7.1 to the case of time-varying parameters. In
particular, we consider the system description from (5.1) for the important special
case of parameter dynamics described by (5.2). The overall state-space model reads

2t +1) = fa(t), ult), w(t),p(t), 2(0) = x, (7.73)
plt +1) = plt) + Byul(t), p(0) =¢, (7.73b)
y(t) = h(a (), u(t), w(t), p(t)) (7.73¢)

with states z(t) € R", time-varying parameters p(t) € R?, initial conditions y € R™
and £ € R?, control input u(t) € R™, disturbance input w(t) € R?, output y(t) € R,
and discrete time t € I5,. We define Z = {(x,u,w,p) € X x U x W x P} for some
sets ¥ CR", YUY CR™, W C R4 P CRe

In the following, we make use of the setup from Section 7.2.1. In particular, we
consider Assumption 7.4 (i.e., differentiability of f and h), which lets us construct
the matrices A, B,C, D, E, F in (7.39) that involve the Jacobians of f and h with
respect to x, w, and p. Moreover, we require Assumption 7.5 (i.e., uniform bounds
on B,C, D) and Assumption 7.6 (state detectability in terms of the existence of a
suitable output injection term); in the case of time-varying parameters, however,
we additionally require boundedness of the terms in (7.39) involving the partial
derivatives of f and h with respect to the parameters (i.e., £ and F).
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Assumption 7.8 (Bounded linearizations with respect to the paraﬁmeter). There exist
constants E, F > 0 such that |E(z1,20)| < E and |F(z1,2)| < F for all z1,29 € Z,
where E(z1,2z2) and F(z1, z2) are defined in (7.39).

Now, consider an arbitrary trajectory pair

(LG (8), u(t), wi (8), pr () o', { (wa(), u(t), wa(t), pa()) ') € 27 x 27 (7.74)

for some 1" € I, where z;(t + 1) = f(x;(t), u(t), w;(t), pi(t)), i = 1,27 t € I
For the sake of brevity, we define z;(t) = (z;(t), u(t),w;(t),pi(t)), i = 1,2, t €
Ljo, -1}, and Z; (mi(O),pi(O),{u(t)}thol,{wz( ) thol), i = 1,2. Note again that
each Z; (1nvolv1ng the initial conditions x;(0) and p;(0)) uniquely defines the se-
quence {z;(t)}/5 (involving the states z;(t) and parameters p;(t), t € Ipr_y)) for
i = 1,2 using the dynamics in (7.73a) and in (7.73b).

The following result provides a sufficient condition for the trajectory pair (7.74) to

be persistently excited, in the sense that the PE condition characterizing the set Er
in Definition 5.2 holds.

Proposition 7.3. Let Assumptions 7.4, 7.5, 7.6, and 7.8 hold. Consider some o > 0.
There ezist matrices Sy, Py, Qp, Ry = 0 and a constant n, € (0,1) such that the
following implication holds. If a trajectory pair as in (7.74) satisfies
T-1 B B
CT(Zl, ZQ) = Z ,uT_l_tY(t, Zl(t), ZQ(t))TY(t, 21 <t>7 Zg(t)) - Oé]o (775)

t=0

for some T € Tsg, where Y (t, 21, 29) := C(z1,22)Y (t) + F(21, 22) and
Y(t+1) = O(21(t), 22(2)Y (t) + E(21(t), 22(t)) + L(21(t), 22(t)) F'(21(t), 22(t)) (7.76)

fort € Ljgp—1) with Y (0) = 0,0, then the trajectory pair (7.74) also satisfies

p1(0) = p2(0)[3, < 7y |21(0) — 22(0)[3, + Z w1 (5) = w2 ()G, + [1(5) — v2(3) %, -
(7.77)

The proof of Proposition 7.3 is an extension of the proof of Proposition 7.1, where
we first require uniform boundedness of the recursion in (7.76).

Lemma 7.1. Let Assumptions 7.4, 7.5, 7.6, and 7.8 hold. Then, there exists a
constant Yiax > 0 such that Y (t) in (7.76) satisfies |Y (t)] < Yimax uniformly for all
possible t € [>y. Here, a particular choice is

14 e )\maX(P) _ - =9
E+LF 778
= )es =1 (D) & T EE) (7.78)

for any value of €3 € (0, n~t—1) with C from Assumption 7.5, n, P, L from Assumyp-
tion 7.6, and E,F from Assumption 7.8.

Ymax =



7. Verification methods 227

Proof. Consider the trajectories (7.74) with T' € I>. In the following, we will omit
the dependency of terms depending on (21 (%), 22(t)), 2:(t) = (x;(t), w;(t), wi(t), pi(t)),
© = 1,2 for brevity. Consider some constant vector v € R° with v # 0 and define
v(t) ==Y (t)v € R". By performing the recursion (7.76), we obtain

vit+1)=Y({t+1)v=3Y(t)v+ Ev+ LFv = ®v(t)+ (E+ LF)v.

Applying the norm |- |p = /| - |% (with P from Assumption 7.6) to both sides and
using the triangle inequality and (7.41) leads to

w(t+1)|p < [Pv(t)|p + |(E+ LF)v|p < /alvt)|p + |(E+ LF)v|p.
By squaring both sides and using the fact that for any €3 > 0, (a+b)? < (1+€3)a®+
%b for any a,b > 0, it follows that
1 + €3

- (E + LF)v|3. (7.79)
3

v(t+ DI < (1+es)nlv(®)p +

Now consider €3 small enough such that 77 := (1 + €3)n < 1 (this requires €3 €
(0,77 —1)). Since FE and F are bounded by Assumption 7.8, we have

(E+ LF)v|% =v (E+LF) P(E+ LF)v < ¢;|v|? (7.80)
uniformly for all z1, zo € Z, where
1 = Amax(P)|E 4+ LF* < Auax(P)(|E| + |L||F])? < Amax(P)(E + LF)? =: ¢y.

Define ¢ := 1*%¢,. In combination, (7.79) yields
€3

t
@O < 7w O)F+ed 7 vl

j=1
By the definition of v, it hence follows that

t
VY (1) TPY (o < o Y (0)TPY (0w + 3 i euf? < %W,
-1

j=1
where in the latter inequality we have used that Y (0) = 0 and the geometric series.
This leads to the implication

c

0" (Y(t)TPY(t) - 1CI> v<0 2 ye)TPY () = T
— 17 —1

which lets us conclude that

Y(t)'Y(t)

X P2

Hence, all eigenvalues of the symmetric positive semidefinite matrix Y (¢)"Y (t) are
uniformly bounded for all times ¢ € I>o by the constant ¢(Apin(P)(1 —7))~!. Since

Y(t)] = \//\maX(Y(t)TY(t)) by definition of the spectral norm, we have that

YOS 5 Py

where the last equality follows by simple algebraic manipulations using the defini-
tions of ¢ and 7 from above and Yy from (7.78), which concludes this proof. [

- Ymax )
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Proof of Proposition 7.3. We apply similar arguments as in the proof of Proposi-
tion 7.1, with differences resulting from the parameter dynamics (7.73b). Con-
sider the trajectory pair (7.74) and their outputs y;(t) = h(z;(t), u(t), w;(t), pi(t)),
i =1,2,t € Ijgr_q). Define Aq(t) := q:(t) — q2(t) for ¢ € {z,w,p,y}, t € Lpr_q).
In the following, we will omit the dependency of terms on (z1(t), 22(t)), z(t) =
(x;(t), u(t), w;(t),pi(t)), i = 1,2 for the sake of brevity. Using the mean-value the-
orem, the definitions from (7.39), and the parameter dynamics (7.73b), we obtain
the incremental system

Az(t+1) = AAz(t) + BAw(t) + EAp(t), (7.81a)
Ap(t+1) = Ap(t) + BoAw(t), (7.81b)
Ay(t) = CAx(t) + DAw(t) + FAp(t) (7.81c)

for ¢ € Ijo,r—1]. Now consider the transformed coordinates (;(t) := x;(t) — Y (¢)pi(t),
1= ]_, 2, t e H[O,T—1]7 where Y(t) is from (776) Define Acz(t) = Cl (t) —Cg(t), t e ]I[O,T]
and note that

A((t) = Ax(t) — Y (t)Ap(t). (7.82)

Performing the same steps that we applied to derive (7.51), we obtain
[AC(t+ D < (14 enlAC()]p

2(1 + ¢
RAED

(I(B+ LD =Y (t +1)By) Aw(t)[} + [LAy(t)[3)

(7.83)
where the only difference to (7.51) is the additional term Y (¢ + 1) B, that originates
from the parameter dynamics (7.73b) applied in (7.82).

Now, consider the recursion (7.52), i.e.,
S(t + ].) == ,uS(t) + ?(t, 21 (t), Zg(t))—r?(t, 21 (t), Zg(t)), te H[07T_1] (784)

with S(0) = Opxo, Y from (7.75), and some p € (0,1) that will be specified below.
By Lemma 7.1 and Assumption 7.5, note that

t
S < ulSt=1)[+[CY (= 1)+ F* < p'[SO)] + X 17~ (C¥imax + F)?,

j=1
which by application of the geometric series and S(0) = 0 implies that

(CYrax + F)?

S(t)] < =: Shax 7.85
S(e)] < e (7.85)

uniformly for all ¢ € Tjp 7 (where Spax is independent of T'). For any t € Tjo,r—1),
consider |Ap(t + 1)|s@4+1) and note that by the parameter dynamics 7.73b and the
triangle inequality,

|Ap(t + 1)[s@r1) < [Ap()[s@11) + [BpAw(t)]s@r1)-
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By squaring both sides, using the fact that for any €5 > 0, (a+b)* < (1+€2)a®+ 1+€2 b?
for any a,b > 0, and employing the recursion (7.84), we obtain

|Ap(t + 1)|§(t+1)

1 + €9
<(1+ 52)|Ap(t)|?9(t+1) +—

| ByAw(t )|?S‘(t+1)
1 + €9

= (1+ e2)ulAp(t) 5 + (1 + 62)|Y(lf, 21(t), 22(8) Ap(1)* + | BpAw(t)[§e11)-

(7.86)

Furthermore, by the definition of Y, the transformation (7.82), and the incremental
output (7.81c), it follows that

[V (t, 21(t), 22(1))(Ap(t))[* = [Ay(t) — DAw(t) — CAC(H)*
C«Q
)\min(P)

< 3[Ay(0)]* + 3|DAw(L)]* +3 [ACH[H, (7.87)

where the last step followed by applying Jensen’s inequality, Assumption 7.5, and
P from Assumption 7.6.

Now consider the function W (t, (1, (o, p1,p2) := |(1 — Gol% + v|p1 — p2|§(t), t € Ijo1
for some v > 0. We choose the constants p, €, introduced above such that

3C?
)\min(P>

foi=01+e)u=0+en+v(1+e€) < 1. (7.88)

Using (7.83), (7.84), (7.87), and (7.88), we obtain that

< AW G (1), Co(t), pa (1), pa(8)) +71 L2 B, w0
N 2(1+¢)

(B+ LD —Y(t+1)Aw®)|H + 37(1 + e)| DAw(t)|?

1+ 20 A + (1 + e2)3| Ay (2]

for all ¢ € Ijg 7). Here, we note that
‘BpAw(t)‘%(tH) < ‘BpPSmaX‘Aw(t)F
with Spax from (7.85). Similarly, due to Assumptions 7.5 and 7.6, we have that
(B4 LD —Y(t+ 1))Aw(t)|%> < (B + LD + Yaa)*| P||Aw(t)?

with Y. from Lemma 7.1. Hence, we can select (0, R > 0 such that

1—1—62 2(1+¢)

Byt + (B +LD = Y(t+ 1))l + 3y(1 + )| Dol

m%zﬂl 2

’w’Q >y ——

|LglH + (1 + €2)3[g]?
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for all z1,29 € Z and all w € R?, y € RP. Consequently, we can infer that

W(t+1,Gt+1),G(E+1),p1(t+1),p(t + 1))
< AW (t, Cu(t), G(t), pi(t), p2(t)) + [Aw(t)[3 + |Ay(t)|% (7.89)

for all ¢t € Ijo r_1). Recursive application of (7.89) yields

W(T>C1( )Cz( ) ( )P2(T))
< "W (0,61(0), &(0), pr(0), p2(0) + - i~ (|Aw(T = )3 + | Ay(T = 5)I%)

j=1

(7.90)

By the definition of W, the recursion (7.84) with S(0) = 0, and the definition of Cr
n (7.75), we obtain

W(T, Cu(T), Go(T), pa(T), p2(T)) = ¥AD(T) ' Cr(Z, Z)Ap(T) = val Ap(T)[. (7.91)

Furthermore, since Y (0) = 0 and S(0) = 0 we also have that

W(0,61(0), ¢2(0), p1(0), 2(0)) = [Az(0) — Y (0)Ap(0)[5 + 7|Ap(0)[§0) = |A90(<0)|?>-)
7.92
From (7.90) and the bounds (7.91) and (7.92), it hence follows that

| Ap(T)]* < B[ Az ()5 + D i~ (|Aw(T = )G + [Ay(T = j)l7) -

Jj=1

Thus, we derived a bound on |Ap(T)|% to infer a bound on the difference in the
initial parameters |Ap(0)|? as required, we note that by the dynamics (7.81b) and
the triangle inequality, it holds that

T-1

Ap(T) = Ap(0) + > BpAw(j) = [Ap(0)] < |Ap(T)| + Z |Aw(5)| 57 B,

Jj=0
In combination, we obtain

T—j
ay]Ap(0)[* < ay|Ap(T) |+avZ|Aw )57 5,

< i |Az(0) |P+Z!Aw )G+ 1Ay()I%

with Q = Q + a'prTBp, which is equivalent to (7.77) with n, = i, S, = avyl,,
Qp = Q, R, = R. Noting that these choices are independent of the trajectories (7.42)
and the Value of T" concludes this proof. O

As in Proposition 7.1, the numerical verification of (7.75) requires the knowledge
of both trajectories in (7.74), which is not the case when applied to the estimation
problem presented in Section 5.3. However, we can again derive local statements
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based on data from only one of the trajectories that are valid in a surrounding
neighborhood by defining
Or(Z) :=Cr(Z,7) (7.93)

with Cp from (7.75). By invoking Proposition 7.2, for the pair (7, Z;) defined
by the trajectories in (7.74), we know that there exists a neighborhood of Z; such
that if O(Z;) > o for some o > 0 and Z, is in the neighborhood of Z;, there
exists & > 0 such that C(Z1,Z;) > «. Hence, this method allows us to verify if
a given trajectory pair is (locally) PE or not, compare also Remark 7.11. Again,
note that this is of particular importance in the context of MHE for joint state
and parameter estimation (Chapter 5), as the excitation condition used in (5.80)
can thus be checked based on the estimated trajectory only, without knowing the
(unknown) true one. We conclude this section by noting that global PE statements
can be derived for the special case of linearly parameterized dynamics and linear
outputs (7.65) by suitable modifying Corollary 7.2.

7.3. Summary

In this chapter, we focused on the numerical verification of detectability and PE
properties for general nonlinear systems. These are fundamental concepts in control
and signal processing and play an important role in observer design and system
identification; however, practical tools to actually verify them are lacking.

To this end, we developed several methods to certify detectability (in terms of i-IOSS
for discrete-time systems and i-ilOSS for continuous-time systems) and check if a
given trajectory pair satisfies a PE property or not. The verification methods rely on
arguments from contraction theory involving the differential dynamics, Riemannian
geometry, and the mean-value theorem in order to reformulate the underlying and
rather abstract mathematical conditions in the form of simple LMIs. These can be
numerically solved using standard methods such as SDP in combination with LPV
embeddings, SOS relaxations, or simple gridding techniques.

Our results are suitable in the context of the MHE schemes presented and analyzed in
Chapters 3-6 to provide robustness guarantees for MHE under practical conditions.
Moreover, they generally provide useful tools to actually verify detectability and PE
of nonlinear systems in practice, where such properties are generally often assumed,
but could not be certified due to a lack of methods.






8. Conclusions

We now summarize the main results obtained within this thesis and discuss possible
topics for future work.

8.1. Summary

In this thesis, we obtained various new results in the field of nonlinear MHE the-
ory. In particular, we established robust stability and performance guarantees under
practically relevant conditions and developed MHE algorithms for real-time appli-
cations and joint state and parameter estimation problems with rigorous theoretical
guarantees.

In Chapter 2, we focused on the notion of i-IOSS as a characterization of detectabil-
ity for nonlinear systems. We discussed the classical asymptotic-gain formulation
of i-IOSS and two modern time-discounted variants, which became standard de-
tectability concepts in the context of MHE in the recent years. While these prop-
erties coincide for discrete-time systems, this is generally not the case in continuous
time, and we must carefully distinguish between them. We proposed the notion of
i-iIOSS for continuous-time systems, which essentially constitutes a time-discounted
integral variant of i-IOSS, and provided equivalent Lyapunov function characteri-
zations. Moreover, we showed that i-ilOSS is in fact necessary for the existence of
state observers that exhibit a certain robust stability property with respect to the
unknown disturbances and measurement noise, which turned out to be very desir-
able as it combines the advantages of classical ISS and iISS characteristics. Overall,
we provided a general Lyapunov framework for the robust stability analysis of state
observers in continuous time, which forms the basis for the Lyapunov-based MHE
schemes analyzed in this thesis.

In Chapter 3, we focused on robust stability guarantees of MHE for detectable
nonlinear systems under process disturbances and measurement noise. We briefly
introduced the Lyapunov-based MHE scheme from [Sch+-23, Sec. I1I], which employs
a least squares objective under additional discounting and enjoys many beneficial
theoretical properties, provided that the cost function is selected in accordance with
a known i-IOSS Lyapunov function. Then, we presented a Lyapunov-based MHE
scheme for general nonlinear continuous-time systems. Assuming that the system
is detectable (i-ilOSS) and admits a corresponding i-ilOSS Lyapunov function, we
showed that there exists a sufficiently long estimation horizon that guarantees ro-
bust global exponential stability of the estimation error. The continuous-time MHE
scheme has the decisive advantage that the sampling times at which the underly-



234 8.1. Summary

ing optimization problem is solved can be chosen arbitrarily. This allows the MHE
scheme to be tailored to the problem at hand, which can yield more accurate results
with less computational effort compared to standard equidistant sampling used in
discrete-time MHE approaches. Moreover, we showed that Lyapunov-based MHE
generally allows for significantly less conservative (i.e., smaller) estimates of the
minimum required horizon length compared to the literature. The applicability of
Lyapunov-based MHE for discrete- and continuous-time systems was illustrated us-
ing a nonlinear chemical reaction and a quadrotor model from the literature. Here,
we certified detectability by computing i-IOSS and i-ilOSS Lyapunov functions using
our methods from Section 7.1 and successfully applied the Lyapunov-based MHE
schemes. This illustrates that the combination of Lyapunov-based MHE and the
verification methods from Section 7.1 allow for guaranteed robustly stable state
estimation under practically relevant conditions, for both discrete- and continuous-
time systems.

In Chapter 4, we presented two suboptimal MHE schemes and established global
robust stability guarantees with respect to unknown process disturbances and mea-
surement noise. This is crucial in order to ensure real-time applicability of MHE
in cases where the optimization problem cannot be solved to optimality within one
fixed sampling interval. The suboptimal schemes rely on an a priori known, robustly
stable auxiliary observer, which is used to construct a suitable candidate solution
to the respective MHE problems. By imposing that any suboptimal solution to the
MHE problem achieves at most the same cost, the proposed suboptimal estima-
tors inherit the stability properties of the auxiliary observer while benefiting from
the performance of the numerical optimizers. Here, we considered two conceptually
different MHE formulations: first, a rather classical one that optimizes over tra-
jectories of the system, and second, a modified version that optimizes directly over
trajectories of the auxiliary observer. While the first one allows the user to employ a
standard least squares cost function, the second one enables better theoretical guar-
antees and can improve the convergence speed of MHE in case the auxiliary observer
is rather aggressive. In contrast to most of the related literature, the corresponding
robustness guarantees are valid independent of the chosen optimization algorithm
and the number of solver iterations performed at each time step (including zero).
The simulation examples showed that both MHE formulations are very effective, es-
pecially in the case of poor transient behavior of the auxiliary observer. Moreover,
with only a few iterations of the optimizer, we were able to significantly improve the
estimates of the auxiliary observer and achieve an overall estimation performance
close to that obtained with standard (optimal) MHE, while significantly reducing
the required computation times.

In Chapter 5, we proposed MHE schemes for joint state and parameter estima-
tion, particularly tailored for parameters that may suffer from insufficient excita-
tion. Specifically, the cost function involves an adaptive regularization term that is
adjusted according to real-time excitation information, where we rely on the exci-
tation monitoring techniques developed in Section 7.2. We considered the case of
constant and time-varying parameters and derived a bound for the state and pa-
rameter estimation error that is valid regardless of the excitation of the parameter
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and in particular also applies if the parameter is never or only rarely excited during
operation. The bound improves with respect to the initial estimates the more often
the parameter is detected to be sufficiently excited. Moreover, if the time between
two PE intervals occurred during online operation can be uniformly bounded (which
may be the case in practice for periodic operations), our result specializes to RGES,
i.e.; it implies exponential convergence of the state and parameter estimation error
to a neighborhood around the origin defined by the true disturbances. The nu-
merical examples illustrated that the proposed MHE schemes in combination with
the PE monitoring techniques from Section 7.2 are able to efficiently compensate
for phases of weak excitation. For both constant and time-varying parameters, we
obtained reliable estimation results for all times, which in particular were prevented
from deteriorating arbitrarily in phases without excitation, while being accurate in
phases with sufficient excitation.

In Chapter 6, we studied the turnpike phenomenon in optimal state estimation
problems and developed novel accuracy and performance guarantees for MHE. We
showed that the solution to the (acausal) infinite-horizon optimal estimation prob-
lem involving all past and future data serves as a turnpike for finite horizon prob-
lems, which are the core of MHE and FIE. We investigated different mathematical
characterizations of this phenomenon and established sufficient conditions involving
strict dissipativity and decaying sensitivity. For linear systems and quadratic cost
functions, we showed that decaying sensitivity is naturally present under control-
lability and observability using standard arguments from optimal control theory.
From our turnpike analysis, we found that MHE problems generally exhibit both
an approaching and a leaving arc, which may in fact have a potentially strong neg-
ative impact on the overall estimation accuracy. To counteract the leaving arc, we
suggested using an artificial delay in the MHE scheme, and we showed that the
resulting performance (both averaged and non-averaged) is approximately optimal
and yields bounded dynamic regret with respect to the infinite-horizon benchmark
solution, with error terms that can be rendered arbitrarily small by an appropriate
choice of delay. We proposed a novel turnpike prior for MHE formulations with prior
weighting, effectively counteracting the approaching arc and proven to be a valid
alternative to the classical options (such as the filtering or smoothing prior) with
superior theoretical properties. In our simulations, we found that MHE with the
proposed turnpike prior performs comparably well to MHE with filtering or smooth-
ing priors, while the delay resulted in a significant improvement of the estimation
results. In particular, considering a continuously stirred tank reactor example and
a highly nonlinear quadrotor model from the literature, we observed the turnpike
phenomenon and found that a delay of one to three steps improved the overall es-
timation error by 20-25 % compared to standard MHE (without delay). For offline
estimation, the proposed delayed MHE scheme has proven to be a useful alternative
to established iterative filtering and smoothing methods, significantly outperforming
them especially in the presence of non-normally distributed noise.

In Chapter 7, we focused on the numerical verification of detectability and PE prop-
erties for general nonlinear systems. These are fundamental concepts in control and
signal processing and play an important role in observer design and system identifi-
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cation. We developed several methods to certify detectability (in terms of i-IOSS for
discrete-time systems and i-ilOSS for continuous-time systems) and check if a given
trajectory pair satisfies a certain PE property or not. The verification methods rely
on arguments from contraction theory involving the differential dynamics, Rieman-
nian geometry, and the mean-value theorem in order to reformulate the underlying
and rather abstract mathematical conditions in the form of simple LMIs. These can
be numerically solved using standard methods such as SDP in combination with
LPV embeddings, SOS relaxations, or simple gridding techniques. The proposed
verification methods are essential to provide robustness guarantees for MHE un-
der practical conditions in Chapters 3—6. However, they also represent useful tools
beyond the field of MHE to verify important properties such as detectability, incre-
mental dissipativity, and PE of nonlinear systems in practice, where such properties
are generally often assumed but could not be certified due to a lack of methods.

In summary, this thesis successfully extends the systems-theoretic understanding of
MHE and contributes to the overall goal of supporting the great success of MHE in
practical applications with appropriate theory. In particular, we were finally able
to provide robustness guarantees for MHE under practically relevant conditions,
mainly by combining Lyapunov-based MHE schemes with our numerical methods
to verify the required detectability condition. Furthermore, we established global
robustness properties for real-time capable MHE schemes that allow for a com-
pletely free choice of the optimization algorithm and the corresponding termination
criterion. In addition, we developed MHE schemes for joint state and parameter
estimation, particularly tailored to applications in which weak excitation occurs fre-
quently and unpredictably. Finally, we established a theoretical link between MHE
and the acausal infinite-horizon solution involving all past and future data using
turnpike arguments, leading to a new perspective on MHE and ultimately to novel
performance estimates and regret guarantees.

8.2. Outlook

The results obtained in this thesis considerably extend the theory of nonlinear MHE,
while at the same time opening the field for many further investigations. In the
following, we outline some interesting areas for possible future work.

In Chapter 2, we discussed three technically different characterizations of i-IOSS,
including the original asymptotic-gain formulation and time-discounted (integral or
max-based) variants. While these could be shown to be completely equivalent in
the context of discrete-time systems, their formal relations are far less clear for
continuous-time systems. Notice that this even applies to the (non-discounted)
stability notions without outputs, i.e., i-ISS and! (non-discounted) i-iISS. An in-
teresting theory-oriented topic for future work is therefore proving (or disproving)
some open relations between i-i[(O)SS and i-I(O)SS (without discounting), e.g., by

!The work [Ang09] establishes the implication i-iISS = i-ISS; however, [Ang09, Thm. 3] relies
on the converse Lyapunov result [Ang09, Thm. 1], the proof of which, however, seems to be
erroneous (this applies to the first inequality above (23)) and yet requires a suitable fix.
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constructing suitable counterexamples. Another interesting future direction con-
cerns the converse Lyapunov theorem presented in Chapter 2 (Theorem 2.1), where
the fact that the Lyapunov function is necessarily continuous could only be shown
for the weaker notion of i-ilOSS with nominal outputs (Definition 2.2). However,
in the context of MHE, we are actually interested in i-ilOSS with disturbed out-
puts (Definition 2.1), as this allows to develop suitable estimation schemes with
strong robustness guarantees for systems where the measurement noise enters the
output equation nonlinearly. So far, however, it is unknown if considering a con-
tinuous i-ilOSS Lyapunov function as detectability property (Assumption 3.1) is
more restrictive than i-ilOSS with disturbed outputs (Definition 2.1), unless we re-
strict ourselves to additive measurement noise, see Proposition 2.2. Intuitively, these
characterizations should be equivalent, but a formal proof is yet missing.

In Chapter 3, we focused on Lyapunov-based MHE frameworks for general detectable
nonlinear systems. These facilitate establishing RGES of MHE, that is, a strong and
desirable robust stability property of the estimation error, see Definition 3.1 for de-
tails. In some applications, however, the provided robustness guarantees might be
in fact stronger than required. Here, it seems interesting to investigate conditions
under which MHE exhibits only weaker forms of robust stability, for example in
a practical sense or with asymptotic (rather than exponential) convergence rates.
This might further increase the practical relevance of nonlinear MHE theory, espe-
cially in applications where the system is not uniformly exponentially detectable.
Some first steps in this direction are taken in, e.g., [MKZ23b] in the context of
MHE under parametric uncertainties, or in [KM23] by establishing RGAS of MHE
through a nonlinear contraction. Another interesting future direction is the exten-
sion of Lyapunov-based MHE to the case of standard least squares cost functions,
particularly without discounting. This is covered in, e.g., [AR21; Mill7], but the
results are either conservative or require restrictive and impractical conditions on
the horizon length, compare the discussion in Section 3.3. As the lack of discounting
prevents applying the theory from Chapter 3, a new proof technique would need to
be derived. Here, a promising approach is to address this problem using our turnpike
results from Chapter 6 and trying to infer robust stability of MHE by exploiting the
turnpike property with respect to the infinite-horizon solution.

Regarding the suboptimal MHE schemes proposed in Chapter 4, the established
estimation error bounds are quite conservative, in the sense that they cannot be
better than those provided by the auxiliary observer. This is a natural consequence
of our approach, since we aim to preserve stability of MHE even in the case where
no optimization is performed (i.e., without applying any iteration of the optimiza-
tion algorithm). This has the particular advantage that our results are completely
independent of the optimization algorithm; however, the downside is that (i) the sta-
bility properties of the auxiliary observer cannot be improved and (ii) the guarantees
for suboptimal MHE do not capture the interplay between the number of solver it-
erations performed and the accuracy of the estimation results. Addressing these
two problems is an interesting topic for future work; especially the second one is of
interest for practical applications, as it would provide an estimate on the trade-off
between estimation accuracy and computational requirements which would be useful
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in the MHE design. This could be achieved by combining the guarantees developed
in Chapter 4 with a specific optimization algorithm (or a class of algorithms), such as
gradient or Newton methods, compare, e.g., [WVD14; AG17; GGE22; Ale25]. The
key challenge here is that the results should not lose their global character, which is
usually the case in the convergence analysis of such optimization algorithms.

In Chapter 5, we proposed MHE schemes specifically tailored to joint state and
parameter estimation, despite potentially weak or missing excitation. Here, the key
ingredient was using an adaptive regularization term in the cost function, incor-
porating online information about the current excitation. However, the excitation-
dependent update rules proposed in (5.17) and (5.80) for the prior parameter esti-
mate involve a binary decision, relying on a PE condition that considers the whole
parameter vector. In particular, only if the whole parameter vector is sufficiently
excited, the prior estimate is updated; in case at least one single element is not suffi-
ciently excited, however, the PE condition cannot be satisfied and the prior estimate
is not updated. An interesting (and practically relevant) topic for future work is
therefore the investigation of directional excitation properties, considering the case
where some parameters may be sufficiently excited for estimation and others not.
To this end, a promising approach might be to combine the developed MHE scheme
with directional PE metrics as used in, e.g., [SJ11; BRD22], in order to extend the
MHE framework to parameter-individual excitation monitoring and regularization.

Our findings from Chapter 6 represent a new approach and perspective in the MHE
literature; therefore, many interesting topics for future work arise. The first one
concerns the turnpike property from Definition 6.1, where we essentially require an
explicit time-dependent bound on the difference between optimal solutions and the
turnpike. Here, a thorough turnpike analysis for nonlinear systems and general cost
functions is yet to be done, particularly focusing on sufficient conditions that are
of global nature. An important question here is whether turnpike behavior in the
sense of the Definition 6.1 can be established using a global dissipativity concept.
To this end, one could first investigate how the framework and arguments used
[Dam+14] can be extended to the more general case of a time-varying turnpike.
Another interesting problem is the extension of the developed theory to the case of
discounted cost functions, which are in fact crucial in our robust stability analysis in
Chapter 3. This, however, requires a careful investigation of a suitable benchmark
solution and corresponding turnpike properties. Here, some insights obtained in the
field of discounted optimal control could be useful, e.g., [Gai+18; GSS15; Pos+17].
This might also require investigating and extending discounted dissipativity concepts
that are proposed in [Gri+21; ZG22].

Our performance results presented in Chapter 6 are particularly relevant for ap-
plications where a small delay in the online estimation can be tolerated, which is
especially the case for system monitoring, fault detection or parameter estimation.
However, if the estimates are to be used for state feedback control, the picture is not
as clear. Indeed, the additional delay in the closed loop requires careful design of
the control algorithm to ensure its stability. Hence, an interesting future direction is
the investigation of suitable controllers, focusing on the trade-off between improved
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estimates and a more involved control technique. Here, we note that improved es-
timates may be particularly beneficial for robust output feedback tube-based MPC
approaches, as such designs are often overly conservative and result in a small re-
gion of attraction, compare, for example, [GK07; LSGO08; May+09; DA21]. In this
context, it would be interesting to investigate whether the proposed dMHE scheme
can be used to reduce some conservatism in the overall scheme, exploiting the fact
that the obtained state estimates are close to the turnpike.

In conclusion, the results presented in this thesis open up various research directions,
ranging from a further theoretical analysis of suitable detectability notions, robust
stability properties, and turnpike behavior of MHE problems, to further develop-
ment of the proposed MHE schemes for real-time applications and joint state and
parameter estimation problems.
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Having access to the internal state of a dynamical system
is of crucial importance for many control applications.
In most practical cases, however, the state cannot be
completely measured for various reasons, demanding the
use of appropriate reconstruction methods. This repre-
sents a challenging problem, especially in the presence
of nonlinear systems and when robustness to model
errors and measurement noise must be ensured. Moving
horizon estimation (MHE) is @ modern optimization-based
state estimation strategy that is naturally suitable for this
purpose.

In this thesis, we develop various new results in the field
of nonlinear MHE. We establish desired robust. stabil-
ity guarantees under realistic conditions, propose MHE
schemes for real-time applications, and investigate meth-
ods for joint state and parameter estimation — particularly
tailored to applications in which weak excitation occurs
frequently and unpredictably. Moreover, we draw connec-
tions to optimal control and turnpike theory, leading to
a new perspective on MHE and ultimately to novel per-
formance estimates and regret guarantees. We illustrate
our theoretical results with various numerical examples
from the literature, which highlight the applicability and
practical relevance of the developed theory.
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