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Summary

The study explores different system identification techniques that utilize machine learning, including the
Restoring Force Surface (RFS) method and Sparse Identification of Nonlinear Dynamics (PySINDy).
These methods have potential to help uncover physical models for soil-pile interaction.

To test these methods , the research first applies them to well-known benchmark systems—simple
mechanical models with known nonlinear behaviours. This ensures that the identification techniques work
correctly before applying them to real pile-driving experiments.

The experimental data comes from lab-scale vibratory pile-driving tests using strain gauges and
accelerometers. The study analyses how forces acting on the pile change over time, focusing on both the
tip and shaft resistance. Various mathematical models are tested to see which best captures the nonlinear
behaviour.

The results show that while RFS and PySINDy as well as custom RX models work well for simple
nonlinear systems, they struggle to create a stable, generalizable model for pile-soil interaction. The
complexity of soil behaviour, time-dependent effects, and measurement noise make accurate modelling
challenging. Despite not producing a working surrogate pile driving model, the thesis gives some insights
for future work on the topic.

0.1. Significance of the Study

Contributing to improved modelling to progress vibratory driving techniques, with an overall goal of adding
value to the knowledge of general non-linear systems identification and choice of best approach for a given
problem. Work in the context of offshore pile construction has an impact on the global energy transition
as well as minimizing noise generated by driving and its impact on marine wild life. Being able to derive
physical equations of motion of a dynamic system comes in far more useful than deriving simple empirical
formulas, as it enables simulation for multiple conditions. The work focuses on the issue of pile driving
but can be generally used for the identification of any non-linear system to an extent, thus having further
applications in health and safety monitoring as well as design of systems exhibiting significant dynamic
behaviour.
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0.2. Introduction

Background

Nonlinear Dynamics in Engineering Systems

Engineering systems often exhibit nonlinear behaviour due to complex interactions between geometry,
material properties, and boundary conditions. These nonlinearities—such as stiffening in structures
and frictional slip in mechanical systems—complicate predictive modelling and introduce uncertainties
in design processes. While linear approximations may suffice for simplified analyses, many real-world
phenomena, including hysteresis, yield, and amplitude-dependent damping, require a nonlinear framework
to accurately capture their dynamic response. In such contexts, system identification—the process
of deriving mathematical models from observed data—becomes particularly challenging, necessitating
methodologies to distinguish coupled while maintaining physical interpretability.

Nonlinear system identification
Nonlinear system identification plays a crucial role in understanding complex systems across various fields,
enhancing modelling, monitoring & prediction, and optimisation processes.

Structural Vibration in Engineering: Structures such as buildings and bridges often display nonlinear
behaviour under extreme conditions like large deformations or seismic activity. Identifying these nonlinear
dynamics helps improve safety and design resilience, particularly against earthquakes and wind loads.

Turbo-machinery and Fluid Flow: Turbulent flow and high-velocity fluid systems are inherently
nonlinear. Understanding these nonlinearities is vital for optimising efficiency and preventing failure in
engines, turbines, and fluid transport systems.

Electrical Circuits: Nonlinear components such as diodes and transistors in electrical circuits can
cause signal distortion. Identifying these nonlinearities is crucial for designing more efficient power
converters, amplifiers, and noise reduction systems in electronic devices.

Chemical Reactions: Nonlinear behaviours in chemical reactions, such as combustion, arise from
temperature and concentration dependencies. Accurate identification of these behaviours improves control
in industrial processes, ensuring efficiency and reducing emissions.

Pile Driving

Offshore wind turbines worldwide are most often supported by mono-piles. Traditionally, these foundations
are installed using impact hammering, which generates high levels of underwater noise, posing a major
threat to marine ecosystems. The environmental risks associated with impact pile driving have spurred
interest in alternative installation methods, with vibratory pile driving emerging as a promising option. Unlike
impact hammers, vibratory driving uses oscillatory forces to “fluidize” the surrounding soil by having it
resonate to a degree to the waves generated by driving, reducing friction and enabling smoother pile
penetration. This technique has been shown to lower underwater noise emissions compared to impact
hammers, potentially aligning with stricter marine noise regulations [25].

However, the use of vibratory driving is extremely limited in offshore conditions where contractors prefer
the much more common impact driving, leading to a lack of field observations and major open questions
regarding noise and drivability [31]. A key challenge is the nonlinear nature of the pile-soil interaction, which
introduces significant uncertainty. Existing empirical methods for estimating required vibratory driving
forces are often scale-dependent, partially validated, and lack generalizability across different soil profiles
and pile geometries. Given the increasing demand for offshore wind energy and the need for sustainable
foundation installation methods, there is a critical need for a systematic identification framework that can
leverage both existing and future datasets.

Nonlinear Soil-Pile Interaction

The fundamental challenge in vibratory pile driving lies in the nonlinear soil-pile interaction. Surrounding
soil has properties that evolve dynamically during driving, Necessitating frameworks capable of capturing
amplitude-dependent stiffness, hysteresis, and transient effects. Additionally, seabed and soil strata
variations require case-by-case modelling, making it difficult to determine the optimal vibratory driving
characteristics for achieving a desired pile depth with sufficient certainty [31].
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Current physics-based models, though rigorous, rely on idealized assumptions (e.g., homogeneous
soil layers) and require computationally expensive finite-element analyses. Conversely, purely data-driven
approaches struggle with sparse experimental datasets, a common limitation in large-scale geotechnical
testing. Bridging this gap—Ileveraging measured data to construct interpretable, physics-informed and
reduced order surrogate models—is critical for advancing vibratory pile driving from a niche technique to
a mainstream solution that supports offshore wind energy expansion and broader marine infrastructure
development.
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0.3. Research Problem

Identifying and mathematically formulating a surrogate pile driving model that captures non-linearities
arising from pile and soil interaction. That of which would make a great alternative to widespread empirical
approaches used to estimate required driving forces. The model will be built to fit measurements from scale
driving tests, and will be based on mathematical and machine learning based system identification methods
that perform well with relatively limited datasets, in attempt to identify key components representing the
system’s equation of motion.

0.4. Objectives

The study aims to assess the validity and applicability of some system identification methods in modelling
the nonlinear dynamics occurring during pile driving, particularly in the context of pile-soil interaction. It
aims to offer possible improvement of results by incorporating knowledge about the system as guidance to
the approach to counteract lack of extensive measurements and tests. Thus, improving the understanding
of the physical process by identifying a functional form of the non-linear soil behaviour. A main goal is to
use the identified equation of motion to accurately simulate the pile driving tests paving the way to use such
formulation of an equation of motion on larger scale experiments and then codify it into actual practice.
These objectives can be summarised as:

» Validate System Identification Methods: Assess the ability of techniques like Restoring Force
Surface (RFS) and Sparse Identification of Nonlinear Dynamics (PySINDy) to uncover nonlinear
components within noisy, limited data.

» Decipher Soil-pile interaction Behaviour: Derive functional forms of soil resistance (e.g., cubic
stiffness, hyperbolic friction) from experimental measurements.

+ Enable Predictive Simulations: Develop reduced-order models to simulate vibratory driving for
future applications, such as offshore wind turbine installations, i.e. derive reliable predictions of
response to different amplitudes and frequencies of excitation.

0.5. Research Questions
1. Can a non-linear dynamic system be identified with limited measurements?

2. Which identification methods are best suited in context of the research problem?

3. How is the system identification process physics-informed? and can more prior-knowledge be
included?

4. What is the criteria to qualify an identified system’s fidelity to actual physics?

5. Would a time-invariant identified system produce reasonably close responses, to be later refined by
incorporating time-variant components? (See Subsection 1.1)
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0.6. Outline of the thesis

Chapter 1: Introduction

Background
» Environmental challenges of impact pile driving (e.g., underwater noise).
+ Vibratory pile driving as an eco-friendly alternative.
* Nonlinear pile-soil dynamics and need for systematic identification.

Research Problem
» Develop a surrogate model for nonlinear pile-soil interaction with limited data.

+ Bridge empirical and physics-based modelling approaches.

Objectives
+ Validate system identification methods (e.g., RFS, PySINDy).

+ Improve understanding of soil behaviour through functional forms.
» Enable accurate simulations for large-scale applications.

Significance
+ Contributions to offshore wind energy and marine ecosystem preservation.

» Advancements in nonlinear system identification.

Research Questions
+ Feasibility of identification with limited data.

« Suitability of methods for pile-soil dynamics.
* Role of physics-informed modelling and model fidelity.

Thesis Outline
+ Study nonlinear systems, simulate benchmark cases, apply methods to experimental data, validate
results.

Chapter 2: Mathematical Framework
System Identification
+ Limitations of linear models.
+ Challenges in nonlinear dynamics (e.g., frequency mixing, time variance).

Key Methods
* RFS: Chebyshev-polynomial-based interpolation.

» Parametric Models: RX/ARMAX/NARMAX, feature selection (Lasso, Elastic Net).
» Optimization: Physical constraints, L-BFGS-B tuning.

Chapter 3: Benchmark Nonlinear SDOF Systems

Case Studies
+ Duffing oscillator, friction-slip model, 2-DOF system.

Methodology

» Benchmark system simulation, noise, state-space formulation.
+ Validation & comparison.
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Results
» Performance of RFS, custom RX, PySINDy in capturing nonlinearities.

» Impact of noise, feature selection, over-fitting.

Chapter 4: Experimental Analysis and Results
Experimental Setup

 Lab-scale vibratory pile-driving tests (SIMOX project).

+ Instrumentation: strain gauges, accelerometers, force calculations.

Data Processing
« Signal filtering, separation of tip and shaft resisting forces.

Identification Results
» Polynomial/Chebyshev-based force models, cross-validation.

+ Stability challenges and alternative formulations.

Simulation and Validation
 State-space simulations (BDF, RK45 solvers).

+ Limitations in capturing higher harmonics, time-variant effects.

Chapter 5: Conclusions & Recommendations



Mathematical Framework

1.1. Identification of linear systems

Linear system identification, which seeks to ascertain mathematical models of linear dynamic systems
from vibration measurements, is a recognized field of study. Modal testing and analysis methods are
readily available commercially. In linear systems, the transfer function that connects the system’s input
to its output stays invariant across all excitation levels. Consequently, the mathematical model derived
from identification at a specific operating point can subsequently be employed for predictions at an
alternative operating point. In non-linear systems, deriving a universal mathematical model through system
identification at a single excitation level is impossible. A model derived under specific operating conditions
can, at most, yield the corresponding linear system at that juncture. Consequently, the identification of
non-linear systems diverges from traditional linear system identification, as no simple transfer function
exists to represent it nor the analytical methods for the majority of such systems.This thesis encompasses
the domain of non-linear system identification and focused on it for a single degree of freedom systems,
the main goal is to identify the nonlinear aspects of pile-soil interaction in pile driving.

Linear Time Invariant Linear time-invariant (LTI) Systems
[28] Linear Time Invariant (LTI) system theory focuses on the mathematical relationship between input
and output signals, where the system’s behaviour is both linear and time-invariant. A system is considered
linear when it satisfies the superposition principle, which encompasses two key properties:

« Additivity: f(z+y) = f(z) + f(y)

* Homogeneity: f(az) = af(z)

This means that the response of the system to a combination of inputs is equal to the sum of its

responses to each input individually, scaled accordingly. Furthermore, time-invariance implies that the
system’s response to a specific input remains consistent over time.

In contrast, nonlinear systems do not adhere to these principles, and as a result, parts of the signal
may be transferred to other frequencies, causing nonlinear distortions.

Time-Invariant and Time-Variant Systems

A system is time-invariant if its behaviour does not depend on the passage of time. i.e. for the same input
the system produces the same response regardless of what the system underwent before. Mathematically,
this can be expressed as:

B(t) = Nu(t)] == B(t —7) = Nfu(t —7)]

where 7 is any time shift. Systems for which the above equation does not hold are called time-variant.

1.2. Key Factors

Model identification is a crucial step in understanding and predicting the behaviour of complex systems. It
involves selecting the appropriate model structure and parameters to represent the system accurately.

6
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This process considers factors, each playing a vital role in the final model’'s effectiveness as shown in
figure 1.1.
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Figure 1.1: Key aspects of system identification models[24]

1.3. Model Inputs

The first hurdle lies in choosing the model inputs. These are the variables that influence the system’s
output. Several approaches exist. One is to include all available inputs, but this creates a high-dimensional
problem requiring vast amounts of data and extensive computational resources. Another option is to try all
input combinations, which becomes impractical for models with many variables. Supervised techniques,
such as correlation analysis or evolutionary algorithms, can also be employed, aiming to select inputs that
maximize model accuracy.

1.4. Choice of Excitation

The second critical factor is the selection of excitation signals to analyse the behaviour of the system.
Signal design is influenced by prior understanding of the process and the purpose of the model. In the
event that active excitation is not feasible, it is recommended that representative data sets be employed to
ensure that the operating conditions are adequately represented in order to evaluate the reliability of the
model and reduce extrapolation errors. Harmonic excitation should be sufficient for pile driving as for all
intents and purposes it's the driving force to be applied on site.

1.5. Model Architecture

+ Intended use: Will the model be used for simulation, optimization, control, fault detection, or something
else?

* Problem dimensionality: What is the number of relevant inputs and outputs.

« Data availability and quality: Sparse or noisy data may favour models with global approaches,
averaging out disturbances, with a risk of losing attributes of the system.

» Development time constraints: Balancing model complexity and training time is crucial. Simpler
models with faster training times might be preferred if development time is limited.

Additional factors influencing architecture selection include user experience, available tools, the need for
offline or online learning, and customer acceptance (interpretability of the model).
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1.6. Model Order, Structure, and Complexity

Determined by the number of terms or parameters. Balancing the ability to capture system dynamics
with avoiding over-fitting is crucial. Trial-and-error and prior knowledge often play a significant role in
selecting the optimal model type. Machine learning based techniques can automate the process, while
manual approaches offer more user control. Determining the right balance between automation and user
judgement is necessary.

1.7. Overview of Relevant Identification Methods

Nonlinear structural dynamics identification has been studied over the years [27]. Some prominent methods
are:

+ Spectral analysis
Volterra and Wiener series

* Nonlinear auto-regressive moving average models
Restoring force method

+ Describing function methods

+ Direct parameter estimation

Hilbert transforms

» Wavelet transforms

* Neural Networks

a few prominent time domain methods are mentioned in brief:

Restoring Forces Surface Method Restoring force surface (RFS)
Proposed in 1982[18], this approach fits a surface (using Chebyshev or Legendre polynomials) to the
resisting force data based on displacement/velocity or displacement/acceleration. It finds a suitable
polynomial to represent the force variations. Further work has been done to treat bias and over-fitting as
well as implement it in the frequency domain.

Sparse Regression (e.g. using Python sparse identification of nonlinear dynamics
(PySINDy) library [4])
This method aims to identify the most significant factors influencing the system’s behaviour by ignoring
negligible ones. It assumes a linear combination of terms and gradually eliminates terms that don’t
contribute significantly. This approach utilizes derivative system variables, offering additional insights.

Neural Networks [19]( e.g. Multi-Layer Perceptron)
While powerful machine learning algorithms, neural networks require a large dataset for effective training.
This method often creates a "black box” model, making it difficult to understand the internal workings of the
system as the only physics involved are the ones used to formulate the problem.

NARMAX Models[1]

Proposed by Billings in 1981, this model (Nonlinear Auto-regressive Moving Average with eXogenous
input) can be thought of as an enhanced linear regression that incorporates past and future states of the
system. Its parameters are solved using linear recursive least squares or other iterative methods. While it
may not reveal specific details about the system, it allows for simulations. The correlation of state variables
can be investigated and offer much insight into the underlying mechanisms.

Other Methods
While powerful modal-based methods like nonlinear normal modes hold promise, they require prior
knowledge of the system, which isn’t available in this case. Similarly, frequency domain methods wouldn’t
be suitable since the tests weren’t designed to capture a broad range of frequencies for a comprehensive
Frequency Response Function (FRF). Another machine learning approach is Support vector machines
(SVM) [6] . It works well with smaller datasets and offers some level of interpretability. However, its ability
to capture complex relationships may be limited.
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1.8. Restoring Force Surface Method

The restoring force surface method[18] is used to identify the nonlinear characteristics of the system. The
method is rooted in the equation of motion expressed as:

mij + f(y,9) = z(t) (1.1)
Where m is the mass of the system, y is the displacement, ¢ is the velocity, and f(y, y) represents the
restoring force, which can be a general function of y(¢) and ().

If the mass m is known and both the excitation x(¢) and the acceleration §(¢) are measured, then f(y, ¢)
can be computed as:

fly(®),5(t)) = 2(t) — mi(t) (1.2)

This method allows the identification of the restoring force at each sampling point, enabling the construction
of a force surface in the phase plane via an interpolation method, e.g. 2D interpolation,k-Nearest Neighbour
or other machine learning approaches.

Restoring force surface

1504

100+

i0.0

Figure 1.2: Interpolated restoring force for a 3-DOF piecewise linear oscillator [32]

The interpolated surface is then expanded into the general form:

m n

Fl9) =Y CyTi(y)T;(5) (1.3)

i=0 j=0

Where T;(y) and T;(y) are Chebyshev polynomials, and C;; are the coefficients of fit to be determined.

Chebyshev polynomials are a class of orthogonal polynomials that arise naturally in approximation theory
and numerical methods. Due to their excellent convergence properties, they are often used in interpolation,
function approximation, and spectral methods for solving differential equations. see Appendix D. The
most important property is that they can form an orthogonal basis allowing for separation of equations for
displacement and velocity allowing direct calculation of the fit coefficients C;;

These polynomials are named after the Russian mathematician Pafnuty Chebyshev. In this document,
we focus on the Chebyshev polynomials of the first kind, denoted by T, (), which play a significant role in
minimizing errors during polynomial approximation.
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The orthogonality of the Chebyshev polynomials leads to the integral equation: The coefficients C;;
are determined using a double integral over the phase space:

Ciy = X.X, / 1 / WG () i) d (1.4)

where:

. _ 1 . . . .
w(y) = Ne= is the weight function for Chebyshev polynomials,
* X; = 1(1+ 6;0) is a normalization factor,
* ¢;; is the Kronecker delta.
In discrete form, the integral is approximated using numerical quadrature:

Cij ~ XiX; Y > wpwyTi(C () T (C(n)) f (ys ) Ay Ag, (1.5)

k=1 I1=1
where wy, and w; are weights associated with the quadrature points.
To facilitate the calculation, the coordinates can be normalized as:

%(ymax + Ymin)

Y —
%(ymax - ymin)

Cly) =

o l . .
{(g) = L 2mex £ o) (1.7)
g(ymax ~ Ymin)

The restoring force surface is then approximated as:

ch<T T;(¢(9)) (1.8)

=0 j=0

The transformation of coordinates ¢(y) and {(3) allows the data to be mapped onto a standardized
interval, ensuring that the Chebyshev polynomials are properly applied for further calculations.

Interpolation and Approximation
To address the interpolation of the force surface on a regular grid, a bilinear interpolation procedure is
applied. This procedure involves identifying the grid square containing the point (y, ) and interpolating the
force value f(y,y) using surrounding grid points.

The interpolation process it the core decision of this method, the one with the seemingly best result
using a Neural Network (Multiple layer perceptron (MLP)) when judging simply the RMSE of a known
restoring force surface, e.g. for a Duffing oscillator.

Chebyshev Polynomial Approximation
The restoring force f(y, y) is approximated using Chebyshev polynomials:

9) =3 CiTi(Cw)T;(¢(H), (1.9)

i=0 j=0

where T;(x) are the Chebyshev polynomials of the first kind, and C;; are the coefficients to be computed.

Reconstruction of Restoring Force
Using the computed coefficients C;;, the restoring force f(y,y) can be reconstructed:

=33 T )T (). (1.10)

i=0 j=0

one can derive a mathematical expansion of the Chebyshev into polynomials however it doesn’t have an
inherent physical meaning, i.e. you won’t see the linear stiffness component separately from the rest.
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1.9. Identification using Parametric Time Domain Models

In system identification, several models are commonly used to represent dynamical systems in the time
domain. These include the Autoregressive with exogenous inputs (RX), Autoregressive moving average
with exogenous inputs (ARMAX), and Nonlinear autoregressive moving average with exogenous input
(NARMAX) models, each differing in how they incorporate the input-output relationship and how they
handle nonlinearity.

RX (Auto-regressive with eXogenous inputs) Model
The RX model is a simpler linear time-invariant (LTI) model that relates the current output to past outputs
(auto-regressive part) and past inputs (exogenous part). It is often used when the relationship between
input and output is assumed to be linear and straightforward. The mathematical form of the RX model is
given by:
y(t) +ary(t —1) + -+ apy(t —n) = bru(t — 1) + -+« + bpu(t — m) + e(t), (1.11)
where:

* y(t) is the output at time ¢,

* u(t) is the input at time ¢,

* ¢(t) is the white noise (error term),

* a; and b; are model parameters to be estimated.

The RX model assumes a purely linear relationship between inputs and outputs, making it computa-
tionally efficient and easier to implement. It is particularly well-suited for applications where the dynamics

are relatively simple and noise does not play a significant role. Parameter estimation for RX models is
typically performed using least squares methods [16].

ARMAX (Auto-regressive Moving Average with eXogenous inputs) Model
The ARMAX model extends the RX model by including a moving average (MA) term that models the noise
as a linear combination of past errors. The ARMAX model is expressed as:

y®)+aryt—1)+ - +apy(t—n) =bju(t—1)+- -+ bpult—m)+cre(t—1)+---+ce(t—1)+e(t), (1.12)
where ¢; are the coefficients for the moving average part.

The inclusion of the MA term allows the ARMAX model to account for dynamic noise behaviour, making
it more robust for systems where noise dynamics influence the output. However, this added complexity
requires iterative parameter estimation methods [16].

NARMAX (Nonlinear Auto-regressive Moving Average with eXogenous inputs)

Model
The NARMAX model builds on the ARMAX model by incorporating nonlinear relationships between inputs,
outputs, and noise. This allows the model to capture complex input output interactions as well as memory
like behaviour, providing greater flexibility for real-world applications where system behaviour often deviates
from linear assumptions.

Mathematically, the NARMAX model is expressed as:

Yk = F [Uk—1s- s Yk—nys Th> Thm1s- - s Thoniys €k—15 - - - » Ch—m, | + €k, (1.13)

where F is a nonlinear function that governs the relationship among inputs, outputs, and noise. The
NARMAX model is ideal for applications involving strong nonlinearities and significant noise effects [1].

Comparison of RX, ARMAX, and NARMAX Models

The key differences among these models lie in their complexity and ability to handle nonlinearity and noise:

* RX Model: Best suited for systems with simple, linear dynamics and negligible noise. It is computa-
tionally efficient but lacks the ability to model complex behaviours.

+ ARMAX Model: A linear model that extends RX by modelling noise dynamics. Useful for systems
where noise plays a significant role but where the dynamics remain linear.
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* NARMAX Model: The most flexible and robust among the three, capable of modelling nonlinear
dynamics and accounting for noise. This comes at the cost of increased computational complexity
and the need for advanced parameter estimation techniques.

Model Structure and Order

The structure of a NARMAX model is designed to capture both the deterministic and stochastic components
of a system. The model order, plays a crucial role in defining the complexity of the model [1]. Higher
model orders allow the model to capture more complex dynamics by considering longer memory effects,
but they also increase the risk of over-fitting, particularly when the available data is limited. Therefore, the
selection of the appropriate model order is a critical step in the modelling process and requires careful
consideration of both the system dynamics and the quality of the data [5]. Additionally very high order
models run into the issue of overflow when working with ODE solvers, and normalization isn’t always
possible, refer to section 2.7.

Advantages of NARMAX Models
The NARMAX model offers several advantages that make it a preferred choice for modelling nonlinear
systems. One of the key benéefits is its ability to capture complex time and history relationships between
the inputs, outputs, and noise components [12]. This is particularly valuable in real-world systems where
time-invariant models fail to adequately describe the system dynamics. Additionally, the NARMAX model
is highly flexible, allowing for the use of various types of functions for the nonlinear mapping 7 (-).

Another significant advantage of the NARMAX model is its ability to model uncertainty. By including
noise terms explicitly in the model structure, the NARMAX model can account for uncertainties, unaccounted
for dynamics, and measurement noise, providing a more accurate and robust representation of the system

[3].

Commonly Used Functions in NARMAX Models

The NARMAX model’s performance is largely dependent on the features selected. Other functions including
neural networks, wavelets, and radial basis functions [1] are also utilized in more complex situations,
even though polynomial functions are the most widely used because of their simplicity and ease of
implementation [5]. The aforementioned functions are appropriate for modelling highly nonlinear systems
because they offer more flexibility and are able to identify more complex patterns in the data, but I'd find it
more appropriate and interpretable to use more recognizable forms of features instead of machine learning
type of global optimizers.
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Model Formulation
For a 1 DOF system, the internal force Fin(¢) is reconstructed as a weighted sum of features:

Fnt(t) =Y _cifiy(t), (1)),

3
where:

* ¢; are the coefficients learned through regression,
* fi(y(t),y(t)) are the features i.e. functions e.g. polynomials, trigonometric functions etc..

Equation of Motion
The equation of motion combines the internal force and external forcing term, Fex(t), to model system
dynamics:

my(t) = —Fint(t) + Fext(t). (1.14)

Substituting the feature-based representation of Fin(¢):

mij(t) = Y eifi(y(0) §(1)) + Fext(t)-

7

For the simplest parametric model this formulation can be expanded to :

RX Model
Fint,¢ 1y Ut fi(ye, 9e) ol |er
Fint,t41 U yirr Uerr [, Pepr) | |c2

Faterz| |1 wer2 Gevz [iUeeos Gega) -] [e3

The next step after getting some idea of main time invariant features of the system, is adding history
terms, choice of history terms is discussed further one, and in addition to that is the inclusion of noise into
the model (by judging the internal force residuals or using any known properties of the instrumentation
system) the formulation of the problem becomes the well known NARMAX Model

Fintt 1 Yt Yt—1 Ut €t fl(yta Z)t) fl(ytflv ytﬂ) f1 (et) te C1
Fint,t 41 L 1 v Uir1 €1 f1(Wet1, Y1) J1(e, 9e) fileir1) | |e2

Fiter2| |1 yer2 Y1 Uer2 err2 [1(Uet2, Ye2)  [i(yesn, Ger1)  fi(esy2) -] |cs

The above formulations include only 2 inputs, displacement and velocity, however even the output
internal force history can be included, but as we have some expectations for the equation of motion to be
mostly displacement and velocity dependent they make the most rational sense to use. The formulated
models are a classic optimization problem, no unique solution. plenty of mathematical as well as machine
learning approaches exist to find resolve it.

Regression techniques

Regression techniques are fundamental for parameter estimation and model identification, particularly
in nonlinear ordinary differential equations (ODEs) and structural dynamics. These methods connect
observed data with governing equations, providing predictive insights into dynamic systems. Widely used
approaches include Least Squares, Lasso, and Elastic Net regression, each suited to specific optimization
scenarios (refer to Appendix E ).
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In these methods, the columns represent features or functions, and irrelevant functions are eliminated
through the optimization process. Lasso regression is particularly effective due to its penalty term, which
minimizes the coefficient matrix and identifies relevant features.

This optimization problem can be solved using a custom Lasso regressor, referred to from now on as
"Custom Lasso”, or with PySINDy’s sparse regression implementation of the same RX model referred to
as "PySINDy”.

Constraints
It's always best to try to involve as much physics as possible to guide the optimization problem into a
suitable solutions, those can be added in as constraints such constraints to the coefficient matrix ¢; can be

1. inequality constraints: Coefficients corresponding to specific features can be constrained to be
non-positive:
¢; >0, Vie indices of positive terms. (1.15)

This is useful in domains where certain coefficients must adhere to physical or practical constraints
such as having positive linear stiffness and positive linear damping.

2. Fixed Values: Specific coefficients can be fixed to predefined values:
¢; = v, Vi€ fixed values. (1.16)

this however is not useful, if we have prior knowledge of a particular component of the system, e.g.
linear stiffness it would be best to reformulate the model with it on the left hand side , i.e. fit for
F,y — k xy instead of F,,;

3. bounds for parameters, if there is any knowledge what the expected range for a certain parameters,
it would be best to limit them

Implicit Parameter Optimization in the Features Model
The default parameters are multipliers of features, however having a function e.g. ¢; * cos(A.y) as a feature
is problematic as linear regression does not accommodate multiple parameters, thus an overarching
optimization is done with the linear regression within it, i.e. perturbing the initial value of A to get multiple
fits of ¢; and see if a parameters like A are optimized to minimize the objective function with the quasi-
newton method of Limited-memory Broyden—Fletcher—Goldfarb—Shanno with box constraints (L-BFGS-B)
[33] see appendix | for an overview of such optimization algorithms.

Feature Engineering
In machine learning, feature engineering is the process of turning raw data into useful input variables
(features) that improve the performance of a model. It includes adding, changing, or picking features that
pick up on important patterns in the data so that the model can make good predictions.

One important part is feature creation, which means making new variables from old ones. For example,
you could calculate ratios or get time-based traits (like month, day). Using statistical tests or importance
scores from models, feature selection gets rid of features that aren’t needed or are repeated, making the
data simpler to understand. Getting rid of missing values and reducing dimensionality also helps simplify
datasets , which can improve the performance of models.

Using feature engineering correctly can make models more accurate, prevent over-fitting, and reduce
computational time. A lot of literature highlights that feature selection is more critical than algorithm choice,
as effective features enable even basic models to perform adequately.

Many techniques exist for feature engineering in terms of linear system, e.g. Principal component
analysis and K-means Nonlinear feature engineering is only feasible when a dataset (or the physics
generating it) is well understood.



|dentification of Benchmark Non-Linear
SDOF Systems

Due to the relative lack of data available for pile-driving measurements, simpler benchmark cases of
nonlinear 1 DOF systems are explored. These benchmarks aim to investigate different approaches,
examine the effects of hyper-parameters, and assess the impact of noise on the identification process.

Main Points of Investigation
1. Can the response be extrapolated to other types of excitation?

2. Can the different types of nonlinearities and their combinations be clearly identified?

3. How much information about the system can be extracted? Is the technique effectively a black-box
approach?

4. Can a technique properly accommodate history or time variant physics?

Benchmark Case Studies
The case studies include:

1. A simple Duffing oscillator.

2. A Duffing oscillator with higher-order stabilizing terms.

3. Afriction-slip model represented by a hyperbolic tangent function.
4. A 2-degree-of-freedom system with a single cubic stiffness term

Process for Benchmark Cases

System Generation

Systems are generated with arbitrary coefficients for the various components, ensuring that terms are
effective compared to the excitation. Terms of negligible contribution (stabilizing or destabilizing) to the
internal force are excluded as they neither significantly influence the response.

Incorporating Noise

Noise is added to the applied force to mimic imperfections in harmonic loading, set at 5% of the force
peak. This level is based on the harmonic force used in the tests. Using state-space formulation and a
numerical solver (Runge-Kutta 45), the system is simulated to generate displacement (y) and velocity
() series. These measurements are further corrupted with 5% noise. From velocity, acceleration (7)) is
derived, though noise amplification during signal differentiation makes it most evident in the acceleration
(see L). the state space formulation and initial value problem solver was verified by using it on the default
SDOF system ( ky + cy ) against Duhamel’s integral [11]

15
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Restoring Force Derivation
The restoring force is computed using the relationship:

(Y, 9) = Fet —m -

Comparing Representations

After fitting the force, each of the three identification approaches generates a representation of the restoring
force. These representations are compared statistically against the ground truth (both with and without
induced noise) to evaluate how well the methods capture the system’s behaviour.

Validation Through New Simulations

A new simulation is performed using a forcing function not included in the training series. The three
representations are tested by observing their accuracy in predicting the restoring force. Additionally, a new
state-space formulation is created:

m -4 = Fext — fiitted <y7 y)

Solving this equation provides predictions for y and g, which are compared against the validation case.
Acceleration validation (§j), while possible, adds little value as it is effectively another way of comparing

forces (Fext - ffitted VS. Fext - factual)-

2.1. Benchmark Cases Problem Formulation
1- A generic formulation of the simple benchmark systems is:

mij+ f(y,y) = F(t), (2.1)
where:
* m is the mass,
* jj is the acceleration,
+ g is the velocity,
* f(y,y) represents the nonlinear internal forces dependent on displacement y and velocity g
* F(t) is the external forcing function,

the state-space formulation converts this second-order ODE into a system of first-order differential equa-
tions.

Oscillator Type Equation of Motion
Default SDOF System my + ay + 0y = Fext
Default Duffing Oscillator mij + ay + By® + 6y = Fext
Destabilising Duffing Oscillator | mjj + ay — By> + 6 = Fext
Modified Duffing mij + ay + By° + 07 + e1y° + €3 - 10%939° = Fey
SDOF with Yield my + 0y + €1 tanh(eay) = Fext
SDOF with a Harsh Yield my + « - yield(y) + 6y = Fext, Where:
yield(y) = Sy, ify> O..()Ol,

v, otherwise.

Van der Pol Oscillator mij 4 oy + 6(1 — y*) = Fex

Table 2.1: Equation of motion for various dynamic systems.

All parameters «, f3, §, €1, and ey are positive numbers chosen arbitrarily in order to highlight some
different aspects. and all of which are constants that are time invariant. although quite a number of systems
and range of parameters was investigated the thesis only focuses and highlights some key concepts and
observations to help guide the system identification of the pile driving test data.

The same RX formulation intended for the pile test is to be used:
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Fint ¢ 1y Yt J1(ye, 9t) e
Fintt+1 U yirr Oerr [iWesn, o) | |2

Fotir2| |1 wir2 U2 i, Gev2) -] |c3

2- Training Data to be used for fit, is the internal force, which was calculated by solving the systems to
the excitation of 2 simple harmonic forces, and direct substitution of the 2 state variables into the equations
of motion gives the internal force, i.e. the target of fit.

The Force used for the training data is a simple single frequency harmonic

F1(t) = v1 cos(wit) + noise, F»(t) = 72 cos(wat) + Noise, (2.2)
where:

e 1 = 2000, w; = 20 x 2w rad/s,
* 5 = 2000, wy = 30 x 2w rad/s,

the force amplitude and frequency were chosen to be similar to the pile test, but that’s an arbitrary choice
here.

State-Space Formulation
for most non-linear ODE’s getting an analytical expression as a solution is not possible ( although different
approximations and linearizations exist based on how strong the nonlinearity is), but numerical solution can
be used to solve nonlinear ODE’s via reducing the second order equation into a set of 2 first order equations
that can be easily handled by numerical solvers. refer to appendix H. the main numerical solvers used
were Runge-Kutta method of order 5(4) (RK45) for the benchmark cases and test data and Backwards
Differentiation formula Backward differentiation formula (BDF) for the test results.

The second-order differential equation can be rewritten in state-space form:

Y=y, (2.3)
y=1y. (2.4)
The state-space representation becomes:
j =1, (2.5)
. 1 .
i = ——(f(y:9) = Fou(t)). (2.6)

Here, y represents the displacement, and y the velocity. The system is fully described by the first-order
equations for y and .

Initial Conditions and Time Integration
The initial conditions for the system are specified as:

y(0) =0, 3(0)=0. (2.7)

The time parameters are defined as:

* to = 0, the initial time,

*ly= 5,

+ At = 0.00125, the time step chosen to be similar to the pile test.
the final time, start and end time were arbitrary choices, but it is noticeable that the length of test is not
as important as the sampling rate, when talking about time invariant systems. it's worth noting that when
identifying a system, the sampling rate matters greatly and a rule of thumb is having it cover a frequency
10-20 times the loading frequency, e.g. for a frequency of 30 Hz, that equates to 0.003 - 0.0017 seconds

These parameters are used to simulate the response of the system under the combined effects of the
harmonic force
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Application of Noise
very simple random additive noise was added as a percent of the forcing amplitude

noise = 0.05 -~ -U(—1,1), (2.8)

where:

+ ~ is the amplitude of the forcing function,

» U(—1,1) is arandom variable uniformly distributed in the range [—1, 1], representing the noise scaling
factor.

a critique of choice of noise and its importance can be found in 2.7

2. Noise in Measurements: Noise is also applied to the measured displacement and velocity to simulate
real-world imperfections in observations:

Ymeasured = ¥ + 0.05 - N(07 Uy)7 (29)
Ymeasured = ¥ + 0.05 - N(O, Uy)a (2-1 O)
where:

* 5% is an arbitrary choice of noise magnitude, simple chosen

* N(0,0) is a Gaussian random variable with mean 0 and standard deviation ,
*+ 0, = std(y) is the standard deviation of the displacement series,

* o, = std(y) is the standard deviation of the velocity series.

2. Validation Force: The validation force is defined as a piecewise function:

0 t<22
Foult) =1, o 2.11
ext(t) {73 [sin(wt) + sin(2wt) + sin(3wt)], ¢ > 2.2, ( )

where:
* v3 =75,
* w =30 x 2w rad/s.

Validation Force
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Figure 2.1: Benchmark cases: chosen validation force

No noise was applied to the validation data to ensure that the comparison is clear, and seeing that noise
was not modelled it will not be a clear comparison starting from the Custom RX or PySINDy results without
noise, the residual can be used to model noise as well.

Both the actual equation of motion and the identified systems are simulated and comparisons are done
there for various aspects. note: simulations with the identified systems were done using the start of the
trimmed actual response as initial conditions, thus ensuring that the transient state at the start e.g. jumping
from (0,0) does not cloud our comparison by a phase delay or anything similar.

Referring to 1 for the literature review the workflow of the 3 methods of system identification can be
summarised as follows:
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2.2. Workflow of the RFS Approach

1. Normalize the coordinates. Transform y and g to normalized coordinates ((y) and ((y) using
scaling transformations.

2. Fit a surface. Apply interpolation or regression techniques (MLP was the method of choice for the
benchmark cases) to interpolate points along the restoring force surface.
3. Approximate the Surface with Chebyshev polynomials. Use Chebyshev polynomials to represent

the restoring force f(y,y), and calculate the coefficients for each polynomial C;; through numerical
integration or regression techniques.

4. Reconstruct the force surface. Combine the coefficients C;; and Chebyshev polynomials to
reconstruct f(y, ).

5. Validation. Validate the internal force by using the reconstructed internal force in a new state space
formulation with the validation force.

Workflow of the Parametric Model Approach (RX Model)

1. Data Collection. Collect time-series data of the system’s state variables.
2. Library Construction. Generate a library of potential functions that describe the system’s behavior.

3. Regression. Apply regression techniques to select the most relevant terms that describe the
dynamics while ignoring unnecessary ones.

4. Model Validation. Compare the identified equations with the observed data to ensure accuracy and
consistency.

All of this uses the PySINDy Python library, where choices can be made regarding the regressor,
method, and combination of potential functions.

Judging Quality of the Identified System
» When the main interest is the magnitude of forcing, e.g. | believe matching the magnitude and decay
if any would be a key point for pile driving, thus the Root mean square error (RMSE) would be the
preferred statistic

» however for other nonlinear systems, e.g. offshore wind turbine, where fatigue and number of cycles
i critical R? would be preferable, an oversimplified explanation is that RMSE reflects the error in
amplitude, while R? reflects the error in shape, including the location and magnitude of peaks, but
realistically they both have the same.

2.3. Case 1
A standard duffing oscillator Ground Truth:

F(t) —mij = 1.0-10%° +2.0 - 10y + 10.0j

RFS:
f(t) —mij =88.0y*y* + 11.99y%53 — 48.06y* 3> — 1.426yy + 382.9y*
+ 85.17139" + 4.2839° — 42.14y%5% — 172.0y3y — 5578.0y°
— 135.49%" — 35.17y%5° + 111.8y%9° + 114.1y%y — 240.9y>
— 188.9yy* — 4.608y5> + 214.6y5> + 63.0yy — 6107.0y
+147.99* — 47.49° — 212.5¢% — 221.7y + 534.1
Custom RX:

f(t) —mij = —3.891-10%° — 1.981 - 10%y*y — 262.7y3y>
+1.039 - 10593 + 12.45y52 + 2.059 - 101y + 9.123y
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pySINDy:

f(t) —mij = — 2.409 - 10%y*y — 260.43°9° + 8.949 - 10°y>
+ 448.8y%y + 15.13yy* + 2.0 - 10y + 7.844y
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Figure 2.2: Case 1: Contribution of system terms to overall internal force as percentage of external forcing

The system parameters were selected so that both linear and cubic stiffness terms represent a significant
proportion of response to the harmonic force applied, if the testing used does not excite a response from
all sources of force in the system it will not likely show up in the identified system, thus test design is crucial
in identifying the underlying physics of any nonlinear system this is discussed more in 2.7

Dufting Oscillator : Duffing Oscillator Simulation
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Figure 2.3: Case 1: Simulated displacement and velocity

Despite the noise, the harmonics of the response are quite clear. Determining whether the chosen
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noise level is sufficient may be subjective. However, attempting to identify a system that is excessively
noisy, after filtering out undesired frequencies with a low- or high-pass filter, is overly ambitious.

Additionally, the simulated displacement and velocity data were trimmed to ensure that transient
responses did not affect system identification. Trials including the transient start proved highly unreliable.
For this specific system, the response was trimmed from 2 seconds onward. The trimming time can vary
greatly depending on the parameters and nature of the non-linear system, but selecting the point where a
steady state is achieved is essential.
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Figure 2.4: Case 1: External force and calculated internal force in a simulation

Acceleration was derived from velocity, and the mass inertia was subtracted from the external force to
compute the restoring force as described in 1.8.

Restoring Force Surface (RFS)
For the RFS, the simulation data (y, ) was normalized to the range [—1, 1], and this normalization is taken
into account when getting the coefficients for the polynomials. multiple machine learning approaches
were used to fit a response surface that represents the correlation between the restoring force and the
velocity/displacement data points, visualized as 3D points. This process follows the method discussed in
mathematical framework (1).
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Figure 2.5: Case 1: Restoring Force Surfaces via multiple machine learning pipelines

Prior knowledge greatly aids in determining which approach yields the best fit. However, relying solely
on the mean squared error (MSE) for judgment is appropriate. Any abnormalities in the surface, such as
sudden jumps, should be questioned unless supported by intermediary data. Fortunately, this does not
appear to be the case here. Other criteria for comparison, such as using a validation set beyond the peak
velocity or displacement, are possible but are instead directly investigated in the verification case.

22
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Restoring Force Surface
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Figure 2.6: Case 1: Selected restoring force surface (RFS)

The neural network MLP appears to provide the best results overall. However, when examining
the residuals, it performs poorly at the edges of the surface due to insufficient data in those regions

Additionally, extrapolation beyond the surface is unlikely to yield accurate results, similar to how overfitting

an interpolated 1D function fails beyond its training range.
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Figure 2.7: Case 1 : Cross Sections of the surface including side views of the simulated 3D dataset
(internal force vs displacement and velocity)

Taking cross-sections at the fitted surface shows how the surface provides insight into the system’s
properties. A cross-section along displacements (showing only the input points at a given velocity) clearly
indicates the cubic relationship of the system. This can also be seen from the input data itself. However,
for more noisy and complex systems, it may provide a hint about what happens at specific ranges of
displacements and velocities. The darker marked input points represent those that coincide with the
respective section. However, depending on the training data, they may not accurately reflect the system’s
behaviour, as certain sections might have no data points. In such cases, the behaviour would have to be
inferred from the remaining points.

A cross-section along velocity is expected to show a linear trend (representing linear damping), but this
was not the case. For the given system, more points along different velocities are needed to achieve a
good representation of velocity-dependent terms. The effect of this error is noticeable in the validation
case. Plotting different functions of (y, ) helps to evaluate how well they fit, which is beneficial for the other
two approaches. Zooming out on the velocity-internal force plane (see figure 2.8), the actual linear trend is
more apparent, however the error is due to the velocity term contribution being small in comparison to the
applied noise (3% compared to 5% of loading f such that minute differences in it are harder to notice as
they have less of an effect of the system and thus harder to detect.
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Side View of Restoring Force Surface
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Figure 2.9: Case 1: Side view of surface and data sets
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A side view of the surface shows that the cubic stiffness is quite evident in the data itself, but velocity-
dependent trends are less clear as you don’t have enough data points at edges of the system. it should
be noted that for the selected system as the governing formula does not change when calculating the
restoring force, thus extrapolating the surface is not problematic, the issue of extrapolating will occur only
if the training data does not represent the entire cubic curve, e.g. for low excitation both the cubic and
linear stiffness appear very similar and the cubic component will not be identified, but that would be a fault
of the test but not the identification procedure.

pySINDy and Custom RX Fit
pySINDy and Custom RX is straightforward. The main control is the function library to look for. For the
Duffing oscillator, simply sweeping all polynomial terms up to the fifth power seemed like a reasonable
choice based on how smooth the RFS was, and polynomials are a good starting point for many systems
seeing that having a linear stiffness (if only at certain ranges) is a reoccurring feature in the structural
engineering field.

The functions used are:

T TV R VAN T Vi Y Vi VN VA Vi VN e VN VRN Y Y VRN Y VN VA R

If the restoring force surface derived earlier shows similarity to a particular function, it can be included,
and whether it is a good choice or not will become evident. It is important to note that the choice of the
function library is the most critical step in identifying the system.

From trials, going up to higher terms indefinitely proved problematic—not due to computational load but
due to numerical issues. Overflow became common depending on the magnitudes used when simulating,
making the system unreliable

Regarding overflow, normalization can be applied in a simple manner by normalizing the external force
and coefficients using a constant value. However, minimizing individual problematic terms, such as y7, is
not feasible. The nonlinearity of the system makes reversing a change in displacement or velocity very
tricky and the identified parameters would be hard to interpret.

Duffing Oscillator : Peak of Candidate Terms [N]
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Figure 2.10: Case 1: Terms fit

It is clear that both approaches successfully identified the main linear and cubic stiffness terms with
reasonable accuracy. The plot shows the absolute peak values of each feature (term) in the system in
time. Since both approaches use the exact training data, these peaks correspond 1:1 to the coefficients of
the system.

However, there appear to be some unnecessary terms. An initial hypothesis is that these terms either
represent the added noise or counteract one another (or errors in the main terms) to minimize the objective
function (i.e., the difference between the fitted and actual values), removing the noise from the system
does not eliminate these terms. Setting the lookup libraries to only the system terms y, 3/, y> would result in
exact identification but such prior knowledge is commonly unavailable.

The statistical approach of "Mutual Information” (Mutual information (Ml)) F was used to evaluate
whether specific features correlate with the restoring force, i.e., whether they exhibit similarities in terms of
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peaks and sign. For this case the 2 highest values of the mutual information statistic corresponds to terms
actually within the system.

Dutfing Oscillator : Top 100% Features by Mutual Information
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Figure 2.11: Case 1: Mutual Information statistic of the different terms

The mutual information test did not provide a clear indication of whether a feature belongs to the system
or not, despite the system being relatively small. For instance, the two highest values correspond to system
terms, but the third-highest does not. A slightly different approach was used by multiplying the Ml values
with the feature peaks to see if this helps eliminate unnecessary terms, as shown in figure 2.12 below.

Proposed Significance Index = M1I; x max(c; * fi(y,9))
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Figure 2.12: Case 1: Proposed Significance index

Unfortunately, neither the MI value nor the proposed significance index reliably identified features of
the nonlinear system. One of the main terms, linear damping, did not stand out. Without prior knowledge,
the term yy? would have appeared to be a promising candidate but would ultimately be misleading.

Further more, elimination of non-relevant features was done with a combination of changing the
regulation coefficients ( affects the weight of the penalty term, a higher value eliminates more terms) and
by inspecting how the fit changes when dropping of terms based on their magnitude, this is illustrated in
figure 2.13 below
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Figure 2.13: Case 1 : Removing Unnecessary Terms

Figures on the left are the statistics representing the score of the fit, the x-axis is the number of terms
used (as in how many high contribution terms remain not the total number of terms used in the library)

there is convergence of fit against number of terms.

The expressions above were adjusted by eliminating any terms that don’t significantly affect both scores
of the system ( in lack of a clear trend in 2.13 above a 5% cut-off would be the next logical choice) it's also
worth noting that adjusting the regularization parameter does something to a similar effect but trimming the
excess terms this way can give insight, what is the most appropriate functional form for modelling damping

behaviour—linear, cubic, or another formulation?
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Dufting Oscillator : Training Data - Restoring Force Fit (Custom RX)
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Dufting Oscillator : Training Data - Restoring Force Fit (pySINDy)
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Figure 2.14: Case 1: Force fit

The plot above demonstrates that the system is able to discern the artificial noise added. All three
methods show a good fit based on the R? value, with RFS performing the worst at 0.85. It is noticeable
that trimming some terms from the ARX model actually improved the fit.

To investigate how well the approaches perform beyond the noise, residuals were plotted, and a
Quantile-quantile (QQ) plot was created. As the noise is randomly distributed, the Quadratic quantum
cross-correlation (QQCC) value (see Appendix’ F for specifics of those statistics) provides an indication of
how effectively the methods account for the noise. pySINDy appears to perform the best in this regard, as
shown in Figure 2.15.
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Training Data - Restoring Force Residual
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Figure 2.15: Case 1: Residual plot

Not all of the noise is accounted for. Thus, the unnecessary terms in pySINDy and Custom RX are
likely a combination of representing noise and counteracting each other to minimize the difference between
the fitted expression and the training data. Re-fitting the system with clean signals and noise does not
eliminate these terms but results in a different combination. There appears to be no straightforward way to
eliminate these terms entirely, which reinforces the importance of selecting an appropriate function library.
In actual practice, we’d have no prior knowledge that the error is just additive normally distributed but

would be a good first guess.

Finally, validation was performed by doing a blind simulation of the fitted systems excited by the
validation force and the response was compared as seen below.
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Ground Truth 1.0e6y? + 20000.0y + 10.0y

CustomRX R?=0.9082, RMSE = 8.84e + 00
~2.4996 - 10°y® — 364.66y%y2 + 1.0017 - 106y + 13.339yy>
+20661.0y +9.2162y

RFS5R?>=0.8351,RMSE=1.18e+01

pySINDy R? = 0.9461, RMSE = 6.78e + 00
—438.2y%y? +9.2975 - 10°y3 + 18.512yy>
+20310.0y + 7.8327y

Dutffing Oscillator : Validation - Restoring Force Prediction
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Figure 2.16: Case 1 : Validation - Restoring Force Prediction
Both Custom RX, pySINDy approaches perform well in terms of shape (R?) and magnitude (RM SE)

as they got the 3 main parameters correct within 20% but with additional terms especially the custom RX
model. The RFS approach however does poorly in terms of the RM SE but a good fit nonetheless.
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Validation - Displacement Prediction
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Figure 2.17: Case 1 : Validation - Displacement & Velocity Prediction

The displacement fit for the validation case demonstrates that the system’s response aligns well with
the applied validation force, even with the abrupt changes. This behaviour highlights the robustness of the
fitted model in capturing the essential dynamics of the system under varying excitation conditions.

Finally to investigate whether the "unnecessary” terms added to the system affect simulations at different
frequencies an FRF was constructed by applying harmonic forces at multiple frequencies and solving for
peak amplitude ( after trimming transient response) and the normalized by the force amplitude ~ , this was
also done for various magnitudes of loading forces. for a duffing oscillator a linear approximation to get
an expression of the FRF is available and is used for comparison. see appendix B. * the approach used
can not get the unstable branch of the FRF between 20-40Hz, that can be derived by adjusting the initial
conditions but is not the focus of this study
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Figure 2.18: Case 1 - FRF v = 300 from 0 - 150 Hz
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Duffing Oscillator : FRF Comparison - Force/Mass Amplitude = 1000
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Figure 2.19: Case 1 - FRF v = 1000 from 0 - 150 Hz

Varying the magnitude of force has no effect, and the identified systems are not sensitive to force
amplitude

Duffing Oscillator : FRF Comparison - Force/Mass Amplitude = 300
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Figure 2.20: Case 1 - FRF v = 300 from O - 1400 Hz

Inspecting the FRF plots, it's clear that the fit is adequate and not sensitive to excitation force nor
frequency of loading. investigating numerical stability as well as ensuring we’re actually capturing physics
instead of overfitting for a certain specific region. for benchmark case 2.0 this did not remain as the fit in
itself was not perfect and got worse at higher frequencies. this is relevant for pile-soil interaction at hand as
to correlate what frequency of testing or range of frequencies do | need in order to capture the behaviour
correctly, with the lack of an actual FRF to compute nor a ground truth to compare against.
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2.4. Case 2.0

Case 2 is a Duffing-like-oscillator with additional terms, as described in table 2.1

Modified Duffing: f=5.0e6y> + 2000.0y3y? + 1.0e5y> + 10000.0y + 10.0y
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Figure 2.21: Case 2.0 Contribution of system terms to overall internal force as percentage of external
forcing

The parameters of the system where chosen so that the linear stiffness contributes the most, and the
higher order terms are in the order of magnitude of the applied noise to force. Afterwards the exact same
procedure of Case 1 identification was followed
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Restoring Force Surface
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Figure 2.22: Case 2.0: Selected Restoring Force Surface

The restoring force surface shows good fit of the known region of the tests data but great residual at

the edges due to lack of data points there, the excitation can be adjusted in order to capture more points
there but that’s a luxury not available in actual practice.
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Displacement vs Internal Force - Cross Section of Surface Velocity vs Internal Force - Cross Section of Surface
at Velocity = -0.7 m/s at Displacement =-0.7 m
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Figure 2.23: Case 2.0 :Cross Sections of the surface including side views of the simulated 3D dataset
(internal force vs displacement and velocity)
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Side View of Restoring Force Surface Side View of Restoring Force Surface
(Displacement vs Resisting Force) (Velocity vs Resisting Force)
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Figure 2.24: Case 2.0 : Side Views of Surface

The surface does not clearly indicate any specific functions like case 1, however seeing that it's pretty
smooth (no sudden changes or jumps) a polynomial function library was used as polynomials don’t have
issues with such shapes.
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Figure 2.25: Case 2.0 : Training Data - Restoring Force Residual

The QQCC value tends to be logarithmic in scale , shape of the QQ-plot is a better indicator, all 3 fits
seems to have not properly isolated the normally distributed noise.
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Ground Truth 5.0e6y3 + 2000.0yy? + 1.0e5y> + 10000.0y + 10.0y

CustomRX R?=0.0844, RMSE = 1.24e + 01
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Figure 2.26: Case 2.0 : Validation - Restoring Force Prediction

When doing a blind validation, neither of the systems does a perfect fit however seeing that the
magnitudes of the RMSE and rate of decay are the best for Custom RX, that would be the choice model
to rely one. when observing the terms, some terms like 4 was completely trimmed off seeing that its
contribution was 2% of the total applied force and thus did not register when fitting, the rest also seem like
a combination of different terms to simply mimic the response, and some destabilizing terms are there, it
is possible to constrain the parameters to all be positive and stable, however that dramatically drops the
accuracy of fit, a good example of why negative terms are needed are Taylor expansions, negative terms
do always indicate an instability or negative response however when counteracted.
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Validation Data - Restoring Force Residual
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Figure 2.27: Case 2.0 : Training Data - Validation Force Residual

the residuals of the validation case clearly show that a portion of the higher order contributions were
disregarded when fitting as residuals should be random not repeating harmonics.

Validation - Displacement Prediction

0.005

0.000 4

—— CustomRXR?= —0.0062, RMSE = 1.40e - 03
—— pySINDy R? =0.1214, RMSE = 1.45e - 03

—0.005

Displacement [m]

20 21 22 23 24 25 26 27 2% 29
Time [s]

Validation - Velocity Prediction

—— Custom RX R? = 0.2816, RMSE = 1.30e — 01
—— pySINDy R? = 0.3447, RMSE = 1.36e — 01

Velocity [m/s]
=3
(=

20 21 22 23 24 25 26 27 28 29
Time [s]

Figure 2.28: Case 2.0 : Validation - Displacement & Velocity Prediction

Despite the negative terms, the ODE solver had no issue and a harmonic response was observed, not
an exponential growth or decay, linearizing the system around a point and getting the eigen values can
give more insight into the stability of the system [6]. But all of that is beyond the scope and focus of this
research.

Ground Truth:

f(t) —mi =5.0- 105 4 2000.0y33* 4 1.0 - 105> + 1.0 - 101y + 10.0y
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RFS:
f(t) —mij =2.961y*y* 4+ 7.325y%% — 22.31y%52 — 42.58y*y + 606.8y*

— 311.6y%9" — 10.97y35> + 454.41%9° + 58.46y3y — 739.4y3
—50.79y%5* + 1.12¢%4° + 73.68y25% + 26.46y%y — 477.9y>
+ 568.8y5t + 26.62y5> — 929.2y5% — 43.04yy — 5088.0y
+56.345" — 127.95° — 32.287% — 210.4y — 58.26

RX:

f(t) —mij = —6.635 - 10%° + 6.346 - 10°y> + 32.01ygy> + 7557.0y + 8.5025
pySINDy:

f(t) —mij =3.501 - 10°y> 4 38.29yy* + 8019.0y + 4.86y

Again the RFS expression is not as interpretable as the rest, capturing the force to an extent but not
the specifics. The other two identified the linear stiffness component (within 75%) but not for the higher
order stiffnesses, they produce a combination of terms (stabilising and destabilizing) to fit the rest, thus
can not be distinguished but their effect is maintained to a degree.
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2.5. Case 3.0

Case 3 is an SDOF but with yield or slip represented by a hyperbolic tangent, that is linear at small values
of velocity but at a certain point goes to a constant value, this might be a good candidate in pile driving as

seeing the pile sliding and facing resistance as certain point is intuitive.
SDOF with Slip: f=100.0y + 100.0tanh (1000y)
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Figure 2.29: Case 3.0 Contribution of system terms to overall internal force as percentage of external
forcing
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Figure 2.30: Case 3.0: Selected Restoring Force Surface
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Displacement vs Internal Force - Cross Section of Surface Velocity vs Internal Force - Cross Section of Surface
at Velocity = -0.7 m/s at Displacement =-0.7 m
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Figure 2.31: Case 3.0 : Cross Sections of the surface including side views of the simulated 3D dataset
(internal force vs displacement and velocity)

The fitted RFS clearly shows the slip, or jump in terms of a plateau, however for the intermediary area
between having a constant resisting force is shown as a linear-like trend due to lack of data points around
the middle, the fact that the rough shape of a plastic yield is clear then we can accordingly update our
candidate function library with something that would produce such a shape, as polynomials will not be
sufficient to approximate this.

As per the previous cases, the initial library is just a simple list of polynomials (up to power 5)
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Ground Truth 100.0y + 100.0tanh (1000y)
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Figure 2.32: Case 3.0 : Validation - Restoring Force Prediction

SDOF with Slip : Validation - Phase Portrait
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Figure 2.33: Case 3.0 : Validation - Phase Portrait

Note: The phase portrait also display a good fit, comparison here was used via the Dynamic time
warping (DTW) value, see appendix F which is basically the absolute distance between the phase plots,
as both x and y axes are variables and statistics such as R? on each on individually doesn’t say much

about the portrait. Its value is hard to interpret, but Custom RX outperforms pySINDy by having a lower
DTW value.

The 3 plots for the validation case confirms our doubts and there is zero confidence in the fit of all 3
systems in terms of predicting response to a new excitation, or anything considerable different from the
original force used for getting the training data.
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2.6. Case 3.2

Another trial of case 3.0 but now, judging based on the RFS surface cross section in direction of displace-
ment, the shape of a hyperbolic tangent was introduced, any function that starts with a linear trend then
converges to a straight line can work. however fine tuning the location of convergence as well as slope
maybe difficult additionally noise was also introduced to complicated tuning the function further
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Figure 2.34: Case 3.2 : Cross Sections of the surface including side views of the simulated 3D dataset
(internal force vs displacement and velocity)

Cross sections above show that the added noise was of greater magnitude than the effect of the
hyperbolic tangent stiffness component, it's barely noticeable around §y = 0 as yield on the negative
displacement going to become a positive linear trend, thus guess the shape of a hyperbolic tangent will not
show up if its contribution is small enough to be muddled up with noise during instrumentation. However
for the sake of investigation a hyperbolic tangent was added into the candidate function library
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Figure 2.35: Case 3.2 : Force Features comparison

where paramg = 84.9
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Figure 2.36: Case 3.2 : Removing Unnecessary Terms

As seen above in figure , the noise completely loses significance of the R? value as it does not see
beyond it and the RMSE value is superior in cutting off terms, and suggests a cut-off of 9 terms for both

the noisy and pristine signals.
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Figure 2.37: Case 3.2 : Validation - Restoring Force Prediction

A very important observation is that the custom RX model got a negative hyperbolic tangent and
combined it with polynomials so that the shape is maintained.
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Figure 2.38: Case 3.2 Custom RX Hyperbolic tangent Fit

the fit is poor at higher values of displacement however due to the nature of the system chosen the

respond revolves around low values of y (this can be adjusted by adding stiffness components that would
reduce the internal force going into acceleration when slip occurs and there is no resistance from the
hyperbolic tangent stiffness)
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2.7.

Final Notes on Benchmark Cases

All three approaches (RFS, Custom RX, pySINDy) aim to fit a 3D surface in similar ways by arranging
matrices, defining an objective function, and minimizing it, the methods vary but the idea is the same.

Unlike physics-informed methods, RFS relies solely on parameter and hyper-parameter tuning,
without incorporating any physical insights. thus use of a "candidate library” to try informing physics
beyond problem formulation is not possible, as is the case for many machine learning pipeline
approaches.

Identification results assume that experimental data filtering is accurate. Propagating measurement
and signal processing uncertainties is essential for reliable system identification.

The benchmarks cases clearly show that multi-excitation frequency reduces the quality of fit, which
makes sense as each term e.g. y> behaves differently per frequency, in the context of pile driving
having a main harmonic force in my training data is expected and using a single frequency force is
not an over-simplification.

The identification process is computationally efficient compared to solving state-space equations.
This makes it feasible to integrate machine learning modules, such as neural networks, for inferring
function shapes. While basic combinations of candidate functions (as tested with pySINDy) failed to
provide proper identification, neural networks could automate shape inference and identify suitable
candidates. Currently, this process has been done manually but could be automated in the future.

Adding memory terms (previous states) significantly complicates identification. Simplified RX models
are a practical starting point, but the process is not additive. Unlike the Hammerstein-Wiener model,
where a known block can remain constant, RX models require constant refitting with every adjustment,
such as adding a term, history term, or dataset.

Normalization is crucial to ensure equal feature contributions, especially for regularization techniques
like Lasso regression, which are sensitive to scale. Traditional normalization methods are vulnerable
to outliers, whereas median and interquartile range-based methods are more robust. However,
normalizing nonlinear features (e.g., 2, ¥'°) introduces complexities and was not considered here.
Chebyshev expansions were used instead of Taylor series, as they avoid exponential growth and are
better suited for simulations. Feature engineering literature addresses these issues, but techniques
for nonlinear systems remain limited.

Random additive noise effectively simulates Gaussian noise but oversimplifies real-world conditions.
Advanced noise models, such as coloured, multiplicative, or Poisson noise, better represent real-
world systems. Adding noise without careful consideration risks hiding critical nonlinear system
features, and a more robust noise model would have been preferable.
The use of fractional polynomials (e.g., y3-) instead of integer powers (e.g., 4*) is a valid consideration.
However, such refinements fall under fine-tuning and are more suitable for later stages of model
optimization. Early inclusion of fractional powers raises regression dimensionality and degrades
performance. The focus should first be on identifying the major terms of the system before optimizing
implicit parameters.
Reformulating to include velocity- or displacement-dependent mass terms (e.g., Ayy) is doable al-
though would be more computationally expensive, e.g : for this SDOF with an acceleration dependent
term:

my + ky + cy + Ay = f(t).
state variables:

1 =Y, T2=1.

State-space formulation:

i1 = T2,
f(t) — kxy — cao
To = .
m + Axo

. 1 X2
X = . = | ft)—kz1—cas | *
L2 m-+Axs

the denominator may prove challenging numerically but nothing unmanageabile.
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Vibratory Pile Driving Frequency Range

Vibratory pile driving typically operates within the range of 20-40 Hz. In Case 1, an almost perfect fit
slightly diverged from the original system at higher frequencies (contribution of "extra” terms). However,
as no high-frequency test forces were available for reference, care must be taken with higher harmonics
(multiples of frequency due to nonlinearities) during driving and it's clear that at higher harmonics the fit
may not be adequate.



Analysis and Results

3.1. Pile Driving Experiment and Data Processing

Experimental Setup
In this study, a pile was suspended using a crane and loaded using a hydraulic vibratory device as it was
lowered. Unlike conventional methods where a pile is driven purely by the vibratory device, this setup
involved lowering the pile at a controlled rate while applying the hammer’s force. The experimental data
obtained from this process were carefully processed and filtered to for subsequent analysis.

The experimental setup, part of a lab-scale testing program, is depicted in Fig. 3.1. The primary
objective of this current investigation is to derive a symbolic formulation of the soil reaction force. To
achieve this, various data-driven methods were considered as potential candidates for identifying the
underlying dynamics of the system.

Figure 3.1: Experimental setup, showing the pile held by the crane and the pneumatic hammer.

The pile used in this study weighs 49 kg and is sufficiently short and stiff to be reasonably modelled as
a single degree of freedom (Single degree of freedom (SDOF)) system. This assumption allows us to treat
the pile as a rigid body. The equilibrium of forces acting on the pile is described by the following equation:

myii, + R = F, (3.1)

where:

51
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* m,, is the mass of the pile,

* u, is the pile displacement, with i, representing the pile acceleration (obtained using accelerometers
mounted at the pile head),

* R is the total pile driving resistance,
+ [}, is the vibratory force applied to the pile head.

The vibratory force applied at the pile head, Fj,, is computed as:
Fh = EAG}L, (32)

where:

» Eis the Young’s modulus of the pile material,
» A is the cross-sectional area of the pile,
* ¢, is the axial strain measured at the pile head.
To measure forces acting on the pile, strain gauges were installed at the top and bottom of the pile.
Using these measurements, the total pile resistance R can be divided into two components:
1. Pile tip resistance, R;,
2. Pile shaft resistance, R;.

The pile tip resistance is determined from strain gauges placed at the bottom of the pile and is given by:
Ry = EAey, (3.3)

where ¢, is the axial strain measured at the bottom of the pile.

The shaft friction, Ry, is then determined from the equilibrium condition as:
Ry = Fy, — Ry — myily. (3.4)
formulation of the regression problem is identical to the benchmark cases
mp§ + Rs + Ry = F(t) (3.5)
Ry + Ry = F(t) — myj (3.6)

It was assumed that both shaft and tip forces can be identified separately thus setting one to zero to
get a symbolic expression for the other. this assumption is discussed further in chapter 2.7.

The strain gauges provide critical measurements at the top and bottom of the pile, allowing us to
compute the tip resistance R; directly. The pile shaft resistance R; is then calculated using the equilibrium
equation, ensuring that all forces acting on the pile are accounted for.

This method effectively separates the contributions of the pile shaft friction and tip resistance to the total
pile driving resistance. The approach leverages the short length and high stiffness of the pile, simplifying
the dynamics to an SDOF model.

How would developing a SDOF surrogate model further the field in terms of
vibratory pile driving?

If a equation of motion is developed, this can then be extended into MDOF systems ( see formulation is
appendix J), applying the same key candidates of the equation onto multiple elements for shaft or tip. Thus
enabling modelling of full-sized piles not rigid enough to be considered 1 DOF (unlike the test pile). Being
able to simulate an accurate response would help in minimizing the total energy required to drive the pile,
i.e. by minimizing the internal force or resistance to driving and maximizing acceleration, this can be done
by simulating different frequencies & amplitudes of force and then calibrating it be redoing testing with the
optimized combinations of force and frequency and see how well that works. Additional calibration of the
model would be possible, gaps of data in the loading cycles can be filled by having harmonic forces that
would lead to a more spread out response.
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Test Data
The utilized data is 4 controlled rate pile driving experiments with a sampling rate of 0.001250s , with total

time varying from 10 — 110s best results are as expected from the slow tests and focus will be on them,

Adopted Name in Thesis | Test Number Frequency Lowering Rate
Test 1 54 High Frequency Slow
Test 2 55 High Frequency Fast
Test 3 56 Normal Frequency Slow
Test4 57 Normal Frequency Fast

Table 3.1: Summary of tests with adopted names, frequency, and lowering rates.

however different combinations of tests/ segments were considered.

Figure 3.2 illustrate the filtered measurement of Test 3
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Figure 3.2: Filtered displacement and velocity measurements of Test 1
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Figure 3.3: Calculated tip and shaft resisting forces of Test 1

Figure 3.3 shows the target forces of the identification process, deduced from measurements of stress,

strain, displacements as well as velocities and accelerations of the pile as described in the beginning of
chapter 3.1 .
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Candidate Nonlinear Force Functions

Literature provides an abundance of empirically and statistically formulated functions that represent
prominent types of nonlinearity. These were utilized during the search process. Drawing from select
previous works on nonlinearities (Menq and Griffin [21], Worden and Tomlinson[32], and especially
Gondhalekar [8]), several formulations of nonlinear resisting forces were considered as candidates. These
were chosen based on guesses of possible phenomena to be observed .

It is worth noting that the naming and classification of these phenomena vary significantly across the
literature plots are provided for clarity. Cubic Stiffness

gcub — ﬁyS
where 3 is the coefficient of cubic stiffness non-linearity.
Clearance

K. - . 4y,
gle — Yy {W — 20, + sin(26,) — Je 003(9c)]
Y

0. =sin”! (y“)
Y

K is the additional stiffness after the clearance gap is closed, and y. is the gap distance.

where:

Friction
Stick Region:
T K, H
gt = == 6, — sin(6,) cos(6))]
where: N
0, = cos ™ (1 - Ig)

dy

Slip Region:

slip —

fri _ _ApN o pN
™

In the above equations:

» Ky is the tangential stiffness in the stick region.
+ 1 is the coefficient of friction.
» N is the normal reaction force.
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Figure 3.4: Portion of the function library used, from literature based nonlinearities to basic polynomials

Then finally, some customized functions based on the neural network derived restoring force surfaces

of Tests 1 and 3 were added as candidates as seen in figure 3.5
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Figure 3.5: Custom candidate functions based on the RFS of shaft and tip forces

Windowing the Signals
Across the test data, the initial approach was to window the response by excluding the first 1-2 seconds of
the transient response and focusing on windows highlighting significant variations (e.g increase in force,
velocity or displacement) and find fitting terms for each of the segments. The goal was to observe how
parameters, such as linear stiffness ky, change over time. However, this approach proved ineffective, as
the symbolic expressions for each segment did not consistently include the same terms. To account for
time-variant effects, the data cannot be divided into segments and must be analyzed as a whole.

For the four tests conducted, the best fits were obtained from the slower tests (Tests 1 and 3). The
following results are based on fits derived from Test 1 and Test 3, using data from the interval 2—-10s.
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Results for Tip Force from Test 1

Custom RX :
(f(t) = mg)/m =
— 1.657 - 10%y> + 1.474 - 10°y%y — 3.417 - 10%yy)?
—3.427 - 10%yg — 1.763 - 10%y 4 76.629° + 20.54y
+3.544 - 10° 4 (y, —0.0056, 2)

pySINDy :

(f(t) = mg)/m =
—2.348 - 10%° — 2.44 - 10525 + 6.529 - 10%y—

257.99° — 80.07y

RFS :
(f(t) = mg)/m =
2.523y%9% + 3.967y%y — 27.83y% + 3.342y5° + 5.638yy — 18.48y + 2.463y> — 19.11y — 158.7

The restoring force surface sections appear as follow:
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Figure 3.6: Tip Force from Test 1 : Cross Sections of the surface including side views of the measured
3D dataset (tip force vs displacement and velocity)
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Figure 3.8: Tip Force from Test 1 : Training Data - Restoring Force Fit
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Figure 3.9: Tip Force from Test 1 : Test 1 Data - Fit for t =2-10s
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Custom RX : {'/RMSE" 6403.0, ' MAE'": 4841.0, 'R*: -0.37287}

RFS: {{/RMSE" 5197.0, MAE": 4486.0, 'R*: 0.09556}

—20000 —— Ground Truth
==+ RFS {RMSE" 5197.0, 'MAE" 4486.0, 'R™: 0.09556}

20.0 202 204 20.6 20.8 21.0
Time [s]

Figure 3.11: Tip Force from Test 1 : Test 2 Data - Fit for t =2-40s
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Figure 3.13: Tip Force from Test 1: Fitted loading Cycles
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Results for Shaft Force

Following the exact procedure of the benchmark cases, the derived force expressions are as follows: For
brevity RFS expression is not included as it quite extensive, refer to appendix B

Custom RX :
(f(t) = mg)/m =
—1.92-10%%y — 5.163 - 105y> — 2944.0y5>+
1.822 - 10%yy + 4.324 - 10y + 50.68y> — 79.025>—204.1y

pySINDy :
(f(t) = mg)/m =
—3.08-107y%y — 5.174 - 105y%+
1.277 - 10°yy? + 1.879 - 10*yy + 4.323 - 10*y — 613.13> — 80.38¢>

It is to be noted from the two expressions that the two models more or less agree on the linear stiffness.
a proposed function in the function library ( f;) (see Figure 3.5) was promising ( two linear stiffness
connected with hyperbolic tangent transition, can be as sharp as a bi-linear stiffness or look more like a
plastic yield curve depending on the parameters) however the polynomial option seemed to outperform it,
that may be due to lack of intermediate data points within the transition zone.
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Figure 3.14: Shaft Force from Test 1 : Cross Sections of the surface including side views of the measured
3D dataset (shaft force vs displacement and velocity)

Figure 3.14shows the shaft force appearing quite linear , almost an SDOF but some softening is
observed, however not many data points exist around that transition.

Then to validate, the force expressions were cross validated using the other experiments, for brevity
focus is only on the expression derived from Test 1, and how it cross-validates into the forces of Test 3
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Figure 3.15: Shaft Force from Test 1 : Test 1 Data - Fit for t =2-10s

Figure 3.15above shows a great fit of the custom RX value, followed by the RFS approach,but that’s
not impressive seeing that the shaft force within the first 10 seconds is almost a perfect single sinusoidal
signal without noticeable higher harmonics.

Another way of viewing the results is by showing the loading cycles, inspecting shape visually and the
area encompassed can be alternative to the RMSE value.
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Displacement [m] vs Restoring Force [N] Velocity [m/s] vs Restoring Force [N]
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Figure 3.16: Shaft Force from Test 1: Fitted loading Cycles

Figure 3.16 shows a good agreement in terms of the fit onto the training data (shaft force of Test)
however the cycles are not as tight in the experiment, it is possible that it is a time variant effect, however
for our intents and purposed, matching the shape (physics) and magnitude would in itself be of great use,
and getting the exact cycles would be alarming as a sign of over-fitting instead of capturing the physics.
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3.1. Pile Driving Experiment and Data Processing
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Figure 3.17: Shaft Force from Test 1 : Test 3 Data - Fit for t =2-10s

Validating by direct substitution of Test 3’s displacement and velocity shows a drop in quality of fit, as

not representing the entire harmonics present
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Figure 3.18: Shaft Force from Test 1 : Test 3 Data - Fit for t =2-40s

Then finally looking at a different time window of Test 3,and comparing statistics for a longer signal
actually shows an improvement of fit, that may be due to an additional nonlinear component not present in
Test 1 or just simply that Test 3 took longer to reach a steady state due to the lower frequency compared
to Test 1.
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3.2. Alternative Stable Equation of Motion

The previous expressions caused the initial value problem solvers to either get stuck or produce a simple
exponentially growing response, which is clearly incorrect. As a result, further iterations of fitting were
carried out, involving alternative functions (Chebyshev polynomials) and parameter adjustments, until a
stable equation of motion was obtained as shown below:

Combined:
(f(t) — mij))/m = 39.48y%y + 3652.0y5> + 682.4T (y,1) + 5.792 - 10*T(y, 2) + 1059.0T(y, 3)
+3.478 - 10*T'(y, 4) + 3247.0T(y, 5) + 1.654 - 10*T(y, 6) + 2499.0T (y, 7)
+3.971 - 10T (y, 8) + 5767.0T(y, 9) + 89.58T'(y, 1) + 29.417 (5, 2)
+ 185.07°(5, 3) + 37.34T' (17, 4) + 95.46T (5, 5) + 13.98T (3, 6)
+ 35.5T (1, 7) + 3.0017(y, 8) + 7.152T(5, 9)

Shaft:
Fanape = 31.5y%9 + 24.32y5> + 645.3T (y, 1) + 4.89 - 10*T(y, 2) + 995.3T (y, 3)
+3.411 - 10*T (y, 4) 4 2927.0T (y, 5) + 1.516 - 10*T'(y, 6) 4 2326.0T (v, 7)
+2.994 - 10*T (y, 8) + 5210.0T'(y,9) + 59.94T (5, 1) + 29.41T (3}, 2)
+ 184.5T (5, 3) + 16.53T' (¢, 4) + 95.46T (5, 5) + 9.004T (7}, 6)
+35.37T(3,7) + 1.733T (3, 8) + 6.807T(,9)

Tip:

Frip = 39.48y%y + 3652.0y9° 4 682.4T(y, 1) + 5.792 - 10*T(y, 2) + 1059.0T (y, 3)
+3.478 - 10*T'(y,4) + 3247.0T (y, 5) + 1.654 - 10*T (3, 6) + 2499.07 (y, 7)
+3.971 - 10*T'(y, 8) + 5767.0T'(y,9) + 89.58T (5, 1) + 29.41T'(y}, 2)

+ 185.07'(9, 3) + 37.34T (5, 4) + 95.46T' (3, 5) + 13.98T(57, 6)
+35.5T (5, 7) + 3.0017'(y, 8) + 7.152T°(57, 9)

The fit performs worse than the previous expressions, however it is a stable version the current fit is a
combination of Chebyshev polynomials in addition to cross terms of velocity & displacement, the cross
terms seem to be the culprit for instability when trying to simulate our most fitting expression (see chapter
4) Thus this fit although lesser in accuracy in terms of RMSE and R? statistics it is in fact stable and can
enable us to simulate responses without feeding in displacement/velocity. A validation simulation was
performed, the expression was found by using the Data for test 1, thus the validation is made by applying
the harmonic force from Test 3 ( the slow tests are the most promising based on previous results) It is to
be noted that Backwards Differentiation Formula (BDF) was used to compute the response, instead of
the RK45 solver, and with using adaptive time step-size control (integration based on the rate of change
of the system ), the final results however was still not satisfactory as numerical noise was noticed (when
changing the time step, the magnitude of the overall series does not change but the error does confirming
the noise being numerical) thus a Savitzky-Golay Filter was used (see appendixK)), which helps smoothen
the signal by windowing and fitting a polynomial along aforementioned windows.

The resulting restoring forces are as follows in figures 3.19and 3.20 below.



3.2. Alternative Stable Equation of Motion 72

Validation - Shaft Force from Test 3 Prediction
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Figure 3.19: Simulated Shaft Force Cross Validation

The simulated shaft for the period (2-10sec) seems to be a really great fit in terms of RMSE, i.e.
magnitude, however shape is off and not all peaks are maintained and that is not attributed to the noise
filter, as a clear difference is seen without it.

Validation - Tip Force from Test 3 Prediction R? =-0.8302, RMSE = 2.4351e+03
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Figure 3.20: Simulated Tip Force Cross Validation

as for the Tip force, the fit is completely inadequate, neither frequency or amplitude was captured
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Validation Data - Restoring Force Residual
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Figure 3.21: Simulated Pile Experiment - Residual

The residual shows a significant harmonic that's missed out by the fitted system and it not likely to be
attributed to noise, additionally is not normally distributed as evident by the QQ plot.

for a clearer representation the loading cycles are shown in figures 3.22 and 3.23 below showing that
the physics were not captured at all in those alternative equations of motion:

Displacement [m] vs Tip Force [N] Velocity [m/s] vs Tip Force [N]
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Figure 3.22: Simulated Pile Experiment : Tip Force - Loading Cycles
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Displacement [m] vs Shaft Force [N] Velocity [m/s] vs Shatt Force [N]
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Figure 3.23: Simulated Pile Experiment : Shaft Force - Loading Cycles

Although the magnitude of the shaft force seems reasonable, the loading cycles are clearly not.

A note on simulating: when simulating the expressions found seem to be stable for many frequencies,
however the most important criteria is that the system starts from a stable initial condition (taken from Test
1 used to fit after trimming the transient response at the start), and since the system was identified under
the assumption it being time invariant, any region of the response can be simulated, as there history is not
considered in the RX model.

The Validation case seems to be a failure in terms of overall response, besides the magnitude of the
shaft contribution.

To observe more results from the stable formulation of shaft/tip resisting forces, 3 noise-free harmonics
with an amplitude similar to Test 1’s forcing were simulated, to analyse changes in response with frequency:

Applied Forcing - Restoring Force for a Simple Noise-Free Harmonic
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Figure 3.24: Simulated Experiments : Harmonics
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Prediction - Tip Force for a Simple Noise-Free Harmonic
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Figure 3.25: Simulated Experiments : Tip Forces

The tip forces seem to only show a time delay with no significant variation in magnitude, which is
problematic, specially considering that the tip force for Test 1, (similar amplitude but with a frequency of
around 33 Hz) shows higher harmonics besides a governing one, with a peak of around 4600 Hz. and

since the Tip fit for Test 3, it's certain that the tip force being frequency independent is an error because of
fit not an actual phenomena

Prediction - Shaft Force for a Simple Noise-Free Harmonic
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Figure 3.26: Simulated Experiments : Shaft Forces

The simulated shaft forces do indeed show higher harmonics (even after filtering), common sense
would suggest that the resisting friction for really slow frequencies should be greater , thus 20Hz being
higher makes sense, for higher harmonics one might expect it to be less, as the pile at extreme high
frequencies can basically slide into the soil, however the resisting force at the higher frequency of 80Hz

(which is already impractical to achieve in practice) does not indicate that in terms of having less shaft
friction



Conclusions and Recommendations

The research work attempted to identify a surrogate model (equation of motion) for pile-soil interaction
for the driving of a short and stiff pile (modelled as a SDOF) , as a first step towards that simpler 1-DOF
non-linear systems were simulated and identified at first, the simpler cases provided insights but in the end
however no running surrogate model was established as validation was not successful.

General Findings

+ Using R? as an objective function instead of RMSE for the internal force is not effective since R? is
sensitive to noise and outliers.

» Adding a penalty to the objective function related to difference of the average force proved helpful to
prevent shift, it was simple addition with a scaler making it around 25% of the objective function next
to the RMSE. Another penalty was tried for number/location of peaks however that did not prove to
be useful.

* In parametric models (e.g., custom RX and pySINDy):

— Adding a large number of candidate functions with implicit parameters is unproductive.

— Using RFS to fit a rough guess of the shape of y and y dependencies helps identify key terms,
such as:

% Increases in force at high velocity and high displacement.

* Changes in sign or symmetry of the response.

* existence of cross products (e.g. increase of y with an increase in
» Chebyshev polynomials:

— Are robust for representing many functions but lack cross-product terms (e.g., yy).

— Are not a universally optimal method for fitting any restoring force surface and need supple-
menting by getting a prior better idea whether cross terms are important.

Insights from Benchmark Cases

Case 1.0 (Duffing oscillator): Predictions Without Exact Equations
+ The inability to find the exact equation of a system does not hinder accurate predictions.

Case 2.0 (Modified Duffing oscillator): Detecting Minute Components

+ Components with minimal contributions remain hidden unless testing excites them sufficiently.

+ Predictions rely heavily on the assumption that all possible phenomena and frequencies have been
sufficiently excited. This includes nonlinear effects that depend on force magnitude.

Case 3.0 (SDOF with slip): Yield-Like Behaviours

« Simple polynomials fail to capture abrupt behaviours such as yielding.
+ Alternative functions like exponentials or piecewise functions are better suited for such cases.

76
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» Piecewise functions, however, can cause numerical instability in solvers. Continuous, smooth
functions are preferable for stability and consistency with state-space formulations. Chebyshev poly-
nomials are promising in simulating such behaviour and converge quickly, thus a good compromise
between adding too many features and still getting the desired functions, as can be seenin 4.1

Chebyshev Approximation of tanh(0.1x) Chebyshev Approximation of tanh(10x)

— tanh(0.1x)

—— Chebyshev Approximation (deg=5)
{|—— Chebyshev Approximation (deg=10)
— -~ Chebyshev Approximation (deg=15)

054

Chebyshev Approximation (deg=5)
—— Chebyshev Approximation (deg=10)

—— tanh(10x)
— -+ Chebyshev Approximation (deg=15)

Figure 4.1: Chebyshev Approximation of A hyperbolic tangent

A Taylor expansion of 10 or 20 terms can not represent the desired plateau, but Chebyshev polynomials
can to a very reasonable degree

Case 3.2 (SDOF with slip): Incorporating Constitutive Relationships as First Guess
* Introducing basic shapes based on constitutive relationships improves system fit.

» For example, the RX model identified destabilizing coefficients for the hyperbolic tangent, yet the
combination of terms still produced the correct general shape.

* Fine-tuning implicit parameters adds complexity, particularly when data points are sparse near
behavioural transitions.

Would it be wise to assume the outcomes of the simple benchmark cases applicable in the main
problem? | would presume yes, many of the principles/guidance based on the benchmark cases proved
useful in the pile-driving problem, as it's represented as a 1 DOF system, a different kind of response but
the procedure remains the same.
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Research questions revisited:
1. Can a non-linear dynamic system be identified with limited measurements? Benchmarks clearly
show that it is possible for simple systems, despite the limited range of excitation frequencies
(only two were used) and gaps in the restoring force surface.

2. Which identification methods are best suited in the context of the research problem? Inconclusive,
as no surrogate model was achieved.

3. How is the system identification process physics-informed, and can more prior knowledge be included?
The formulation of the main problem as a regression problem (or similar) inherently includes
prior knowledge, such as the general form of the equation of motion and the choice of unknown
variables. Additional physics can be incorporated through the use of candidate functions,
which may be inferred using the Restoring Force Surface (RFS) method.

4. What criteria qualify an identified system’s fidelity to actual physics? Fidelity is determined by the
ability to independently simulate new results with comparable shape (R? value) and magnitude
(e.g., RM SFE), as well as necessitates numerical stability. The equations of motion formulated
in this work seems to fail this last and most important requirements.

5. Would a time-invariant identified system produce reasonably close responses, to be later refined by
incorporating time-variant components? Inconclusive, as no surrogate model was achieved.

Comparison between RFS & RX models (pySINDy or the custom built RX
model)
In context of benchmark cases:
RFS is more intuitive, easier to visualize, however its nature as a polynomial expansion leads to it not
having as much physical meaning, as well as producing models that are often numerically unstable,
even for simple systems. where as RX has the advantages of being able to inform more physics by
virtue of the user-specified candidate libraries.

In context of benchmark cases

A comparison in the context of the research problem can’'t be made as no functional model was
made based on any of the methods, however it's worth noting that the RFS still tends to be likely to
produce numerically unstable models. nevertheless the two approaches can be utilized hand in hand,
the shape visualized by the restoring force surface can inform the user to possibly fruitful candidate
functions.

Implications for Pile-Soil Interaction Identification

Various equations of reasonable fit were found for the resisting tip and shaft forces when driving piles
for the slow tests (Test 1 and Test 3) with a reasonably good fit, however with a numerically unstable
expression, a lesser fitting stable formulation was found however lacked the ability to accurately simulate a
new response.

» The fast-driven pile tests did not provide useful data for determining an initial time-invariant equation
of motion, as their resulting fits do not cross-validate well with each other. | hypothesize that the
history dependence develops too rapidly for us to extract meaningful results.

» Analysing behaviour over individual time segments does not reveal the evolution of stiffness and
energy dissipation components. While a single segment can serve as a starting point, the identification
process must capture the full response as a whole. This means starting with time windows and
progressively merging them to refine and improve a unified equation, rather than treating each
segment separately.

» The time-invariant identification approach failed to produce reliable surrogate models for validation:

— Multiple expressions fit shaft and tip forces well and cross-validate using measured displacement
and velocities.However, simulations often lead to instability, producing exponential or non-
harmonic responses.

— Forcing stability constraints produces severely inaccurate expressions for shaft and friction

forces, the only stable equation of motion (using Chebyshev polynomials to fit) results in a
severely lacking validation making its simulations unreliable.
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+ Tip bearing seems to be asymmetric, and the time-variant dependence will likely to relate to the
increase in downwards displacement as that’s where the force increases, which is obvious as the
further down you got the more you face resistance.

+ Fitting multiple tests together proved unfruitful;, however, some components, such as the linear
stiffness, were easily observable in the dataset. How these components relate to frequency or the
system’s time variant behaviour remains to be explored.

+ Occasionally, numerical instability occurs due to expressions overflowing , Chebyshev polynomials
are powerful on this matter as you can go to a power of y'° while still not have overflow. cross
products (can’t be expressed as Chebyshev polynomials) are the most problematic in terms of
overflow, thus were limited to a power of 3 or 4.

Possible Reasons for Failure in Surrogate Model Creation
« Fitting an expression for force over a time period involves the assumption that all its component are
continuous in time and instability may arise because identified terms act conditionally rather than
simultaneously.

 Lack of correlation between shaft and tip forces over time could hinder the identification process.
Combining forces sacrifices the ability to distinguish components without yielding useful results. it's
not realistic to assume the two forces do not co-relate, any give in shaft friction is counteracted by end
bearing and vice-versa, but since the instrumentation allowed us to measure them both separately |
deemed it wise to try to figure them out individually and then combine their models

* Not considering possibility of additional mass (e.g. soil around the pile moving with it in unison)

» Lack of data points in terms of frequency, i.e. more driving tests at different frequencies to excite
different phenomena, but in terms of sampling the dt of 0.00125s appears sufficient when judging
based on the benchmark cases.

» The fact that the tests included a fixed rate of lowering by the crane, we also have that motion into
our system as another degree of freedom which was ignored.

+ Uncertainty in measurements should be further investigated and see how it propagates to the model.
however the measurement appear decently clean in terms of velocity and displacement, not so much
for the noise in acceleration.
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Best fitting formulations for shaft friction &
end bearing forces

Listed below are the best formulations to represent the resisting forces during driving.

Test Type Equation

Shaft Force1 | —1.92-10%y%y — 5.163 - 1052 — 2944.0y5%+

(Test 1 - Cus-| 1.822- 10%yy + 4.324 - 10y + 50.68y> — 79.025% — 204.1y

tom RX)

Shaft Force 2 | —3.08-107y?y — 5.174 - 105y +

(Test 3 -| 1.277-10°yy? + 1.879 - 10%ygy + 4.323 - 10*y — 613.153 — 80.3872
pySINDy)

Tip Force 1 —1.657 - 10%y> + 1.474 - 10%y2y — 3.417 - 10%yy° —

(Test 1 - Cus- | 3.427 - 10%yy — 1.763 - 10%y + 76.62¢> + 20.545 + 3.544 - 105 f1(y, —0.0056, 2)
tom RX)

Tip Force 2 —2.348 - 109> — 2.44 - 10%y%5 4 6.529 - 10y —
(Test 3 -| 257.95° —80.07y
pySINDy)

Shaft Force 3 | 31.5y%y + 24.32y5> + 645.3T(y, 1) + 4.89 - 10*T(y, 2) + 995.37 (y, 3)+

(Test 1 - Cus- | 3.411-10*T(y,4) + 2927.0T (y, 5) + 1.516 - 10*T(y, 6) + 2326.07 (y, 7) + 2.994 - 10*T (y, 8) +
tom RX) 5210.07 (y, 9)+

59.94T (1, 1) + 29.41T (v, 2) + 184.5T (5, 3) + 16.53T (9, 4) + 95.46T (¢, 5) + 9.004T (1), 6)+
35.37T(y,7) + 1.733T (5, 8) + 6.807T (3, 9)
Tip Force 3 39.48y%y + 3652.0yy> + 682.4T (y, 1) + 5.792 - 10T (y, 2) + 1059.0T (y, 3)+

(Test 1 - Cus- | 3.478-10*T(y, 4) + 3247.0T'(y, 5) + 1.654 - 10T (y, 6) + 2499.0T (y, 7) + 3.971 - 10*T(yy, 8) +
tom RX) 5767.07(y, 9)+

89.58T (9, 1) + 29.41T (9, 2) + 185.0T'(y, 3) + 37.34T (¢, 4) + 95.46T (¢, 5) + 13.98T' (¢, 6)+
35.5T(y,7) + 3.0017(y, 8) + 7.152T(¢},9)

Table A.1: Shaft and Tip Force Equations from Various Tests

note: refer to figure 3.5 for definition of the function f;. for definition of Chebyshev polynomial refer to
appendix D.
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Duffing FRF via harmonic balance method

Frequency Response Function of the Duffing Oscillator using Har-

monic Balance Method
The equation of motion for the Duffing oscillator is given by:

ij+ 69+ ay + By® = Fy cos(wt), (B.1)

where:

* y(t) is the displacement.

+ § is the damping coefficient.

 «is the linear stiffness coefficient.

» [ is the nonlinear stiffness coefficient.
Iy is the amplitude of the external force.
» wis the frequency of the external force.

Harmonic Balance Method
We assume a steady-state solution where the displacement y(¢) can be approximated by a single harmonic
component:

y(t) ~ Acos(wt). (B.2)

The first and second derivatives of y(t) are:
y(t) = —Awsin(wt), (B.3)
ij(t) = —Aw? cos(wt). (B.4)
Substituting the assumed solution and its derivatives into the Duffing equation:
—Aw? cos(wt) + 0(—Awsin(wt)) + aA cos(wt) + BA® cos®(wt) = Fy cos(wt). (B.5)
Using the trigonometric identity:

. 1 3
cos®(wt) = 1 cos(3wt) + 1 cos(wt),

we get:
BA3 cos®(wt) = BA3 (i cos(3wt) + Zcos(mf)) : (B.6)

Since we are using the harmonic balance method, we focus on the fundamental harmonic cos(wt) and
ignore the higher harmonic cos(3wt). Thus, the equation simplifies to:

—Aw? cos(wt) — 6 Aw sin(wt) + aA cos(wt) + %BA:‘ cos(wt) = Fy cos(wt). (B.7)
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To balance the harmonics, we equate the coefficients of cos(wt) on both sides:
2 3 3
(—Aw + oA+ ZﬁA ) = Fp. (B.8)

The coefficients of sin(wt) give us the damping term:

§Aw = 0. (B.9)

The equation for the amplitude A in terms of the system parameters and forcing frequency is:
Fy

A= .
Jo ol o

(B.10)

Since the amplitude A appears on both sides of the equation, this equation must generally be solved
numerically for A given values of the parameters «, 3, 9, Fy, and w.



pySINDy library

PySINDy: Sparse Identification of Nonlinear Dynamical Systems
PySINDy is a Python library developed for the Sparse Identification of Nonlinear Dynamical Systems
(SINDy) framework. It automates the discovery of governing equations for dynamical systems from data,
extending the methodology introduced by Steven L. Brunton et al. (2016)[4]. This approach addresses
challenges in nonlinear system identification by leveraging sparse regression techniques to select only the
most significant terms in a potential library of functions.

Approach
The PySINDy framework assumes that the dynamics of a system can be expressed as:
dx
2 f N
o = 10, (C.1)
where x = [z1, 22, ...,7,]T represents the state variables, and f(x) is the vector of governing equations.

The objective is to identify f(x) directly from observed data.
Data Representation and Library Construction
PySINDy constructs a library of candidate functions, ©(x), from the observed data. This library may include
polynomial, trigonometric, or other basis functions:
O(x) = [1 ¥y Ty ... T, T3 x1my ... Sin(m) ...|. (C.2)
The dynamics are then approximated as:

dx_@

- = OX)E, (C.3)
where Z is a sparse matrix containing the coefficients of the active terms in the library.
Sparse Regression for Model Discovery
To identify the governing equations, PySINDy applies sparse regression to solve for =:
. . dax _
min |©(x)= — EH%‘F)\H:HL (C.4)

Here:

s |O(X)E — %H% ensures that the identified model fits the data.
* \||Z|]; promotes sparsity, penalizing less significant terms.

PySINDy uses algorithms such as Sequentially Thresholded Least Squares (STLS) to iteratively refine
= by removing small coefficients.
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Workflow of PySINDy
The workflow of PySINDy typically involves the following steps:
1. extbfData Collection: Collect time-series data of the state variables x.
2. extbflibrary Construction: Build a library of candidate functions ©(x).
3. extbfSparse Regression: Solve the sparse regression problem to identify the non-zero terms in =.
4. extbfModel Validation: Validate the discovered model against the observed data.
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Figure C.1: Schematic of the SINDy algorithm, demonstrated on the Lorenz equations[4]



Chebyshev Polynomials

Definition of Chebyshev Polynomials
The Chebyshev polynomials of the first kind, T},(x), are defined recursively as:

T(J(.'E) = 1, Tl(.’lf) =T
Tht1(z) = 22T (x) — Th—1(x) form>1

Alternatively, they can be expressed explicitly as:

T, (z) = cos (narccos(x))

forz € [-1,1].
The Chebyshev polynomials form an orthogonal basis with respect to the weight function w(z) = —
on the interval [-1,1]:

=)
I

m
m 0
0

)

/ T ()T (x)w(z) do =

n
n
-1
n

N vy

Il
[N

3

]

One of the key properties of Chebyshev polynomials is their rapid convergence when used for approxi-
mation. When a function is expanded in terms of Chebyshev polynomials, the resulting series converges
uniformly on the interval [-1,1][-1, 1][-1,1], provided the function is sufficiently smooth. This convergence is
due to the minimization of the polynomial’s maximum deviation from zero over the interval, a characteristic
that arises from the equi-oscillatory behaviour of Chebyshev polynomials. Moreover, the roots of these
polynomials are distributed as the extrema of the cosine function, which ensures optimal node placement
for interpolation, reducing Runge’s phenomenon and making them highly efficient for numerical integration
and function approximation[18].
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Regression Methods

Common Regression Methods

Least Squares Regression (LSR)
The Least Squares method minimizes the sum of squared residuals between observed values (y;) and
predicted values (g;):

Obijective: min F —x7B) , E.1
j N g (Fi = 5) (E1)
where x; represents the predictor variables, and 3 is the vector of coefficients.

This method is computationally efficient and effective when the predictors are not highly correlated.
However, it is sensitive to multicollinearity and overfitting, particularly in high-dimensional datasets.

Lasso Regression
Lasso introduces an ¢, regularization term, penalizing the absolute values of coefficients to encourage
sparsity:
n P
Objective: min F—xT8)" + A i1 - E.2
j N [2( ) ;w (E.2)
This approach is particularly suited for sparse systems, where only a subset of predictors significantly
impacts the response. However, it can overly simplify models, missing critical dynamics in nonlinear
systems.

Elastic Net Regression
Elastic Net combines ¢, and /5 regularization terms to balance variable selection and shrinkage:

n

p p
Objective: mﬂin [Z (F; - X;B)z M) B+ 5;] . (E.3)

i=1 =1 j=1

This method is robust against multicollinearity but requires tuning multiple hyperparameters, making it less
practical for iterative model identification in real-time scenarios.

Bias-Variance Trade-off and Nonlinear ODEs

In nonlinear ODE identification, the trade-off between bias and variance is crucial for selecting a regression
method:

» High Variance: Complex models like Elastic Net and Lasso may overfit noise in the data, leading to
unstable predictions.

* High Bias: Excessive regularization can oversimplify models, introducing systematic errors. least
squares is a good balance of both.
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Figure E.1: Bias Variance Tradeoff [30]

Having an expansive library of functions to try and lasso’s ability to encourage minimizing fit parameters
match perfectly, thus was the method of choice for the RX model, pySINDy’s Sparse detection (modified
least squares with parameter elimination) is far superior and serves as comparison.



Statistics

RMSE (Root Mean Square Error)

Definition: RMSE is a metric that quantifies the average magnitude of errors between predicted and actual
forces, expressed in the same units as the force itself. It is calculated as follows:

n

1 2
RMSE = | =  — s
nE (yi — 0s)

i=1

where y; is the observed force, g; is the predicted force, and n is the total number of observations.

R? (Coefficient of Determination)

Definition: The R? statistic, also known as the coefficient of determination, measures the proportion of
variance in observed forces that is explained by the model. It is calculated as:

R2_1_ S (yi — 9:)°
i (v —9)?
where y; is the observed force, g; is the predicted force, and 3 is the mean of the observed forces.
Usefulness: R? is effective when the goal is to understand how well the model captures the variability

in the forces. This metric provides an overall measure of fit quality, indicating how well the model explains
the variance across a range of values.

Quantile-Quantile (Q-Q) Plot

A Quantile-Quantile (Q-Q) Plot is a graphical technique used to assess if a dataset follows a particular
theoretical distribution. It is commonly applied to check for normality, but it can be used for other distributions
as well. Q-Q plots are useful in statistics and data analysis for evaluating the goodness of fit, and they
help identify deviations from the expected distribution.

How Q-Q Plots Work
In a Q-Q plot:

» The X-axis represents the quantiles of the theoretical distribution (e.g., normal distribution) you are
comparing your data to.

» The Y-axis represents the quantiles of the observed dataset.

The quantiles of the theoretical distribution are plotted against the quantiles of the data. Each point on
the Q-Q plot represents a quantile pair.

Interpreting a Q-Q Plot
To interpret a Q-Q plot:

« Straight Line: If the data follows the theoretical distribution closely, the points will align approximately
along a 45-degree line (often called the ”line of equality”). This indicates that the observed quantiles
are similar to the theoretical quantiles.
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* Deviations from the Line: Deviations from the line can indicate skewness, kurtosis, or other
departures from the theoretical distribution.

— Points that systematically curve upward or downward may indicate skewness.

— Points that deviate towards the ends (tails) of the plot may suggest heavier or lighter tails than
the theoretical distribution (kurtosis).

Dynamic Time Warping (DTW) Distance in Phase Portraits

The Dynamic Time Warping (DTW) distance provides a measure of similarity between two sequences,
which in this context are the phase portraits of velocity vs. displacement. DTW aligns two sequences
optimally, even if there are minor timing or phase shifts, allowing for a robust comparison of shape and
structure.

Given two sequences, (yvaiid; Uvaiid) (ground truth) and (ypred, vpred) (Predicted model output), the DTW
distance is computed as:

N
DTW = Z d ((yvalid (7’)3 Uvalid (Z))a (ypred (j)a Upred (])))

i=1

where d is the Euclidean distance between points (y, v) in the two trajectories, and i and j are indices
aligned according to DTW’s optimal path.



Feature engineering of linear Systems and
Principal component analysis (PCA)

Feature selection is a crucial step in machine learning and statistical modelling that helps improve model
accuracy, reduce complexity, and prevent over-fitting. One widely used method for feature selection
is Mutual Information (MI), an information-theoretic measure that quantifies the amount of information
obtained about one random variable through another. In this context, Ml measures how much knowing a
particular feature reduces uncertainty about the target variable.

There are some universal feature estimators[14], such as Fixed-Shape Approximators, Neural Networks
and Trees that don’t require human interference, but they were not chosen as it's desirable to infer as well
as learn as much of the physical aspects of the system instead of a black box approach

Mutual Information
Mutual Information (MI) between two random variables X (a feature) and Y (the target variable) is defined

as.
1Y) =YY pley) Iog( p@.y) )

s St p(z)p(y)
where:

* p(z,y) is the joint probability distribution of X and Y,
* p(x) and p(y) are the marginal distributions of X and Y,

* The logarithm measures the information gained when comparing the joint probability with the inde-
pendent probabilities.

Mutual information quantifies the amount of information that X and Y share. If X and Y are independent,
p(z,y) = p(x)p(y), and the mutual information is zero, indicating no dependence between the feature
and the target. A higher Ml value indicates a stronger dependency between X and Y, suggesting that X
provides useful information about Y.

Bounded Information Content

Mutual information measures the reduction in uncertainty about the target Y given knowledge of a feature
X. The maximum value of Ml is limited by the entropy of the variables. Since real-world data usually
involve only moderate dependencies between features and targets, the shared information is often limited.
If X only partially reduces uncertainty about Y, the Ml value will remain below the maximum entropy.

Entropy of Variables Is Usually Low
The maximum possible value of Ml is the minimum of the entropies of the variables:

I(X;Y) < min(H(X), H(Y))

In practice, features and target variables typically have **low entropy**, especially when they are well-
structured or highly predictable. This limits the maximum MI value that can be achieved.
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In the real world, features rarely have a perfect relationship with the target. Mutual information is
maximized when X and Y are perfectly dependent (i.e., knowing X completely determines Y'). However,
in most practical scenarios, there is some degree of noise or randomness in the data, reducing the Mi
value.

Mutual information for continuous variables often requires estimating the joint probability distribution,
which can be challenging, particularly in high-dimensional data. These estimation difficulties can result in
lower Ml values, even when the underlying relationship is stronger.

Since mutual information is measured in bits (if using log base 2) or nats (if using log base ¢), the
logarithmic scale limits the growth of Ml values. Even strong relationships between variables might result
in only a few bits or nats of shared information, leading to Ml values typically below 2.

Mutual Information for Feature Selection

In feature selection, mutual information is used to quantify the relevance of a feature X; to the target Y.
The general process involves the following steps:

1. Calculate Mutual Information: Compute the mutual information 7(X;;Y") between each feature X;
and the target variable Y.

2. Rank Features: Rank the features based on their mutual information values in descending order.
Features with higher mutual information values are considered more relevant to predicting the target.

3. Select Top k Features: Select the top & features with the highest mutual information for use in the
model.

The primary advantage of using mutual information in feature selection is that it captures both linear
and nonlinear relationships between the feature and the target, which makes it more robust than methods
such as Pearson correlation that only capture linear dependencies.

KNN can be used to estimate the marginal and joint PDFs for continuous variables. The KNN algorithm
looks at the distances between points in the dataset to estimate the local density around each point. This
technique is non-parametric and does not assume any specific form for the PDFs.

For a continuous variable X, KNN estimates the local density by looking at the distance to the k-nearest
neighbors. Points in regions with higher density will have closer neighbours, implying a higher probability
density.

For two variables, X and Y, we treat them as a single joint space. The KNN algorithm measures the
distances between points in this joint space to estimate the joint PDF p(z,y). These joint distances help
compute the probability density at each point based on how many close neighbours it has.

Then using KNN to compute mutual information:

1. Estimate Marginal PDFs: For each variable X and Y, KNN estimates the probability densities p(z)
and p(y).

2. Estimate Joint PDF: KNN computes the joint probability density p(x, y) in the combined feature-target
space.

3. Compute MI: Plug the estimated PDFs into the mutual information formula.

Spearman’s Correlation and Kendall’s Tau

Spearman’s Rank Correlation Coefficient, denoted as p, is a non-parametric measure that assesses
the strength and direction of a monotonic relationship between two variables. It is calculated using the
formula:

63 d2
po1o SZE
n(n? —1)

where d; is the difference between the ranks of corresponding values in the two variables, and n is
the number of observations. Spearman’s correlation evaluates how well the relationship between two
variables can be described using a monotonic function. Itis less sensitive to outliers compared to Pearson’s
correlation.
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Kendall’s Tau, denoted as 7, measures the association between two variables by comparing the
concordance and discordance of rank-ordered pairs. It is given by:

C-D

nin—1)

T=1
2

where C is the number of concordant pairs, D is the number of discordant pairs, and n is the total
number of observations. A pair is concordant if the ranks of both variables agree (i.e., both increase or
both decrease), and discordant if the ranks disagree. Kendall’s 7 is particularly robust for small sample
sizes and datasets with tied ranks.

a simple example can be made to test those coefficients ability to distringuish features or components
of a response, a simple composite signal made of the simple summation of some of the candidates was
made (based on a harmonic response representing displacement or displacement and velocity).

In this analysis, the components of the harmonic signal are defined as follows:

* Primary Signal Component (y;):
y1 = cos(10t) 4 sin(10t)

This represents a harmonic signal composed of cosine and sine terms with a frequency factor of 10.
It serves as the baseline signal in the analysis.

» Secondary Signal Component (y-):
y2 = —sin(10t) 4 cos(10¢)

This is another harmonic signal derived from the same frequency as ¥, but with phase and amplitude
adjustments. It interacts with y; to generate additional signal components.

The two components, y; and y., are combined to produce higher-order interactions:

These combinations serve as features to evaluate their relationships with the target signal in terms of
mutual information, Spearman’s rank correlation, and Kendall’s tau. The target signal is defined as:

Target =y - y2 + 3 - yo

Noise is added to the target to simulate real-world signal variability.
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Figure G.1: Feature Selection via statistical coefficients - Example 1

Referring to figure G.1: it shows that for this particular signal, the Ml approach as sees y and y?> of the
same significance, and likewise for 2, y* and is not conclusive or helpful in picking candidates.

Target = y1-y2+y1-y3
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Figure G.2: Feature Selection via statistical coefficients - Example 2

Referring to figure G.2: it illustrates that all 3 approach are inconclusive, for some particular cases it
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can clearly help with picking non-linear candidates however that does not work for all kinds of candidates
and composite signals thus not reliable for nonlinear feature selection.

Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is a dimensionality reduction technique widely used in data analysis
and machine learning. It transforms a dataset with correlated features into a set of linearly uncorrelated
variables called principal components, ordered by the amount of variance they explain.

Process of PCA
1. Standardization: Center the data by subtracting the mean of each feature and, optionally, scale to
unit variance [10].

2. Covariance Matrix: Compute the covariance matrix of the standardized data to capture relationships
between features.

3. Eigenvalues and Eigenvectors: Decompose the covariance matrix to obtain eigenvalues and
eigenvectors.

4. Projection: Project the data onto a subset of principal components, typically those that explain the
majority of the variance [2].

Applications of PCA
+ Dimensionality Reduction: Reduces the complexity of datasets while preserving as much variability
as possible.

* Noise Filtering: Removes less significant components (low-variance directions), effectively reducing
noise.

* Visualization: Facilitates data visualization by projecting high-dimensional data into 2D or 3D spaces.

+ Feature Extraction: Identifies the most informative features for downstream machine learning tasks
[10].

PCA is inherently a linear technique, as it assumes that the data can be represented as a linear combi-
nation of the principal components [10]. While PCA performs well for systems with linear dependencies, it
may struggle to capture complex, nonlinear relationships within the data. For such cases, extensions like
Kernel PCA [29] or other nonlinear dimensionality reduction techniques (e.g., t-SNE [17] or UMAP [20])
are often used to better handle the nonlinear structures in datasets. for the purpose of this research none
of the dimensionality reduction approaches were used as it was not suitable for the problem (limited state
variables) but for higher dimensional systems this would be a necessity.



Initial value problem (IVP) Solvers

Numerical solutions to ordinary differential equations (ODEs) are essential in various scientific and engi-
neering applications. SciPy’s {solve_ivp} function provides a range of solvers tailored for different problem
types, including both stiff and non-stiff systems. Choosing the appropriate solver can significantly impact
the efficiency and accuracy of computations.

This appendix provides an overview of the solvers available in {solve_ivp}, highlighting their strengths,
limitations, and best-use scenarios. The discussion includes explicit and implicit methods, adaptive step-
size approaches, and solvers designed specifically for stiff systems. Understanding these methods can
help users make informed decisions when solving initial value problems (IVPs).

Overview of ODE Solvers in SciPy’s solve_ivp

The solve_ivp function in SciPy offers several methods for solving initial value problems (IVPs) of ordinary
differential equations (ODEs). Each method is suited to different types of problems, with variations in
efficiency, accuracy, and suitability depending on factors like stiffness and precision requirements. Below
is a summary of the most commonly used solvers, including RK45, along with insights on where each is
best applied [15].

Solvers
RK45 (Default Method)

RK45 is an explicit Runge-Kutta method of order 5(4) that is best suited for non-stiff problems where
moderate accuracy and speed are required. One of its main advantages is that it uses an adaptive step
size to control the error, making it a versatile and general-purpose solver. However, RK45 can become
inefficient or unstable when applied to stiff problems, which limits its effectiveness in such cases.

RK23

RK23 is an explicit Runge-Kutta method of order 3(2) that is typically used for non-stiff problems, particularly
when faster computation is more important than high accuracy. Like RK45, it adapts its step size to control
error, but it is generally faster for problems where high precision is not necessary. Its main drawback is that
it offers lower accuracy than RK45 and is less efficient for solving complex or highly accurate solutions.

DOP853

DOP853 is an explicit Runge-Kutta method of order 8, ideal for non-stiff problems where very high accuracy
is required. This method provides exceptional precision, making it efficient for problems that require
high accuracy over long time intervals. However, it may be excessive for simpler problems where lower
accuracy suffices, and it is not suitable for stiff problems.

LSODA

LSODA is unique in that it automatically switches between non-stiff and stiff methods, using the Adams
method for non-stiff problems and the Backward Differentiation Formula (BDF) for stiff ones. This makes it
an excellent choice for problems where the stiffness is unknown or varies over time. While it can efficiently
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handle both stiff and non-stiff problems, it may be slower than methods designed specifically for one type
of problem due to the overhead introduced by switching between solvers.

BDF (Backward Differentiation Formula)

BDF is an implicit multi-step method that is especially effective for stiff problems, where explicit methods
fail or become inefficient. Its primary advantage is that it is highly stable and more efficient for stiff systems
than explicit methods. However, BDF requires solving nonlinear systems at each step, which can be
computationally expensive, and it is not efficient for non-stiff problems.

Radau

Radau is an implicit Runge-Kutta method of order 5, commonly used for stiff problems where high precision
is needed. It is known for its stability in stiff systems and offers high accuracy. However, the computational
cost of this method can be high due to its implicit nature, and it may be slower when applied to non-stiff
problems.

Adams

Adams is an explicit multi-step method best suited for non-stiff problems. It is particularly efficient when
solving non-stiff problems over long time spans. However, Adams is not suitable for stiff problems and can
become unstable in such cases.



Optimization Techniques and
Quasi-Newton Methods

Optimization with L-BFGS-B [33]

This appendix provides an overview of optimization techniques used for parameter estimation in internal
force modelling. The primary method discussed is the Limited-memory Broyden-Fletcher-Goldfarb-Shanno
with Box constraints (L-BFGS-B), a quasi-Newton optimization approach that efficiently handles large pa-
rameter spaces and bounded constraints. The objective function is formulated to minimize the discrepancy
between predicted and observed internal forces, incorporating regularization to prevent over-fitting.

Additionally, alternative optimization methods are explored, including Stochastic Gradient Descent
(SGD), Quasi-Newton methods, heuristic approaches such as Genetic Algorithms (GA) and Particle Swarm
Optimization (PSO), and probabilistic techniques like Simulated Annealing and Monte Carlo methods.

Objective Function for Optimization
The optimization process minimizes the discrepancy between the predicted internal force and the observed
internal force. This is achieved through the minimization of the mean squared error (MSE):

2
N
£(0) = %Z (Ft - chqu(y,y,a)) , (1)
i=1 j

where:

* Fops.; is the observed internal force at sample i,

. qu(gj, 9, 0) represents features derived from displacement (y) and velocity (y) with parameters 6,

* ¢; are the coefficients corresponding to the features,

* N is the number of data points.

To prevent over-fitting and ensure the parameters remain physically meaningful, a regularization term
can be added to the objective function. The regularized objective function becomes:

Lieg(8) = L(6) + A[6]3, (1.2)

where:

) is the regularization coefficient that controls the trade-off between the MSE and the magnitude of
the parameters,

* ||6||3 is the Ly norm of the parameter vector.

The parameter vector 6 is optimized to minimize the objective function using the quasi-Newton method
of L-BFGS-B [33].

The optimization of 6 is performed using the Limited-memory Broyden-Fletcher-Goldfarb-Shanno with
Box constraints (L-BFGS-B) algorithm. This is a quasi-Newton optimization method that efficiently handles:

+ large parameter spaces by using limited memory to approximate the Hessian matrix,
» bounded parameters, allowing for box constraints to ensure physically meaningful values.
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Key Features of L-BFGS-B

1. Objective function minimization: The algorithm minimizes the objective function iteratively by updating
the parameters 6 using gradient-based methods.

2. Box constraints: Enforces bounds on the parameters:
Omin < 0; < Omax- (|.3)

3. Computational efficiency: L-BFGS-B avoids storing full Hessian matrices, making it suitable for
high-dimensional problems.

Algorithm Steps
1. Initialization:

+ Set initial parameter values, 6, typically chosen based on domain knowledge or heuristics.
2. Objective function evaluation:

» Compute the MSE or regularized MSE between the predicted and observed internal forces.
3. Gradient calculation:

+ Approximate the gradient of £(8) with respect to 6.

4. Parameter update:

+ Update parameters using a quasi-Newton approach, incorporating box constraints.

5. Convergence check:

+ Stop when the objective function change is below a tolerance threshold or the maximum number of
iterations is reached.

Applications in Features Model
For the Features Model, the optimized parameters 0 are used to:

1. refine the feature functions, ¢,(y.y,8),
2. improve the accuracy of internal force predictions,
3. ensure the extracted features align with the physical properties of the system.

other optimization approaches are discussed although not used :

Stochastic Gradient Descent (SGD)

Stochastic Gradient Descent (SGD) is an iterative method for optimizing the Lasso regression objective.
It updates the coefficients by moving them in the direction that reduces the error, as determined by the
gradient of the loss function . The update rule is:

oL .
ﬁj('tﬂ) = 53@ -1 (8@ ta- 3'9”(5§t)))

where:

* 7 is the learning rate,

L is the loss function, representing the prediction error,

* « controls the regularization term.

Several constraints are imposed on the coefficients during the optimization process:
 The first coefficient must be non-negative: 5, > 0,

» The next three coefficients must be non-positive: 33, 83, 54 < 0,

 The fourth coefficient must be less than or equal to the first coefficient: 84 < ;.
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Quasi-Newton Methods

Quasi-Newton methods are optimization algorithms that approximate the Hessian matrix to efficiently find
the minimum of a function. These methods are particularly effective for large-scale optimization problems
[26]. The update rule for the coefficients can be expressed as:

I@(t+1) _ ﬂ(t) _ H_1V£(ﬂ(t))

where:

* H is an approximation to the Hessian matrix of second-order partial derivatives,
* VL is the gradient of the loss function.

The same constraints on the coefficients, as described for SGD, are applied during the optimization
process in Quasi-Newton methods [3].

Heuristic and Probabilistic Optimization Methods

Genetic Algorithms (GA)

Genetic Algorithms (GA) are optimization techniques inspired by the process of natural selection [9]. GAs
use operations such as mutation, crossover, and selection to evolve a population of candidate solutions.
This method is well-suited for non-convex and complex search spaces, especially when gradient information
is unavailable.

Particle Swarm Optimization (PSO)

Particle Swarm Optimization (PSQO) is a population-based heuristic optimization technique inspired by the
social behavior of birds and fish [7]. PSO updates a swarm of candidate solutions (particles) based on
their individual best positions and the global best position in the search space. It is commonly used for
multidimensional and nonlinear optimization problems.

Crude Monte Carlo
Crude Monte Carlo methods are probabilistic techniques that rely on random sampling to approximate
solutions to mathematical problems, particularly those involving integration or optimization [22]. In opti-
mization, random samples are generated within the feasible space, and the best-performing sample is
selected as the solution.

Puddle Jumping

Puddle Jumping is a heuristic method designed to escape local minima during optimization. It introduces
random perturbations to the coefficients, enabling the process to avoid being trapped in suboptimal solutions
[23]. The perturbation is applied as follows:

B; = B + jump_magnitude x rand(—1,1)

where:
+ jump_magnitude controls the size of the random perturbation,
* rand(—1, 1) generates a random number between -1 and 1.

After each perturbation, the same coefficient constraints as previously described are re-applied to
ensure that the resulting coefficients remain within acceptable bounds.

Heuristic and Probabilistic Optimization Methods

Genetic Algorithms (GA)

Genetic Algorithms (GA) are optimization techniques inspired by the process of natural selection [9]. GAs
use operations such as mutation, crossover, and selection to evolve a population of candidate solutions.
This method is well-suited for non-convex and complex search spaces, especially when gradient information
is unavailable.
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Particle Swarm Optimization (PSO)

Particle Swarm Optimization (PSO) is a population-based heuristic optimization technique inspired by the
social behavior of birds and fish [7]. PSO updates a swarm of candidate solutions (particles) based on
their individual best positions and the global best position in the search space. It is commonly used for
multidimensional and nonlinear optimization problems.

Simulated Annealing (SA)

Simulated Annealing (SA) is a probabilistic optimization algorithm inspired by the annealing process in
metallurgy [13]. The method starts with a high "temperature” that allows the algorithm to explore the
search space freely, including accepting worse solutions. Over time, the temperature decreases, reducing
the probability of accepting worse solutions, and focuses the search on improving the solution. SA is
particularly effective for escaping local minima in non-convex optimization problems.

Crude Monte Carlo
Crude Monte Carlo methods are probabilistic techniques that rely on random sampling to approximate
solutions to mathematical problems, particularly those involving integration or optimization [22]. In opti-
mization, random samples are generated within the feasible space, and the best-performing sample is
selected as the solution.



2 DOF Model Formulation

Model Formulation for a 2DOF System
Consider a 2 Degree of Freedom (2DOF) system with masses m; and my, damping coefficients ¢y, ¢,
and stiffnesses ki, k2. The equations of motion in matrix form are:

mq 0 i’l (t) c1+cy —co «x"l (t) kl + k2 _k2 Z1 (t) funknown1 (t) o Fexﬂ (t)
) + _ + + = :
0 mgo ) \iat) —C2 ) To(t) —ko ka (1) Junknowna (t) Fexto(t)
Feature-Based Internal Force Reconstruction
The internal forces for each degree of freedom are reconstructed as a weighted sum of features:

Finta(t) = Zcm‘fl,i(l‘l(t),il(t)7$1(t) — xo(t), 1 (t) — d2(t)),
Fint2(t) = Zcz,jfz,j(ffz(t)a¢2(t)7$2(t) —x1(t), 22(t) — 1(t)).

Here: - ¢1; and ¢y ; are the coefficients learned through regression, - fi;(z1(t),Z1(t), z1(t) —
x9(t), &1(t) — &2(t)) and fo j(z2(t), £2(t), z2(t) — 21 (), £2(t) — &1 (2)) are the features, such as polynomials
or trigonometric functions.

Modified Equations of Motion
Substituting the feature-based representation of internal forces into the equations of motion:

<m1:z»1<t)> _ (zi erifri(@(t), @1 (8), 21 () = o (t), 31 (1) —m(t))) N (Fexn (t)) .

mada(t) > €25 f2,5(@2(t), 22(t), 22(t) — 21 (t), 22(t) — 1(2))

RX Model (Regression Formulation)
The internal force reconstruction can also be written :

Fint,1,¢ 1 @y, T1t Tt — Tay 1t — Lo fia(@ie, 1,1 — T, @1p — Tot)
Fint,1,641 I Ti41 ®rge1 Tiggn — T2e41 D141 — B2 S1,0(@ 00410 B0, Tl — T2,041, B1041 — T2,041)
Fint,1,¢42 1 Zyg4e Eri42 Tig42 — Togre Tt — Togt2 S1,1(@1042, B1042, T1 42 — T2442, B1442 — T2,442)

103



104

Fint2,¢ 1 @y Tt Tat — T1 Tot — L1t Jo1(Tot, T, Tay — T1¢ T2 — T1¢)
Fint2,64+1 I @oyp1 ®opp1 Tog41 — Tieg1 D241 — Trgar f2,1(@2041, B2 15 T2,0401 — T141, B2041 — T1,041)
Fint 2,442 1 Zogyo Eoitrs Tapye — Tig4e  Eoito — Tret2 f2,1(T2442, B2142, T2 142 — T1 442, Bo 42 — T1,442)

where you need to simultaneously solve for both internal forces. physical constraints as well as
interaction between degrees of freedom is maintained via correct sign and addition/subtraction of the state
variables. Prior knowledge of the system can be moved to the left hand side. and this formulation can be
made into MDOF systems with or without measurements for the different degrees of freedom.



Savitzky-Golay Filter

Savitzky-Golay Filter: How It Works

The Savitzky-Golay filter is a data smoothing technique widely used to reduce noise in signals while
preserving the shape and important features of the data, such as peaks and valleys. Unlike traditional
moving average filters, which may blur sharp transitions, the Savitzky-Golay filter fits a polynomial to a
sliding window of data points, providing a smooth approximation of the signal.

How It Works
The filter operates by:

+ Selecting a window length (an odd number of data points) over which the signal is locally approxi-
mated.

+ Fitting a polynomial of specified order (e.g., linear, quadratic, cubic) to the data within each window.

» Replacing the central point of the window with the value predicted by the polynomial fit, ensuring
smooth transitions across the signal.

Key Parameters
» Window Length: Determines the number of points in the sliding window. Larger windows result in
smoother signals but may oversimplify details.

» Polynomial Order: Defines the degree of the polynomial used for fitting. Higher orders can capture
more complex trends but may overfit noisy data.

Applications
The Savitzky-Golay filter is ideal for:

» Smoothing experimental data to reduce high-frequency noise.
* Preserving sharp transitions in signals, such as in spectroscopy, ECG signals, and time series data.
* Preprocessing data for machine learning and feature extraction.

Example Usage
For a signal y(t), the smoothed signal is obtained by sliding a window of size n and fitting a polynomial of
order p to approximate the data:

p
Smoothed value at time t = » a;t’, where ¢ € window.
i=0
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Noise Magnification when Deriving
Acceleration from Velocity or

Filtering Effects

Displacement

Incorrectly applying derivative methods, especially in noisy data, can introduce unintended filtering effects.
For example, a naive finite difference can amplify noise, leading to erroneous conclusions. Conversely,
excessive smoothing may filter out genuine signal variations, obscuring critical dynamics. It is crucial to
choose a derivative method that matches the characteristics of the data and the goals of the analysis. The
identification problem assumes the internal force which uses acceleration calculated from measurement is
sound and equations of motion derived follow that dependency.

Data to be Differentiated

Derivatives of the Data

1.0 4

0.5 4

0.0 1

velocity [m/s]

-1.0

—— Exact Vel

Noisy Vel
=== Smoothed Vel

acc [m/s2]

-2 4

—— Exact Derivative v
=== Finite Difference (Exact vel)

Finite Difference (Noisy Vel)
——- Finite Difference (Smoothed Vel)

time [s]

T T T T T T T
0 1 2 3 4 5 6
time [s]

Figure L.1: Noise magnification when using finite difference to differentiate

refering to figure L.1 , it can be seen that a 5% noise in velocity can translate into huge error (sometimes
over 100% difference) into acceleration when using finite difference, that effect can be reduced by smoothing
the dataset, but will not disappear completely. some possible methods of differentiation with smoothening

capabilities are discussed briefly below.

Methods

+ Finite Difference: A simple approach where the derivative is approximated by the difference between
consecutive data points. While easy to implement, it is highly sensitive to noise, which can lead to

significant errors.
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Savitzky-Golay Filter: This method applies a polynomial smoothing to the data before differentiating,
which reduces noise but requires careful selection of parameters like window length and polynomial
order.

Fourier Transform: Computes the derivative in the frequency domain. This approach smooths the
signal but assumes periodicity and uniform sampling, making it unsuitable for non-stationary data.

Cubic Spline: Fits a smooth spline to the data and computes its derivative. It is effective for unevenly
spaced data but can be computationally intensive.

Total Variation Regularization: Minimizes the total variation of the derivative, preserving edges
while smoothing. This method is robust to noise but requires tuning of regularization parameters.

Higher-Order Finite Difference: Utilizes more points around the target point to compute a more
accurate derivative, though still sensitive to noise.

Smoothed Finite Difference (PySINDy): Combines smoothing with finite differences to obtain a
smooth derivative, balancing noise reduction and accuracy.



Extended Benchmark Cases

Important note The Custom RX model is referred to in figures here as NARMAX, it was in hopes of
extending the identification process to included, but the RX name is more apt. thus was adopted elsewhere
but was not amended here.

Plots for Case 2.0

Modified Duffing: f=5.0e6y> + 2000.0y3y? + 1.0e5y> + 10000.0y + 10.0y
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Figure M.1: Case 2.0 Components
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Figure M.2: Case 2.0 : Target Restoring Force
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Figure M.3: Case 2.0: Selected Restoring Force Surface
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Figure M.4: Case 2.0 : Phase Portrait of Training Data
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Figure M.5: Case 2.0 : Cross Sections of Surface
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Side View of Restoring Force Surface
(Displacement vs Resisting Force)

Side View of Restoring Force Surface
(Velocity vs Resisting Force)
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Figure M.8: Case 2.0 : Training Data - Restoring Force Fit
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Figure M.9: Case 2.0 : Removing Unnecessary Terms
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Figure M.10: Case 2.0 : Training Data - Restoring Force Residual

the QQCC value tends to be logarithmic, shape of the QQ plot is a better indicator, all 3 fits seems to have
not properly isolated the normally distributed noise.
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Figure M.13: Case 2.0 : Validation - Displacement & Velocity Prediction
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RFS :
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Plots for Case 2.1

Higher-Order Oscillator: f= 5.0e6y> + 2000.0y3y2 + 1.0e5y3 + 10000.0y + 10.0y

AN .
—  ky (46%)
— By?av)
— (%)
—-- 8y’ (2%)

£2y7yH(5%)

1000 4

250- ) ‘ Ded /Dy
AL

BBV ‘\v'

1000 |
200 205 210 215 220 225

Internal Force of System Terms [N]

Figure M.14: Case 2.1 Components



117

Displacement [m]

Force [N]

Higher-Order Oscillator : Higher-Order Oscillator Simulation

0.10 4
0.05
0.00 4
—0.05 -
40]0 ) T T T T T T T
2.00 205 210 215 220 225 230 235 240
_ 10
@
2 0q
o
k=t
7]
~ 10
—— RK Velocity
2,00 205 210 215 220 225 230 235 240
Time [s]
Figure M.15: Case 2.1 : Case 2.1 Simulation
2000 4
|
1000
|
[
[ |
o4 |l \ \ l\ ’
| |(
~1000 4
5 Internal Force
2000 External Force
2,00 205 210 215 220 225
Time [s]

Figure M.16: Case 2.1 : Target Restoring Force



118

Displacement [m]

Force [N]

Higher-Order Oscillator : Validation Data

0.005

0.000

220 225

Validation Force

100 4

—100 1

=200 4
2.00

o

Figure M.17

220 225
Time [s]

: Case 2.1 : Validation Data

o

240



119

20000

30104 |Budejul

Decision_tree (RMSE: 5349)

W 0.5
£, 075 075
&y —1.00 100 o

Gradient boosting (RMSE: 5350)

Y, 075 —0.75 W€
G 00 100 o

(=]
2
=
=
=]

2010, [eTIJU]

—1000

20000

10000

2010 [ETLIDIT

1000

Random_forest (RMSE: 5387)

@ r 075 050, 1ed
£, 0 —0.75 ‘\a\xi
&y —1.00 100 ot

Mlp (RMSE: 5335)

B Fitted
BN Actual Surface

Y, 075 —0.75 W
G 100 100 g

Figure M.18: Case 2.1: Machine Learning fitted 3D Surfaces



120

Restoring Force Surface

e Input Data

BN Surface Fitted via mlp, RMSE =468
BN Ground Truth

LLIigue )

LNJ 22104 |¢

Residual

150007

e Y

100007
5000 7

=
5

-5000°
L100007
~150007

N @210 ey




121

Velocity [m/s]

Internal Force [N]

Internal Force [N]

Internal Force [N]

Higher-Order Oscillator : Phase Portrait of Training Data

20 A

—104

—30 4

x  Dataset |
% Dataset 2

Displacement vs Internal Force - Cross Section of Surface

10000 4

10000 4

Displacement vs Internal Force - Cross Section of Surface

5000 4

[

n

(=

=]
s

=}
L

Displacement vs Internal Force - Cross Section of Surface

10000

—10000 4

00

Displacement [m]

Figure M.20:

at Velocity = -0.7 m/s

/

— Fitted

7
7’
rd
/

e Input

== = Ground Truth

100 075 050 025 000 025 050 075 100

Normalized Displacement [m]

at Velocity = 0.0 m/s

—— Fitted
e Input
== = (Ground Truth

100 075 050 025 000 025 050 075 100

Normalized Displacement [m]

at Velocity = 0.7 m/s

/
/
rd
-~
= —— Fitted
s e Input
s

== = Ground Truth

/

—100 075 050 025 000 025 050
Normalized Displacement [m]

—8000

Internal Force [N]

Internal Force [N]

Internal Force [N

—6000 4

—4000

Case 2.1 : Phase Portrait of Training Data

Velocity vs Internal Force - Cross Section of Surface
at Displacement =-0.7 m

~

- - v
~— e Ground Truth

100 075 050 025 000 025 050
Normalized Velocity [m/s]

Velocity vs Internal Force - Cross Section of Surface
at Displacement = 0.0 m

200 4

400

ol
S~
=~
~
-~
S~
~
®
]
° —— Fitted
e Input
== = Ground Truth

100 075 050 025 000 025 050 075 100

Normalized Velocity [m/s]

Velocity vs Internal Force - Cross Section of Surface
at Displacement = 0.7 m

4000

6000 A

=]

=]

=

=
L

-
”
P d

-~

Fitted
Input
Ground Truth

100 075 050 —025 000 025 050
Normalized Velocity [m/s]

Figure M.21: Case 2.1 : Cross Sections of Surface



122

Internal Force [N]

Peak Term Values

Force [N]

Side View of Restoring Force Surface
(Displacement vs Resisting Force)

Side View of Restoring Force Surface
(Velocity vs Resisting Force)

—6000 —6000 * : ™
—4000 - —4000 -
—2000 — —2000

&

8

04 E 0-

E
2000 ‘g 2000 4
4000 4 4000 4
6000 6000 1 i %

:
~100 075 050 —025 000 025 050 075 100 -100 075 050 —025 000 025 050 075 100
Normalized Displacement [m] Normalized Velocity [mv/s]
Figure M.22: Case 2.1 : Side Views of Surface
Higher-Order Oscillator : Peak of Candidate Terms [N]
1000
500 E
0 ! : : : ﬂ : E : = : 5 : u : a :
L T I T S O O A I N - A S
. s % ' S Y ¥ “y s \ v . . \ . \ B .
N PSS NP NN RIS MRS M RS SIS PN A & AT A QA
Terms
Figure M.23: Case 2.1 : Force Features comparison
Higher-Order Oscillator : Training Data - Restoring Force Fit

2000

1000 4

0+ 1 k / v .‘-. [ i
" \ \ | / | \ \ \ «. |
/k \ [ : FEE W 3 g [ 1 [ [ :
1000 | ;5 '..r es N Mk N/ S
H\/: AVE AN RiH —— Ground Truth
A i A AR —— NARMAXR?=0.7513
Ll i sl Y 3 Ground Truth with Noise
2000 1 : ¥ - K “ —.. NARMAX Adjusted R? = 0.7511
. RFSR?=0.7279
200 2.05 210 215 220 225 230 235 240
Time [s]

Figure M.24: Case 2.1:

Training Data - Restoring Force Fit



123

Force [N]

Ground Truth 5.0e6y> + 2000.0y%y? + 1.0e5y> + 10000.0y + 10.0y

2590.4T(y, 1) + 47.981T(y, 2) — 450.67T(y, 3) + 586.55T(y, 5) — 704.57T(y, 7) + 830.3T(y,9) — 931.53T(y, 11)

NARMAX R*= —108.7879, RMSE =1.36¢e + 02

+882.13T(y, 13) — 443.98T(y, 15) — 490.74T(y, 17) + 1595.8T(y, 19)

Higher-Order Oscillator : Validation - Restoring Force Prediction

200 1

100 4

=100 4

=200 1

T
i

2.0

21 22 23 2.‘4 25 2.6 27 28
Time [s]

Figure M.25: Case 2.1 : cutoff percentage



124

Higher-Order Oscillator : Validation - Phase Portrait

Velocity [m/s]
=

— Ground Truth
—2 1 _ — NARMAX (DTW: 2839.80)

-0.01 0.00 001 0.02
Displacement [m]

Figure M.26: Case 2.1 : Phase portrait

Higher — OrderOscillator

Ground Truth :
f(t) —mi =
5.0e6y° + 2000.0°7% + 1.0e5y> + 1.0edy + 10.0y

Custom RX :
£(t) = mij =

2590.07°(y, 1) + 47.98T (y, 2) — 450.7T(y, 3) + 586.5T (y, 5) — 704.6T(y, 7) + 830.3T(y,9) — 9315
T(y,11) + 882.1T(y, 13) — 444.0T(y, 15) — 490.7T(y, 17) + 1596.07 (yy, 19)



125

Plots for Case 3.0

Internal Force of System Terms [N]

Displacement [m]

1000 4

500 A

SDOF with Slip: f=100.0y + 100.0tanh (1000y)

=]

l

A

I

0,
— ky (81%)
-1000 — Y (68%)
tanh(y) (6%)
2,00 205 210 215 220 225 230 235 240
Time [s]
Figure M.27: Case 3.0 Components
SDOF with Slip : SDOF with Slip Simulation
0.050 -
0.025
0,000
~0.025
]
2,00 205 210 215 220 225 230 235 240
101
S
z 0
2
2 5
2,00 2,05 210 215 220 225 230 235 240
Time [s]

Figure M.28: Case 3.0 : Case 3.0 Simulation



126

Force [N]

2000 A

1000 4

=]
L

1000 A

—2000 A

A

Internal Force
External Force

2.000

2025

2,050 2075 2100 2125
Time [s]

Figure M.29: Case 3.0 : Target Restoring Force

2150

2175

2200



127

Decision tree (RMSE: 1670) Random forest (RMSE: 1701)

[
=
(=]
=
]
=
=
=]

TI)UT
=]

=

=

TI)UT

—
=3
=
=3

[N] 2010 &
é o
[N] 2010 T®
g =

0. -0.7571.00
2 075 025795
- 0.00 ent )
% 1.00 place
< 100 07 (‘D

N oL a\
Mlp (RMSE: 1672)

»  Input
B Fitted
N Actual Surface

[
=
(=]
=
]
=
=
=]

TI2)UT

B
g
1000 Z 1000
= N
m 22}
2 0 g0
Q Q
[] L]
Z 100 Z 100

~200
-1.00 1.

4,075 '%;}—o
%050 %

-1.00 -1.00
0 075" 0. 50075
2 075 o025 93¢ 2 075 002
ot at “-‘ o t “-\
2100 075 050 92 c\D g coment U 2100 075 050 P2 iy e cement 1

> 100 N ormalize s 100 7% palize

Figure M.30: Case 3.0: Machine Learning fitted 3D Surfaces



128

Restoring Force Surface

e Input Data
I Surface Fitted via mlp, RMSE =251
BN Ground Truth

2000

- =
2
Internal Force IN1

2

-1.00,
=0.75_4 50

Norp - -4 0.00
026 Digp g, 250 075 |3
e!lleut U ) .

Residual

>
S

i
é =)
Residual Force N1

71.00 ; Z
.75 —0.50
—0.50_ 55 =4
Otmaljzeq 000 025 5
1Zed Displacé 050 75 Loo —1.0%&
eyt [ﬂ]}l .

Figure M.31: Case 3.0: Selected Restoring Force Surface



129

Velocity [m/s]

Internal Force [N] Internal Force [N]

Internal Force [N]

SDOF with Slip : Phase Portrait of Training Data

100 075 —050 025 000 025 050 075

Normalized Displacement [m]

151 x  Dataset |
x  Dataset 2
10 4
5 4
04 x
_5 o
710 4
_15 4
010 005 0.00 005 010
Displacement [m]
Figure M.32: Case 3.0 : Phase Portrait of Training Data
Displacement vs Internal Force - Cross Section of Surface Velocity vs Internal Force - Cross Section of Surface
at Velocity =-0.7 m/s at Displacement = -0.7 m
—800 2000
= -
£ 1000
=900 4 Q@
5
o 0
-
1000 1 —— Fitted g —— Fitted
° 8 1000 .
e Input = @  Input at Displacement = -0.7 m
1100 4 === (Ground Truth 2000 === (Ground Truth
100 075 050 —025 000 025 050 075 10D 100 075 —0.50 025 000 025 050 075 10D
Normalized Displacement [m] Normalized Velocity [m/s]
Displacement vs Internal Force - Cross Section of Surface Velocity vs Internal Force - Cross Section of Surface
at Velocity = 0.0 m/s at Displacement = 0.0 m
2000
50 _
£ 1000
o
J
o 0
E
50 1 — Fitted 2 oo ] — Fited
e Input E e Input at Displacement = 0.0 m
100 - i | = = Ground Truth 25000 4 == = (round Truth
S100 075 050 025 000 025 050 075 100 100 075 050 025 000 025 050 075 100
Normalized Displacement [m] Normalized Velocity [m/s]
Displacement vs Internal Force - Cross Section of Surface Velocity vs Internal Force - Cross Section of Surface
at Velocity = 0.7 m/s at Displacement = 0.7 m
1100 H 2000
1050 & 1000
g
-
1000 1 3 ol
=
950 1 ° — Fitted =2 — Fitted
- — 3 -1000 1 )
900 - e Input E - e Input at Displacement = 0.7 m
== = Ground Truth 2000 4 == = Ground Truth

050 —025 000 025 050 075 100

Normalized Velocity [m/s]

~100 —0.75
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SDOF with Slip : Phase Portrait of Training Data

204 x x  Dataset |
wx »x  Dataset 2
Xor wX
15 4 '
10
"
X
s xR e
E x i Ko x
i xx
2 od
E 0 x X *
o % X %
x
= 5 x %e
_10 4
x
715 4
x
x x % X 5 * x
20 %
015 010 005 0.00 005 010 015
Displacement [m]
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Displacement vs Internal Force - Cross Section of Surface Velocity vs Internal Force - Cross Section of Surface
at Velocity =-0.7 m/s at Displacement = -0.7 m
950 4 5000
%‘ —1000 %‘ 2500
S —1050 S o c
= =
g ~1100 1 —— Titted g 2500 4. e —— TFitted
;E 1150 4 e Input ;E @  Input at Displacement = -0.7 m
== = Ground Truth =5000 A === (Ground Truth
71200 L T T T T T T T T T T T T T T T T T T
-1.00 075 050 025 000 025 0.50 075 1.00 -1.00 —0.75 050 -025 000 025 050 075 1.00
Normalized Displacement [m] Normalized Velocity [m/s]
Displacement vs Internal Force - Cross Section of Surface Velocity vs Internal Force - Cross Section of Surface
at Velocity = 0.0 m/s at Displacement = 0.0 m
2001 5000
% % 2500 o =
= ? : q-/.#:-
(=} (=]
e [ 04
= =
E ol — Fitted g s . —— Fitted
;E e Input ;E e Input at Displacement = 0.0 m
' = = Ground Truth =5000 A == = (Ground Truth
S100 075 050 025 000 025 050 075 100 100 075 050 025 000 025 050 075 100
Normalized Displacement [m] Normalized Velocity [m/s]
Displacement vs Internal Force - Cross Section of Surface Velocity vs Internal Force - Cross Section of Surface
at Velocity = 0.7 m/s at Displacement = 0.7 m
| 5000 4
— 1400 1 I =
& ! £ 25001
813007 e 2
(=] (=]
5 00l = 0
= =]
g — Fitted B ps00] —— Fited
;E:' 1100 1 e Input ;E:‘ e Input at Displacement = 0.7 m
== = Ground Truth =5000 A == = Ground Truth
1000 4

~100 075 —050 —025 000 025 050 075

Normalized Displacement [m]

050 —025 000 025 050 075 100

Normalized Velocity [m/s]

~100 —0.75

Figure M.49: Case 3.2 : Cross Sections of Surface
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Figure M.53: Case 3.2 : cutoff percentage
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Figure M.55: Case 3.2 : Training Data - Restoring Force Residual
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Validation Data - Restoring Force Residual
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Figure M.57: Case 3.2 : Training Data - Restoring Force Residual
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Figure M.58: Case 3.2 : Validation - Displacement & Velocity Prediction
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Tip Force : Phase Portrait of Training Data
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Figure N.13: Shaft Force from Test 1 : Test 4 Data - Fit for t =2-10s
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Figure N.15: Shaft Force from Test 1 : Test 2 Data - Fit for t =2-40s
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Figure N.18: Shaft Force from Test 1: Fitted loading Cycles
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Figure N.20: 3D View-1 of shaft force vs displacement and velocity for shaft force from Test 1
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Figure N.21: 3D View-2 of shaft force vs displacement and velocity for shaft force from Test 1
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Results for Shaft Force from Test 3
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Figure N.26: Shaft Force from Test 3 : Machine Learning fitted 3D Surfaces
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Figure N.27: Shaft Force from Test 3: Selected Restoring Force Surface
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Tip Force : Phase Portrait of Training Data
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Figure N.29: Shaft Force from Test 3 : Cross Sections of Surface
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Figure N.31: Shaft Force from Test 3 : Force Features comparison
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Figure N.34: Shaft Force from Test 3 : Test 2 Data - Fit for t =2-10s
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Figure N.41: Shaft Force from Test 3: Fitted loading Cycles
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Figure N.42: Shaft Force from Test 3: Fitted loading Cycles - Section
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Figure N.43: 3D View-1 of shaft force vs displacement and velocity for shaft force from Test 3
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Figure N.44: 3D View-2 of shaft force vs displacement and velocity for shaft force from Test 3



Test 3 at 2 - 40 s - Fit using Test 3
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Figure N.45: 3D View-3 of shaft force vs displacement and velocity for shaft force from Test 3
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Figure N.46: 3D View-4 of shaft force vs displacement and velocity for shaft force from Test 3
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Results for Tip Force from Test 1

Tip Force : Tip Force Simulation

Figure N.48: Tip Force from Test 1 External forcing & Measured Tip Force
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Figure N.47: Tip Force from Test 1 - Filtered Measurements
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Figure N.49: Tip Force from Test 1 : Machine Learning fitted 3D Surfaces
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Figure N.50: Tip Force from Test 1: Selected Restoring Force Surface
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Tip Force : Phase Portrait of Training Data
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Side View of Restoring Force Surface
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Side View of Restoring Force Surface
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Figure N.54: Tip Force from Test 1 : Force Features comparison
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Figure N.56: Tip Force from Test 1 : Test 1 Data - Fit for t =2-10s
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Figure N.57: Tip Force from Test 1 : Test 2 Data - Fit for t =2-10s
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Figure N.58: Tip Force from Test 1 : Test 3 Data - Fit for t =2-10s
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Figure N.59: Tip Force from Test 1 : Test 4 Data - Fit for t =2-10s



189

Force [N]

Foree [N]

Force [N]

Test 1
Custom RX : {'/RMSE" 612.0, MAE": 490.0, 'R*: 0.78917}

2000 A

=
L

—2000 A

4000 A

—6000 A

\\»\\‘\\\\ﬂ\\\\\\\\\‘\\\\ﬂ v\L

E."/‘

)

[ | | | ‘ ‘ | | = Ground Truth
Custom RX

PySINDy : {'/RMSE" 614.0, 'MAE'": 491.0, 'R*: 0.7881}

2000 A

—2000 A

—4000 A

—6000 A

\‘x\\‘\\\kl\\\\\\\\\‘\\\\ﬁ\,\Lh{ﬁ

| I | | ‘ I ‘ | - = Ground Truth
—— PySINDy

RFS: {'/RMSE'": 721.0, ' MAE" 574.0, 'R*: 0.70736}

2000

=
L

—2000

—4000

—6000 A

! ; |
WL AW RLRE i ! LWL “ INEWL \ | Y
| al B4 I (TR Wy TR !
1] RERERERER | | |V § L il L Y M ¥4 oY

—— Ground Truth
=== RFS {'RMSE" 721.0,'MAE": 574.0, 'R*" 0.70736}

20.0

202 204 206 208
Time [s]

Figure N.60: Tip Force from Test 1 : Test 1 Data - Fit for t =2-40s

21.0



190

Test 2
Custom RX : {'/RMSE" 6403.0, ' MAE'": 4841.0, 'R*: -0.37287}

= Ground Truth
Custom RX

PySINDy : {'/RMSE": 6432.0, 'MAE'": 4878.0, 'R*: -0.38535}

RFS: {{/RMSE" 5197.0, MAE": 4486.0, 'R*: 0.09556}

=20000 4 —— Ground Truth
==+ RFS {RMSE" 5197.0, 'MAE" 4486.0, 'R™: 0.09556}

20.0 202 204 20.6 20.8
Time [s]
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Figure N.63: Tip Force from Test 1: Fitted loading Cycles



192

Restoring Force [N]

Displacement [m] vs Restoring Force [N]

Velocity [m/s] vs Restoring Force [N]

10000 4
8000 A
8000
6000 4
6000 4 E‘
[k
2
=
o 4000
4000 - e
@
v
2
2000 - %
2000 x .
®  Input where Velocity ~ 0 — RFS
— RFS Custom RX
0 Custom RX 0+ —— pySINDy
—— pySINDy % Input where Displacement ~ 0
0003 0002 -0001 0000 0001 0002  0.003 06 04 02 00 02 04 06
Displacement [m] Velocity [m/s]

Figure N.64: Tip Force from Test 1: Fitted loading Cycles - Section
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Results for Tip Force from Test 3

Tip Force : Tip Force Simulation
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Figure N.66: Tip Force from Test 3 - Filtered Measurements
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Figure N.67: Tip Force from Test 3 External forcing & Measured Tip Force
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Figure N.68: Tip Force from Test 3 : Machine Learning fitted 3D Surfaces



196

Restoring Force Surface

e Input Data
B Surface Fitted via mlp, RMSE =10

100

LN e
=

Residual

LIND v

V00 00 0¥

Figure N.69: Tip Force from Test 3: Selected Restoring Force Surface
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Tip Force : Phase Portrait of Training Data
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Figure N.71: Tip Force from Test 3 : Cross Sections of Surface
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Side View of Restoring Force Surface
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Figure N.73: Tip Force from Test 3 : Force Features comparison
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Figure N.75: Tip Force from Test 3 : Test 1 Data - Fit for t =2-10s
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Figure N.76: Tip Force from Test 3 ;: Test 2 Data - Fit for t =2-10s
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Figure N.77: Tip Force from Test 3 : Test 3 Data - Fit for t =2-10s
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Figure N.78: Tip Force from Test 3 : Test 4 Data - Fit for t =2-10s
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Figure N.79: Tip Force from Test 3 : Test 1 Data - Fit for t =2-40s
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Figure N.81: Tip Force from Test 3 : Test 3 Data - Fit for t =2-40s
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Figure N.82: Tip Force from Test 3 : Test 4 Data - Fit for t =2-40s



Test 1 at 2 - 40 s - Fit using Test 3
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Figure N.83: 3D View 1 - Tip Force vs displacement and velocity from Test 3
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Figure N.84: 3D View 2 - Tip Force vs displacement and velocity from Test 3



Test 3 at 2 - 40 s - Fit using Test 3

Ground Truth —

- RFS

209
pySINDy —— NARMAX

@t

i

i Qeus

2

it won?

{},‘ i8]
‘S,
"oe,

s
e,
M.

25

Figure N.85: 3D View 3 - Tip Force vs displacement and velocity from Test 3



Test 4 at 2 - 40 s - Fit using Test 3
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Figure N.86: 3D View 4 - Tip Force vs displacement and velocity from Test 3
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