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Abstract

The widespread use of semi-trailer trucks as a critical mode of freight transportation, owing to their high
payload capacity and operational flexibility, necessitates advancements in motion control systems to enhance
their safety, efficiency, and adaptability to dynamic road conditions. Model Predictive Control (MPC) is
an advanced control strategy extensively employed in the field of motion control for autonomous vehicle
guidance. The performance of the MPC method directly depends on how accurately the prediction model
within the MPC can replicate real vehicle dynamics. Using a precise parameter set is crucial to achieving
a reliable and robust controller, as any parameter mismatch between the controller and the real vehicle
could lead to MPC failure. Therefore, for systems that must operate under a wide range of conditions and
environments, it is essential to incorporate the ability to adapt working parameters in real time.

According to the literature, one widely used method for parameter estimation in complex nonlinear
systems is Moving Horizon Estimation (MHE). However, implementing this method requires precision and
careful consideration of various factors. This thesis proposes an adaptive Nonlinear Model Predictive Control
(NMPC) approach for semi-trailer trucks to enhance the controller’s performance in the presence of parameter
mismatches.

First, a single-track dynamic model was developed based on the equations of motion for the semi-trailer
truck. Subsequently, an adaptive controller integrating Nonlinear Model Predictive Control (NMPC) and
Moving Horizon Estimation (MHE) was designed and tested. The results indicate that the proposed controller
significantly enhances performance. In open-loop prediction, the Average Relative Distance Error (ARDE)
metric improved by 80% to 93%. For closed-loop behavior, the average lateral deviation was reduced by at
least 99% and up to 102% compared to a standard MPC controller without adaptivity. Furthermore, MHE
proved valuable for state estimation, particularly when certain states were not directly measurable.
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1 Introduction

1.1 Motivation

Transportation systems play a vital role in modern society, serving as essential mechanisms for the movement
of both goods and people in response to diverse demands [1]. Semi-trailer articulated vehicles are a
common means of transporting industrial products across various industries worldwide. Their significance is
underscored by the expanding semi-trailer truck market, which is projected to surpass USD 41.4 billion by
2032, driven by technological advancements and the growing demand for sustainable transport solutions [2].

The automotive industry is transitioning into a new era of autonomous ground vehicles (AGVs), which have
the potential to reduce human errors in accidents, thereby significantly enhancing the safety of passengers,
drivers, and pedestrians while also lowering financial costs [3]. As a result, autonomous driving has emerged
as a significant area of study, attracting billions of dollars in investment and extensive research from both
industry and academic institutions. More recently, end-to-end driving has started to emerge as an alternative
to modular approaches, although numerous challenges remain to be solved to fully realize this future [4].

For this reason, the Chair of Automotive Engineering at Technical University of Munich (TUM) developed
an autonomous research vehicle, Excellent Drive GARching (EDGAR), to contribute to advancements
in autonomous driving research. They also created a platform called TUM-Control, which serves as the
foundation for the work presented in this thesis [5].

1.2 Problem Definition

Autonomous vehicle systems have become a prominent area of research. The technical readiness of
self-driving vehicles is steadily advancing, driven by increased computing power and decreasing sensor
costs. Regardless of the type of vehicle, a self-driving system’s core comprises three main components:
perception, planning, and control. First, the vehicle recognizes its surrounding environment and its own
status using various onboard sensors. It then analyzes this data to create a trajectory through advanced
planning algorithms, ultimately controlling the vehicle’s movement autonomously [6]. This thesis focuses on
the motion control component.

In automated driving systems, the path tracking layer defines the actuator commands required to follow the
reference path and speed profile. Model Predictive Control (MPC) is widely used for trajectory tracking due
to its ability to handle multi-variable problems, systematically account for constraints on states and control
actions, and consider the expected future behavior of the system [7]. For these reasons, MPC is used as the
main controller in this study.

The basic MPC algorithm computes an optimal control action, u, at each discrete time step, k, by solving
an optimization problem [8]. While the underlying prediction model and cost function formulation are the
primary factors influencing MPC performance, other elements, such as cost function weights, prediction
horizon length, and external disturbances, also significantly impact its effectiveness.

1



1 Introduction

However, system dynamics can change during runtime due to varying environmental conditions or uncer-
tainties in the model design phase. These changes can lead to challenges such as undefined models
or parameter mismatches. In such cases, the underlying process model cannot be fully predetermined
or identified in advance, as it is not static. In the context of autonomous vehicle motion control, these
issues may arise from a lack of knowledge about the current load (e.g., mass and its distribution), inertia, or
variations in road-tire friction. These factors directly affect driving dynamics and can significantly influence
the performance of the implemented controller.

On the other hand, since such model mismatches and varying environmental conditions exhibit high statistical
variance, treating them as pure white noise is inefficient. Therefore, a method is needed that enables the
controller to adapt online, as parameter uncertainties can evolve over time.

This study aims to address the challenge of adapting NMPC, specifically developed for semi-trucks, in the
presence of parameter mismatches or varying environmental conditions that cannot be characterized as
Gaussian-distributed disturbances. The proposed solution seeks to enhance the controller’s prediction quality,
which is critical for selecting more accurate input commands. Furthermore, the method will be tested under
light disturbances to evaluate its robustness.

1.3 Outline

This thesis is organized as follows: Chapter 2 provides a comprehensive literature review on semi-truck
dynamics modeling and examines state-of-the-art approaches to parameter adaptivity in controllers. Chapter
3 covers the theoretical foundations of the study, including the dynamic equations of motion for semi-trailer
tractors, MPC, and Moving Horizon Estimation (MHE). Chapter 4 outlines the methodology and procedures
used to develop an adaptive NMPC system for semi-trucks. Chapter 5 presents the validation and evaluation
results, accompanied by an in-depth analysis. Finally, Chapter 6 summarizes the key findings and proposes
directions for future research.
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2 Literature Review and State of the Art

2.1 Semi-Trailer Trucks

2.1.1 Introduction

Long Combination Vehicles (LCVs) are an essential component of modern freight transportation systems,
offering significant advantages in terms of efficiency and cargo capacity. Among the various types of LCVs,
semi-trailer trucks play a crucial role. A semi-trailer truck consists of a tractor unit (also called a truck or prime
mover) and a semi-trailer, where the latter has only one end supported by the truck’s rear axle, while the front
is typically supported by a fifth wheel mounted on the tractor. This design allows semi-trailers to carry large
and heavy cargo, making them especially important in the transportation of goods over long distances [9].

The importance of semi-trailer trucks in freight transport cannot be overstated. They are capable of carrying
a wide variety of goods, ranging from perishable items to machinery and raw materials, and they form the
backbone of freight logistics worldwide. In fact, they account for a substantial share of freight transport
in countries with well-developed infrastructure [10]. Additionally, semi-trailer trucks are designed for high
maneuverability, which makes them suitable for navigating urban areas and narrow roads, a critical factor in
delivery logistics [11]. Figure 2.1 presents a simplified schematic of a semi-trailer truck.

The modular concept is a way of building vehicle combinations with the help of different types of trailers
and trucks. The types of trailers are usually full trailers, semi-trailers, link trailers, converter dollies, and
center-axle trailers, while the trucks typically include rigid trucks and tractors. These different components of
road trains are designed to provide the flexibility needed to meet varying transportation needs. Figure 2.2
illustrates these road train components in a detailed table, showing the diversity and inter-connectivity of the
parts that form LCVs, highlighting their adaptability to different freight requirements [12].

While semi-trailer trucks are indispensable for freight transportation, their operation is not without hazards.
Due to their large size, heavy weight, and complex dynamics, these vehicles pose significant risks on the road,
particularly in terms of accidents. According to studies, semi-trailer trucks are involved in a disproportionate
number of road accidents compared to smaller vehicles. The National Highway Traffic Safety Administration
(NHTSA) highlights that in the United States alone, large trucks were involved in nearly 9% of all fatal crashes,
despite representing only 4% of registered vehicles [13]. Key hazards associated with semi-trailer trucks
include their longer braking distances, reduced maneuverability, and susceptibility to rollovers, jackknifing,
and side-swipe collisions. These hazards are exacerbated by adverse weather conditions, driver fatigue, and
high-speed operation, which significantly increase the likelihood of accidents [14].

3



2 Literature Review and State of the Art

Figure 2.1: Semi-truck simplified schematic

2.1.2 Dynamic Modeling Literature Review

Given the significant safety risks associated with semi-trailer trucks, the development of advanced motion
control algorithms has become essential for enhancing road safety, with vehicle dynamics modeling serving
as a core component of this effort. Vehicle models are divided into two categories: kinematic models and
dynamic models [15].

Table 2.1 summarizes the most recent works utilizing various semi-truck vehicle models and their objectives.
Note that in the table, KM refers to the Kinematic Model, LDM to the Lateral Dynamic Model (excluding
longitudinal equations of motion), and FDM to the Full Dynamic Model.

Based on the studies listed in Table 2.1, it can be observed that both kinematic and dynamic models have
been utilized in previous research. However, for tasks such as path tracking and ensuring directional stability,
particularly at high speeds, the use of a full dynamic model is essential. This approach has been adopted in
the current study and will be discussed in detail in the following chapters.

2.2 Parameter Mismatch State of the Art

Parameter mismatch in vehicle motion control refers to discrepancies between the assumed parameters in a
control model and the actual parameters of the vehicle. These mismatches can significantly impact control
performance, leading to issues such as steady-state errors, reduced tracking accuracy, and compromised
stability.

However, this issue can often be adequately addressed by employing a suitable control algorithm. In the
case of MPC, this typically involves the use of Robust Model Predictive Control (RMPC) or Stochastic
Model Predictive Control (SMPC). Both approaches have demonstrated their effectiveness in successfully
accounting for uncertainties [16, 17]. Nevertheless, both RMPC and SMPC rely on assumptions about the
distribution of the residual uncertainties to ensure feasibility and constraint satisfaction [18].
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2 Literature Review and State of the Art

Figure 2.2: Components of vehicle combination

In RMPC, uncertainties are assumed to belong to a compact uncertainty set, and the algorithm calculates
control inputs that ensure constraint satisfaction for all possible values within this set, prioritizing robustness.
SMPC, on the other hand, treats uncertainties as probabilistic, relying on estimated probability distributions.
It calculates optimal control inputs that satisfy constraints with a high probability, balancing performance and
stability. The choice of uncertainty assumptions is crucial for both approaches. Large uncertainty sets or high
variances often lead to overly conservative behavior, reduced performance, or infeasibility. On the other hand,
small sets or tight variances may overlook critical uncertainties, risking constraint violations, and instability.
Thus, RMPC or SMPC can only guarantee near-optimal performance and constraint satisfaction if the true
uncertainty set (or the true statistical variance) is provided or can be assumed to be negligible [16, 17].

In our case, we encounter large and sometimes consistent changes in vehicle parameters or environmental
conditions, which makes the previously mentioned methods unfeasible. Therefore, instead of relying on
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2 Literature Review and State of the Art

Table 2.1: Literature review of semi-truck’s different vehicle models
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control algorithms that use static models, an adaptive solution is necessary. To achieve this goal, several
methods have been developed, which are summarized in this section.

These methods can be broadly categorized into two main approaches: learning-based and model-based.
While this classification is not rigid, it provides a useful framework for understanding the methodologies.
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2 Literature Review and State of the Art

2.2.1 Learning-based Approaches

This set of approaches can be further divided into three subclasses: Fully Data-Driven Learning, Unmodeled
Dynamic Learning, and Parameter Learning (or Parameter Estimation).

Fully Data-Driven Learning

These methods are capable of handling a wide range of environmental condition changes that fall within the
design domain. Also, an explicit adaptation process can be omitted, as environmental changes are implicitly
accounted for by processing online-generated data based on the current vehicle behavior.

In [30], a Neural Network (NN) is employed to address the problem of precisely predicting vehicle dynamics
at the edge of tire saturation across a broad range of road conditions, with a focus on tire-ground friction.
The NN predicts yaw and lateral accelerations based on current and past states, enabling a control algorithm
to generate optimal driving commands. Trained on diverse surface data, it implicitly learns environmental
conditions, achieving race-car-driver-level performance. Compared to a static dynamics model, the NN excels
under varying and constant conditions due to its ability to handle complex dynamics. Although this approach
demonstrates clear improvements over a simple static model, some challenges remain. First, it is highly
dependent on the quality and quantity of data. Furthermore, it is not evident that a neural network would
outperform a refined vehicle dynamics model with adaptive parameters. Both aim to approximate real driving
dynamics, but neural networks do not utilize the inherent mechanical knowledge of vehicle behavior.

Another fully data-driven model structure is Gaussian Process Regression (GPR), as used in [31]. GPR
is a powerful machine learning method used for making predictions, especially useful when dealing with
uncertainties and complex behaviors in systems. This approach is employed due to the significant cost and
challenges associated with developing an accurate plant model, as well as its ability to reduce conservatism
by quantifying residual modeling uncertainty and continuously refining the model. This approach excels
in providing and continuously updating an accurate plant model while reducing the conservatism of the
controller. However, the adaptation process prioritizes model refinement over rapid adaptation to quickly
changing parameters. The Bayesian nature of Gaussian Process (GP) updates can intensify this issue.
Moreover, the primary motivation for using GP, addressing the difficulty or expense of developing an accurate
model, is less relevant in the context of vehicle dynamics, where a wide range of established models are
available.

Unmodeled Dynamic Learning

Unmodeled dynamic learning methods are utilized for tasks involving model components or precise structures
that are unknown beforehand or difficult to incorporate into a single model. In such cases, the precise
dynamics of the system are discovered and adapted online.

A common refinement technique, as proposed in [32] and [33], involves introducing a two-part state-space
model, expressed in a form similar to:

xk+1 = f (xk, uk) + g(xk, uk) (2.1)

Here, the right-hand side is a sum of one term representing a simple approximation of the underlying physics,
f , and a second term representing the model error, g. This second term is adapted online to approximate
the current, true dynamics.

In [32], the error term is constructed from nonlinear basis functions that are pre-trained on diverse tasks and
combined online using a Kalman Filter (KF). This approach addresses the variability and unpredictability of
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robotic tasks, where complete dynamics models with adaptive parameters often struggle. While effective
in correcting model mismatches and representing unknown system components, the method lacks stability
guarantees and complicates the analysis of predictions, stability, and constraint satisfaction. Its strength
lies in adaptability to unknown tasks, but this advantage diminishes if an adaptive dynamics model can fully
capture task diversity. Nevertheless, unmodeled effects and mismatches may persist, which this approach
can help mitigate, though adaptation may require time and exploration.

The error term, g, can also be handled using GPs, as demonstrated in [33]. The primary objective
of this approach is to enhance a vehicle dynamics model integrated into an MPC algorithm to mitigate
systematic disturbances. In [33], the authors decouple safety and performance improvements by introducing
double prediction sequences: one based on the prior nominal model and the other derived from the
learned model obtained through GPR compensation. This method has demonstrated its effectiveness
in addressing the safety-performance trade-off while offering provable safety guarantees. However, the
proposed scheme retains the significant computational burden of traditional NMPC and remains conservative
in its representation of uncertainty bounds.

Another approach for error term derivation is Reinforcement Learning (RL), with a particular focus on Meta
Reinforcement Learning (Meta-RL). In [34], the challenge of adapting to dynamic, real-world environments
with unexpected perturbations and novel situations is addressed. Recognizing the impracticality of training
separate policies for every possible scenario an agent may encounter in the real world, this work proposes
a method for learning to quickly and effectively adapt online to new tasks. This approach combines a
pre-trained prior model and hyper-parameters, trained jointly via RL, to enable fast adaptation to new tasks.
The prior model, a neural network describing system dynamics, is adapted online using Gradient-Based
Adaptive Learning (GrBAL) or Recurrence-Based Adaptive Learning (ReBAL) policies, optimizing prediction
performance over future time steps. While effective for dynamic environments and diverse tasks, challenges
remain in ensuring stability, constraint satisfaction, and prediction accuracy due to the changing model
structure. The method excels when unmodeled effects or mismatches exist but loses its advantage if a single
adaptive model can cover the entire design domain.

Overall, the primary drawbacks of unmodeled dynamic learning approaches include the difficulty in analyzing
their behavior and ensuring accurate predictions. However, these methods offer significant flexibility and the
ability to account for unknown or unmodeled effects. They can be optimized to provide proactive, rather than
merely reactive, predictions. Computational efficiency and feasibility can be enhanced through pre-training
and the use of explicit algorithms, such as Feedforward Neural Networks (FNNs), during runtime.

Parameter Learning (Parameter Estimation)

One idea for estimating the model parameters at runtime is the use of a neural network, as done in [35]. In
the context of tractor-semitrailer systems, accurately estimating vehicle mass remains a significant challenge.
This difficulty stems from traditional methods being hindered by model uncertainty, model mismatch, and
insufficient training data, as well as a lack of algorithm generalization to accommodate real-world traffic
scenarios. To overcome these limitations, a hybrid algorithm for vehicle mass estimation, integrating
Bidirectional Long Short-Term Memory (BiLSTM) networks and a Square-Root Cubature Kalman Filter
(SCKF), is proposed. Utilizing vehicle time-series data, the BiLSTM-based mass estimator is designed to
address model uncertainty effectively. To further improve estimation accuracy and robustness, the hybrid
BiLSTM-SCKF method is developed, combining the strengths of data-driven learning and probabilistic
filtering. The experimental results in real-world environments show that the hybrid BiLSTM-SCKF algorithm
outperforms single algorithms, particularly under medium and low loads.
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The research gap of the explained study, in relation to our objectives, lies in the fact that, while their
parameter estimation approach is conducted in real time, the estimated parameters are not integrated into
an MPC framework. This limits its applicability for adaptive control in dynamic environments, where real-time
parameter updates are critical for enhanced system performance.

2.2.2 Model-Based Approaches

Model-based approaches typically utilize vehicle dynamic and kinematic models for parameter estimation.
Methods such as Recursive Least Squares (RLS) and KF algorithms are commonly employed to estimate
vehicle mass by leveraging the correlation between the driving force and longitudinal acceleration. However,
these approaches often suffer from significant errors when measurement noise is present. To address this
limitation, nonlinear KF methods—such as the Extended Kalman Filter (EKF), Unscented Kalman Filter
(UKF), and Cubature Kalman Filter (CKF)—have been widely adopted for vehicle mass estimation. These
nonlinear methods are favored due to their relatively simple computation and fast convergence, making
them particularly effective for complex, nonlinear dynamical systems [35, 36]. In [37], the offset-free MPC
control method is proposed to systematically address the steady-state error problem. The core concept of
this approach is to treat model mismatches, control input offsets, and external disturbances as disturbance
terms. These disturbances are then observed using filters, allowing their effects to be mitigated during the
MPC solution stage. In their study, the KF is utilized as the disturbance observer and integrated into the
newly designed MPC solver to ensure effective elimination of steady-state errors. This study focuses solely
on steady-state error elimination and is limited in its applicability to highly dynamic maneuvers, making it
unsuitable for scenarios that require real-time adaptation.

Additionally, two other model-based adaptation methods, Prediction Model Error (PEM) and MHE, show
significant potential for this study, which will be discussed below.

Prediction Error Method (PEM)

PEMs, a class of parameter estimation techniques, aim to reduce the difference between the observed and
predicted states by optimizing the parameters of the prediction model [38]. Thus, an estimated parameter p̂
at time step N can be expressed as:

p̂ = arg min
p

J(p) with J(p) =
N
∑

k=1

d
�

xk − x̃k(xk−1, uk−1, p)
�

(2.2)

where J is the cost function and d is a suitable distance measure. The term x̃k(xk−1, uk−1, p) represents a
one-step prediction of the state xk, based on the unknown parameters p and the previous control input uk−1.
This process can be naturally applied to a recent subset of the collected data, focusing on the most relevant
or recent observations for parameter estimation [38, 39].

PEMs differ in error measures and minimization techniques. One of the simplest PEMs uses the squared
2-norm of the difference between observed and predicted states as the error function, which can be
minimized via gradient descent or the Gauss-Newton method. Maximum likelihood estimation handles
state transitions with additive noise and simplifies to a logarithmic error measure for fully observable states,
enabling minimization while integrating knowledge of state transitions and model accuracy. PEMs are
versatile and effective for accurate static parameter estimation across various model structures, supported by
advanced minimization algorithms. However, they face challenges such as convergence issues, non-convex
optimization, high computational demands, and dependence on good initial guesses. PEMs are unsuitable
for dynamic parameters, as they provide batch averages rather than future-accurate estimates. This leads to
a trade-off between larger batches for precision and smaller batches for timeliness [38].
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Moving Horizon Estimation (MHE)

Another model-based method, similar to MPC in its approach of minimizing the discrepancy between
predicted and observed data, is MHE. Like MPC, MHE optimizes a cost function based on observed system
inputs and outputs over a moving time horizon to estimate unknown components of the state and parameters.
This approach can accommodate various types of constraints and handle random disturbances effectively. It
can be employed for state estimation, joint state-parameter estimation in dynamical systems, or purely for
parameter estimation [40, 41].

Compared to PEM, MHE offers more diverse optimization goals but behaves similarly when the state is fully
observable. It provides accurate, robust estimates, supports constraints, and is commonly used in real-time
applications. However, MHE struggles with dynamic parameters, requiring the moving horizon to fully adapt
after sudden changes, leading to a similar trade-off between accuracy and timeliness. Additional challenges
include selecting hyper-parameters, handling arrival cost, feasibility issues, and high computational demands.
MHE is primarily suited for state or joint state and parameter estimation [42, 43].

To conclude, model-based approaches, particularly parameter estimation methods, are inherently limited by
their fixed model structure, which restricts their ability to capture unmodeled effects. Additionally, methods
such as PEMs and MHE, which rely on solving optimization problems, often face the computational challenges
associated with non-convex optimization. However, these approaches offer a clear and well-understood
model structure with parameters that typically have physical significance. This allows for the imposition of
constraints and the analysis of system behavior to ensure accurate and realistic predictions. Moreover, these
methods have already been successfully implemented in various applications.

Building upon the knowledge of adaptation methods provided above, this study employs the model-based
approach of MHE to develop an adaptive NMPC framework. This approach aims to address model parameter
mismatches in the motion control of semi-trucks effectively.
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3.1 Dynamic Single-Track Model for Semi-Trucks

Accurate vehicle dynamics modeling is crucial for precise vehicle control. Consequently, the corresponding
differential equations of motion must satisfy both practical and analytical requirements. On the one hand, the
model must be computationally efficient enough to enable real-time execution on typical onboard computers.
On the other hand, it must adequately represent the key physical components that govern motion control [29].
The single-track model, also known as the bicycle model, is a widely adopted simplification in vehicle control
systems utilizing MPC. This model represents the vehicle dynamics by approximating it with a single front
tire and a single rear tire, significantly reducing complexity. Single-track models are generally divided into
two categories: kinematic models and dynamic models [15]. While both are essential tools in automotive
engineering, they differ fundamentally in complexity, use cases, and the level of detail they provide (see
Table 3.1). Consequently, as noted in the previous chapter, a dynamic single-track model for a semi-truck, as

Table 3.1: Kinematic vs Dynamic vehicle model comparison[44, 45]

Feature Kinematic Model Dynamic Model
Complexity Simple and lightweight Complex and computationally intensive

Physics Involved Geometric relationships only Includes forces, inertia, and tire dynamics
Accuracy Accurate at low speeds Accurate at all speeds, especially high speeds

Use Cases Path planning, low-speed control High-speed control, stability analysis

outlined in [29], with minor modifications, is employed throughout this thesis. It is represented as a continuous
state-space model, 0= fcont( ẋ , x , u). The state vector

x=
�

xpos ypos ψ θ vlong vlat ψ̇ θ̇ δf a
�T

(3.1)

consists of ten states. xpos, ypos, and ψ represent the position of the tractor section’s center of mass and its
yaw angle, respectively. θ denotes the articulation point (also known as the hitch point) angle, while vlong and
vlat describe the longitudinal and lateral velocities of the tractor section’s center of mass. ψ̇ represents the
yaw rate of the tractor section, and θ̇ is the hitch rate. δf refers to the steering angle, and a is the longitudinal
acceleration. By considering the first eight states, the position and velocity of the semi-trailer’s center of
mass can also be derived using the following equations.

ψtrailer =ψ− θ (3.2)

xpos,trailer = xpos − lc1cos(ψ)− lc2cos(ψ− θ ) (3.3)

ypos,trailer = ypos − lc1sin(ψ)− lc2sin(ψ− θ ) (3.4)

vlong,trailer = vlongcos(θ )− (vlat − lc1ψ̇)sin(θ ) (3.5)

vlat,trailer = (vlat − lc1ψ̇)cos(θ ) + vlongsin(θ )− lc2(ψ̇− θ̇ ) (3.6)
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The input vector

u=
�

j ωf

�T
(3.7)

consists of two control inputs: the steering rate at the front wheel of the tractor section,ωf and the longitudinal
jerk, j. The underlying differential equations describing the system dynamics are

0= − ẋpos + vlong cos(ψ)− vlat sin(ψ) (3.8)

0= − ẏpos + vlong sin(ψ) + vlat cos(ψ) (3.9)

0= −ψ̇derivative of state + ψ̇ (3.10)

0= −θ̇derivative of state + θ̇ (3.11)

0=(m1 +m2)(v̇long − ψ̇vlat) +m2

�

lc2

�

(ψ̈− θ̈ ) sin(θ )

+ (ψ̇− θ̇ )2 cos(θ )
�

+ lc1ψ̇
2
�

− Fx,f cos(δf) + Fy,f sin(δf)− Fx,r1

− Fx,r2 cos(θ )− Fy,r2 sin(θ ) + Fx,aerodynamics (3.12)

0=(m1 +m2)(v̇lat + ψ̇vlong)−m2

�

lc2

�

(ψ̈− θ̈ ) cos(θ )

+ (ψ̇− θ̇ )2 sin(θ )
�

+ lc1ψ̈
�

− Fx,f sin(δf)− Fy,f cos(δf)

− Fy,r1 + Fx,r2 sin(θ )− Fy,r2 cos(θ ) (3.13)

0=(Iz1 + (m2l2
c1))ψ̈−m2lc1(v̇lat + (ψ̇vlong)) +m2lc1lc2(cos(θ )(ψ̈− θ̈ )

+ sin(θ )(ψ̇− θ̇ )2)− lf1 sin(δf)Fx,f − lf1 cos(δf)Fy,f + lr1Fy,r1

− Fx,r2lc1 sin(θ ) + Fy,r2lc1 cos(θ ) (3.14)

0=(Iz2 +m2lc2(lc2 − (lc1 cos(θ ))))θ̈ + (Iz1 − Iz2 + (m2(l
2
c2 − l2

c1)))ψ̈

+m2(lc2 cos(θ )− lc1)(v̇lat + (ψ̇vlong)) +m2lc2 sin(θ )(v̇long − (ψ̇vlat))

+m2lc1lc2 sin(θ )((ψ̇− θ̇ )2 + ψ̇2 − lf1 sin(δf)Fx,f − lf1 cos(δf)Fy,f

+ lr1Fy,r1 − Fx,r2lc1 sin(θ ) + Fy,r2lc1 cos(θ )− (lc2 + lr2)Fy,r2 (3.15)

0= −δ̇f +ωf (3.16)
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0= −ȧ+ j (3.17)

where the indices f , r1, and r2 refer to the front axle of the tractor section, the rear axle of the tractor
section, and the rear axle of the trailer section, respectively. lf1, lr1, lc1, lr2, and lc2 refer to the distances
between the center of mass of the tractor section and its front axle, the center of mass of the tractor section
and its rear axle, the center of mass of the tractor section and the hitch point, the center of mass of the trailer
section and its rear axle, and the center of mass of the trailer section and the hitch point, respectively. m1

and Iz1 are the mass and inertia of the tractor, while m2 and Iz2 are the mass and inertia of the trailer section.

Also, Fx,aerodynamics is the longitudinal aerodynamic force. To streamline the analysis, only the longitudinal
effect of the aerodynamic force is considered. It is modeled using the air density ρ, the frontal area of the
semi-truck A, and the drag coefficient cd:

Fx,aerodynamics = 0.5ρAcdv2
long (3.18)

Figure 3.1 illustrates the lateral and longitudinal forces acting on the two wheels of the bicycle model, which
contribute to the derivation of the above equations.

Figure 3.1: Semi-truck dynamic single track model

The tire sideslip angles,αf, αr1, and αr2 are calculated using the following equations.

αf = δf − arctan(
vlat + lf1ψ̇

vlong
) (3.19)

αr1 = arctan(
−vlat + lr1ψ̇

vlong
) (3.20)
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αr2 = arctan(
−vlat,trailer + lr2(ψ̇− θ̇ )

vlong,trailer
) (3.21)

Due to the singularity issue with longitudinal velocities near zero in the above formula, the tire sideslip angle
is assumed to be negligible at low velocities. For simplicity, and by assuming linear tire behavior, the lateral
tire forces are calculated using the following equations.

Fy,f = Cfαf (3.22)

Fy,r1 = Cr1αr1 (3.23)

Fy,r2 = Cr2αr2 (3.24)

While Cf, Cr1, and Cr2 represent the total cornering stiffness of the front axle tires of the tractor section, the
total cornering stiffness of the rear axle tires of the tractor section, and the total cornering stiffness of the rear
axle tires of the semi-trailer section, respectively. The longitudinal forces Fx,f, Fx,r1, and Fx,r2 are defined by:

Fx,f = −Fr,f (3.25)

Fx,r1 = −Fd − Fr,r1 (3.26)

Fx,r2 = −Fr,r2 (3.27)

where Fd = (m1 +m2)a is the driving force at the rear axle of the tractor section, and Fr,f, Fr,r1, and Fr,r2 are
the rolling resistance forces, calculated as follows:

Fr,f = ftractorFz,f (3.28)

Fr,r1 = ftractorFz,r1 (3.29)

Fr,r2 = ftrailerFz,r2 (3.30)

Here, ftractor and ftrailer represent the rolling resistance coefficients for the tractor and trailer, respectively,
while Fz,f, Fz,r1, and Fz,r2 are the vertical forces acting on the respective axles, as follows [12]:

Fz,r2 =
m2lc2 g
lc2 + lr2

(3.31)
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Fprime =
m2lr2 g
lc2 + lr2

(3.32)

Fz,f =
(m1 g + Fprime(1− (

lc1
lr1
)))lr1

lc2 + lr2
(3.33)

Fz,r1 = Fz,f(
lf1
lr1
) + Fprime(

lc1

lr1
) (3.34)

ftractor = ftrailer =
55

g × 1000
(3.35)

All base parameters are listed in Table 3.2 [12, 21]. However, most model parameters are influenced by
factors such as weather, temperature, terrain, or vehicle loading, meaning the identified values are only valid
under the specific conditions reported in [12, 21]. In this study, to develop an adaptive NMPC for a semi-trailer
truck, we assume that only two parameters—the trailer’s mass m2 and its moment of inertia Iz2—are mutable.
However, the proposed method can be extended to other parameters by following the same procedure. All
such mutable parameters are grouped into a parameter vector, p, within the prediction model.

p=
�

m2 Iz2

�T
(3.36)

To adapt the dynamics model for use in motion control, it is discretized using the Implicit Runge-Kutta 4th

Table 3.2: Vehicle and Tire parameters[12, 21]

Symbol Unit Nominal Value Mutable

General Vehicle Parameters

m1 kg 8450
m2 kg 37255 ✓
Iz1 kgm2 20610
Iz2 kgm2 700502 ✓
lf1 m 1.385
lr1 m 4.25
lc1 m 4.25
lr2 m 4.72
lc2 m 5.5
ρ kg/m3 1.225
A m2 10.0
cd - 0.8

General Tire Parameters

ftractor - 0.0056
ftrailer - 0.0056

Linear Tire Parameters

Cf N/rad 135010
Cr1 N/rad 477620
Cr2 N/rad 550360

Order (IRK4) with a sampling time Ts. The resulting discretized, parameter-dependent one-step prediction
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model will hereinafter be referred to as:

x̃k(xk−1, uk−1, pk−1) respectively x̃k(xk−1, uk−1, p) (3.37)

depending on whether the parameter set at the time k−1 is known as pk-1 or used in the form of an unknown
variable as p. Similarly, multi-step predictions, obtained by iteratively feeding one-step predictions back into
the model, are referred to as:

x̃k(xk−γ, Uk−γ:k−1, Pk−γ:k−1) respectively x̃k(xk−γ, Uk−γ:k−1, P) (3.38)

where Uk−γ:k−1 is defined as a series of control inputs starting at the discrete time k − γ and including
the discrete time k − 1, with γ determining the number of steps. Similarly, Pk−γ:k−1 refers to a series
of parameters. However, to reduce the number of variables, it is also possible to utilize the same single
parameter set, rather than a series of parameters, for every step of the multi-step prediction. In that case, the
convention is to use the lowercase letter p instead of the capital P, which would indicate a series of values.

3.2 Model Predictive Control and Moving Horizon Estimation

3.2.1 Model Predictive Control

MPC is an advanced control strategy that optimizes the control inputs of a system by predicting its future
behavior. Unlike traditional control methods, MPC relies on a dynamic model of the system and incorporates
constraints on states and inputs. At each time step, MPC solves an optimization problem over a finite predic-
tion horizon, selecting the optimal sequence of control actions. Only the first control action is implemented,
and the process is repeated in a receding-horizon fashion, updating predictions with new measurements [46,
47].

General formulation of MPC

The general formulation of MPC involves the following components:

1. System Model: A dynamic model of the system, typically in discrete-time form:

xk+1 = f (xk, uk) (3.39)

where xk ∈ Rn represents the state vector, uk ∈ Rm represents the control inputs, and f (·)
defines the system dynamics.

2. Cost Function: A quadratic cost function to minimize deviations from desired states and
control efforts (if any):

J =
N−1
∑

i=0

�

∥xk+i − xref,k+i∥2Q + ∥uk+i − uref,k+i∥2R
�

(3.40)

where Q and R are weighting matrices, and N is the prediction horizon steps.

3. Constraints: Physical or operational constraints on states and inputs:

xmin ≤ xk ≤ xmax, umin ≤ uk ≤ umax (3.41)
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4. Optimization Problem: At each time step k, MPC solves:

min
uk:k+N−1

J subject to xk+1 = f (xk, uk), xk, uk ∈ C. (3.42)

3.2.2 Moving Horizon Estimation

MHE is an optimization-based state estimation method that provides optimal estimates by solving an
optimization problem over a finite estimation horizon. It infers the current state of the system based on a
finite sequence of past measurements, using a dynamic model of the system, measurements, and noise
characteristics. MHE minimizes a cost function that accounts for estimation errors and the influence of
process and measurement noise. Unlike classical estimators like the KF, MHE explicitly handles constraints
on states and noise, making it particularly suitable for systems with nonlinearity or operational constraints. In
many ways, MHE serves as the counterpart to MPC [40, 48]. Figure 3.2 provides a simplified representation
of the MPC and MHE frameworks.

General formulation of MHE

The general formulation of MHE involves:

1. System Model: The dynamic model, often expressed in discrete-time form:

xk+1 = f (xk, uk) +wk, yk = h(xk) + vk (3.43)

where wk and vk represent process and measurement noise, respectively.

2. Cost Function: MHE minimizes a cost function over the estimation horizon steps Ne:

J =
k−1
∑

i=k−Ne

∥xk−i − x̂k−i∥2Q +
k−1
∑

i=k−Ne

∥wi∥2Qw
+

k
∑

i=k−Ne

∥vi∥2Qv
(3.44)

where x̂k−i is the estimated state at k− i, and Q, Qw, and Qv are weighting matrices.

3. Constraints: Incorporates constraints on states and noise:

xmin ≤ xk ≤ xmax, wk ∈W, vk ∈ V. (3.45)

4. Optimization Problem: At time k, MHE solves:

min
xk−N :k−1,wk−N :k−1,vk−N :k

J subject to system dynamics and constraints. (3.46)
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Figure 3.2: MHE and MPC frameworks

3.2.3 Application of MHE in Parameter Estimation

In addition to state estimation, MHE can be extended to estimate unknown parameters of a system by
augmenting the state vector [40, 49]. For instance, consider a system with parameters p ∈ Rp to be
estimated:

xk+1 = f (xk, uk, p) + wk, yk = h(xk, p) + vk. (3.47)

1. Augmented State Vector: In this study, the state vector and parameter vector are combined
to form an augmented vector that captures both the system’s dynamic states and the mutable
parameters:

x̄k =

�

xk

p

�

(3.48)

2. Cost Function: Minimize estimation errors over the augmented vector:

J =
k−1
∑

i=k−Ne

∥ x̄k−i − ˆ̄xk−i∥2Q +
k−1
∑

i=k−Ne

∥wi∥2Qw
+

k
∑

i=k−Ne

∥vi∥2Qv
. (3.49)
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3. Optimization: The same optimization framework as state estimation is used, but now includes
parameter dynamics (if any).
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Reflecting on the problem definition in Section 1.2, the development of an adaptive NMPC for any dynamic
system requires a model capable of adequately capturing highly dynamic behavior, as introduced in Section
3.1. To address the challenge of parameter mismatches between the controller strategy and the real vehicle,
various methods described in Chapter 2 have been evaluated. Since this study specifically focuses on two
vehicle parameters—the mass and inertia of the trailer section—and the derived semi-truck dynamic model
is sufficiently complex, MHE, as briefly outlined in Subsection 3.2.3, has been chosen to enable NMPC to
adapt.

However, as noted in Subsection 2.2.2, implementing MHE involves several challenges, including the
selection of hyper-parameters, managing arrival costs, addressing feasibility issues, and mitigating high
computational demands. This chapter is dedicated to presenting the methodological procedure undertaken
in this study. Figure 4.1 illustrates the three critical steps undertaken to develop the complete architecture
required for adapting the motion control of a semi-truck. These steps are as follows:

1. Prediction Model Development: Creating a model capable of accurately representing the
semi-truck’s dynamic behavior.

2. Designing Nonlinear Model Predictive Control (NMPC): Developing a control strategy
tailored to the semi-truck’s motion control requirements.

3. Implementation of Moving Horizon Estimation (MHE): Incorporating an adaptive mecha-
nism to handle parameter mismatches effectively.

Each of these steps is described in detail in the following sections.

4.1 Semi-Truck Prediction Model Development

As introduced in Section 3.1, a single-track dynamic model for a semi-truck, presented in [29], with minor
modifications to the input variables, is employed as the prediction model for this study. Before incorporating
this prediction model into the NMPC and MHE frameworks, it must be validated. To achieve this, we utilized
the scenario described in [29], with the following system inputs: torque applied to the front wheels of the
tractor section, in [N .m], and the front-wheel steering angle, in [◦], as shown in Figure 4.2.

Since the input variables of our prediction model, based on Equation 3.7, are the longitudinal jerk, in [m3

s ],
and the front-wheel steering rate, in [ rad

s ], the inputs from [29] were transformed accordingly. Specifically,
the front-wheel steering angle was first converted to radians and then differentiated to obtain the front-wheel
steering rate. Similarly, using the effective tire radius, the combined mass of the tractor and trailer, and the
following equation:
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Figure 4.1: Entire motion control architecture and three undertaken steps

Figure 4.2: Model inputs reported in [29] for validation process

a =
torque

(mt ractor +mt railer)Rt ire
(4.1)

the longitudinal acceleration aa was calculated. By differentiating aa, the longitudinal jerk was derived.

The simulation was then executed using the scenario and vehicle parameters outlined in [29]. The results
were compared against the reported outcomes in the reference to ensure the model’s correctness. Further
details of this validation process are presented in Section 5.1, Prediction Model Validation, of this study.
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4.2 Nonlinear Model Predictive Control for Semi-Trucks

The general formulation and key components of an MPC were introduced in Subsection 3.2.1. In this section,
we expand upon this framework to develop an NMPC tailored to the trajectory tracking requirements of
semi-trucks. This process, illustrated in Figure 4.3, operates at a rate of 50 Hz, corresponding to the update
frequency of the vehicle interface. Consequently, the discretization time Td of the semi-truck dynamics model
is set to Td = 20 ms to ensure synchronization with the simulation loop. Each iteration of setting control
commands by the NMPC consists of four main steps:

1. Initialization: All necessary input data, including the reference trajectory, current states, and
estimated parameters (if a parameter adaptation technique is employed), are verified and
provided to the controller.

2. Prediction: The nonlinear model is used to predict the system’s future states over the
prediction horizon.

3. Optimization Problem Solving: A cost function is formulated, and a constrained optimization
problem is solved to determine the optimal control sequence.

4. Setting Control Command: The optimal control sequence is retrieved, and only the first
control input is applied to the system, as well as sent to the estimator developed based on
the MHE method.

In the subsequent sections, each individual part of this four-step process is described in detail.

Figure 4.3: NMPC procedure

4.2.1 Initialization

To make predictions and solve the optimization problem, the NMPC requires the following initial data:
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Reference Trajectory:

These data include not only the desired longitudinal and lateral positions of the semi-truck that are supposed
to be followed, but also all other desired state values considered in the NMPC cost function. In this study,
each time step of the reference (desired) trajectory is represented as:

xref,k =
�

ref_x, ref_y, ref_ψ, ref_θ , ref_vlong

�

(4.2)

Here, ref_x, ref_y, ref_ψ, and ref_vlong represent the reference values for the longitudinal position, lateral
position, yaw angle, and longitudinal velocity, respectively, all corresponding to the center of mass of the
tractor. Additionally, ref_θ is the reference hitch angle. However, in this study, since a reliable reference
value for the hitch angle is unavailable, it is included in the reference trajectory vector but excluded from
influencing the cost function. Specifically, the weighting coefficient of this parameter is set to zero when
forming the cost function (described in subsequent sections), ensuring it does not affect the optimization
problem’s solution. Nevertheless, the maximum and minimum constraints of the hitch angle are still enforced
within the optimization problem. Furthermore, xref,k represents the reference trajectory vector at time step k.
If the prediction horizon consists of N steps, the NMPC requires all reference trajectory vectors from k to
k+ N .

Current State:

The current state vector is utilized in the prediction model to estimate future states over the prediction horizon.
The current state can be directly measured, or in cases where certain states are not readily available,
they must be estimated using methods such as Moving Horizon Estimation (MHE). Alternatively, previously
predicted values can be employed to compensate for the lack of real-time data. In the main part of this study,
it is assumed that all states are measurable, as described in Section 3.1.

When dealing with noisy data, it is recommended to use methods such as a moving average filter, which can
help reduce the impact of noise. Additionally, this filter can also serve as a state estimator in cases where
state data is temporarily unavailable or lost during short time intervals [50].

Estimated Parameter:

Estimated parameters are also crucial for the prediction model to forecast future states over the prediction
horizon. These parameters are assumed to remain constant throughout the prediction horizon. As mentioned
previously, the parameters to be estimated in this study include the mass and inertia of the trailer section. For
estimating these parameters, the MHE method is utilized, which will be discussed in detail in the following
sections.

4.2.2 Prediction

The nonlinear model defined in Section 3.1 is employed to forecast the system’s future states. Considering
the mutability of vehicle parameters, this model can be represented as follows:

0= fcont( ẋ , x , u, p) (4.3)

Since the equations are presented in an implicit form, transforming them into the explicit form ẋ = g(x , u, p)
is computationally intensive and impractical. To obtain the next state, xk+1, at the discretized time step k+ 1,
the Implicit Runge-Kutta 4th-order method (IRK4) is employed to compute the model’s evolution. The IRK4
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method is described in detail in [51], and further details are omitted here as they are beyond the scope of this
study.

4.2.3 Optimization Problem Solving

The optimization problem is the core of NMPC and involves determining the control inputs that optimize
system performance while respecting constraints. This step integrates system dynamics, the cost function,
and constraints into a solvable mathematical framework. To systematically address this, the process can be
broken down into the following key steps:

1. Cost Function Formulation: Defining the performance index to be minimized, which typically
includes terms related to tracking error, control effort, and other performance objectives.

2. Constraints: Incorporating physical and operational constraints, such as state limits, control
input bounds, and system safety requirements.

3. Solving the Optimization Problem: Employing numerical solvers to compute the optimal
control sequence over the prediction horizon.

Cost Function Formulation

The cost function Jnmpc (objective function) quantifies the control objectives and provides a measure to
minimize. The cost function utilized in the developed NMPC of this study is:

Jnmpc =
N−1
∑

k=0

�

∥ x̃k − xref,k∥2Q + ∥uk∥2R
�

+ ∥ x̃N − xref,N∥2Qe
(4.4)

Terms in detail:

1. State Tracking Term:

N−1
∑

k=0

∥ x̃k − xref,k∥2Q

- Measures the squared error between the predicted state x̃k and the reference state xref,k over the prediction
horizon.

- Weighted by the state weighting matrix Q, which assigns importance to individual state variables.

2. Control Effort Term:

N−1
∑

k=0

∥uk∥2R

- Penalizes the magnitude of control inputs uk, encouraging smooth and efficient control.

- Weighted by the control weighting matrix R, which regulates the emphasis on control input minimization.

3. Terminal Cost:

∥ x̃N − xref,N∥2Qe

- Encourages the final predicted state x̃N to be close to the terminal reference state xref,N .
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- Weighted by the terminal cost weighting matrix Qe, reflecting the importance of achieving the desired
terminal state.

The norms in the cost function are weighted Euclidean norms defined as:

∥ x̃ − xref∥2Q = ( x̃ − xref)
TQ( x̃ − xref) (4.5)

and similarly for control effort and terminal cost, using R and Qe as weighting matrices, respectively.

Constraints

following constraints are considered in defining optimization control problem of a semi-truck:

1. Nonlinear Inequality Constraints:

These constraints regulate the combined lateral acceleration (alat) and longitudinal acceleration (alon) based
on the vehicle’s current velocity, derived from the GGV diagram. The GGV diagram is a graphical representa-
tion or data structure used in vehicle dynamics to describe the achievable combinations of longitudinal (Gx )
and lateral (Gy ) accelerations at different vehicle velocities.

In this study, due to the lack of a reliable GGV diagram for semi-trucks, the GGV diagram of EDGAR is used.
Additionally, it is important to note that lateral acceleration values are computed as follows:

alat = vlongψ̇ (4.6)

The inequality constraints are implemented based on a configuration parameter named combined_acc_limits,
with the available options depicted in Figure 4.4.

• Separated Limits (combined_acc_limits: 0)

• Diamond-Shaped Limits (combined_acc_limits: 1)

• Circle-Shaped Limits (combined_acc_limits: 2)
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Figure 4.4: Visual representative of nonlinear inequality constraints

2. State Constraints:

Two states, the angle of the hitch point (θ ) and the tire steering angle (δf), are bounded by the following
ranges:

−0.785≤ θ ≤ 0.785 [rad] (4.7)

−0.610865≤ δf ≤ 0.610865 [rad] (4.8)

3. Input Constraints:

One input, the tire steering rate (ωf), is bounded by the following range:

−0.322≤ωf ≤ 0.322 [rad/s] (4.9)

In this study, slack variables are also utilized to soften the constraints. These variables are introduced to relax
constraints and ensure solver feasibility in cases of slight constraint violations. Slack variables are applied to
all types of constraints in the present study. This is achieved by adding a cost term to penalize constraint
violations in both the stage and terminal cost functions. For example, if we consider a state constraint as:

xmin ≤ xk ≤ xmax (4.10)

To allow for slight violations of the constraints, slack variables ξ+ and ξ− are introduced. The modified
constraint is:

xmin − ξ− ≤ x ≤ xmax + ξ
+ (4.11)
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where:

• ξ− ≥ 0: Represents the violation of the lower bound.

• ξ+ ≥ 0: Represents the violation of the upper bound.

4. Considering Model Dynamics:

The system dynamics define the evolution of states under given inputs. For NMPC, these dynamics are
embedded as constraints, and, as described before, the continuous-time dynamics are discretized using the
IRK4 method to ensure numerical accuracy and stability in the NMPC framework.

Solving the Optimization Problem

The Non Linear Programming (NLP) optimization problem in NMPC is addressed using methods such as
Sequential Quadratic Programming (SQP), nterior-Point Methods (IPMs), and Direct Collocation (DC), which
effectively handle system dynamics and constraints. Providing a good initial guess, such as the solution from
the previous step, enhances convergence speed. Real-time feasibility is ensured through parallel computing,
warm-start techniques, and potential simplifications like reducing the prediction horizon.

In this study, the powerful open-source framework Automatic Control And Dynamic Optimization Software
(ACADOS) is utilized for efficient optimal control problem-solving. ACADOS offers advanced solvers, including
SQP, SQP Real Time Iteration (SQP-RTI), and IPMs. The SQP-RTI solver is specifically selected for its
computational efficiency and suitability for real-time applications, making it ideal for fast decision-making in
control tasks.

4.2.4 Setting Control Command

At each iteration, solving the optimization problem yields the following two results:

1. Sequence of Optimal Control Commands: The sequence of optimal control inputs, Uopt,k,
at the current time step k with a prediction horizon of N steps is given by:

Uopt,k =
�

uopt,k uopt,k+1 uopt,k+2 . . . uopt,k+N−1

�

(4.12)

2. Sequence of Predicted States: The sequence of predicted states, X̃k, over the prediction
horizon is:

X̃k =
�

x̃k+1 x̃k+2 x̃k+3 . . . x̃k+N

�

(4.13)

After computing these results, only the first optimal control input, uopt,k, is applied to the system (plant) and
sent to the MHE estimator. The predicted states, X̃k, can also be utilized to estimate state values when direct
measurements of certain states are unavailable or incomplete.

4.3 Moving Horizon Estimation for Semi-Trucks

In subsection 3.2.3, the basics and fundamental formulation of Moving Horizon Estimation (MHE) were
introduced. In this section, this method will be expanded in detail to develop a parameter estimation strategy
that enables the NMPC to adapt and improve its performance in the presence of parameter mismatch
between the controller and the system. This process is illustrated in Figure 4.5 and, similar to NMPC,
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operates at a frequency of 50 Hz. Consequently, the estimation discretization time, Te, of the semi-truck
estimation model is set to Te = Td = 20 ms to ensure synchronization with the entire loop.

It is crucial to emphasize that the primary objective of using MHE or any other parameter estimation method
is to enhance the performance of the controller, in this case the NMPC, by improving prediction accuracy.
This does not imply that the estimated parameters must match the exact physical values at every iteration.
Slight deviations between estimated and actual values are acceptable, as long as they contribute to better
prediction and control performance. However, significant discrepancies between the estimated parameters
and their true values can adversely affect the controller’s overall performance.

Each iteration of parameter estimation using MHE involves five main steps:

1. Circular Data Buffer: The estimator receives measurements of the current state, the control
input applied to reach this state, and the previously estimated parameters. The system’s
current states and the previously estimated parameters are combined into a new state vector
xbuff, which is stored in a circular data buffer along with the corresponding control inputs.
The buffer retains the most recent Ne entries, where Ne represents the number of estimation
horizon steps.

2. Data Preparation: The stored data in the circular buffer is pre-processed to enhance compu-
tational efficiency and mitigate the impact of noise, ensuring robust parameter estimation.

3. Recall Estimation Model: The estimation model, constructed using the augmented state
vector, is retrieved and integrated into the optimization framework of the MHE.

4. Optimization Problem Solving: A cost function is formulated, and a constrained optimization
problem is solved to estimate the states or parameters exhibiting mismatches.

5. Estimated Parameters Application: From the series of estimated states and parameters,
the most recent parameter values are extracted. These values are sent to the NMPC for use
in subsequent control iterations and stored back in the data buffer for the new iteration.

Figure 4.5: MHE procedure
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The estimation process begins only after the data buffer has been fully populated, ensuring that sufficient
data is available to avoid inaccuracies or miscalculations. In the following sections, each component of the
estimation process using MHE is explained in detail. Here and in the following, the current discrete time is
considered k.

4.3.1 Circular Data Buffer

The estimator receives measurements of the current state xk, the control input applied to achieve this
state uk-1, and the previously estimated parameters pk-1. At this point, it is assumed that all states are
measurable. However, in cases where some states are unavailable, recent predicted values of the missing
states or previously estimated states can be used as replacements. It is important to note that even partial
replacement of state measurements can significantly degrade the estimation process, as it reduces the
available information and may act as a self-fulfilling prophecy, producing data for future estimations using
current estimated parameters.

Based on the explanation in Subsection 4.3.3, the state vector used in the developed estimation model, xest,
takes the form:

xest =

�

x
p

�

(4.14)

Here, x represents the semi-truck dynamic model states introduced in Equation 3.1, and p denotes the
mutable parameter vector defined in Equation 3.36.

To ensure consistency with xest, the data buffer is structured as follows: first, the system’s current state xk

and the previously estimated parameters pk-1 are concatenated into a single vector. This new vector, referred
to as xbuff,k, is then stored alongside the control input uk-1.

To store the data, two circular buffers with a length of Ne are used. Here, Ne represents the number of
previous data points that need to be stored, or equivalently, the estimation horizon step. The value of Ne is
determined by the requirements formulated in Subsection 4.3.4.

Consequently, the series Xbuff, -Ne+1+k:k, consisting of Ne consecutive xest,(·), and the series Ubuff, -Ne+k:k-1,
consisting of Ne consecutive u(·), are stored. Simultaneously, the oldest state xbuff, -Ne+k and the oldest
control input u-1-Ne+k are removed from the buffer to maintain the buffer size.

The full contents of the data buffer are then passed to the data preparation step.

4.3.2 Data Preparation

In order to estimate both states and parameters using MHE in our estimation model (described in Subsection
4.3.3), all mutable parameters need to be included as part of the system’s state. Additionally, the stored
control inputs in the circular data buffer serve as constant knowledge for the MHE optimization problem and
are not optimization targets, as they are in NMPC.

Based on the nonlinear optimization problem configuration in the ACADOS tool, the stored control inputs
Ubuff, -Ne+k:k-1 must be used in the parameter field. Therefore, during data preparation, the stored control input
series is relabeled as Pbuff, -Ne+1+k:k for inclusion in the parameter field of the MHE optimization problem.

Another data preparation step utilized is averaging the buffer data. This method mitigates the effects of
measurement disturbances by smoothing and filtering the observed data. The adjacent stored states and
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control inputs are smoothed based on the following relations:

xbuff,i+k =
xbuff,i+k + xbuff,i+k+1 + xbuff,i+k+2

3
, with i ∈ {−Ne, . . . ,−2}, (4.15)

ui+k =
ui+k + ui+k+1 + ui+k+2

3
, with i ∈ {−Ne, . . . ,−2}. (4.16)

However, it is essential to note that averaging introduces a certain loss of data fidelity. Therefore, the effects
of this method should always be carefully assessed beforehand to ensure it does not compromise the
estimation accuracy.

4.3.3 Recall Estimation Model

In the MHE framework, the estimation model plays a critical role in optimization problems by ensuring
accurate state estimation despite measurement noise and system uncertainties. The integration of an
accurate estimation model within MHE significantly enhances the performance of dynamic optimization in
control systems by improving prediction fidelity and operational reliability [52].

The foundation of the estimation model is the dynamic model of the semi-truck, introduced in Section 3.1
and utilized as the prediction model in the NMPC. However, since the primary goal of MHE in this study is to
estimate mutable parameters, the method defined in Subsection 3.2.3 has been chosen for implementation.
Consequently, the dynamics model requires certain modifications to adapt it for use as the estimation model.

Following the method in [40], the augmented state vector is defined as shown in Equation 4.14. Therefore,
the full state vector of the estimation model is represented as:

xest =
�

xpos, ypos,ψ,θ , vlong, vlat, ψ̇, θ̇ ,δf, a, m2, Iz2

�T
(4.17)

Additionally, since new states have been introduced, new dynamic equations must be defined to describe the
evolution of these states. As described in [40], no evolution is considered for the parameters added as states,
which are referred to as zero dynamics. Therefore, the complete set of differential equations governing the
system dynamics in the estimation model consists of all equations from Equation 3.8 to Equation 3.17, along
with the following two additional equations:

0= ṁ2 (4.18)

0= İz2 (4.19)

As described in subsection 4.3.2, the control inputs issued by the NMPC serve as pre-knowledge and are
not the target of the MHE optimization problem. Consequently, in the estimation model, they are treated as
parameters, as shown below:

p =
�

j ωf

�T
(4.20)

It is important to note that, in this estimation model, there is no explicit input field. Therefore, the input vector
is represented as:

u= [] (4.21)
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Table 4.1 summarizes the essential fields of the estimation model based on the ACADOS tool settings. This

Table 4.1: Estimation model fields, defined to be compliant with the ACADOS tool settings

Field Name Assigned vector

x
�

xpos, ypos,ψ,θ , vlong, vlat, ψ̇, θ̇ ,δf, a, m2, Iz2

�T

ẋ
�

ẋpos, ẏpos, ψ̇, θ̇ , v̇long, v̇lat, ψ̈, θ̈ , δ̇f, ȧ, ṁ2, İz2

�T

p
�

j ωf

�T

u []

model is retrieved and integrated into the optimization framework of the MHE.

4.3.4 Optimization Problem Solving

The Optimization Problem for MHE involves constructing a mathematical framework that incorporates the
cost function and system constraints. This approach ensures that the estimated states and parameters are
consistent with measurement data, system dynamics, and prior knowledge. A summary of the key steps is
provided below and will be explained in detail in the following pages.

1. Previous Estimations Recall: The previously stored estimated augmented state sequence
is recalled to serve two purposes: As initial guesses and incorporated into the cost function
formation.

2. Cost Function Formulation: The objective of the MHE strategy is to minimize the difference
between the estimated states and the recorded states. Therefore, the cost function includes
only tracking errors, with distinct weights and metrics assigned to the initial, intermediate, and
final stages.

3. Constraints: In addition to the constraints already defined in the NMPC, parameter con-
straints are also incorporated to ensure physically meaningful estimations.

4. Solving the Optimization Problem: An appropriate numerical solver, provided by the
ACADOS tool, is employed to compute the estimated augmented state sequence. The solver
stores this sequence, and from it, the estimated parameters are subsequently extracted.

Previous Estimations Recall:

Based on the following equation:

X̂est,-Ne+k+1:k = Xest,-Ne+k:k-1 =
�

xest,-Ne+k, xest,-Ne+k+1, xest,-Ne+k+2, . . . , xest,k-1

�

(4.22)

X̂est,-Ne+k+1:k represents the estimated augmented state sequence computed in the previous iteration. This
sequence is essential for two reasons:

1. Due to the iterative nature of solving the optimization problem, an initial guess is required.
For the first estimation loop, where no previously estimated states are available, the initial
values used in the NMPC combined with an initial guess for the parameters are utilized.

2. During the initial stage of cost function formulation, as shown in Equation 4.24, the first
element of X̂est,-Ne+k+1, xest,-Ne+k, is directly incorporated.
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Cost Function Formulation:

Similar to NMPC, the cost function types in ACADOS are set as “NONLINEAR_LS“ , which means the cost is
computed as a nonlinear least squares problem. The utilized cost function of the MHE is :

Jmhe = J0 +
Ne−2
∑

i=1

Ji + Je (4.23)

Terms in detail:

1. Initial Stage J0:

J0 = ∥y0 − y re f0∥2W0
(4.24)

If we consider nx as the number of states in xest, then the target optimization vector at initial stage y0 is
defined as:

y0 =
�

xest,-Ne+1+k[0 : nx − 2], xest,-Ne+1+k

�

(4.25)

The reference vector y re f0 is given by:

y re f0 =
�

Xbuff,-Ne+1+k[0 : nx − 2], xest,-Ne+k

�

(4.26)

The first element of the previously stored augmented states, X̂est,-Ne+k+1, plays a key role in smoothing out the
parameter estimation process. Without this term, the estimated parameter values might fluctuate excessively,
which could lead to divergence in the optimization process. Since the mutable parameters are part of the
estimation model states with zero dynamics, as explained in Subsection 4.3.3, it is sufficient to regulate their
value changes within just one stage of the cost function.

The weight matrix W0 is defined as a block diagonal matrix composed of Q and Qmhe0:

W0 = Block_diag(Q,Qmhe0) (4.27)

Here:

• Q is a diagonal matrix of order nx − 2, assigning importance to individual state variables.

• Qmhe0 is a diagonal matrix of order nx , acting as a penalty term to discourage the estimated
states at the first stage from deviating significantly from their previously estimated values.

2. Intermediate Stages Ji :

Ji = ∥yi − y re fi∥2W (4.28)

In the intermediate stages, the target optimization vector yi is defined as:

yi =
�

xest,-Ne+1+i+k[0 : nx − 2]
�

(4.29)

The reference vector y re fi is given by:

y re fi =
�

Xbuff,-Ne+1+i+k[0 : nx − 2]
�

(4.30)

For the intermediate stages of the cost function, the reference values yref,i are set to the actual system
states recorded in the circular data buffer. The optimization solver in the MHE estimator aims to minimize
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the discrepancy between the estimated states and these real values by selecting an appropriate set of
parameters.

The weight matrix W for the intermediate stages is defined as:

W = Block_diag(Q) (4.31)

The weights Q and Qmhe0 are crucial for tuning the estimator’s performance.

3. Final Stage Je:

Je = ∥ye − y re fe∥2We
(4.32)

In the final stage of the cost function, the target optimization vector ye is defined as:

ye =
�

xest,k[0 : nx − 2]
�

(4.33)

The reference vector y re fe is given by:

y re fe =
�

Xbuff,k[0 : nx − 2]
�

(4.34)

In this formulation, the reference vector yref,e is derived from the most recent recorded system state stored
in the circular data buffer. Similar to the intermediate stages, the goal at the final stage is to minimize the
deviation between the estimated and actual states. The weight matrix for the final stage, We, is selected to
be identical to the weight matrix used in the intermediate stages, ensuring a consistent influence of state
variables throughout the optimization process.

We =W = Block_diag(Q) (4.35)

This choice simplifies the tuning process and maintains uniformity in the cost function’s impact across all
stages, except the first stage, of the estimation horizon.

Constraints:

The MHE optimization problem incorporates constraints to ensure that the estimated states and parameters
remain consistent with physical and practical considerations. Many of the constraints applied in the NMPC
optimization problem are carried over to the MHE, with some necessary adjustments detailed below.

1. New State Constraints: In the estimation model, mutable parameters such as the mass (m2) and inertia
(Iz2) of the trailer part were added as new states. To ensure physically meaningful estimations, constraints
were defined for these parameters. These new state constraints are incorporated alongside the other state
constraints:

3725≤ m2 ≤ 372550 [kg] (4.36)

70050≤ Iz2 ≤ 7005020 [kg.m2] (4.37)

These limits were selected based on the values reported in Table 3.2. The lower limits are set to be ten times
smaller, and the upper limits are set to be ten times larger than the reported values. It is important to note
that these limits are not strict and are considered solely for the purposes of this study. The inclusion of these
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constraints ensures that parameter estimations remain realistic while allowing for flexibility in the estimation
process.

2. Removing Input Constraints: Since the control inputs issued by the NMPC are entered into the
parameter field of the estimation model and remain fixed during the optimization process, there is no need
for input constraints in the MHE formulation. Additionally, as per the design of the estimation model, there is
no explicit input vector (u) to constrain.

Solving the Optimization Problem:

For solving the optimization problem in the MHE, similar to the approach used in NMPC, as explained in
Subsection 4.2.3, the SQP-RTI solver, provided by the ACADOS tool, has been selected. This solver is
chosen due to its ability to efficiently handle the nonlinear optimization problems inherent in the estimation
process. The SQP-RTI solver computes the sequence of the estimated augmented states at each iteration
Xest,-Ne+k+1:k, ensuring that the MHE provides the best possible estimate of the system’s states and parameters
by minimizing the tracking error and respecting the system constraints.

This sequence, Xest,-Ne+k+1:k, is also saved to be used in the cost function formulation in the next iteration.

4.3.5 Estimated Parameters Application

Upon achieving the series of estimated augmented states, the estimated parameters are extracted from one
of the arrays within Xest,-Ne+k+1:k. These parameters are then sent to the NMPC to update the subsequent
parameters within the prediction model. Additionally, the estimated parameters are stored back in the data
buffer to be used for the next iteration.

In cases where there is a lack of knowledge regarding some states, the last element of the estimated
sequence, xest,k, can be replaced with the missing real state values. This replacement will allow the NMPC
to utilize the most accurate available data, aiding the system’s control strategy in issuing improved control
commands.

4.4 Tools and Implementation

All the necessary procedures required in this study, including data generation, experimentation, testing,
coding, and simulation development, were conducted within the TUM-Control environment [53].

TUM-Control is a modular simulation framework for Python designed for ultra-rapid prototyping of self-
adaptive, stochastic, and robust Nonlinear Model Predictive Control (NMPC) for Autonomous Vehicle Motion
Control. It was developed by the TUM CONTROL Team of the Autonomous Vehicle Systems (AVS) Lab at
TUM.

This simulation environment also provides a vehicle dynamics model, specifically designed for TUM’s
autonomous research vehicle EDGAR. This model served as the foundational knowledge for developing a
dynamic model tailored to semi-trucks in this study.

The entire coding for this study was implemented in Python. The model formulation, as well as the formulation
of the cost functions and optimization problem solving, were accomplished using Computer Algebra for
Systems Analysis and Design Interface (CasADi) [54], ACADOS tools [55], and NumPy [56].

ACADOS is a software package specifically designed for solving optimal control problems, particularly in
real-time applications [55]. It provides efficient, high-performance solvers for MPC and MHE, which are
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critical for controlling dynamic systems with constraints. Its modular structure supports customization and is
well-suited for embedded systems, making it a powerful tool in fields such as robotics, automotive engineering,
and aerospace.

CasADi, on the other hand, is a symbolic framework for numerical optimization and automatic differentiation
[54]. It enables users to define mathematical models and optimization problems in an intuitive and efficient
manner. By leveraging symbolic expressions and sparsity patterns, CasADi excels in generating efficient
computational graphs, which are crucial for solving large-scale optimization problems.

The connection between ACADOS and CasADi lies in their complementary roles. CasADi is often utilized
to symbolically define the system dynamics, cost functions, and constraints, which are then exported to
ACADOS for real-time execution. Together, they create a robust pipeline for designing and implementing
advanced control strategies with high precision and efficiency.

In the next chapter, all the developments, including the prediction model, NMPC strategy, and MHE for
parameter adaptation to enhance the adaptability of NMPC for semi-trucks, are evaluated, and the results
are discussed in detail.
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In this chapter, we first validate the developed prediction model for semi-trucks. This is followed by a brief
introduction to the track and the simulation environment, demonstrated through an example using EDGAR.
Next, we evaluate the standard NMPC developed for the semi-truck. Subsequently, the primary challenge
addressed in this study is introduced under the title "The Scenarios and Parameter Mismatch Problem."
Finally, a significant portion of this chapter is dedicated to an in-depth evaluation of the performance of the
proposed estimation method, developed using the MHE strategy.

5.1 Prediction Model Validation

As described in Section 4.1, the scenario introduced in [29], with minor modifications to the inputs to ensure
compatibility with the developed prediction model’s inputs, was selected. The validation was conducted using
the vehicle and tire parameters specified in [29]. Figure 5.1 shows the results obtained from the developed
prediction model alongside their corresponding values reported in [29].

Figure 5.1: Validation results - reference values from [29]

The maximum deviation between the reference and predicted values by the developed model, expressed as
a percentage, is reported in Table 5.1. Two primary reasons contribute to these deviations:
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Table 5.1: Maximum deviation (Max. Dev.) values regarding the results in Figure 5.1

State Tractor Velocity [km/h] Tractor Yaw Angle [deg] Hitch Angle [deg] Hitch Angle Rate [deg/s]
Max. Dev. [%] 1.49 3.27 8.18 3.71

The first reason is that in [29], they calculate the lateral tire force using the following equation:

Fy = Fmax
y sin[b tanh(cα)] (5.1)

where the quantities Fmax
y = Fmax

y (Fz), b = b(Fz), and c = c(Fz) are polynomials of the vertical tire load Fz,
which varies in the reference study. However, the equations for these quantities were not provided clearly. As
a result, the alternative equation based on the linear tire force was used in the developed prediction model.

The second reason lies in the data acquisition procedure used in the reference. Since the reference results
in [29] were presented as diagrams rather than numerical values, the data were extracted from the figures in
[29], which might have introduced errors.

Despite these reasons, as can be seen in Figure 5.1, the developed prediction model for the semi-truck
performs well in the defined scenario. This model will be used in the development of the NMPC and MHE.

5.2 Simulation Environment and Test Track

As introduced in Section 4.4, the TUM-Control simulation environment, developed by the AVS Lab team at
TUM, served as the simulation framework for this study. This environment was primarily designed for motion
control of TUM’s autonomous research vehicle, EDGAR. Figure 5.2 illustrates the TUM-Control simulation
environment for EDGAR, which is simplified as a rectangle.

Figure 5.2: TUM-Control simulation environment - example for EDGAR

In the following sections, the environment is adapted and expanded for simulating and testing semi-trailer
trucks. This adaptation serves as a foundational step, with significant potential for future enhancements and
developments.
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All simulations for the semi-truck were conducted on the Monteblanco racetrack, depicted in Figure 5.3. The
reference trajectory was adopted from the TUM-Control provided trajectories and is specifically designed to
test the vehicle at its dynamic limits.

As described in Subsection 4.2.3, testing a vehicle at its dynamic limits requires reliable data, such as
the GGV diagram. However, since such data were unavailable for the semi-truck, the trajectory originally
generated for EDGAR was used. While using this reference data may lead to suboptimal overall performance,
such as increased lateral deviations or higher control command effort, it serves as a reasonable starting
point for testing the proposed method.

The simulation begins in the middle of the longest straight section and proceeds clockwise around the track.
Each test lasts 133 seconds, corresponding to one full lap.

Figure 5.3: Monteblanco racetrack with reference trajectory and velocity profile

5.3 Analyzing standard NMPC developed for the semi-truck

Based on the procedure described in Section 4.2, an NMPC for the semi-truck was developed. For the
NMPC to function effectively, two key sets of parameters need to be defined and tuned, as they significantly
influence the NMPC’s performance:

1. Prediction Horizon (T ): The length of the prediction horizon plays a crucial role in balancing
computational load and prediction accuracy. A longer horizon allows the NMPC to consider the
vehicle’s future behavior over a more extended time but increases computational complexity.

2. Cost Function Weighting Matrices (Q, R): These matrices determine the relative impor-
tance of minimizing deviations from the reference states and the control effort, respectively.
Proper tuning of Q and R is critical for achieving desired tracking performance while avoiding
excessive control inputs.

There are different strategies to define the most appropriate and optimized prediction horizon or weighting
matrices, including empirical tuning, optimization-based approaches, adaptive methods, sensitivity analysis,
reinforcement learning, and H∞ optimization. These approaches provide systematic ways to balance control
performance and computational efficiency while ensuring robustness to system dynamics and constraints
[57–59].
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However, as the focus of this study is to address the parameter mismatch between the controller and the
plant, the aforementioned parameters (T , Q, and R) were defined using a trial-and-error approach. Table 5.2
presents some of the combinations of prediction horizon and cost function weights that were tested during
this study. It is important to note that, based on the reasoning provided in Subsection 4.2.1, the weighting

Table 5.2: Tested prediction horizon and cost function weight combinations

Case No. Prediction Horizon (T ) State Weights (Q) Input Weights (R)
1 4 sec Diag([8.8, 8.8, 0.2, 0.0, 0.2]) Diag([710.0, 150.0])
2 2 sec Diag([8.8, 8.8, 0.2, 0.0, 0.2]) Diag([710.0, 150.0])
3 8 sec Diag([8.8, 8.8, 0.2, 0.0, 0.2]) Diag([710.0, 150.0])
4 4 sec Diag([88, 88, 2.0, 0.0, 2.0]) Diag([710.0, 150.0])
5 4 sec Diag([880, 880, 20, 0.0, 20]) Diag([710.0, 150.0])
6 4 sec Diag([8.8, 8.8, 0.2, 0.0, 0.2]) Diag([71.0, 15.0])
7 4 sec Diag([8.8, 8.8, 0.2, 0.0, 0.2]) Diag([7100.0, 1500.0])

factor in Q corresponding to ref_θ is always set to zero. This decision ensures that the optimization problem
does not prioritize minimizing deviations in the reference hitch angle, as no reliable reference data for this
parameter is available. By excluding this term from the cost function, the focus remains on improving other key
parameters for which reliable reference values exist, thereby avoiding unnecessary computational complexity
or optimization inaccuracies.

Nevertheless, the maximum and minimum constraints for the hitch angle are still enforced within the
optimization problem. These constraints ensure that the hitch angle remains within physically meaningful
and safe limits, preserving the feasibility of the solution while preventing potentially unsafe or impractical
configurations. This approach balances the trade-off between excluding unreliable reference data and
ensuring the physical realism of the system.

If reliable reference hitch angle data becomes available in the future, this weighting factor can be defined
and appropriately tuned to further enhance performance. Incorporating a well-defined reference for the hitch
angle into the optimization problem would allow the NMPC to achieve more precise control, particularly
during scenarios involving sharp turns or complex maneuvers where hitch angle accuracy becomes critical.

The results from these tests provided insights into how variations in these parameters affect NMPC perfor-
mance. Considering the results depicted in Figure 5.4, four key metrics were evaluated to guide the selection
of the best parameter combination from Table 5.2. These metrics include:

1. Average and maximum absolute lateral deviation.

2. Average and maximum absolute speed deviation from the reference speed.

3. Average and maximum absolute applied steering rate.

4. Average and maximum absolute applied jerk.

The primary objective of implementing the NMPC is to achieve the lowest possible state tracking deviation
while minimizing command effort. This ensures that the vehicle closely follows the reference trajectory and
speed while maintaining smooth and realistic control actions. Based on these criteria, Case Number 1 was
selected as the most suitable parameter combination for this study. Case Number 1 was chosen because
it consistently demonstrated superior performance across all evaluated metrics, balancing state tracking
accuracy with control effort.

It is important to emphasize that the primary focus of this research is addressing the parameter mismatch
problem. Consequently, an extensive exploration of all possible parameter combinations was beyond the
scope of this study. Instead, a limited yet representative selection of parameter sets was analyzed to identify
an optimal configuration for the NMPC under the given conditions.
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Figure 5.4: Performance results of developed NMPC with different combinations in the Table 5.2

In Figure 5.5, the TUM-Simulation Environment developed for the semi-truck is illustrated. This simulation
environment was specifically designed to replicate realistic vehicle dynamics and race track conditions,
providing a robust testing platform for the NMPC implementation. Additionally, Figure 5.6 presents the results
of the states and variables with constraints during the simulation of the semi-truck motion on the Monteblanco
race track, as described in Subsection 4.2.3.

The simulation results using the parameter combination from Case 1 clearly show that the NMPC successfully
satisfies all constraints, including limits on steering angle and its rate, hitch point angle, and combined
longitudinal and lateral acceleration, based on the GGV diagram. This outcome further justifies the selection
of Case 1 as the optimal configuration, as it minimizes state tracking errors while ensuring that the vehicle
operates within safe and realistic physical limits.

By employing this approach, the study demonstrates the effectiveness of the developed NMPC in achieving
reliable and accurate control of the semi-truck under challenging conditions while addressing the parameter
mismatch problem.

5.4 The Scenarios and Parameter Mismatch Problem

To address the parameter mismatch issue between the controller and the plant, four scenarios are considered:

1. The NMPC is initialized with the mass and inertia of the trailer (the mutable parameters in this
study) set to three times higher than the real parameters, as defined in Table 3.2, in the plant.
This scenario assumes no disturbance in the system.

2. The NMPC is initialized with the mutable parameters set to three times lower than their real
values, again assuming no disturbance.

3. Similar to the first scenario, but with light disturbance introduced into the system.

4. Similar to the second scenario, but with light disturbance introduced into the system.
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Figure 5.5: TUM-Control developed simulation environment for Semi-truck

Figure 5.6: Semi-truck’s constrained parameters results when Case 1 setting utilized

For all scenarios, the rest of the vehicle parameters in the NMPC are set to match the real values. These
scenarios are summarized in Table 5.3. To simulate disturbances acting on the vehicle, we add Gaussian

Table 5.3: Summary of the parameter mismatch scenarios

Scenario No. m2[kg] Iz2[kg.m2] With Disturbance
1 111765 2101506.0 ×
2 12418.3 233500.7 ×
3 111765 2101506.0 ✓
4 12418.3 233500.7 ✓
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noise to the derivatives of the continuous simulation model (process noise):

0= f sim
cont( ẋ , x , u) +w (5.2)

The distribution of the process noise w over time obeys the following standard deviations, chosen according
to the disturbance realizations implemented in [53]:
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(5.3)

Finally, the state measurement and state estimation process must be modeled with its uncertainties and
disturbances. This is realized by adding Gaussian noise vk (measurement noise) to every result of the
prediction model, which is computed by utilizing the standard deviation vector σv :

xdisturbed,k+1 = xk+1 + vk (5.4)
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(5.5)

It is important to note that the defined disturbance is relatively low, and the primary goal is to demonstrate the
effect of the existence of disturbance on the performance of the controller and the estimator. To handle larger
disturbances, it is recommended to employ robust methods, such as RMPC or SMPC, which are beyond the
scope of this study.

The consideration of disturbances results in two distinct vectors for each state:

1. Measured State: This state is subject to all disturbances and represents the measured data
known to the vehicle. The parameter estimator, as well as the NMPC, only receives the
measured state vector.

2. True State: This state is only affected by the disturbances imposed on the derivatives,
representing the simulated true vehicle behavior. While the true state is not known to the
vehicle, it can be used for analysis and assessment purposes, such as open-loop predictions
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in the evaluation discussed in Section 5.5. Using the true state is essential in such cases
since the prediction of the true vehicle behavior, originating from the true state, needs to be
assessed.

In the following sections, unless specified otherwise, references to the state always pertain to the measured
state.

Figures 5.7 and 5.8 depict the four key metrics, previously reported in Figure 5.4, for all scenarios described
in Table 5.3, implemented without any estimation method. Figure 5.7 corresponds to scenarios without
disturbances, while Figure 5.8 presents the results for scenarios with system disturbances.

One of the first important observations from these figures is the increase in all key metrics when moving
from the absence of disturbances to the presence of disturbances. This trend is particularly noticeable when
comparing the no-mismatch cases with and without disturbances.

In Figure 5.7, the degradation in NMPC performance due to parameter mismatch is clearly evident, especially
in the average and maximum absolute values of lateral deviation and speed deviation. For example, in
Scenario 2, the average and maximum absolute lateral deviation values increased by approximately 4.5
and 8 times, respectively. These results emphasize the critical need for a parameter adaptation mechanism
within NMPC to maintain its performance under conditions of parameter mismatch. In this study, this issue is
addressed through the implementation of the MHE method, which allows for the continuous adaptation of
model parameters.

Figure 5.8 illustrates that the presence of system disturbances introduces unpredictability in the results,
particularly in cases with mismatch. Despite this, the degradation in NMPC performance is still observable,
especially in terms of lateral deviation, which is the most significant parameter in path-tracking analysis. The
disturbances lead to an increase in the magnitude of deviations, demonstrating the challenges in maintaining
stable and accurate path tracking under such conditions.

Figure 5.9 consolidates the lateral deviation results from Figures 5.7 and 5.8 for all scenarios into a single
comparison, providing a clearer overview of the trends across all test conditions. Additionally, Figure 5.10
presents an example of the lateral deviation from the reference trajectory for Scenario 1, highlighting the
deviations in two sections of the track.

5.5 Moving Horizon Estimation (MHE) Evaluation

Now, it is time to evaluate the estimation method presented in the previous chapter across all the assumed
scenarios. This evaluation begins with an open-loop performance evaluation, followed by a closed-loop
analysis. Additionally, the influence of reducing the available state information is examined in excerpts to
gain a deeper understanding of the estimation process.

To determine how to assess the quality of the estimation method, it is necessary to revisit the purpose of the
estimation process. Although the primary goal of the MHE method is to estimate the mutable parameters,
the main and more significant objective is to assist the NMPC in achieving better prediction quality. Thus, the
accuracy of the parameters is of lesser importance, particularly since a correct parameter set might not even
exist. Different parameter sets might yield similarly good results. Furthermore, except for cases involving
simulated data, a ground truth parameter set might not even be available, making the direct assessment of
parameter estimates a poor evaluation method. Therefore, the primary focus should be on the predictions of
the dynamics model utilizing the respective estimated parameters. Nevertheless, inspecting the estimated
parameter sets can still provide insightful information.
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Figure 5.7: NMPC performance results under Scenario 1 and 2

Figure 5.8: NMPC performance results under Scenario 3 and 4

With this in mind, two types of tests are conducted:

• Open-loop tests (Subsection 5.5.1): These tests are analogous to driving in ghost mode.
The estimator is continuously fed data points from a simulated, pre-driven trajectory, which
is subject to different environmental changes and disturbances. The estimator returns
corresponding parameter estimates, which do not influence the trajectory. These estimates
are then analyzed by using them to make open-loop predictions over a duration T (the
prediction horizon), originating from the pre-driven trajectory, just as the NMPC would. The
key difference is that we do not search for control inputs optimizing the vehicle behavior but
instead employ the known control inputs. In the optimal case, the resulting predictions align
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Figure 5.9: Lateral deviation average and maximum absolute values for all scenarios

Figure 5.10: Lateral deviation from reference trajectory for scenario 1 / Red line : Reference trajectory in the prediction
horizon / Blue line: Predicted trajectory with NMPC

perfectly with the original trajectory. Consequently, the deviation of these predictions from the
continuation of the simulated trajectory is assessed.

• Closed-loop tests (Subsection 5.5.2): These tests involve exposing the developed standard
NMPC in this study to parameter mismatch scenarios on a simulated racetrack while being
provided with a parameter estimator that adapts the underlying prediction model. The path-
tracking performance of the NMPC is then analyzed to evaluate the effectiveness of the
estimation method.
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These tests, based on the scenarios summarized in Table 5.3, can be executed for estimators with different
configurations to contrast their estimation performance. The specific methods for assessing performance
depend on the type of test and are thus presented in their respective sections. However, all assessments
adhere to the considerations outlined above, emphasizing the focus on the estimation method’s contribution
to improving prediction quality rather than solely on parameter correctness.

5.5.1 Open-loop tests

This section explains the open-loop testing method, which evaluates parameter estimates derived from a
simulated, pre-driven trajectory. The parameter estimator continuously receives data points from pre-driven
trajectories based on the scenarios explained in Section 5.4, where no adaptation method is used. The
objective is to obtain a dynamically interesting trajectory of states under specific control inputs, disturbances,
and environmental changes. This trajectory provides the basis for analyzing the quality of the parameter
estimates and their impact on the prediction performance of the developed model.

For each estimated parameter set p̂k, an open-loop prediction of duration T = 4s is conducted, starting from
the corresponding true state xk. This involves applying the parameter set p̂k and a series of control inputs
Uk:k+S−1 to produce the simulated trajectory. The number of open-loop prediction steps, S, is computed as:

S =
T
Td
= 200 (5.6)

where the simulated trajectory is discretized with a sampling interval of Td = 20 ms. The predicted trajectory
is generated with the same discretization time. As a result, each parameter estimate p̂k is assigned a
predicted state series X̃k+1:k+S containing S elements. This series is compared to the true state series
Xk+1:k+S from the original trajectory.

The deviation between the two state series is quantified using the Average Relative State Error (ARSE)
metric, with a specific focus on the Average Relative Distance Error (ARDE). The error for each step, εk, is
then calculated.

To ensure comparability across parameter estimates, the analysis only considers the first 129 s of the
parameter estimates from the simulated trajectory. This approach excludes the last 4 s where data is
naturally unavailable for evaluation.

A key advantage of this testing method is its ability to ensure fair comparability in the prediction performance.
Every tested estimator is subjected to the same disturbances and provided with identical data points from the
same trajectory. For closed-loop tests, this consistency is less straightforward since the trajectory depends
on the issued estimations. Consequently, an NMPC equipped with one estimator might enter a specific realm
of the trajectory, while another might not. This difference can result in biased performance comparisons. The
open-loop method avoids such inconsistencies, making it a more reliable evaluation framework.

Average Relative State Error (ARSE) metric

In order to compute the error εk from the difference between the predicted state series, X̃k+1:k+S , and
the simulated series Xk+1:k+S of true states, the well-known error metric, Mean Squared Error (MSE), is
formulated as:

εk =
1
S

S
∑

κ=1

∥ x̃κ − xκ∥
2
2 (5.7)

where every point of the original trajectory is compared to its corresponding point in the predicted one.
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However, this metric, in its plain form, has two main issues:

1. The plain MSE formulation directly compares state variables of different units and different
orders of magnitude. The behavior of the error is therefore not well-defined and can become
unclear.

2. Deviations at the end of the predicted trajectory are typically much higher than those at the
beginning. Since the MSE squares the deviations, it disproportionately emphasizes the final
points of the trajectory. This conflicts with the requirement for a metric that compares the
entire trajectory more evenly.

To address these issues, every computed norm inside the summation is normalized. Additionally, the square
is removed to make the meaning more intuitive and to equalize the contribution of each trajectory point. The
revised error metric is defined as:

εk =
1
S

S
∑

κ=1

∥ x̃κ − xκ∥2
∥xk − xκ∥2

(5.8)

where x̃κ and xκ are the predicted state vector and simulated state vector at each step inside the estimation
horizon, and xk is the simulated state vector at the beginning of the estimation horizon.

This approach addresses both issues. The normalization makes the state values unitless and neutralizes
the effect of differences in magnitude. At the same time, normalizing by the driven simulated state values
mitigates the impact of larger deviations at the end of the estimation horizon, ensuring that every part of the
trajectory contributes equally to the error.

The error can now intuitively be understood as the deviation in state values per driven simulated state values.
To prevent the risk of singularity in the calculation of Equation 5.8, we introduce a minimum normalization
vector Dmin, which is set to a vector with all elements equal to 1. The final error metric is then defined as:

εk =
1
S

S
∑

κ=1

∥ x̃κ − xκ∥2
max
�

∥xk − xκ∥2 , Dmin

� (5.9)

Since this metric is defined as the average of the differences between predicted and original states relative to
the respective driven simulated state values, it is referred to as the Average Relative State Error, or in short
ARSE.

In this study, since the primary focus is on trajectory following, a specialized form of ARSE, the ARDE, is
emphasized. This metric combines the longitudinal and lateral position states to focus on positional accuracy.
The ARDE is computed as follows:

εD,k =
1
S

S
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κ=1
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, Dmin

� (5.10)

where, x̃pos,κ and ỹpos,κ are the predicted longitudinal and lateral positions at step κ, xpos,κ and ypos,κ are
the simulated longitudinal and lateral positions at step κ, xpos,k and ypos,k are the longitudinal and lateral
positions at the beginning of the prediction horizon.
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Main Estimator Configuration

Based on the procedure of the MHE method development, as described in Section 4.3, for the MHE to work
effectively and suitably, two key sets of parameters, similar to those in NMPC, need to be defined and tuned.
These parameters significantly affect the MHE’s performance:

1. Estimation Horizon (Test): Similar to the prediction horizon but focused on the vehicle’s
past behavior, the estimation horizon determines how much historical data is utilized for the
estimation process. The length of the estimation horizon plays an important role in balancing
computational load and estimation accuracy.

2. Cost Function Weighting Matrices (Q,Qmhe0): These matrices determine the relative
importance of minimizing deviations from reference values. Q assigns importance to individual
state variables, allowing the estimation process to prioritize certain states over others. Qmhe0

acts as a penalty term to discourage the estimated states at the initial stage of the estimation
horizon from deviating significantly from their prior estimated values, ensuring stability and
continuity in the estimation process.

As mentioned in Section 5.3, there are systematic methods available to assign appropriate values to Test, Q,
and Qmhe0. However, since the primary focus of this study is on analyzing the effect of using the estimation
method on the controller’s performance and not on the tuning process itself, these parameters are selected
using a trial-and-error approach. This approach is applied during the implementation of the first scenario
from Table 5.3, with different parameter set combinations summarized in Table 5.4. The best configuration is
selected based on the open-loop performance and the total runtime of the open-loop estimation procedure.

Table 5.4: Tested estimation horizon and cost function weight combinations

Config. No. Test Weighting Matrices

1 1 sec
Q = Diag
�

104, 104, 104, 104, 104, 104, 104, 104, 104, 104
�

Qmhe0 = Diag
�

104, 104, 104, 104, 104, 104, 104, 104, 104, 104, 10−5, 10−7
�

2 0.2 sec
Q = Diag
�

104, 104, 104, 104, 104, 104, 104, 104, 104, 104
�

Qmhe0 = Diag
�

104, 104, 104, 104, 104, 104, 104, 104, 104, 104, 10−5, 10−7
�

3 0.5 sec
Q = Diag
�

104, 104, 104, 104, 104, 104, 104, 104, 104, 104
�

Qmhe0 = Diag
�

104, 104, 104, 104, 104, 104, 104, 104, 104, 104, 10−5, 10−7
�

4 0.5 sec
Q = 2×Diag
�

104, 104, 104, 104, 104, 104, 104, 104, 104, 104
�

Qmhe0 = Diag
�

104, 104, 104, 104, 104, 104, 104, 104, 104, 104, 10−5, 10−7
�

5 0.5 sec
Q = Diag
�

104, 104, 104, 104, 104, 104, 104, 104, 104, 104
�

Qmhe0 = Diag
�

104, 104, 104, 104, 104, 104, 104, 104, 104, 104, 10−4, 10−6
�

Table 5.5: Total open-loop estimation runtime in [s] for all configurations in Table 5.4.

Config. No. 1 2 3 4 5
Runtime [s] 2069 76 599.5 584.5 479

The parameter combinations listed in Table 5.4 were tested using the first scenario, yielding results for the
ARDE metric (Figures 5.11 and 5.12) and the total open-loop estimation runtime (Table 5.5). These results
are analyzed to identify the most effective configuration for the MHE method. By examining Figure 5.11,
which presents the ARDE values for all configurations alongside the default case of Scenario 1 (without
employing any estimation method), it is evident that all tested configurations significantly reduce the relative
distance error compared to the default case. This reduction highlights the effectiveness of the MHE method
in improving prediction accuracy.

To facilitate the selection of the best configuration, Figure 5.12 is used, which depicts the box plot of the
ARDE metric. This plot provides a more detailed statistical comparison by illustrating the maximum and
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Figure 5.11: ARDE in [%] for all configurations in Table 5.4 and the default parameter set of the first scenario without
using MHE.

Figure 5.12: Box plot of ARDE results for all configurations in Table 5.4 and the default parameter set of the first
scenario without using MHE.
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median ARDE values for each configuration over the simulation time span. Upon closer inspection of the
box plot, it becomes apparent that two configurations—Configuration 1 and Configuration 4—consistently
outperform the others in terms of reducing the maximum and median ARDE values.

Among these two, Configuration 1 achieves the lowest ARDE values, indicating superior performance in
reducing the open-loop relative distance error. This enhanced performance can be attributed to its longer
estimation horizon, which leverages a more extensive history of state information. By incorporating more
historical data, Configuration 1 is able to better capture the underlying system dynamics, leading to improved
accuracy in state estimation.

However, when the total runtime values reported in Table 5.5 are considered, Configuration 1 demonstrates
a significant computational cost. With a runtime of 2069 seconds, it is 3.5 times slower than Configuration
4. This highlights a key trade-off: while longer estimation horizons improve estimation accuracy, they also
increase computational complexity, leading to larger optimization problems that challenge real-time feasibility.

Given these observations, Configuration 4 strikes an optimal balance between accuracy and computational
efficiency. Although its ARDE performance is slightly inferior to that of Configuration 1, it still achieves
substantial error reduction while maintaining a runtime that is more feasible for real-time applications.
Consequently, Configuration 4 is selected as the primary parameter set for the MHE method used throughout
the remainder of this study.

Performance Evaluation

Equipped with the ARSE metric, we now evaluate the prediction performance of the MHE-developed estimator
using the selected configuration under the four pre-mentioned scenarios. The results for each scenario are
depicted in Figures 5.13 to 5.16. All new abbreviations that appear in the subsequent figures are as follows:

• Average Relative Orientation Error (AROE)

• Average Relative Hitch Angle Error (ARHAE)

• Average Relative Longitudinal Velocity Error (ARLOVE)

• Average Relative Lateral Velocity Error (ARLAVE)

• Average Relative Yaw Rate Error (ARYRE)

It is important to note that while other states also have relative error metrics, our primary focus is on trajectory
following. Consequently, we are more interested in ARDE values and have opted not to include the results of
other state errors in this section.

By examining Figures 5.13 to 5.16, the first noticeable feature is the behavior of the blue curves, which
represent the prediction relative errors when using the default scenario parameter sets without employing any
estimation method. The spikes in these curves align precisely with the track bends, as shown in Figure 5.3.
This alignment suggests that high prediction errors, resulting from incorrect parameter sets, predominantly
occur during lateral vehicle maneuvers. Such observations underline the importance of bends or curvy
driving maneuvers as valuable sources of information for model adaptation. This is because parameter
estimation relies on assessing deviations between the actual series of states driven by the vehicle and the
predicted ones based on the current parameter set.

This conclusion becomes even more pronounced in scenarios without system disturbances (scenarios 1
and 2). During the initial phase of these simulations (approximately the first ten seconds), when the track is
straight, the prediction errors remain relatively small. Figure 5.17, which focuses on the ARSE of scenario 1
during the first twenty seconds, further substantiates this observation.
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Figure 5.13: ARSE in [%] for Scenario 1/ Red line: Using MHE with selected configuration/ Blue line: With mismatch
and No Adaptation (Default) and Yellow line: No mismatch (Correct).

51



5 Validation and Performance Evaluation

Figure 5.14: ARSE in [%] for Scenario 2/ Red line: Using MHE with selected configuration/ Blue line: With mismatch
and No Adaptation (Default) and Yellow line: No mismatch (Correct).
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Figure 5.15: ARSE in [%] for Scenario 3/ Red line: Using MHE with selected configuration/ Blue line: With mismatch
and No Adaptation (Default) and Yellow line: No mismatch (Correct).
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Figure 5.16: ARSE in [%] for Scenario 4/ Red line: Using MHE with selected configuration/ Blue line: With mismatch
and No Adaptation (Default) and Yellow line: No mismatch (Correct).

54



5 Validation and Performance Evaluation

Figure 5.17: ARSE in [%] for Scenario 1/ Red line: Using MHE with selected configuration/ Blue line: With mismatch
and No Adaptation (Default) and Yellow line: No mismatch (Correct)- First twenty seconds

A closer analysis of the blue curves reveals that the inclusion of disturbances in the system leads to a
noticeable increase in the relative state error values, particularly the ARDE values. This effect is evident
when comparing scenario 1 with scenario 3 or scenario 2 with scenario 4. The differences in relative error
values across these scenarios are further corroborated by numerical results provided in subsequent sections.
These findings highlight the impact of disturbances on the prediction model’s accuracy and the challenges
they pose to the estimator.

Given that the primary focus of this study is on the path-tracking task, the ARDE results across all scenarios
hold particular significance. The selected configuration for the developed estimator demonstrates a substantial
improvement in the prediction performance of the model during open-loop simulations. While other relative
state errors are also reduced on average, occasional instances of higher relative error values are observed
compared to the default simulation of the scenario. These instances may be addressed by further fine-tuning
the key parameters of the estimator.
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Moreover, it is evident from Figure 5.13 that all relative state errors are significantly reduced in scenario 1,
where the estimator was tuned by testing various configurations. This result underscores the critical role of
tuning the MHE’s key parameters to enhance its effectiveness. Advanced parameter optimization methods
could further improve the estimator’s performance, ensuring even greater accuracy in prediction tasks.

The analysis thus far strongly suggests that employing the developed estimator to adapt the prediction model
offers a significant advantage over using the default parameter set. To quantify this improvement and sub-
stantiate the qualitative observations, important statistical indicators—average, median, and maximum—are
listed in Table 5.6. However, since their absolute values are difficult to interpret directly, we introduce an
improvement metric I , defined as follows:

I[%] =
εEstimator − εDefault

εCorrect − εDefault
· 100 (5.11)

where: - εEstimator − εDefault quantifies the improvement gained by using the developed estimator, - εCorrect −
εDefault represents the maximum achievable improvement by using the correct parameters.

This metric also accommodates values smaller than 0, indicating cases where the estimator performs worse
than the default parameter set, as well as values larger than 1, which signify instances where the estimator
outperforms even the correct parameters.

As the primary focus of this study is on reducing track-following errors, Table 5.6 exclusively reports the ARDE
values and their corresponding improvements. In this table, the "Default Set" refers to simulations conducted
using the default parameter set of each scenario without any adaptation, while the "Correct Set" represents
simulations executed with the correct parameter set, ensuring no parameter mismatch. The results presented

Table 5.6: Open-loop prediction Assessment - ARDE metric values

Scenario No. Scenario 1 Scenario 2

Feature MHE Default Set Correct Set MHE Default Set Correct Set

εMaximum [%] 9.45 13.07 0 3.2 8.68 0

εMedian [%] 0.18 3.76 0 0.35 2.27 0

εAverage [%] 0.47 4.62 0 0.52 2.83 0

IMaximum [%] 27.72 0 100 63.12 0 100

IMedian [%] 95.24 0 100 84.72 0 100

IAverage [%] 89.82 0 100 81.62 0 100

Scenario No. Scenario 3 Scenario 4

Feature MHE Default Set Correct Set MHE Default Set Correct Set

εMaximum [%] 6.76 13.8 0.62 4.22 9.96 0.61

εMedian [%] 0.31 3.01 0.18 0.49 2.56 0.18

εAverage [%] 0.52 4.59 0.2 0.78 3.22 0.2

IMaximum [%] 53.4 0 100 61.36 0 100

IMedian [%] 95.55 0 100 87.01 0 100

IAverage [%] 92.73 0 100 80.32 0 100

in Table 5.6 highlight the significant effectiveness of using adapted prediction models compared to relying on
the default parameter set without adaptation. The improvements in median, average, and maximum ARDE
values range from 84% to 95%, 80% to 93%, and 27% to 63%, respectively, across different scenarios.
These results demonstrate the robustness of the proposed method in enhancing prediction accuracy under
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varying conditions. It is crucial to recognize that these enhancements are strongly influenced by the tuned
parameters of the MHE. Further optimization of the MHE parameters could potentially yield even greater
performance improvements.

As discussed earlier, the presence of disturbances in the system when using the default parameter set
degrades the open-loop prediction quality. This degradation is evident in Table 5.6 when comparing the
εMaximum values in the "Default Set" column between Scenario 1 and Scenario 3 or Scenario 2 and Scenario
4. Specifically, the maximum prediction error increases from 13.07% to 13.8% and from 8.68% to 9.98%,
respectively. This increment has happened also for εMediam and εAverage. These increases illustrate the
detrimental impact of disturbances on prediction performance when no adaptation mechanism is employed.

However, when utilizing the developed adaptation technique, the impact of disturbances does not necessarily
lead to further performance degradation. This is due to the fact that, in the presence of disturbances, the
estimator starts changing the mutable parameters inside the prediction model sooner, which might help
to achieve better overall performance. The behavior of the adapted prediction model in the presence of
disturbances depends heavily on the parameter tuning of the MHE. Proper tuning allows the estimator
to mitigate the effects of disturbances effectively, thereby maintaining or even improving the prediction
performance under such conditions.

Another noteworthy observation is that disturbances introduce relative errors even when the "Correct Set"
is used, where no parameter mismatch exists between the controller and the simulator. This phenomenon
occurs because disturbances alter the state values between the simulator (plant) and the controller’s
prediction model, leading to discrepancies even in the absence of parameter mismatches. These findings
highlight the inherent challenge of maintaining prediction accuracy in the presence of external disturbances,
further emphasizing the importance of the adaptation mechanism in improving system robustness.

Overall, the analysis demonstrates that the developed adaptation technique significantly enhances the
prediction accuracy of the model under various conditions, including scenarios with and without disturbances.
These results validate the efficacy of the proposed method and highlight areas for further improvement,
particularly in parameter tuning and disturbance mitigation.

Figures 5.18 and 5.19 illustrate the open-loop estimated mutable parameters, namely the mass and inertia
of the trailer section, across all four scenarios. As previously stated, the primary goal of employing the
estimator is to provide the controller, NMPC, with updated parameters to achieve improved prediction quality.
Consequently, the estimator does not necessarily need to precisely estimate the real mutable parameters.
Instead, any combination of estimated parameters that minimizes the cost function within the estimator can
effectively serve the controller. However, it is desirable for the estimator to produce parameter estimations
that are generally close to the real values of the mutable parameters and capable of tracking their trends,
which is evident from the results shown in these figures.

A closer inspection of the figures reveals that in the presence of disturbances, particularly in Scenarios 3 and
4, the estimation plots, especially those for mass estimation, exhibit more oscillatory behavior and contain
more spikes. This behavior can be attributed to the added complexity introduced by disturbances, which likely
increases the deviation between the simulated and predicted states and makes the optimization problem
within the estimator more challenging.
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Figure 5.18: Open-loop mutable parameter estimation plots in the absence of disturbance — Scenario 1 (a) and
Scenario 2 (b)

Performance Analysis under Reduced State Information

In the subsequent analysis, the prediction quality and stability of the estimators under the presence of
incomplete information are investigated. Specifically, this study focuses on withholding the lateral velocity,
vlat, as it is generally difficult to measure accurately, and its measurements are often significantly noisy.

To account for the missing vlat information, the estimator’s configuration for weighting matrices needs to be
modified. The matrices Q and Qmhe0 are adjusted as follows:

Q = 2×Diag
�

104, 104, 104, 104, 104, 0.0, 104, 104, 104, 104
�

(5.12)

Qmhe0 = Diag
�

104, 104, 104, 104, 104, 10−4, 104, 104, 104, 104, 10−5, 10−7
�

(5.13)

In the modified configuration, the state weight for the lateral velocity, wlat, is set to zero in Q to exclude this
state from the cost function of the estimator. This ensures that the absence of vlat measurements does not
directly affect the optimization process. However, the corresponding weight factor for the lateral velocity in
Qmhe0 is set to 10−4. This adjustment encourages the estimator to utilize its own previous estimation for
vlat, thereby reducing the likelihood of excessive oscillations in the lateral velocity estimation. This approach
strikes a balance by not relying on unavailable measurements while maintaining stability in the estimation
process.
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Figure 5.19: Open-loop mutable parameter estimation plots in the presence of disturbance — Scenario 3 (a) and
Scenario 4 (b)

As stated earlier, the MHE method is capable of estimating not only the parameters but also the states. In
the following figures (Figures 5.20 and 5.21), the estimated lateral velocity for all scenarios in two different
situations—when the real lateral velocity values are provided and when this information is missing—is shown
against the real lateral velocity over the simulation time.

In each figure:

• The red dotted diagram represents the estimated lateral velocity by the MHE when full
knowledge of the real system states is provided. It is evident that the estimated values closely
align with the real lateral velocities (shown by the green-colored diagram), demonstrating the
effectiveness of the estimator when all information is available.

• The blue lines represent the estimated lateral velocity values in the absence of real information.
These blue plots exhibit deviations from the real values and display some unstable behavior
at certain points during the simulation. This highlights that the estimator’s stability decreases
when information is missing, and further fine-tuning of the weighting matrices or the estimation
horizon length might be necessary to enhance stability. Nonetheless, even without the real
lateral velocity data, the estimator manages to capture the general trend of the real values.

Additionally, by comparing Figures 5.20 and 5.21:

• In Scenarios 3 and 4, where disturbances are present, the estimations exhibit increased
oscillations and greater instability compared to Scenarios 1 and 2 (without disturbances).
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This suggests that the combination of missing information and the presence of disturbances
exacerbates the risk of estimator infeasibility.

Figure 5.20: Lateral velocity estimations against simulation time in the absence of disturbance - Scenario 1 (a) and
Scenario 2 (b)

The results emphasize the importance of providing complete information and ensuring disturbance robustness
in the design and tuning of the estimator.

By using the procedure and metric introduced in the previous section, the open-loop prediction performance
of the estimator, considering the presence and absence of the real values of lateral velocity (vlat) data in all
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Figure 5.21: Lateral velocity estimations against simulation time in the presence of disturbance - Scenario 3 (a) and
Scenario 4 (b)

scenarios, is evaluated. The respective performance improvements (I ) for the ARDE metric are depicted in
Figure 5.22.

Analyzing the column bars shown in Figure 5.22 reveals that the performance of the adapted prediction
model deteriorates when the data for vlat is unavailable. This decline in performance is consistent across
all scenarios and statistical indicators, including the average, median, and maximum values. The reason
for this behavior lies in the fact that, in the absence of real vlat data, lateral velocity essentially becomes
another mutable parameter for the estimator. However, unlike the primary mutable parameters, vlat is
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governed by its own dynamic equation, as described by the dynamic model. Consequently, the estimator
must simultaneously estimate the two mutable parameters (without any real-time data available for them) and
the lateral velocity, significantly increasing the complexity of the optimization problem. This added challenge
reduces the estimation performance.

Moreover, the degradation in performance is more severe for the maximum ARDE values compared to the
average or median values. This indicates that missing vlat data particularly impacts the model’s ability to
handle outlier points or extreme deviations effectively.

Despite these challenges, the improvements in other statistical indicators, including the median and average
values, remain close to 80% even without real vlat data. This demonstrates the robustness and effectiveness
of the estimation method, even in the presence of missing information.

As expected, the absence of lateral velocity (vlat) information also impacts the estimation of mutable parame-
ters. By examining Figure 5.23, which illustrates the open-loop estimated mutable parameters for Scenario
1, it becomes evident that the lack of real vlat data results in more oscillatory and unstable behavior in the
predicted parameters, particularly for the mass estimation. This observation aligns with previous conclusions
regarding the detrimental effects of missing information on the estimator’s performance.

The observed oscillatory behavior and instability emphasize the increased difficulty faced by the estimator in
minimizing the cost function when the full set of state information is unavailable.

Nonetheless, even under these conditions, the estimator is still able to follow the general trend of the real
mutable parameter values, demonstrating its robustness to some extent.

5.5.2 Closed-loop tests

In this section, we analyze the path-tracking performance of the pre-developed NMPC for the semi-trucks
equipped with the developed estimator using the MHE method. The evaluation is conducted under the
scenarios described in Section 5.4 (Table 5.3) on the Monteblanco racetrack.

A significant difference between these tests and the open-loop tests is that the estimator continuously and
in real-time updates the mutable parameters in the prediction model used by the NMPC. This dynamic
adjustment directly influences the control commands issued by the NMPC, leading to potential improvements
in path-tracking accuracy.

Furthermore, we also measure the additional time introduced by integrating the estimator sequence into the
main simulation procedure to assess its impact on real-time feasibility. This evaluation provides insights into
the practical applicability of the developed estimator in real-time control scenarios.

Performance Evaluation

The closed-loop analysis primarily focuses on evaluating the lateral deviation from the reference trajectory, as
this is where the impacts of parameter mismatches or environmental changes are most apparent. Moreover,
lateral deviation is inherently the most safety-critical error in path tracking, making it a crucial performance
metric.
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Figure 5.22: Improvements in ARDE for the estimator aware and unaware of vlat.
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Figure 5.23: Open-loop estimated mutable parameters for scenario 1 with and without vlat.

Figure 5.24 shows the resulting lateral deviation from the reference trajectory line for all scenarios. By
examining these plots closely, it can be observed that at the start of each scenario’s simulation, the lateral
deviation diagrams for the adapted NMPC (green curves) initially overlap with the blue-colored diagrams
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(no adaptation employed). This occurs because the estimator is initialized with the parameters described in
Table 5.3.

However, after a brief period—particularly when the semi-truck approaches the first turn—the estimator
begins adapting the NMPC’s mutable parameters. As a result, the lateral deviation decreases significantly
and approaches the red-colored diagrams, which represent the lateral deviation results with no parameter
mismatch between the controller and the plant. This demonstrates that the developed estimator effectively
enables the NMPC to handle parameter mismatch, regardless of the scenario, over the majority of the
simulation duration.

The enhancement provided by the estimator is further emphasized in Figure 5.25, which depicts box
plot results of the absolute lateral deviation from the reference trajectory for all scenarios. The box plots
clearly demonstrate that incorporating the estimator significantly reduces the maximum lateral deviations.
Additionally, the majority of lateral deviation values are markedly decreased, showcasing the estimator’s
effectiveness in enhancing the path-tracking performance of the NMPC.

Quantitatively, in the first scenario, the maximum absolute lateral deviation without adaptation exceeds 7
meters. However, with the NMPC utilizing the developed estimator, the deviation is reduced to less than 2
meters. Similarly, substantial reductions are observed in the other scenarios: in scenario 2, the deviation
decreases from 12 meters to less than 2 meters; in scenario 3, it drops from over 5 meters to approximately
1.8 meters; and in scenario 4, it is reduced from more than 25 meters to nearly 2 meters. These results
highlight the robustness of the estimator in minimizing lateral deviations across diverse parameter mismatch
conditions.

To have a better understanding of the results, we can further utilize the statistical indicators displayed in
Figure 5.25 to quantify the improvement in path-tracking performance, similar to the approach used in the
open-loop analysis. The path-tracking improvement indicator, Ipath-tracking, is defined as follows:

Ipath-tracking[%] =
∆Estimator −∆Default

∆Correct −∆Default
· 100 (5.14)

where∆ represents the respective statistical indicator of the absolute lateral deviation (e.g., average, median,
or maximum). This metric allows us to evaluate the effectiveness of the developed estimator in improving
path-tracking performance by comparing it to the default parameter set and the correct case with no parameter
mismatch.

Using the previously defined equation and the data from Figure 5.25, Figure 5.26 is derived. This figure
demonstrates that the estimator reduces the average lateral deviation by at least 99%, the maximum lateral
deviation by at least 95%, and the median by at least 103%. Improvement values exceeding 100% suggest
that the NMPC equipped with the estimator can outperform the standard NMPC. This enhancement is
particularly pronounced in scenarios 3 and 4, where light disturbances are present.

Two possible reasons may explain this observation. First, as discussed earlier, the MHE method solves
a nonlinear optimization problem. This process can result in an estimated parameter set that enables the
controller to issue more accurate control commands, allowing the vehicle to follow the desired trajectory
slightly better than in the ideal case without parameter mismatch. Second, while disturbances increase
instability and oscillatory behavior in the estimator, they also affect the adaptation process timing. In scenarios
without disturbances, the simulations start with a few seconds of straight roads where deviation errors are
minimal, indicating that the controller is already performing well. Consequently, the estimator does not
perceive an immediate need to adjust the mutable parameters, delaying adaptation until the semi-truck
encounters turns or scenarios with rising deviation errors. Conversely, in scenarios with disturbances, errors
are present from the beginning of the simulation. This prompts the estimator to adjust the mutable parameters
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earlier, which explains why the path-tracking improvement indicators in scenarios 3 and 4 are higher than
their corresponding values in scenarios 1 and 2.

However, it is important to note that disturbances and missing state information can introduce instability
in the estimator. As a result, the estimator does not guarantee improved controller performance under all
disturbance conditions.

By reviewing Figures 5.24 to 5.26, it is notable that the lateral deviations influenced by parameter estimation
closely align with the deviations observed under no mismatch conditions. This occurs because the no-
mismatch condition acts as a near-ideal case where the controller and the plant have closely aligned dynamic
models, resulting in minimal deviation. The primary goal of the adaptation technique is to enhance the
prediction quality of the controller. Consequently, the estimator adapts the NMPC to achieve performance as
close as possible to the no-mismatch condition, sometimes resulting in improvements beyond expectations.

Figures 5.27 and 5.28 illustrate the estimated mutable parameters across all closed-loop simulation scenarios.
As previously discussed, the estimator is not required to estimate the exact values of all mutable parameters
at each time step. However, since the controller achieves near-ideal performance when the estimated
parameters are close to the real values (i.e., no mismatch condition), it is expected that the estimator follows
the general trend of the real mutable parameters.

This behavior is clearly evident in these figures, where the estimator adjusts the estimated parameters
(represented by the green curves) to gradually approach their real values (shown by the red lines) over
time, starting from each scenario’s default mutable parameter set (depicted by the blue line). Additionally, by
comparing Figure 5.27 with Figure 5.28, it is evident that scenarios 3 and 4 display more oscillatory patterns
with higher peaks and dips. This behavior is a direct result of the disturbances present in these scenarios,
which further emphasize that disturbances contribute to the increased instability of the estimator.
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Figure 5.24: Lateral deviation from reference trajectory line in all scenarios.
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Figure 5.25: Box plots of absolute lateral deviation from reference trajectory line in all scenarios. (a)With mismatch -
No adaptation, (b)With mismatch - With Adaptation and (c)No mismatch.

Figure 5.26: Improvement in absolute lateral deviation from the reference trajectory line in all scenarios.
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Figure 5.27: Closed-loop mutable parameter estimation plots in the absence of disturbance / Scenario 1 (a) and
Scenario 2 (b) / Blue : Default parameters, Red : Correct parameters and Green : Estimated parameters

Simulation Time

This subsection reviews the simulation times across all scenarios, both with and without estimator utilization.
Specifically, the simulation time of closed-loop tests is analyzed to evaluate the additional computational
burden introduced by integrating the estimator sequence into the main simulation procedure and assess
its impact on real-time feasibility. The experiments yielding the simulation times in this subsection were
conducted on an Intel i7-6500U 3.10GHz CPU with 8 GB DDR4 RAM.

The total time required for each simulation scenario, along with the average time per iteration (expressed in
seconds), is presented in Table 5.7. A detailed analysis of the table reveals the following observations:

1. Mismatch Impact on Simulation Time: In all scenarios, transitioning from the Correct Set (no mismatch)
to the Default Set (with mismatch but no adaptation) increases simulation times. This is because, under
mismatched conditions, the optimization problem within the NMPC solver becomes more complex, requiring
additional time to converge to a solution that satisfies the dynamic equations of the prediction model and all
constraints. For example, in Scenario 3, the total simulation time increases by approximately 9%, from 631.5
seconds to 688.1 seconds.

2. Impact of Disturbances Without Adaptation: By comparing Scenario 1 with Scenario 3 or Scenario 2
with Scenario 4, it is evident that the presence of disturbances increases simulation times when no adaptation
technique is applied. For instance, moving from Scenario 1 to Scenario 3 (using the Default Set), the total
simulation time increases by about 10%. This is due to the added complexity disturbances introduce into the
optimization problem, which makes convergence more time-consuming.
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Figure 5.28: Closed-loop mutable parameter estimation plots in the presence of disturbance / Scenario 3 (a) and
Scenario 4 (b)/ Blue : Default parameters, Red : Correct parameters and Green : Estimated parameters

3. Impact of Estimator Utilization: Across all scenarios, incorporating the estimator significantly increases
simulation times. For instance, in Scenario 1, the total simulation time increases from 622.4 seconds to
1154.4 seconds, an increase of over 84%. This increase is expected, as the estimator adds its computational
burden to the simulation. These computations include creating and updating buffer data, preparing data
inside the buffer, constructing the cost function, and solving the optimization problem—the latter being the
most time-intensive task. Addressing this challenge to maintain real-time feasibility requires trade-offs, such
as:

• Reducing the estimation horizon, though this may increase sensitivity to disturbances.

• Simplifying the cost function by reducing its terms, albeit at the expense of accuracy.

• Using more powerful hardware with faster processors and larger memory, which increases
the cost.

4. Estimator Performance with Disturbances: An interesting observation emerges when comparing the
total simulation times for scenarios with adaptation in the absence or presence of disturbances. Moving from
Scenario 1 to Scenario 3 or from Scenario 2 to Scenario 4, the total simulation time decreases. Although
disturbances generally make the optimization problem more time-consuming to solve, the adapted parameters
provided by the estimator (which are closer to the Correct Set) help the solver converge faster. For example,
in Scenario 3 (with the estimator), the total time is reduced to 1136.3 seconds compared to 1154.4 seconds
in Scenario 1. This reduction suggests that the benefit of using adapted parameters outweighs the time
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increase caused by disturbances in this study. However, this behavior may not hold under heavier disturbance
conditions.

Table 5.7: Closed-loop simulation times

Scenario No. Scenario 1 Scenario 2

Feature MHE Default Set Correct Set MHE Default Set Correct Set

Total simulation time [s] 1154.4 622.4 604.6 1148.9 644.9 604.6

Average time per iteration [s] 0.174 0.094 0.091 0.173 0.097 0.091

Scenario No. Scenario 3 Scenario 4

Feature MHE Default Set Correct Set MHE Default Set Correct Set

Total simulation time [s] 1136.3 688.1 631.5 1112.0 679.2 631.5

Average time per iteration [s] 0.171 0.103 0.095 0.168 0.102 0.095
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This work investigates the online adaptation of an NMPC prediction model, developed for a semi-truck,
to address the parameter mismatch challenge between the controller and the plant. The objective of this
adaptability is to enhance the controller’s ability to issue better control commands by improving the prediction
quality.

The proposed approach employs a nonlinear dynamic single-track model, presented in state-space formu-
lation, as the basis for both prediction and estimation models. This study begins by validating the chosen
dynamic model and subsequently develops an NMPC with appropriate constraints for motion tracking pur-
poses. The primary focus, however, is on developing the adaptation process, which leverages the concept
of MHE to make the proposed method adaptable to dynamically changing environmental conditions while
remaining feasible for real-time application.

Furthermore, the presented adaptation method is not limited to semi-trucks or the mutable parameters
considered in this study—namely, the mass and inertia of the trailer section. It can also be applied to other
vehicles and parameter mismatches, provided certain conditions are met. These include the availability of
a sufficiently accurate dynamic model to serve as the prediction and estimation model and the ability to
directly measure or estimate the full state of the system with adequate accuracy. When these conditions are
fulfilled, implementing an efficient model adaptation process requires only the identification of a suitable set
of configuration parameters in the estimator.

The performance and impact of the model adaptation are primarily assessed using the simulation environment
TUM-Control [53]. The entire implementation for this study is carried out in Python. Model formulation, as well
as the development of cost functions and the solving of optimization problems, are achieved using CasADi
[54], ACADOS tools [55], and NumPy [56].

The prediction performance of the adapted models and the path-tracking performance of an NMPC controller
equipped with the adaptive prediction model are thoroughly analyzed under four different scenarios. These
scenarios include parameter mismatch conditions and the presence of light disturbances in the system,
combined with a highly dynamic trajectory. The resulting performance is benchmarked against (i) the non-
adaptive use of the parameter set, which serves as the initial guess for model adaptation, and (ii) the use
of a parameter set that is instantly adapted to the one currently employed in the simulation, representing a
near-ideal situation with no mismatch. Additionally, the study explores the effects of missing state information,
specifically lateral velocity, on the performance of the adaptation process and the controller.

The proposed nonlinear dynamic single-track model for semi-trucks is validated using the scenario defined in
[29]. Despite a maximum deviation of 8% in the hitch angle results between the developed model and the
reference values—attributable to differences in the lateral tire force model and potential errors in the reference
data acquisition process—the developed prediction model performs well within the defined scenario. The
validated prediction model, with appropriately defined constraints on state and control input variables, is
further utilized to design an NMPC strategy for semi-trucks. This standard NMPC is tested for a path-tracking
mission on the Monteblanco track, where it successfully controls the vehicle along the track while satisfying
all constraints, provided there is no parameter mismatch.
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The proposed estimator is tested across four distinct scenarios with parameter mismatches and achieves
an average improvement of 85% in open-loop prediction performance in the absence of disturbances and
86% in the presence of light disturbances, when compared to the non-adaptive parameter set. Path-tracking
performance, in terms of lateral deviation, is similarly enhanced, with improvements averaging no less
than 99% across all scenarios, regardless of the presence or absence of light disturbances. Although the
estimator exhibits minor performance reductions and increased instability when lateral velocity information is
unavailable, it continues to operate successfully even without access to these measurements. Moreover, the
NMPC equipped with the adaptive model demonstrates behavior comparable to, and in some cases even
superior to, the NMPC that is fully aware of the simulation parameters, highlighting the robustness of the
model adaptation.

However, employing the NMPC equipped with the proposed estimator increases the total simulation time
by up to 85%, which poses a challenge to real-time feasibility. To address this, several potential solutions
are suggested, including reducing the estimation horizon, simplifying the cost function, and utilizing more
powerful hardware with faster processors and larger memory. Nevertheless, further research is required to
explore strategies for reducing simulation time and ensuring real-time feasibility in practical applications.

Moreover, this study employs some simplified assumptions, such as using a linear tire formulation in the
prediction model and relying on tested data from EDGAR for defining the reference trajectory and NMPC
constraints, due to the unavailability of reliable experimental data for semi-trucks. A crucial direction for
future development in this topic would involve incorporating more complex and precise tire models, as well as
defining constraints and reference trajectories based on experimental data from actual semi-truck systems.

Finally, an essential future endeavor is to test the proposed adaptive NMPC with real semi-truck data. A more
extensive study, particularly one that includes closed-loop testing with a real vehicle, is necessary to observe
the controller’s behavior in real operational conditions and to conclusively assess its performance. This
aspect is critical, as the tested scenarios in this study are largely hypothetical cases and require validation
under real-world conditions.
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