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Abstrakt

Tato diplomová práce se zabývá návrhem a implementaćı ř́ıdićıho systému pro nestabilńı
dvoukolové vozidlo pomoćı metodologie Model Based Design (MBD). Hlavńım ćılem bylo
vytvořit simulačńı model vozidla, navrhnout stabilizačńı algoritmus, navrhnout novou
ř́ıdićı jednotku a otestovat celý systém nejprve pomoćı simulaćı, poté v režimu Hardware-
in-the-Loop (HIL) a nakonec i na reálném vozidle. Práce porovnává r̊uzné př́ıstupy k mod-
elováńı systému (white-box, grey-box a black-box) a testuje několik regulačńıch strategíı
(PID, SMC, LQR a MPC). Na základě výsledk̊u simulaćı a experiment̊u byla pro reálné
nasazeńı vybrána robustńı metoda ř́ızeńı typu Sliding Mode Control. Důraz je kladen na
bezpečnost, modularitu systému a opakovatelnost testováńı. Výsledkem je funkčńı pro-
totyp ř́ızeného balancuj́ıćıho vozidla, který slouž́ı jako demonstrátor pokročilých mecha-
tronických technik a metod návrhu ř́ızeńı.

Summary

This master’s thesis focuses on the development and implementation of a control system
for an inherently unstable two-wheeled vehicle using the Model Based Design (MBD)
approach. The objective was to build a simulation model of the vehicle, design and val-
idate stabilization algorithms, develop a new control unit, and verify the entire system
via simulation, Hardware-in-the-Loop (HIL) testing, and real-world deployment. The
thesis explores various modeling techniques—white-box, grey-box, and black-box—and
evaluates multiple control strategies including PID, Sliding Mode Control (SMC), Linear
Quadratic Regulator (LQR), and Model Predictive Control (MPC). Based on the results,
SMC was selected for implementation due to its robustness and favorable rider response.
Emphasis is placed on safety, system modularity, and reproducibility. The outcome is a
functional prototype that demonstrates advanced mechatronic design and control method-
ologies in practice.
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1 Introduction

This work embraces the philosophy of Model-Based Design (MBD), aiming to demon-
strate its applicability to a real-world engineering problem. By following the V-diagram
development process, we ensure that every stage—from system specification and mod-
eling to implementation and testing—is traceable and rigorously verified. Ultimately, this
thesis should serve as a case study applied to an unstable balancing vehicle showcasing
the effectiveness of MBD and V-model methodologies when applied to complex, safety-
critical mechatronic systems. If someone wants to improve an unstable vehicle, they will
have a clearly defined structure and environment for testing and validation.

The unstable vehicle on which we will demonstrate the model-based design method-
ology is a two-wheeled unstable Segway-type vehicle. In the Mechatronics Laboratory
we have such a vehicle, which was created as part of the students’ final theses and has
already undergone many modifications. This vehicle represents a highly interesting tech-
nical system due to its complex dynamic characteristics—it is underactuated, non-linear,
and inherently unstable. These properties make it an ideal candidate for testing advanced
control strategies, but at the same time they also demand careful system modeling, sim-
ulation, and validation to ensure both safety and performance.

To successfully develop a control system for such a complex vehicle, it is crucial to con-
sider not only the technical feasibility but also the general and safety-related requirements.
These requirements influence every aspect of the design and development process—from
hardware selection to software implementation. Safety becomes a key driver in the en-
tire project, as real-world testing of unstable systems can pose significant risks to both
equipment and personnel if not handled properly.

To achieve a functional and reliable system, the selection of appropriate sensors and
actuators becomes one of the initial and most important tasks. These components must
be carefully chosen to match the system dynamics and measurement needs, while also
providing robustness and fault tolerance. The integration of hardware components directly
influences the accuracy of control and the quality of system feedback, which is critical for
maintaining stability in real time.

In order to safely test various control algorithms, it is essential to first develop a
suitable mathematical model of the vehicle. This model will serve as the foundation
for simulations, controller design, and eventual code generation. A well-validated model
enables the safe virtual testing of different scenarios and controller configurations before
deploying them on the real system, significantly reducing the risk of hardware damage or
failure.

Another key aspect of the development process involves selecting an appropriate con-
trol unit that can meet the computational and interfacing demands of the system. Since
code generated from model-based environments such as MATLAB/Simulink may be used,
the control unit must support automatic code deployment, real-time execution, and flex-
ibility in communication protocols. This step ensures that the transition from simulation
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to real-world application is seamless and efficient.
As the system evolves, functional testing plays a crucial role in verifying new con-

trol algorithms and their impact on the system’s behavior. Hardware-in-the-loop (HIL)
testing emerges as an effective method to validate controller behavior under near-realistic
conditions, without endangering the actual hardware. By integrating the controller with
a simulated model of the vehicle, HIL allows us to rigorously test fault conditions, edge
cases, and safety protocols in a controlled environment.
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2 Research - State of the art

2.1 Review of the current literature

Štěpánek Jan - SYSTEM IDENTIFICATION, SENSORY SYSTEMAND IMPLEMEN-
TATION OF CONTROL ALGORITHM FOR UNSTABLE BALANCING VEHICLE

The master’s thesis by Štěpánek focuses on the design and construction of a Segway-
like vehicle (Measuring data for parameter estimation Fig. 2.1) intended for personal
transport, emphasizing the implementation of control algorithms for stability. The re-
search involved an extensive review of existing projects and sensor technologies, leading
to the development of a control algorithm utilizing a dsPIC microcontroller, along with
safety measures to prevent accidents.

The project culminated in successful simulations and practical tests, demonstrating
the vehicle’s effective stability and control mechanisms, showcasing the potential for in-
novative personal transport solutions. [1]

Figure 2.1: Measurement of sample data for the simulation of parameters of the test platform
base of the older version of the vehicle from the thesis of Jan Štěpánek

Frantǐsek Zouhar -DESIGN OF CONSTRUCTION, CONTROL AND ELECTRON-
ICS FOR UNSTABLE BALANCING VEHICLE

The thesis by Frantǐsek Zouhar focuses on the design and development of an unstable
balancing vehicle, detailing the construction, control systems, and electronics involved.
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2.1 REVIEW OF THE CURRENT LITERATURE

It includes a comprehensive analysis of requirements, the creation of 3D models (Fig.
2.2), and simulation models using Lagrange equations, along with the design of PID and
LQR regulators to optimize vehicle performance. The work culminates in the successful
creation of an autonomous vehicle capable of transporting a person, with user-friendly
control and verified performance through independent testing. [2]

Figure 2.2: A complete 3D model of the carriage’s final construction from the thesis of Frantǐsek
Zouhar. From [2]

Petr Horák - CONTROL OF LABORATORY MODEL OF UNSTABLE BALANC-
ING VEHICLE

This thesis is part of the HUMMER project, focusing on the development of a two-
wheeled unstable vehicle similar to a Segway and its smaller laboratory model. The
work includes a comprehensive review of existing models, the design and realization of
necessary electronics, and the identification of system parameters, emphasizing the control
mechanisms and sensor integration for effective operation. The project aims to facilitate
the testing and design of control algorithms through the laboratory model, providing
insights into the principles of operation and control strategies such as PID and LQR. [3]

Barnabas Dobossy - SEGWAY DRIVER PARAMETER ESTIMATION AND ITS
USE FOR OPTIMIZING THE CONTROL ALGORITHM

The master’s thesis by Barnabás Dobossy focuses on the development and implemen-
tation of an adaptive controller for a two-wheeled self-balancing vehicle, addressing the
challenges posed by varying driver parameters such as body mass and height. The research
explores various techniques for parameter estimation and controller synthesis, including
the use of Lagrange multipliers and sequential quadratic programming, while emphasizing
the importance of adapting the controller to maintain stability and user safety.

The thesis also details the software-in-the-loop (SIL) testing of different algorithms
to identify the most effective combination for the adaptive controller. Additionally, it
includes practical applications of the developed algorithms, such as improvements in the
vehicle’s stability and performance, and discusses future development suggestions to en-
hance the system further. [4]

Michal Matejasko - DESIGN OF A FAULT-TOLERANT CONTROL SYSTEM
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2.1 REVIEW OF THE CURRENT LITERATURE

FOR A SELF-BALANCING TWOWHEEL VEHICLE
The thesis discusses the development of a safe control system for unconventional per-

sonal transport vehicles, specifically the Segway, which is a complex mechatronic system
comprising various components such as motors, sensors, and control electronics. It em-
phasizes the importance of passenger safety and reliability, highlighting the need for a
robust design that addresses potential failures through methods like Failure Mode and
Effects Analysis (FMEA). The proposed solution involves a control system with two re-
dundant electronic control units (ECUs) and a voter to ensure safe operation, capable of
responding to sensor malfunctions and ECU failures while maintaining system simplicity.
[5]

Ondřej Richter - DESIGN AND IMPLEMENTATION OF AN INNOVATIVE CON-
TROL SYSTEM FOR AN UNSTABLE BALANCING VEHICLE

This thesis focuses on innovating the electronics system of a Segway-like vehicle, em-
phasizing improvements in reliability, safety, and wireless communication. It begins with
an evaluation of past works and the current state of the system, identifying areas for
enhancement. The research includes the assessment and replacement of outdated elec-
tronics, the realization of software for wireless data transfer between the main board,
communication board, and PC, and the development of a graphical user interface (GUI)
for visualizing sensor data.

The project aims to create a more effective platform for demonstrating mechatronics
principles through a functional balancing vehicle, ultimately contributing to advancements
in power and control electronics, as well as wireless communication technologies. [6]

Vojtěch Solnický - AUXILIARY SENSORICS FOR UNSTABLE BALANCING VE-
HICLE

This thesis focuses on enhancing an unstable balancing vehicle by integrating a display
device to monitor (Fig. 2.3) driving conditions, which are gathered from various sensors.
Key improvements include the implementation of a built-in presence sensor for the driver,
data logging capabilities on an SD card, and addressing issues related to electronic damage
caused by induced voltage in DC motors. The project aims to improve the vehicle’s safety
and functionality through the addition of a Multimedia Expansion Board, strain gauge,
electromagnetic relay, encoder, and a battery system. [7]

Figure 2.3: Screen display of driving characteristics from Vojtěch Solnicky’s thesis [7]

Michal Bastl - DESIGN OF CONTROL UNIT FOR TWO-WHEELED SELF-
BALANCING VEHICLE

12



2.2 MODEL BASED DESIGN

The project focuses on designing safer electronics for the unstable balancing vehicle
HUMMER, emphasizing advanced diagnostics and fault detection. It includes an analysis
of the original vehicle using FMEA, leading to a new hardware concept that encompasses
power electronics, control units, and supplies, resulting in prototypes for testing the new
design.

Key components of the project involve the development of various circuit schematics
and PCB designs, including CPLD and dsPIC modules, as well as power supply sys-
tems utilizing LM2576HVT regulators. The overall goal is to improve system reliability
and performance through innovative electronic solutions tailored for the vehicle’s unique
challenges. [8]

2.2 Model Based Design

Computer modelling and simulation are increasingly used in the modern design of mecha-
tronic products. We assume that the cost of building a real prototype would be sig-
nificantly higher than the cost of developing an adequate computer simulation (virtual
prototype). The motivation is of course to reduce development costs and shorten in-
novation cycles. Therefore, we choose a strategy for the entire product design process
so that maximum design, verification and implementation activities are performed on
the computer. This whole area is developing very dynamically, including the technical
terminology and the precise definition of the individual design steps.

The design methodology or philosophy called Model Based Design (MBD) can be
implemented as follows

• The key is to use the model (set of models) throughout the development process.
The same model is used by the whole development team.

• The requirements for the resulting system behavior are defined in the model (Exe-
cutable specifications).

• The model is refined and modified during development, e.g. based on experimental
verification of the properties of (some) components.

• Model is used at a certain stage of development to generate code for an embedded
device (control microcontroller).

• Testing takes place continuously throughout the development.

An important part of MBD is the ”seamless” transition between computer simulation
and reality. This includes Rapid Control Prototyping (RCP), Hardware In the Loop
(HIL), C code generation and more.

Rapid Control Prototyping

When designing a control system for an electromechanical or other physical process, the
traditional workflow often involves selecting appropriate control hardware (such as a mi-
crocontroller or PLC) and manually implementing the control algorithm in a low-level
programming language like C. This implementation is usually based on a control model
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2.2 MODEL BASED DESIGN

created and validated in a high-level environment such as Simulink. However, transfer-
ring a functional Simulink model into executable code for specific hardware introduces
several challenges—timing issues, fixed-point arithmetic, limited computational resources,
and other hardware constraints must be carefully considered. This process can be time-
consuming, error-prone, and requires deep knowledge of both the model and the target
hardware.

Moreover, the control strategy is typically designed using a simplified mathematical
model of the real system. Since this model rarely matches the physical system perfectly,
the implemented control algorithm might not perform as expected once deployed, poten-
tially requiring numerous iterations and re-implementations.

Rapid Control Prototyping (RCP) offers an alternative that significantly streamlines
this process. Instead of manually rewriting the model into code, RCP enables direct
execution of the control algorithm on a real-time capable platform (e.g., a PC with an I/O
card or a dedicated prototyping unit), which interfaces directly with the physical system
(Fig. 2.4). The control logic remains in the Simulink environment, and the entire system
runs in real time, allowing for immediate testing and tuning of control strategies—without
writing a single line of low-level code.

This approach accelerates development, facilitates experimentation, and allows eval-
uating controller performance on the real system at a much earlier stage. If needed, the
Simulink model can later be automatically translated into optimized C code for deploy-
ment on the final embedded hardware, using tools such as Simulink Coder or Embedded
Coder.

RCP is thus a key element of model-based design methodologies. It shortens devel-
opment cycles, reduces the risk of implementation errors, and provides a highly flexible
environment for iterative controller design and validation. [9, 10]

Figure 2.4: Rapid Control Prototyping: Taken and modified from [10]

Hardware In the Loop (HIL)

In traditional mechatronic system development, the typical process begins with designing
and building the electromechanical part of the system, followed by implementing the
control logic on the target hardware. Only then can the entire system be tested. While
this method is straightforward, it presents several limitations: the real hardware must
already be available for testing, some operational states may be dangerous or impossible
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2.2 MODEL BASED DESIGN

to test, and test conditions are often difficult to reproduce consistently.
The Hardware-in-the-Loop (HIL) approach addresses these limitations by introducing

real-time simulation into the testing process. In HIL testing, the real control hardware
(e.g., a microcontroller or embedded computer) is connected to a simulated model of the
physical system it is meant to control. This model runs on a dedicated computer in real
time and interacts with the control hardware through appropriate input/output (I/O)
interfaces.

HIL testing provides a safe and efficient environment for verifying embedded control
algorithms under realistic conditions (Fig. 2.5). It enables testing of edge cases and
failure scenarios, such as sensor malfunctions or unexpected disturbances, without risking
damage to real hardware. Moreover, it allows for repeatable experiments and continuous
integration of new software versions throughout the development cycle.

The main benefits of HIL include reduced development time and cost, improved test
coverage, early validation of control logic, and increased safety. As such, HIL plays a
critical role in modern model-based design workflows and serves as a key step in the
transition from simulation to real-world deployment.[9, 10]

Figure 2.5: Hardware In the Loop: Taken and modified from [10]

Table 2.1 provides a summary of key differences between RCP and HIL, highlighting how
each technique fits into different stages of the Model-Based Design workflow.

dSPACE

dSPACE is a proprietary hardware platform designed for real-time simulation and control
applications. It combines a high-performance CPU with a wide range of I/O peripher-
als, making it a powerful tool for Hardware-in-the-Loop (HIL) testing, Rapid Control
Prototyping (RCP), and other real-time control tasks.

The simplest configuration of dSPACE hardware is a single PCI or PCIe card equipped
with a dedicated processor and numerous standard I/O channels, including analog input-
s/outputs, digital I/O, encoder inputs, and communication interfaces such as CAN. More
advanced setups are modular, consisting of a central processor board connected to special-
ized I/O modules. These can be housed either in a laboratory Expansion Box (Scalexio
Fig. 2.7) or in a more rugged AutoBox, designed for in-vehicle testing under real-world
conditions.

The development workflow is based on Model-Based Design. Control algorithms
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2.2 MODEL BASED DESIGN

Table 2.1: Comparison of Rapid Control Prototyping and Hardware-in-the-Loop

Feature Rapid Control Prototyp-
ing (RCP)

Hardware-in-the-Loop
(HIL)

Purpose Validation of control algo-
rithms on the real system

Testing of control hardware
without requiring the physi-
cal system

Model usage Control algorithm model
runs on a powerful PC or
prototyping platform

Model of the controlled sys-
tem runs in real-time on a
PC or RT system

Physical components The physical plant is present The physical plant is re-
placed by a simulation model

Controller hardware Control is executed via a PC
or general-purpose HW (e.g.,
dSPACE)

Control is executed by the
target embedded system in-
tended for deployment

Programming No manual coding required
(Simulink model runs di-
rectly)

Embedded system uses auto-
generated or hand-written
code

Main benefits Fast validation, easy tuning,
no need for programming

Safe testing, repeatability,
failure and fault simulation

Development phase Early stage – validating the
algorithm on real hardware

Later stage – testing the
embedded system before de-
ployment

are developed in Simulink, then automatically converted into real-time executable code
using Real-Time Workshop (RTW) and the Real-Time Interface (RTI). The model is
uploaded and executed on the dSPACE hardware. Experiment control—such as real-
time monitoring, signal visualization, and data logging—is handled via the ControlDesk
environment, which provides an intuitive and powerful user interface.

Due to its reliability, precision, and flexibility, dSPACE has become a standard tool in
the automotive industry and other high-demand sectors. However, this high-end solution
also comes with a relatively high cost. [9]

Summary:
- Software: MATLAB, Simulink, RTW, RTI, ControlDesk
- Hardware: Modular or single-board system with real-time CPU and I/O
- Sampling rates: Up to 100kHz (depending on configuration)
- Ease of use: Very user-friendly; most interactions are done directly in Simulink and

ControlDesk
- Application area: Industry-standard platform for real-time HIL/RCP testing

V-model

The development of mechatronic systems involves several steps, the essential ones of which
Isserman summarized in the V-diagram for mechatronic systems (Fig.2.6). Progressing
along the V-model results in an increasing degree of maturity of the mechatronic sys-
tems[13]. The V-model should be seen as a guide to the structure of the work, which
systematically defines a given phase of development and helps to achieve a successful out-
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2.2 MODEL BASED DESIGN

Figure 2.6: ”V” development scheme for mechatronic systems. From [11]

Figure 2.7: dSpace SCALEXIO LabBox Modular real-time system for control and test applica-
tions [12]

come. It is an iterative process and during the development we go back to previous steps
and refine or change requirements that, for example, could not be met or needed to be
developed.

Thus, in this thesis, we will attempt to walk through the entire development cycle
within MBD using the V-diagram structure.
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2.3 CURRENT STATE OF THE VEHICLE

2.3 Current state of the vehicle

Current state of the mechanical parts of the vehicle

The mechanical design of the unstable balancing vehicle (Fig.2.8 and Fig.2.9) has remained
almost unchanged since Zouhar’s final thesis [2]. The user stands on an aluminum platform
on which two DC motors are mounted on the underside using aluminum couplers. On
the top, there is a handlebar mount with springs that help return the handlebars to their
original position when no external force is applied. There are two user buttons on the
handlebars, one of which is locking and the other not. There is also a master switch
which serves as the main power supply to the entire system. The buttons are not soldered
to anything and are connected to the system via WAGO pins on the underside, so their
purpose can be slightly altered.

Figure 2.8: Top view of an unstable vehicle Figure 2.9: Bottom view of an unstable vehicle

The actuators on the unstable vehicle are two Dunkermotoren GR80x80 (Fig.
2.10) DC motors with a planetary PLG60, which has a gear ratio of 9:1. The basic motor
parameters are written in the table [2.2]. These motors have been on the unstable vehicle
for several iterations and therefore it can be assumed that they are powerful enough to
stabilize the vehicle with or without a rider.
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2.3 CURRENT STATE OF THE VEHICLE

Figure 2.10: Motor GR80x80 [14]

Nominal voltage [V] 48
Nominal current [A] 5.6
No-load current [A] 0.35
Starting current [A] 72
Nominal torque [Nm] 0.67
Maximal torque [Nm] 6
Nominal speed [rpm] 3200
No load speed [rpm] 3300
Torque constant [NmA−1] 0.132

Table 2.2: Motor parameters

The MPU 6050 (Fig. 2.12) is a key sensor on this unstable vehicle as it contains an
accelerometer and gyroscope which are used to calculate the vehicle’s roll. Communication
with this sensor is via I2C with a baud rate of up to 400 kHz. One of the features of the
sensor is a programmable range, which in the case of the accelerometer is from ±2g to
±16g and in the case of the gyroscope is from ±250◦s−1 to ±2000◦s−1.

The potentiometer (Fig. 2.11) is mounted on the bottom of the handlebars and is
used to determine the absolute rotation of the handlebars and therefore the rider’s ability
to let the system know that he wants to turn.

Figure 2.11: Potentiometer [15] Figure 2.12: MPU 6050 [16]

The ADuM1410 (Fig. 2.13) integrated circuit is used to separate the signals between
the microcontroller and the motor drivers. The integrated circuit works on the principle
of induction and is capable of high data rates of up to 20 Mbps.

DC-DC converter MEAN WELL SD-15C-12 is used to reduce the supply voltage
from batteries to the voltage level of 12V. The advantage of this converter is that it has
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2.3 CURRENT STATE OF THE VEHICLE

separate grounds, thus protecting the signal part of the electronics from the power part.

Figure 2.13: Quad-Channel Digital Izolator
ADuM1410 [17]

Figure 2.14: DC-DC converter MEAN
WELL SD-15C-12 [18]

For sensing the rotation of the shaft by the motors, an optical encoder HEDM5500
(Fig. 2.15) with 1000 CPR is used here and since it is located on the rotor (before the
gearbox), due to the gear ratio, one revolution of the wheel is reflected as 9000 CPR. So
for our purposes this is too accurate an encoder, considering that even the backlash in
the gearbox itself is much greater than the resolution itself. So replacing this encoder will
not be necessary.

ESCON 50/5 motor driver (Fig. 2.16) was used for the motor control. It is a
four-quadrant bridge with 250W output. The continuous load of the driver is 5A and the
maximum current is 15A. According to the motor parameters, this is a weaker driver than
would be appropriate, but for control purposes, it will only be determined from simulation
whether the use of this driver is sufficient, or whether it will be necessary to replace this
driver with a stronger one (probably a replacement for the ESCON 70/10, as this would
be a simple replacement without any other necessary HW or SW modifications).

Figure 2.15: Optical incremental
encoder HEDM5500 [19] Figure 2.16: Motor driver ESCON 50/5 [20]

The vehicle is powered by three lead acid batteries. The advantage of these batteries is
their safety and high current output. The disadvantage is that to charge these batteries,

20



2.3 CURRENT STATE OF THE VEHICLE

Figure 2.17: Wiring architecture of electronic components on an unstable vehicle

they need to be removed from the vehicle, which is both inconvenient and time-consuming.
Therefore, as part of this work, consideration will be given to replacing these batteries.

The control unit that is currently on the vehicle is a learning platform from the mecha-
tronics lab “Mechlab PicKit Board”, which is built on a 16-bit MicroChip dsPIC33FJ128MC804.
Since the given control unit with the program was not part of any of the previous final
works and its connection to the sensors and power electronics was done using dupont
cables without any documentation, the current design cannot be related to the current
one and it will be necessary to disassemble the electronic part of the vehicle and start
from scratch with the new control unit as part of this work.

The wiring diagram in Fig.2.17 shows the connection of the individual components
of the control system of an unstable balancing vehicle. The power management system
provides power to the entire system, with the low voltage required for the control unit
being generated separately, while the ESCON 50/5 motor driver is powered directly from
the batteries. The control signal towards the motor driver is digitally isolated by the
ADuM1410 circuitry, ensuring galvanic isolation and protecting the control unit from any
faults or spikes on the power side. The schematic of Fig.2.18 shows the structure of the
power system, including the transition from the battery supply through the individual
inverters to the control electronics and the motor power amplifier.

There are four key sensors on the vehicle. A potentiometer is used to sense the rotation
of the handlebars, whose analogue output is processed by the control unit. The main
sensor for determining roll is the MPU6050, combining accelerometer and gyroscope,
which communicates with the control unit via the I2C bus. Dual-channel HEDM5500
incremental encoders with a resolution of 1000 pulses per revolution (CPR) are installed
on the motors to accurately measure the speed and direction of motion. The last element is
the user buttons, which in the current configuration are not actively used during operation,
but may be used in the future for activation or mode selection, for example.
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Figure 2.18: Electrical connection of power supply and galvanic isolation

2.4 Evaluation of the research study

The research study shows that the HUMMER project, or unstable balancing vehicle, has
already been used several times in the mechatronics laboratory as a topic for the final
thesis and has undergone many modifications. At the same time, however, after assessing
the current state of the vehicle, it was found that modifications had been made to the
vehicle outside of the final thesis, and since the changes were not documented anywhere,
this resulted in a vehicle that is currently not functional. However, the mechanical part
of the vehicle remained almost unchanged and so for the parameter estimation in this
thesis we will partly rely on Dobossy’s thesis [4]. At the same time, the requirements for
the resulting control system and safety requirements have also remained unchanged over
the years, and so we will base this on the thesis of Zouhar[2]. Since according to previous
work the unstable vehicle was able to operate with and without a rider using the sensors
and actuators that are currently on the vehicle, their replacement is not foreseen and the
system architecture (electro-mechanical) is therefore likely to remain the same.

Furthermore, the basic idea of MBD and Isserman’s V-model was described in the
research part. This thesis will be oriented accordingly. Thus, the outcome of this work
will be an attempt to incorporate development on an unstable vehicle within the MBD
framework so that when further modifications are made, the development will have a
clearly defined structure to help achieve a successful implementation. Thus, development
will always start from specification, testing the model in an offline environment to testing
the HIL on dSPACE, which if successful will minimise error in the final implementation.
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3 Formulation of the thesis goal

As stated in the introduction, the primary motivation of this work is to enable the devel-
opment and, in particular, the testing of a control unit for an unstable vehicle within the
framework of Model-Based Design.

For the safety and reliability of the unstable vehicle, we need to define the requirements
of the resulting control system. From the research part of the thesis, we know that security
requirements have already been addressed by Zouhar in his thesis and hence we will use
them in this thesis as well.

• Define control system requirements for driverless vehicle operation

• Define control system requirements for vehicle with a rider

• Define requirements to ensure basic safety conditions

We want to approach the vehicle as a big project. In order not to simply load the
control algorithms onto the vehicle at the risk of harming people or objects in the vicinity,
the control algorithms will need to be tested beforehand. For testing, we will need a model
that plausibly describes the dynamics of the vehicle itself. We will therefore show some
ways to obtain a model of the system and compare its behaviour with a real vehicle.
Many previous theses have dealt with the creation of a mathematical model, but none of
them dealt with the creation of a physical model in the Simscape multibody environment
or the black-box method. Therefore, in this thesis we will also look at these modelling
methods and compare their outputs against a real vehicle to determine their suitability
for use within MBD.

• Outline the creation of a mathematical model using Lagrange’s equations of the
second kind

• Create a model of an unstable vehicle in the Simscape multibody environment

• Identify a system based on actual measured data of a real vehicle

• Compare different approaches to modelling an unstable vehicle in terms of applica-
bility within MBD and in comparison to the actual dynamics of the vehicle itself.

The vehicle itself is unstable in its working position. Designing the controller directly
on the vehicle is therefore a difficult task. Designing the control algorithm in a simulation
environment will allow us to get at least an initial sketch of the controller parameters and
an understanding of the system behaviour. For the use of advanced control algorithms,
we will need to know all the states of the system and therefore we will also focus on the
creation of a state observer. Previous work has primarily focused on the implementation
of PID and LQR algorithms, but in this work we want to test other control algorithms
and assess their suitability for implementation on a real vehicle.
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• Design the PID, LQR, SMC and MPC control algorithms by simulation

• Evaluate their behavior on the simulation model and their suitability for implemen-
tation on a real vehicle

• Based on the mathematical model, we will determine which sensors (and how suit-
able they are) are needed to reconstruct all vehicle states.

• To be able to implement advanced control algorithms, we create a state observer
(Kalman filter) and compare its outputs with the simulation model.

• We will create basic safety algorithms.

Based on the results from the simulation design of the control algorithm, we get the
requirements for sensors and actuators. At this stage, we will evaluate the existing electro-
mechanical part of the vehicle and make any necessary modifications. At the same time,
we will focus on processing the data from the sensors themselves, which will be on the
vehicle. Since the unstable vehicle has already been in a state of operation with the
existing sensors (or a similar alternative), no drastic intervention in the electromechanical
part is foreseen.

• Replacing lead-acid batteries with a more suitable alternative

• Evaluating the usability of the existing sensors on board the vehicle based on the
control and safety algorithms used.

• Determine the accuracy of the MPU6050’s location (rotation) on the vehicle to
correctly recalculate the rotation angle and determine the maximum rotation range
for use in safety algorithms.

• Testing different methods of calculating roll from the MPU6050 and comparing their
results with each other and evaluating their applicability on a real vehicle.

• Solve the problem related to counter overflow on the control unit when reading
encoder values.

The existing control unit currently on the vehicle was added outside of the final thesis
and its wiring is not documented. We will therefore design a new control unit. Our
requirements will be sufficient computational power, the ability to generate code from
Simulink, and the ability to test function blocks from Simulink using Software In the
Loop and Processor In the Loop. The choice of a new control unit was last addressed by
Richter in his thesis, so we will use his work to evaluate whether the chosen control unit
meets our requirements.

• Verification of peripherals and performance for correct functionality of components
on the vehicle.

• Verify the ability to generate code from Simulink.

• Verify the ability to test function blocks in Simulink using the Processor In the Loop
method
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• Create an interconnect board to connect the new control unit to the vehicle. This
will mainly be a connection to the existing connectors of the individual sensors.

To verify the functionality of the control unit and the algorithm generated on it, we
will have to test the control unit beforehand. This will minimize errors that may have
occurred before the unit is actually implemented on the vehicle. For testing, we will
use dSPACE, which will run the mathematical model of the vehicle. The output from
dSPACE will be the emulated outputs of the individual sensors that are on the vehicle.
So in this part we will prepare the test environment and program the behavior of each
sensor.

• Program individual function blocks for emulation of individual sensors

• Due to the absence of I2C peripherals on the dSPACE platform located in the lab,
create an I2C bridge between dSPCAE and the controller to properly emulate the
MPU6050

• Compare the behaviour of the real unstable vehicle with the HIL test to verify that
the prepared controller test station is indeed a plausible representation of the real
system and can be further used for testing and developing new control algorithms.
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4 Solution process and results

4.1 Control system requirements

The general requirements for the control system have already been described in the final
thesis of Zouhar [2] and since there was no need to change these requirements in the process
of other works, we will consider them here as well. The basic requirements can be divided
into two main groups. Stabilization in place without a rider and stabilization/riding with
a rider. For both situations, the following criteria have been established.

Control system requirements for driverless vehicle operation:

• The vehicle must be able to stand on its own without oscillating around the equi-
librium position after the external influences have disappeared.

• The vehicle shall not drive away spontaneously.

• The vehicle shall be allowed to move when an external force is applied, but still only
in the upright position.

Requirements for the control system when operating a vehicle with a rider:

• The vehicle must be able to maintain stability after the rider has ”boarded”.

• It must react to the transfer of a person’s centre of gravity by driving forward or
backwards.

• Tilting must be firm enough to prevent the rider from falling forward or backward.

Safety requirements:

• Preventing motors from reaching maximum speed.

• Necessity to monitor the state of charge of the batteries.

• Detection of the presence of a rider on the vehicle.

• Limit the maximum tilt angle of the platform.
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4.2 SIMULATION MODEL AND PARAMETER ESTIMATION

4.2 Simulation model and parameter estimation

In order to design and test the control algorithm, it is necessary to create a model of
the unstable vehicle that faithfully represents its dynamic behaviour. As can be seen
from the research section, modelling of this type of system has been addressed in some
previous thesis. However, none of them have focused on model building using the black-
box method, nor on modeling using physical simulation. Therefore, this part of the thesis
focuses on different approaches to modelling - first, a white-box model based on known
physical principles will be briefly outlined, followed by the presentation of alternative
approaches including black-box identification and physical simulation. Finally, we will
compare the models in terms of their practical applicability within Model-Based Design
and their accuracy in simulating real system behaviour.

4.2.1 Use of white-box modeling approach

White-box modelling can be approached from the very beginning of the development
process, as there is no need for real measured data. This approach will give us an idea
within MBD of what physical values our system will be operating at and will give us
an initial indication of, for example, the motor power that will need to be used to keep
the system operating within the chosen limits. In this work, as part of the white-box
modelling, we derive the differential equations of the simplified system shown in Fig. 4.1
and model the dynamic behaviour of the vehicle using physical simulation in Simscape.

Figure 4.1: Schematic model of an unstable balancing vehicle

In the Fig. (4.1) we can see a schematic drawing of an unstable balancing vehicle,
where m is the mass of the upper body or rider on the vehicle, M is the mass of the

base,
−→
F is the force input acting on the lower body, l is the arm on which the mass m

is located, and θ is the rotation of the body m with respect to a plane perpendicular to
the base. In this simplified scheme, we do not consider any frictional losses. At the same
time, only horizontal motion is assumed here.

The following derivation uses the second order Lagrangian formulation, based on ki-
netic and potential energy, to obtain the equations of motion. The resulting dynamic
model is expressed both in scalar form and later transformed into matrix notation, which
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is more convenient for simulation and control design.
Kinematic Equation

xm(t) = x(t)− l sin θ(t) (4.1)

ym(t) = l cos θ(t) (4.2)

Where xm and ym are the positions of the solid m and l is the length of the arm. The
position of the carriage is x.

Next, we calculate the potential energy of the system. Since we consider motion only
along the horizontal plane, we can declare the potential energy of the cart to be zero.

Potential Energy
Ep(t) = mgym(t) = mgl cos θ(t) (4.3)

Next, calculate the kinetic energy of the system.
Kinetic Energy

Ek(t) =
1

2
Mẋ2 +

1

2
m(ẋ2m + ẏ2m) (4.4)

After breaking down and inserting the derivatives from the kinematic equations, we
get the following relation.

Ek(t) =
1

2
Mẋ2 +

1

2
m[ẋ2 − 2lθ̇ẋ cos θ + l2θ̇2(cos2 θ + sin2 θ)] (4.5)

The resulting relation for calculating the kinetic energy of the system can be written
as follows.

Ek(t) =
1

2
(M +m)ẋ2 +

1

2
ml2θ̇2 −mlθ̇ẋ cos θ (4.6)

Lagrange equation
To derive the equations of motion, we start from the basic formulation of the Lagrange

equation of the second kind.
d

dt
(
∂L

∂q̇i
)− ∂L

∂qi
= Qi (4.7)

Where the Lagrangian is the difference between the Kinetic and Potential energy of
our system. After substituting the equations (4.3) and (4.6) into the equation (4.8) we
get the Lagrangian prescription for our system, see Equation (4.9).

L = Ek − Ep (4.8)

L =
1

2
(M +m)ẋ2 +

1

2
ml2θ̇2 −mlθ̇ẋ cos θ −mgl cos θ (4.9)

Equations of motion
Since we have a system with two degrees of freedom, we also have two generalized
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coordinates, where the first is q1 = x and the second is q2 = θ. After substituting the first
generalized coordinate into (4.7), we write the following equation.

(M +m)ẍ−mlθ̈ cos θ +mlθ̇2 sin θ = F (t) (4.10)

After substituting the second generalized coordinate into the equation (4.7) we get the
following equation.

lθ̈ − ẍ cos θ − g sin θ = 0 (4.11)

For clarity, the equations of the dynamic system can be written in matrix notation.
M(q(t))q̈+C(q(t), q̇)q̇+K(q(t)) = Hu(t) (4.12)

Where q = (x, θ)T . u(t) = F [N] represents external control forces applied to the
system.

The matrix M can be called the mass/inertia matrix.

M =

[
(M +m) −mL cos θ
− cos θ L

]
(4.13)

C is also known as the Coriolis and centrifugal matrix.

C =

[
0 mLθ̇ sin θ
0 0

]
(4.14)

K is a vector of generalized forces derived from potential energy.

K =

[
0

−g sin θ

]
(4.15)

H is an input matrix that maps the control input u(t) into generalized forces.

H =

[
1
0

]
(4.16)

z1 = q (4.17)

z2 = q̇ (4.18)

ż1 = z2 (4.19)

ż2 =M−1Cz2 −M−1K +M−1Hu (4.20)

d

dt

[
z1
z2

]
=

[
0 I
0 −M−1C

] [
z1
z2

]
+

[
0

−M−1K

]
+

[
0

M−1H

]
u (4.21)

Alternative approach to this:
M(q)q̈+C(q, q̇) +K(q) = Hu (4.22)
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4.2 SIMULATION MODEL AND PARAMETER ESTIMATION

Which leads to little changes in a few matrices.

C =

[
mLθ̇2 sin θ

0

]
(4.23)

d

dt

[
z1
z2

]
=

[
0 I
0 0

] [
z1
z2

]
+

[
0

−M−1K −M−1C

]
+

[
0

M−1H

]
u (4.24)

Linearization
Most control design techniques are based on linear model of the controlled system. If

the mathematical model of the system is nonlinear, it has to be linearized around some
appropriate working point.[21]

The linearization is performed around the nominal working point (zn, un) by the first
terms of the Taylor series:

ż = żn −∆θ̇ = F (zn, un) +
∂F (zn, un)

∂z
∆z =

∂F (zn, un)

∂u
∆u (4.25)

Where the matrices of partial derivatives by all states and input are.

A =
∂F (zn, un)

∂z
=


∂F1(zn,un)

∂z1
. . . ∂F1(zn,un)

∂ż2
...

. . .
...

∂F4(zn,un)
∂z1

. . . ∂F4(zn,un)
∂ż2

 (4.26)

Physical modelling using Simscape multibody

For the physical modeling, I used ready-made 3D models from the thesis of Zouhar men-
tioned in the research section [2].

Another possible approach to model a dynamic system using the white-box method is
to use a physical simulator. In contrast to the previously mentioned method, where we
have used a system of differential equations (ODEs), physical software “creates” a system
of differential algebraic equations (DAEs), which is more computationally demanding,
but the construction of such a model does not require knowledge of differential equations.
To build this model, the Simscape multibody tool was used, into which an existing 3D
model (Fig. 4.2) in step format can be inserted. The subsequent connection of the
individual parts of the model to each other is done by using “rigid transform” blocks and
the possibility of mutual movements between each other, for example, by using “revolute
joint” blocks and others.

The advantage of using already created 3D parts of the unstable vehicle model is that
we are able to specify the weight or density of the individual parts in Simscape and thus
get as close as possible to the behaviour of the real vehicle. Within MBD, using such
simulated dynamic behaviour is simple and fast and can be worked with early in the
project, before the actual prototype is created.

Some simplifications were taken into account when modelling the unstable vehicle in
Simscape. The torque to revolute joint was chosen as the inputs to the motors that drive
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Figure 4.2: 3D model of an
unstable balancing vehicle in
Fusion360

Figure 4.3: 3D model of an
unstable balancing vehicle in
Simulation environment in
Simscape Multibody

Figure 4.4: Function block of
unstable balancing vehicle in
Simscape Multibody

the vehicle itself, neglecting the dynamics of the current in the motor, as the mechanical
time constant was assumed to be an order of magnitude larger than the electrical time
constant. At the same time, the real vehicle is current controlled from the ESCON 50/5
drivers, so the input to the function block created in Simscape is the current flowing into
the motor, which is then converted via the motor constant and gear ratio to the torque
at the wheel.

Finally, a function block was created in the Simscape Multibody program (Fig.4.4),
where its inputs are the currents to the motors and the handlebar tilt and outputs are
the individual states of the unstable vehicle itself. When using this function block, the
user sees a 3D visualization of the dynamic behavior of the vehicle itself (Fig.4.3).

A 6-DOF function block (Fig.4.5) was used to move the balancing vehicle freely. How-
ever, its disadvantage is that it expresses the vehicle rotation in quaternions and therefore
it is advisable to convert it to Euler angles.

Figure 4.5: 6-DOF joint in Simscape Multibody
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Roll (X-axis rotation)

ϕ = arctan
2(qwqx + qyqz)

1− 2(q2x + q2y)
(4.27)

Pitch (Y-axis rotation)

θ = −π
2
+ 2 arctan

√
1 + 2(qwqy − qxqz)√
1− 2(qwqy − qxqz)

(4.28)

Yaw (Z-axis rotation)

ψ = arctan
2(qwqz + qxqy)

1− 2(q2y + q2z)
(4.29)

4.2.2 Use of grey-box modeling approach

The modelling of a dynamic system by the grey-box method consists in the known be-
haviour of the dynamic system described by a differential equation and the parameters of
the differential equation are obtained from the measured data by means of optimization
(minimizing the residual between the measured and simulated data). There are several
ways we can approach to obtain the parameters of the unstable vehicle by the grey-box
method; for example, we can divide the whole complex unstable system into smaller and
stable parts and perform parameter estimation for each part. In our case, we will follow
the second way by trying to identify the system as a whole.

We will apply the parameter estimation not to the real vehicle, but to the data obtained
from the previous part of the white-box modelling, namely the SimScape model. One
reason for this is that if we were still in the MBD phase of development when the vehicle
was not yet assembled, we would have no way to measure real data. Another reason is
that simulating a system in Simscape multibody takes much more computational time
than simulating it via differential equations. In fact, in a later stage of this work, we
will also want to look at whether the Simscape model actually represents the dynamics
of the system in a plausible way. By obtaining the parameters of the Simscape model, we
are then able to create an advanced control system that needs to know the model of the
system to function, and this will serve as an initial sketch for controlling a real vehicle.

From the research part of the thesis, we know that the estimation of unstable vehicle
parameters has already been dealt with by Dobossy [4], and therefore I will use the initial
estimation of his results and the equations associated with them for a start.

β̈(mwR
2 +mpR

2 + Iw) + φ̈(mpLR cosφ) = φ̇2Lmp sinφ−M (4.30)

β̈(mpLR cosφ) + φ̈(L2mp + Ip,y) = mpgL sinφ+M (4.31)

The given differential equation is further linearized according to the following criteria.

sinφ ≈ φ (4.32)

cosφ ≈ 1 (4.33)

φ̇2 ≈ 0 (4.34)
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The linearized differential equation looks like this.

β̈(mwR
2 +mpR

2 + Iw) + φ̈(mpLR) = −M (4.35)

β̈(mpLR) + φ̈(L2mp + Ip,y) = mpgLφ+M (4.36)

We then convert the linearized differential equations into the form of a state model.
Since the relation would gain volume when recalculated, let us introduce new constant
parameters:

a = mwR
2 +mpR

2 + Iw

b = mpLR

c = L2mp + Ip,y

d = mpgL

After a few adjustments, we get the following equations:

φ̈ =
M(1 + b

a
) + φd

− b2

a
+ c

(4.37)

β̈ = φ
db

(− b2

a
+ c)a

+M

(
(1 + b

a
b)

(− b2

a
+ c)a

− 1

a

)
(4.38)

ẋ(t) = Ax(t) +Bu(t)

y(t) = Cx(t) +Du(t)

Where:

x =


φ
β
φ̇

β̇

 , A =


0 0 1 0
0 0 0 1
d

− b2

a
+c

0 0 0

db
−b2+ca

0 0 0

 , B =


0
0

1+ b
a

− b2

a
+c

b+ b2

a

−b2+ca
− 1

a

 , C =


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

 , D =


0
0
0
0

 ,

As we can see from the state (system) matrix A, the dynamics of the system do not
depend on the rotation of the wheels of the vehicle (β) and at the same time if we want
to design a controller for tilt, we do not have to take into account either the position
or the speed of the wheels and our system is simplified to a system with one degree of
freedom. Of course, the dynamics itself is still tied to the parameters of both bodies. This
assumption can also be used for system identification (discussed later in this work).

x =

[
φ
φ̇

]
, A =

[
0 1
d

− b2

a
+c

0

]
, B =

[
0

1+ b
a

− b2

a
+c

]
, C =

[
1 0
0 1

]
, D =

[
0
0

]
,
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Figure 4.6: Measured platform tilt data
Figure 4.7: Input data for parameter estima-
tion

In the graphs (Fig.4.7 and Fig.4.6) we can see the measured data from the simulation
of the unstable vehicle in Simscape. In the graph (Fig.4.8) we can see the result of
parameter estimation. The discrepancies between the individual signals can be explained
by the simplified model, as we have neglected friction. Furthermore, the vehicle in the
Simscape simulation may slip a wheel, etc.

Figure 4.8: Estimated parameters of the simscape model

Estimating the parameters of an unstable vehicle as a whole has some disadvantages.
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The system is unstable, which means that during parameter estimation the roll will drift
away several times, even if the parameters are found ”correctly enough”. Next, a sensi-
tivity analysis of each parameter was performed and with expectations, the arm length
parameter L came out as sensitive. The explanation is its squared term in the notation of
the differential equation. Another hurdle with parameter estimation was the correlated
parameters.

4.2.3 Use of black-box modeling approach

Another way of modelling the dynamic behaviour of an unstable vehicle is to use a black-
box modelling approach. However, in the MBD framework, this is the stage where the
vehicle is already manufactured. The data to determine the dynamic behaviour can
be obtained by using an existing controller and programming the required inputs to the
system or by using RCP and controlling the unstable vehicle using, for example, dSPACE.
The disadvantage of this approach in our case is the instability of the vehicle itself, as we
cannot just choose an input signal that would be ideal for black-box identification, as the
vehicle would immediately crash. Therefore, we need to have at least a small part of the
controller already working in order to measure enough data to identify the system as a
whole.

To identify the system using the black-box method, the following data were measured.

• Sine wave (Fig. 4.9)

• Repeating stair sequence (Fig. 4.10)

Figure 4.9: Measured data for system identification - Sine wave
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Figure 4.10: Measured data for system identification - Repeating stair sequence

Selecting the state space system order for system identification

When identifying linear systems, the system can be described by various forms, for ex-
ample, Polynomial model, StateSpace, Transfer function. For our purpose, a state space
model in canonical form was chosen, since by writing it with knowledge of our system we
are able to say exactly what x1, ẋ1, x2, ẋ2 are. After choosing to identify the system using
the state space model, we need to determine the order of the system, which we are able
to determine from our knowledge of the system, or we can use the tools in the System
Identification toolbox from MathWorks. As we can see in (Fig.4.11) the second order
system sufficiently describes the dynamic behavior of the unstable vehicle, which is what
we arrived at for the derived equations for parameter estimation in grey-box modeling.

As we can see from the graphs (Fig.4.12) and (Fig.4.13), the identified system credibly
describes the dynamics of the real system, and its model can be used in the design of
control algorithms and in the validation of control algorithms in offline simulations.

Comparison of simscape estimation and identification on a real device

We have currently shown 3 ways to obtain a system model, but there is still the important
question of how much the systems differ from each other. In the white-box model ap-
proach, we currently omit the model we obtained by computing a Lagrange of the second
kind, since obtaining the parameters of the systems so that the outputs faithfully represent
reality would involve a significant amount of work. We therefore focus on comparing the
Simscape multibody physical model (white-box) and system identification (black-box).
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Figure 4.11: Selecting the state space system order for system identification

Figure 4.12: Indentified system using second order State Space model - Simulation

From the graph (Fig. 4.14) we can see a comparison of the behavior of the system ob-
tained by the black-box modeling approach and the system from the Simscape multibody
environment. Looking at the plot, we can conclude that the system responses are almost
identical, which implies that we can use either of the models created for controller design
or testing of control algorithms.
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Figure 4.13: Indentified system using second order State Space model - Ten step prediction

Figure 4.14: Comparison of Simscape model and Black-box model
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4.3 Design and validation of control algorithms

In the design phase of the control system for the unstable balancing vehicle, several widely
recognized control strategies were considered and implemented, including PID control[22,
23], Sliding Mode Control (SMC)[24], Model Predictive Control (MPC)[25], and Linear
Quadratic Regulator (LQR)[26]. These algorithms were selected based on their frequent
occurrence in scientific literature addressing similar underactuated and nonlinear systems,
confirming their relevance and suitability for this application.

There are many possibilities of controlling an unstable balancing vehicle and many
papers deal with this problem, but most of them apply the control algorithms to a scaled-
down version of the unstable vehicle, which is not supposed to transport people. On the
other hand, some of them deal more with the non-holonomy of the vehicle itself and the
algorithms for controlling the trajectory of the vehicle itself, which in our case we do not
have to deal with[27, 28, 29, 30].

For each of the control strategies, the theoretical background is briefly introduced, fol-
lowed by the derived control equations, the corresponding control scheme, and the results
obtained through simulation. The simulations were conducted using a linearized model of
the system under the assumption of an ideal linear time-invariant (LTI) behavior without
external disturbances or parameter variations. Under these conditions, all implemented
control algorithms demonstrated very similar performance, successfully stabilizing the
vehicle around the desired upright position. This validates the theoretical expectations
and further supports the choice of the selected controllers for detailed analysis and future
hardware-in-the-loop (HIL) testing.

4.3.1 Control algorithms

PID

The PID controller (Fig.4.15) was selected as the initial control strategy due to its sim-
plicity and wide use in practice. It was tuned based on the linearized model of the system.
Using PID control, the balancing vehicle was successfully stabilized around the upright
equilibrium (Fig.4.16). Although nonlinearities and constraints are not directly handled
by this method, very good results were achieved in the LTI simulation environment.

u(t) = Kpe(t) +Ki

∫
e(t)dt+Kd

de(t)

dt
(4.39)

where:

• e(t) = θref − θ(t) is the control error

• Kp, Ki, Kd are the gain constants of the PID controller

• u(t) is the control input (motor current)

Usage:

• Can be used for balance and speed control.

• Often multiple PID controllers are used - e.g. one for pitch stabilization and one
for attitude control.
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Figure 4.15: Block diagram of PID controller

Figure 4.16: Stabilization of the balancing vehicle: system response and control signal generated
by the PID controller.

Disadvantages:

• Debugging is difficult due to system instability.

• Does not take into account the dynamics of the whole system, which can lead to
poorer performance during rapid changes.

• Can be sensitive to interference and wheel slips.
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SMC (Sliding Mode Control)

Sliding Mode Control (Fig.4.17) was implemented due to its strong robustness against
disturbances and model uncertainties, as often cited in the literature [31]. Using SMC,
stabilization of the balancing vehicle was successfully achieved (Fig.4.18). However, the
phenomenon of ”chattering” was observed, which could affect the actuators if not properly
mitigated.

Define the sliding surface:

s(x) = θ̇ + λθ (4.40)

Control law:

u = −K sgn(s(x)) (4.41)

A smoother approximation can be used to reduce chatter:

u = −K s(x)

|s(x)|+ δ
(4.42)

Figure 4.17: Block diagram of Sliding mode controller

Usage:

• Suitable for robust Segway tilt control.

• Can compensate well for model uncertainties (e.g. rider weight change).

• Effective for fast changes and disturbances.

Disadvantages:

• Chattering (rapid tilt oscillations) can be a problem and must be suppressed by
filtering.

• More computationally intensive than PID.
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Figure 4.18: Stabilization of the balancing vehicle: system response and control signal generated
by the SMC controller.

LQR (Linear-Quadratic Regulator)

The LQR controller was designed (Fig.4.19) based on the linearized model of the balanc-
ing vehicle. By optimizing a quadratic cost function, very smooth control was achieved
(Fig.4.20). Since the system was well approximated by a linear model, LQR provided
suitable stabilization results with minimal computational effort, making it highly suitable
for real-time applications.

System state model:

ẋ = Ax+Bu

y = Cx+Du

Optimal control law:

u = −Kx (4.43)

The feedback matrix K is given by:

K = R−1BTP (4.44)
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where P is the solution of the algebraic Riccati equation:

ATP + PA− PBR−1BTP +Q = 0 (4.45)

Figure 4.19: Block diagram of Linear Quadratic Regulator

Figure 4.20: Stabilization of the balancing vehicle: system response and control signal generated
by the LQR controller.

Usage:

• Very suitable for stabilizing the balance of the Segway.

• Takes into account the whole system dynamics and minimizes the error in optimal
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control.

• Works well with small deviations from the equilibrium position.

Disadvantages:

• Requires an accurate model of Segway dynamics.

• Does not account for constraints on action variables (e.g. maximum motor power).

• May have problems with non-linearities at high inclinations.

MPC (Model Predictive Control)

Model Predictive Control (Fig.4.21) was chosen because of its ability to explicitly handle
system constraints and predict future behavior. The balancing vehicle was controlled
using MPC by solving an optimization problem at each simulation step. While very
good results were obtained (Fig.4.22), it was noted that the computational requirements
are higher compared to simpler controllers, which may limit practical implementation on
embedded hardware.

Optimization problem for MPC:

min
uk,...,uk+N

k+N∑
i=k

(xTi Qxi + uTi Rui) (4.46)

System dynamics:

xk+1 = Axk +Buk (4.47)

Constraints on input:

umin ≤ uk ≤ umax (4.48)

Calculation steps:

• Prediction of future states using a dynamic model.

• Control optimization at each step to minimize error.

• Application of first input and horizon shift.

Usage:

• Ideal for Segway control, especially if we want both stabilization and trajectory
planning.

• Allows you to predict future behaviour and include constraints (e.g. maximum speed
or motor acceleration).
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Figure 4.21: Block diagram of Model Predictive Controller

Figure 4.22: Stabilization of the balancing vehicle: system response and control signal generated
by the MPC controller.

• Can adapt to changes in conditions (e.g. surface slope, rider weight).

Disadvantages:

• Highly computationally intensive - normally requires more powerful hardware (e.g.
fast processors,Optimizes control inputs at every step.).

• Needs an accurate system model.
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Summary

• PID is the simplest and can work, but is not ideal.

• The SMC is good for robust stabilization, but may have chattering issues.

• LQR is an optimized solution, but requires an accurate model and does not account
for constraints.

• The MPC good choice for complex Segway control, but is more computationally
intensive.

As far as the simulation on the LTI model with predefined deflection and zero control
is concerned, we are able to obtain similar results for all tested controller types. So
it depends on how the controllers behave at different system parameters. In addition,
another criterion used to determine the suitability of a given controller is ride comfort
and stability with the rider. A too hard or too soft regulator can be very uncomfortable for
the rider. Therefore, the Sliding mode controller was chosen for the real device because it
was assumed that the rider would respond best to a first-order, exponential type response
and this is what the controller is trying to achieve.

4.3.2 State observer

The theoretical knowledge written in this part of the thesis is primarily obtained from
”Linear system theory and design” [32]. This is a book that serves as a study aid in the
field of linear systems and multivariable system design.

As part of the design of a state control for an unstable balancing vehicle, it is important
to verify that the internal state of the system can be reconstructed based on the output
measurements alone. This property, known as observability, is crucial in the design of
state observers such as the Luenberger observer or the Kalman filter.

The Gram observability matrix is used to analyze observability, which allows one to
evaluate whether a system is fully observable - that is, whether all internal states affect
the output of the system in a measurable way. If this matrix is regular (positive definite
and with a non-zero determinant), the system is considered observable. If it is close to a
singular matrix, observability can be ensured in theory, but in practice reconstruction of
some states is very difficult.

This information is important not only from a theoretical point of view, but also
in practical control implementation, especially state control as an LQR, where accurate
state estimation is crucial. The Gram matrix can also serve as a tool in optimizing
the placement of sensors - helping to determine where additional measurements would
contribute most to improving the reconstruction of the system state.

Controllability and observability Gramians
Given the continuous-time state-space model

ẋ(t) = Ax(t) +Bu(t)

y(t) = Cx(t) +Du(t)

The controllability Gramian is defined by:
Continuous-time:Wc =

∫∞
0
eAtBBT eA

T tdt Discrete-time:Wc =
∑∞

k=0A
kBBT (AT )k
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The observability Gramian is defined by:
Continuous-time: Wo =

∫∞
0
eA

T tCTCeAt dt Discrete-time: Wo =
∑∞

k=0(A
T )kCTCAk

[33]

det(Wo)
Measuring φ 0.1133
Measuring φ̇ 0.0604

Measuring β̇ 191.6

Measuring β̇ & φ 4.2 · 104
Measuring β̇ & φ̇ 1.6 · 107

Table 4.1: A Gramian determinant for determining how well a given system is observable using
certain sensors

The Table 4.1 shows that the system is in theory observable even with only one sensor,
and it does not matter whether we measure the base rotation, its angular velocity, or the
wheel rotation speed. However, we can say that when only one sensor is needed, it would
be more appropriate to measure the wheel speed. Since this is still a simulation model
at the moment, we will consider that we are measuring the angular velocity of the base
and the rotational velocity of the wheels, which also came out best from the determinant
of the Gramian. Furthermore, measuring only these values has a clear justification since
we are able to directly obtain the angular velocity from, for example, the IMU (Inertial
Measurement Unit), and the angular velocity of the wheels again by simple differentiation
from the encoder.

We do not consider the position of the vehicle itself in this case, since it is crucial for
us to balance the platform (φ = 0) and also to keep the vehicle from moving (β̇ = 0), but
we are not interested in where the vehicle was turned on and in getting to the original
turn-on location.

In the graph (Fig. 4.23) we can see the measured data of the simulation model of
the unstable vehicle. As already mentioned, we chose the wheel rotation speed and the
angular velocity of the platform as the measured signals. Since this is a simulation, we
artificially affected the outputs with noise with a normal distribution and zero mean and
added an input disturbance to the system as well. These signals were then used as input
to the Kalman filter. The output of the Kalman filter was then used as feedback to the
controller.

Using the simulation model, we are able to compare the output of the Kalman filter
against the actual system states. In the graph (Fig. 4.24) we see a comparison of the
actual output and the output from the Kalman filter, and it is important to focus on
the state φ, φ̂. We can see that the Kalman filter has faithfully reconstructed the actual
rotation of the platform and has also filtered out the signals that were affected by noise
appropriately.
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Figure 4.23: Measured data as an input to the Kalman filter

Figure 4.24: Comparison of the outputs from the real system and the Kalman filter, where the
system was controlled by SMC with feedback from the Kalman filter
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4.3.3 Safety algorithms

Forward speed limit

One of the safety algorithms that was taken into account was the maximum forward speed
limit. The speed limit is important for two factors. One is that the speed of the motor
is directly proportional to its supply voltage, and since we are limited by the voltage of
the ”battery” source, when a certain critical speed is reached, the motor might no longer
be physically able to get the vehicle upright or start braking, since braking the vehicle
actually means accelerating enough to make the vehicle ”trip” our feet. The second factor
is purely feeling wise, as not everyone is comfortable going too fast and the driver could
lose control of the vehicle very quickly. At the same time, cornering at higher speeds is
also uncomfortable.

The algorithm for limiting the maximum permitted speed works on the principle that
the vehicle speed is monitored from the encoders and when the maximum set speed is
reached, the PI controller is activated, which shifts the sliding plane of the Sliding mode
controller in the axis of the desired inclination and thus the vehicle begins to smoothly
slow down to the desired speed and at the same time turns the rider (platform) to an
upright position. The goal of this controller is of course to limit the maximum speed of
the vehicle, but at the same time we don’t want it to twitch unpleasantly with the rider.

Figure 4.25: Maximum velocity limit

As we can see on the graph (Fig. 4.25) in time approximately 2.5s the maximum
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speed allowed was reached and the controller was switched on, which moves the sliding
mode controller sliding plane. The sharp increase in speed after reaching the maximum
allowed can be interpreted as accelerating the vehicle to make the rider’s roll lower so
that the vehicle can naturally decelerate.

Battery status monitoring

Another algorithm is battery monitoring. If the battery voltage drops below a certain
critical level during operation, the algorithm changes the desired tilt from the equilibrium
position to a sinusoidal waveform of a ”higher” frequency, which significantly reduces the
user’s driving comfort and prompts the user to exit the vehicle and charge the batteries.

Presence of a rider on the vehicle

No algorithm was created to detect the presence of the rider on the vehicle, but existing
buttons on the vehicle handlebars were used. The buttons are directly connected to the
ESCON 50/5 motor control unit on the Enable pin and thus directly activate the motor
control when they are pressed. There are two of these buttons on the handlebars, one of
which is a lock button and the other is not, so if we want the vehicle to run without a
rider, the lock button is pressed and the other switch needs to be held down for the entire
ride when running with a rider. Of course, there is nothing to prevent the rider from just
latching the first button while riding, but that is up to the discretion of each user.

Maximum platform rotation

The reason to address the maximum platform roll is more aimed at the vehicle’s crash
condition, since during actual operation the controller should be hard enough and at the
same time with the maximum forward speed algorithm the user should not get into such
tilts. Additionally, when the rider falls off the vehicle, the motors should automatically
shut down, as the rider is required to hold the button that turns on the drivers while
riding, as already mentioned. However, if the vehicle were to fall without a rider, or if the
rider had the arrest button depressed while riding, the motors should be shut off to prevent
damage to the vehicle or its surroundings. The roll value was empirically determined to
be ±30◦, since the maximum roll range of the vehicle is approximately 85◦. When the
maximum pitch is reached, the controller sets the value of the duty s = 0 and thus the
drivers enter the Error state and disconnect the motors from the power supply.
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4.4 Architecture of the entire system

In the ”State observer” section, we concluded that for good observability of the system,
we need to know the wheel speed and angular velocity of the platform. From the search
section ”Current state of the vehicle” we know that there are HEDM5500 encoders to
measure the wheel positions of the vehicle and there is an MPU6050 on the vehicle to get
the angular velocity. In the previous thesis, the use of these sensors was sufficient and
therefore we will not assume their replacement.

As part of the system improvements, the original lead-acid batteries installed in the
unstable balancing vehicle were replaced with lithium-ion (Li-Ion) batteries (Fig. 4.26).
The primary motivation for this change was to enhance the practicality and maintenance
of the vehicle during frequent laboratory experiments.

Li-Ion batteries offer several advantages over traditional lead-acid technology. They are
significantly lighter and more compact, which makes their removal and reinstallation into
the vehicle much easier and more efficient. Furthermore, lithium-ion batteries are better
suited for cyclic charging and discharging, a behavior typical during repeated testing
and development cycles. This characteristic ensures longer battery life and more stable
performance over time.

Figure 4.26: Li-Ion battery installed in the balancing vehicle [34]

Additionally, Li-Ion batteries provide a higher energy density and improved charging
efficiency, which contribute to more consistent system behavior and shorter downtime
between tests. Overall, the battery replacement was an important step towards mak-
ing the experimental platform more robust, user-friendly, and sustainable for long-term
development [35].

Apart from the replacement of the control unit and the battery system, all other com-
ponents of the vehicle, such as the sensors, motors, and the overall mechanical structure,
were retained from the previous thesis project by Richter [6]. The existing components
proved to be fully sufficient for the intended experiments and system development, and
therefore, no modifications or replacements were necessary. Their performance met all
required criteria, allowing the focus of this work to remain primarily on control system
design and testing.
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4.4.1 Sensor data processing

Reading values from encoder and solving counter overflow

To calculate the wheel speed, the overFlow Safety function block was created (Fig. 4.27),
since the output of the encoder counter from the STM blockset is a UINT16 number
and the overflow causes the counter to reset its output. The principle is simple; if the
differential is greater/less than 8192, the value 65536 will be added/subtracted.

Figure 4.27: OverFlow Safety function block

Tilt calculation from Inertial Measurement Unit

To calculate the rotation of the platform of an unstable balancing vehicle, we must first
check the fit of the accelerometer. If the axes of the accelerometer were generally rotated,
we could not simply account for them and would have to consider a linear combination of
axes. From Richter’s thesis [6], we can assume the accelerometer is located in the platform
rotation axis or the rotation axis of the motors. Furthermore, it is useful to calculate the
maximum range of platform rotation for subsequent use in safety algorithms, where it is
assumed that the power supply to the motors will be switched off if a certain value of tilt
is exceeded.

The measurements were very easy to make by first turning the vehicle to one side and
then to the other and reading the accelerometer. This gave us two directional vectors
that point in the direction of gravity, see (4.49 and 4.50).

−→g1 = −0.76
−→
i + 0.662

−→
j + 0.076

−→
k (4.49)

−→g2 = −0.705
−→
i − 0.695

−→
j + 0.058

−→
k (4.50)

From the scalar product of the vectors (4.51) we then determine the maximum rotation
range of the platform of the unstable vehicle.

α = arccos
−→g1 · −→g2
|−→g1 ||−→g2 |

= 85◦24′ (4.51)

The maximum rotation range of the platform is therefore approximately 85◦. The
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vector product (4.52) is then used to obtain a vector perpendicular to both direction
vectors, which in turn gives the vector around which the unstable vehicle rotates.

−→o = det

 −→
i

−→
j

−→
k

−0.76 0.662 0.076
−0.705 −0.695 0.058

 = 0.0912
−→
i − 0.0095

−→
j + 0.9949

−→
k (4.52)

From the calculated axis of rotation we can say that the balancing vehicle tilts almost
exactly around the Z axis, and the error caused by not recalculating will be negligible.

Figure 4.28: Reading I2C data from STM in Simulink environment

Tilt just from Accelerometer

The calculation of the platform rotation for steering an unstable vehicle can be approached
in several ways. Using the MPU650, we measure acceleration and angular velocity in three
axes. Therefore, we can use only the accelerometer data to calculate the angle.

θaccel = − arcsin
gx
g

(4.53)

ϕaccel =
π

2
− arccos

gy
g cos θaccel

(4.54)

The advantage of using only the accelerometer to calculate the rotation is long-term
temporal stability, since we use the acceleration direction (in steady state only gravita-
tional) written in the accelerometer axes for the calculation. The disadvantage of this
method is that the calculated roll value has a lot of noise, basically we do not compensate
for the forward acceleration of the vehicle and poor impact readings.

Tilt just from Gyroscope

Another way to obtain the tilt platform is to integrate the angular velocity obtained again
from the MPU6050 (Eq.4.55). However, we assume that in steady state the mean value
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read from the gyro is zero.

ΦGyro =

∫
ωgyrodt (4.55)

Due to temperature changes, unstable force effects and noise, the gyroscope has an
offset, which we denote as σ. The gyroscope then generates a drift error that increases
with time, which can be described as (Eq. 4.56).

ΦGyro =

∫
(ωgyro+σ)dt (4.56)

The advantage of using only the gyroscope to calculate the platform roll of an unsta-
ble vehicle is its insensitivity to vibration (this is based on the fundamental amplitude-
frequency characteristic of the integrator and the fact that noise appears as high fre-
quency). However, a major drawback is the aforementioned offset, which even if we
calibrate the program at the beginning, after a while the offset value either changes or
even the calibration itself is not perfect and after a while the tilt value integrates beyond
unacceptable limits.

Complementar filter

A complementary filter was then implemented, combining data from the gyroscope and
the accelerometer.

Φ̂acc = arctan
Accelz
Accelx

(4.57)

Θ̂acc = arcsinAccely (4.58)

Θ̇gyr = cos Φ̂ ·Gyroz − sin Φ̂ ·Gyrox (4.59)

Φ̇gyr = [(cos Φ̂ ·Gyrox − sin Φ̂ ·Gyroz) tan Θ̂] +Gyroy (4.60)

Θ̂n+1 = [Θ̂n + Θ̇gyr · Ts] · (1− α) + Θ̂ · α (4.61)

Φ̂n+1 = [Φ̂n + Φ̇gyr · Ts] · (1− α) + Φ̂ · α (4.62)

Kalman filter on IMU

A part of the implementation was based on the work presented in [36], which focused
on the development of a low-cost IMU using sensor fusion for attitude estimation. The
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Kalman filter algorithm described in the article was replicated and adapted for use in this
project.

Figure 4.29: Attitude angle relation of the accelerometer in coordinate [36]

The Kalman filter is optimal if process noise and measurement noise can be modeled
by white Gaussian noise. As already mentioned, the relationship between tilt and angular
velocity is via the derivative. We can use the actual tilt ∂ to develop the equation of state
and the measurement equation.[

∂̇

ḃ

]
=

[
0 −1
0 0

] [
∂
b

]
+

[
1
0

]
ωgyro +

[
σgyro
0

]
(4.63)

∂accel =
[
1 0

] [∂
b

]
+ σaccel (4.64)

where ωgyro is the angular velocity with bias, ∂accel is the angle calculated from the
accelerometer. σgyro is the noise from the gyro measurement, σaccel is the noise from the
accelerometer measurement, and b is the drift error of the gyro. Ts is the sampling period.
We then convert the equation of state into a discrete system.

X(k|k− 1) = AX(k− 1|k− 1) +BU(k) (4.65)

Where A is the transition matrix A =

[
1 Ts
0 1

]
, B is System control matrix B =

[
Ts
0

]
X(k|k − 1) is the state of the system at time k estimated from states k-1. U(k) is

the exogenous control input at time k. P (k|k − 1) is the covariance of the error estimate
X(k|k − 1)
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P(k|k− 1) = AP(k− 1|k− 1)AT +Q (4.66)

Where Q is the covariance matrix of the system process noise Q =

[
qaccel 0
0 qgyro

]
,

where qaccel is the accelerometer variance and qgyro is the gyroscope variance. AT is the
transpose of the matrix A.

We obtain the optimal estimate of X(k|k) in state k by using.

X(k|k) = X(k|k− 1) + kg(k) · (Z(k)−HK(k|k− 1)) (4.67)

Where H is observation matrix, H =
[
1 0

]
. kg is the Kalman gain derived from mini-

mizing the covariance of the posterior error by

kg = P(k|k− 1)HT/(H ·P(k|k− 1)HT +R) (4.68)

Where R is the covariance matrix of the accelerometer measurement noise. In order to
update the Kalman filter, we need to update the covariance equation using

P(k|k) = (I− kg(k) ·H)P(k|k− 1) (4.69)

Where I is the unit matrix I =

[
1
1

]

Tilt calculation comparison Acc, Gyr, Kalman

On the Fig. 4.30 we can see the comparison of the MPU6050 sensor rotation calculation
calculated only from accelerometer values using the equation (Eq. 4.53), only integrating
the gyroscope value (Eq. 4.55) and applying the Kalman filter. The measurement was
run for approximately 20s and we can see that the steady state tilt value calculated by
gyroscope integration is different from the value obtained from the accelerometer and
Kalman filter. Thus, we can say that when using the Kalman filter or the accelerometer,
we do not care about the initial rotation of the platform. At the same time, we can see
that the Kalman filter behaves the same as the value calculated from the gyroscope in
terms of dynamics and effectively filters out the accelerometer noise.

On the Fig. 4.31 we can see the long-term measurement that was run for 20min to
verify the temporal stability of the tilt calculation. For this measurement, the measure-
ment unit was left at rest without any external influence. The gyro offset was calibrated
to zero before the measurement started. As can be seen, the angle calculated from the
gyroscope alone drifted by approximately 1rad after 20min of measurement, while the
angle calculated from the accelerometer and Kalman filter remained stationary for a long
time. With this measurement, we verified that using only the gyroscope to calculate plat-
form rotation is indeed possible, but only for short-term applications. Thus, the Kalman
filter was used in a real device to obtain the platform rotation values.
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4.4 ARCHITECTURE OF THE ENTIRE SYSTEM

Figure 4.30: Angle of pitch

Figure 4.31: Pitch drift
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4.5 DESIGN AND MANUFACTURE OF THE CONTROL UNIT

4.5 Design and manufacture of the control unit

When selecting a microcontroller for the new control unit, it was necessary to pay attention
to the fact that the microcontroller was powerful enough, had enough peripherals, and it
was possible to generate code from the Simulink environment. The selection of a suitable
microcontroller has already been part of Richter’s thesis [6] and thanks to the availability
of the chip itself in the mechatronics laboratory, it was possible to test the functionality
directly.

The new controller is therefore based on the Nucleo-F746ZG (Fig. 4.32) and the
procedure for working with this controller when generating code from Simulink is suitably
described on the MathWorks website [37],[38]. In short, we set up in Simulink which chip
we will work with, then in STM32CubeMX we set up the necessary pins and peripherals
to use and then we can work in Simulink in the usual way.

To connect the new control unit to the vehicle, a very simple interconnect PCB was
created that only had connectors on it, so it was just a matter of connecting the sensors
and control signals to the control unit.

During the development of the control software, individual function blocks were tested
using both SIL (Software In the Loop) and PIL (Processor In the Loop) . These tests were
used to test that the generated C code achieved the required accuracy and also that the
control unit itself would be able to achieve the required results in ”real” time. The SIL
and PIL testing process itself was very straightforward, as it is again well documented
on the MathWorks website [39], and all of the results were satisfactory, with the only
differences between simulation and SIL/PIL testing being in the accuracy of the last bits
of our chosen data type. We could therefore declare that the microcontroller would be
suitable for driving the vehicle itself.

Figure 4.32: New control unit - Nucleo-F746ZG [40]
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4.6 HARDWARE IN THE LOOP TESTING

4.6 Hardware In the Loop testing

Hardware In the Loop is an important part of the development of mechatronic devices
within Model Based Design. It involves testing an already developed controller on the
simulated behaviour of a dynamic system, in our case an unstable vehicle. The advantage
of testing the controller on a simulated environment is the repeatability of the experiments.

Figure 4.33: Block diagram of HIL implementation in dSPACE

In the previous part of this thesis, we have created a mathematical model of an unsta-
ble vehicle and verified its behaviour with a comparison to a real system. Thus, for HIL
testing we will use the model created by the black-box method, since we obtained satis-
factory results for it. Another reason for not using the unstable vehicle model modeled
in Simscape, even though it achieved equally satisfactory results as the black-box model
and also has a better visualization of the actual system behavior, is computational com-
plexity. This is because the Simscape model consists of a system of differential algebraic
equations, which are more computationally intensive than a system of linear differential
equations. For use in HIL testing, our primary concern is also that the system runs in
real time and the controller itself does not recognize that it is a simulation.

In different articles, HIL testing means different things. Some include only the envi-
ronment in the simulation, sometimes known as mHIL (Mechanics hardware in the loop),
others include sensors, mechanics of the environment, with the power adaptation and ac-
tuators being real, sometimes known as pHIL (power hardware in the loop). Other terms
are sHIL (signal hardware in the loop), cHIL (controller hardware in the loop) and others
[41],[42], [43]. In our case, we will deal with testing, which is most commonly referred to
as sHIL. The (Fig. 4.33) shows what all will be implemented in the simulation. All the
power component will be simulated, so for our purposes there will be no need to create
artificial loads, either mechanical or electrical, and testing will remain at the signal level
only.

59



4.6 HARDWARE IN THE LOOP TESTING

Conversion of position signal to encoder pulses

For HIL testing the HEDM5500 encoder (Fig.4.34), we needed to know the motor gear
ratio (1:9) and the encoder resolution (1000 pulses per revolution). The output of the
simulation is in radians. Emulating the encoder was done in the following steps.
•Convert radians to revolutions
•Conversion via gear ratio to tick count
•Shift one signal by a quarter phase
•Compare against half

Figure 4.34: Emulation of an encoder signal

Implementation of an I2C Bridge for IMU Simulation

During the HIL testing of the control unit for the self-balancing vehicle, it was necessary
to simulate the behavior of an inertial measurement unit (IMU), specifically one that
communicates via the I2C protocol. However, the SCALEXIO system from dSPACE,
available in the laboratory, does not natively support I2C communication. The official
solutions offered by dSPACE, such as the SCALEXIO Serial Interface Solution [44] or the
XSG SPI/I2C FPGA library [45], are associated with significant additional costs.

To overcome this limitation, several potential approaches were considered:

• Emulating the I2C protocol directly in the simulation via a state machine.

• Implementing I2C communication in an FPGA using VHDL.

• Replacing the I2C-based IMU with another sensor using a supported communication
interface.

• Developing an external I2C bridge using a secondary microcontroller.

The most practical and cost-effective solution was to implement a standalone micro-
controller that acts as a communication bridge between the dSPACE system and the
control unit, shown at Fig. 4.35. This microcontroller emulates the IMU device and com-
municates with the control unit using the I2C protocol, while receiving simulated sensor
data from dSPACE via a compatible interface (ADC).

The bridge is configured to respond to the same I2C address as the real MPU-6050
sensor. Data transmission is handled in burst read mode Fig.(4.37), which allows the con-
trol unit to access all required values—three-axis acceleration, three-axis angular velocity,
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4.6 HARDWARE IN THE LOOP TESTING

Figure 4.35: I2C bridge between ECU and dSPACE

and internal temperature—in a single, efficient transaction compared to Single-Byte read
sequence (Fig. 4.36). This approach preserves the original communication structure and
minimizes modifications to the control firmware. Abbreviations in Fig.4.36 and Fig.4.37
are described in Tab. 4.2

Figure 4.36: Single-Byte read sequence

Figure 4.37: Burst read sequence

Signal Description
S Start Condition: SDA goes from high to low while SCL is high
AD Slave I2C address
W Write bit (0)
R Read bit (1)

ACK Acknowledge: SDA line is low while the SCL line is high at the 9th clock cycle
NACK Not-Acknowledge: SDA line stays high at the 9th clock cycle
RA MPU-60X0 internal register address

DATA Transmit or received data
P Stop condition: SDA going from low to high while SCL is high

Table 4.2: I2C Signal Descriptions

Tilt to acceleration conversion

The final thesis of Štěpánek [1] showed that neglecting the effect of forward acceleration
on the calculation of the rotational base commits only a minimal error. Therefore, to
obtain the x-axis and y-axis acceleration values emulated by the MPU6050, we use only
the value of the tilt. Calculation of the static acceleration value.

ax = g sinφ (4.70)

ay = −g cosφ (4.71)
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4.7 Real vehicle testing

As we can see from the graph 4.38 the HIL simulation faithfully represents the dynamic
behavior of the real system and can therefore be used to test different driving scenarios.

Figure 4.38: Comparison between HIL simulation and real system response

The control unit for the unstable balancing vehicle was programmed (debugged) based
on HIL simulation. The real system subsequently behaved almost identically to the sim-
ulated system, and therefore its response was predictable.

Driverless vehicle operation:

As far as the driverless vehicle behavior is concerned, all predetermined requirements were
met. In steady state and without external forces, the vehicle balances in place without
drifting away. When an external force is applied, the vehicle moves in the direction of the
applied force but still maintains an upright position. In accomplishing this goal, there
was no need to iterate the process many times as the system parameters do not change
with the passage of time and, most importantly, there is no human factor as a feel for the
controller’s hardness.

Operating a vehicle with a rider

All the requirements for the rider control system have been met. The tuning of the rider
stabilization controller cannot be so easily set and unsimulated as there is another factor
and that is how the user feels when riding. During this process, several types of controllers
with different parameters were tested. If the controller is too soft, it may feel to the user
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4.7 REAL VEHICLE TESTING

as if it is ”floating” on the vehicle; however, a too hard controller was also not comfortable
for most. The goal was to find a ”universal” controller that would be robust enough to
accommodate a vehicle with riders of different parameters (height, weight). In the end,
SMC was used to try to get the system to behave like a first-order system at the output.
At the same time, it is robust enough to disturbances and to model imperfections. The
rider parameters are not identified and the same controller is used for both the stabilized
with rider and the stabilized without rider.
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5 Conclusion

The aim of this master’s thesis was to design, implement, and verify a control system for
an unstable self-balancing vehicle using the Model-Based Design (MBD) methodology.
The entire development process – from evaluating the current condition of the vehicle,
through modeling, simulation, and control design, to hardware implementation and real-
world testing – was successfully completed in accordance with the V-model development
structure.

Three modeling approaches were applied – white-box, grey-box, and black-box – to
better understand the vehicle’s dynamic behavior and to build an accurate simulation
model. A physical model was developed in Simscape Multibody. Black-box identification
was implemented in the form of a state-space model. Its dynamic behaviour was compared
with the behaviour of the model created in the Simscape Multibody environment. Both
approaches provided comparable results and faithfully represented the real system. The
main advantage of the Simscape model was the possibility of 3D visualization of the
system motions, but its disadvantage was its significant computational complexity. For
this reason, the black-box model was preferred in the rest of the work.

Several control strategies were evaluated, including PID, Sliding Mode Control, Lin-
ear Quadratic Regulator, and Model Predictive Control. Each algorithm was validated
in simulation, and all were capable of stabilizing the vehicle under ideal linear conditions.
Based on robustness and ride comfort, the SMC algorithm was selected for real-world
implementation due to its exponential convergence behavior and resilience to system un-
certainties.

Based on the Gramian analysis, it was verified that the system is observable using
sensors already installed on the unstable vehicle. Measuring the wheel speed and the
angular velocity of the rotation of the stationary platform was found to be the most suit-
able to ensure observability. The existing sensors and actuators were thus fully sufficient
for the purpose and did not need to be replaced. A state observer (Kalman filter) was
designed to estimate internal system states using only measurable signals. The observer’s
performance was validated in simulation, showing accurate state reconstruction even in
the presence of noise and disturbances.

The orientation of the MPU6050 sensor mounted on an unstable vehicle was deter-
mined in order to correctly assess the tilt of the platform. It turned out that the IMU
rotates almost exclusively around the Z-axis, and thus neglecting to recalculate accu-
rately does not cause a significant error. Subsequently, different methods of calculating
the roll were presented - based on accelerometer data, gyroscope data and a combination
of both using a Kalman filter. The tilt calculation from the accelerometer showed long-
term stability, but was highly sensitive to noise and vibration. In contrast, the gyroscope,
although accurate after initial calibration, generated cumulative error beyond acceptable
limits during long-term operation. The Kalman filter combined the advantages of both
approaches - providing long-term stability of the calculation while being robust to vibra-
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tion. Therefore, it was ultimately chosen as the method for determining roll on an actual
vehicle.

To ensure operational safety, dedicated algorithms were implemented to monitor max-
imum speed, battery voltage, tilt angles, and other critical conditions. As part of this
work, the original lead-acid batteries were replaced with lithium-ion batteries. The main
reasons for this replacement were easier handling during battery removal and charging,
as well as the better suitability of Li-Ion technology for the regular cyclic operation re-
quired in the application. A new control unit was developed with sufficient computational
performance and support for automatic code generation from Simulink. Due to the lack
of an I2C peripheral on the dSPACE platform used in the mechatronics laboratory, a
secondary microcontroller was designed and programmed to serve as a communication
bridge between the dSPACE and the controller. This microcontroller was responsible for
reading analogue signals from the dSPACE and converting them into I2C communication
towards the control unit. In this way, the problem of missing peripherals was solved
efficiently, simply, and at low cost. The system’s functionality was validated through
Hardware-in-the-Loop (HIL) testing using the dSPACE platform, significantly reducing
the risk associated with testing on real hardware.

The thesis demonstrates the practical benefits of applying Model-Based Design to the
development of complex, safety-critical mechatronic systems. The structured use of the
V-model and continuous validation at each development stage contributed to the creation
of a robust and adaptable solution, laying the foundation for future upgrades of the vehicle
and serving as a reference methodology for similar engineering projects.
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Štěpánek . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 A complete 3D model of the carriage’s final construction from the thesis of
Frantǐsek Zouhar. From [2] . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 Screen display of driving characteristics from Vojtěch Solnicky’s thesis [7] . 12
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