
Self-Balancing Robot for Painting

S
T

U

D
E

N
T  R E P O R T

Martin Michael Lau
Nikolai Lund Christensen

Victor Højriis Olesen

Master’s Thesis - Aalborg University
Department of Materials and Production

Denmark
May 31, 2024





Department of Materials and Production
Aalborg University

Title:
Self-Balancing Robot for Painting

Theme:
Master’s Thesis

Thesis Period:
Spring semester 2024

Thesis Group:
EMSD-4.1

Participants:
Martin Michael Lau
Nikolai Lund Christensen
Victor Højriis Olesen

Supervisors:
Dao Zhou

Page Numbers: 74
Appendix pages 60

Date of Completion:
May 31, 2024





Summary
This thesis concerns the analysis and control of a mobile wheeled inverted pendulum (MWIP), a
dynamic system that exhibits nonlinear and unstable open-loop characteristics. The main objectives of
this research are to develop a dynamic and electrical mathematical model of the MWIP and use it to
design robust control schemes that can control the MWIP under varying load and external conditions.

Motivation

The reason for examining such a system is its possible use case for the local company Turf Tank which
design line marking robots that automatically paints line markings for the sports industry. The company
is facing problems with the its current solution, where it applies two Permanent Magnet Synchronous
Machines (PMSMs) at the front and two caster wheels at the rear. The caster wheels produce
undesirable characteristics and the company wishes to explore the possibility of removing the caster
wheels altogether, while keeping the same painting accuracy and capabilities.

Structure

The thesis is split into four parts: the analysis of a pre-existing prototype and its limitations; the
derivation of the mechanical and electrical models that govern the behaviour of the MWIP; using those
models to design a linear quadratic controller that controls the pitch, yaw, and speed of the MWIP; and
lastly applying the designed controller on the prototype to validate the model and control.

Preliminary Analysis

The preliminary analysis of the pre-existing prototype reveals electrical components that are deficient to
the use case. The microcontroller unit (MCU) is deemed to slow for the LQR controller and more
advanced control strategies, and the I/O capabilities of the existing MCU is insufficient for further
development of the prototype. The Inertial Measurement Unit (IMU) that provides the orientation and
position of the MWIP is deemed to be too noisy due to the mount. Furthermore, the IMU is replaced
with another unit which has a sensor fusion algorithm. The MWIP is powered by two PMSM hub motor
that are driven by an ODrive v3.6 motor driver.

Modelling

The mathematical model includes a three-dimensional dynamic model of the MWIP and is derived
using Lagrangian mechanics. The mechanical model is limited to level and even surfaces, and the
sloshing effect of the paint within the paint tank is not considered. The PMSM motor is modelled in the
rotating reference frame using the Clarke and Park reference frame transformation and field oriented
control (FOC) is applied in order to control the current and the torque of the motor. The motor driver is
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using two three-phase six step inverters which are also modelled to establish its impact on the control of
the motors.

Control

The dynamic model of the mechanics is linearised about the upright standstill position for the design of
the full state feedback LQR control. The controller is applied to the dynamic model of the electrical and
mechanical system to validate it using simulation.

Experiments

Multiple experiments are conducted on the MWIP to investigate the performance of the prototype. The
hall effect sensors fitted to the motors are validated. The FOC loop of the current is validated using both
linear and nonlinear simulation and experiments on the prototype. The motor parameters are found
using optimisation that seeks to minimise the error between the model and tests executed on the
prototype. The control is implemented on a Teensy MCU and tested under repeatable conditions in the
laboratory.
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Nomenclature
Abbreviations

2WMRs Two-wheeled mobile robots

AC Alternating current

ACO Ant colony optimisation

BLDC Brushless DC

CM Centre of mass

DC Direct current

etc Et cetera

FIFA Federation Internationale de Football Association

FOC Field oriented control

GA Genetic algorithm

GPS Global Positioning System

HODOSMC High-order disturbance-observer-based sliding mode control

IAE Integral of absolute error

IMU Inertial measurement unit

LQG Linear quadratic Gaussian

LQR Linear quadratic regulator

LTI Linear time-invariant

MCU Microcontroller unit

MIMO Multiple-input-multiple-output

MPC Model predictive control

MTWIP Mobile two-wheeled inverted pendulum

MWIP Mobile wheeled inverted pendulum

PI Proportional-integral

ix



PID Proportional-integral-derivative

PMSM Permanent magnet synchronous machine

PP Pole pairs

PSO Particle swarm optimisation

PWM Pulse width modulation

RMS Root mean square

SA Simulated annealing

SISO Single-input-single-output

SMC Sliding mode control

SVPWM Space vector pulse width modulation

Constants

g Gravitational acceleration 9:82 m=s2

Symbols

a Yaw angle of the frame

b Pitch angle of the frame

lll abcs( f ) Flux linkage contribution to the Stator flux linkage of the windings from the permanent magnet

lll abcs(s) Flux linkage contribution to the Stator flux linkage of the windings from the stator currents

lll abcs Stator flux linkage of the windings

ttt Joint torques

ṡ Linear velocity of the MWIP system

l f Flux linkage of the permanents magnet

x̃ Error between the reference and the feedback

Ai Three-dimensional rotation matrix for i = f1;2;3g

A System matrix

B Input matrix

C(q; q̇) Coriolis and centripetal vector

C Output matrix

D(q) Inertia matrix



D Direct coupling matrix

ei;max Maximum allowed control signal of each input i = f1; :::;5g

ei;max Maximum allowed deviation of the state i = f1; :::;5g

G(q) Gravity vector

J Inertia tensor

Jc Inertia tensor of the container

JT Inertia tensor of the tank

K Feedback gain matrix

PCMF;local Centre of mass of the frame in the local coordinate system

PCMT;local Centre of mass of the tank in the local coordinate system

PCMW1;local Centre of mass of wheel 1 in the local coordinate system

PCMW2;local Centre of mass of wheel 2 in the local coordinate system

Q Non-conservative externally applied torques

Q Relative importance of the error

q Generalised coordinate vector

R Relative importance of the energy expenditure

Rs Stator resistance

Si Local lengths for i = f1;2;3g

u Input vector

x State vector

y Output vector

m Coulomb friction coefficient

m0 Permeability of air

wc Crossover frequency

we Electrical angular velocity

wr Mechanical angular velocity

Fm Magnetic flux

rp Density of the paint



t Time constant

qe Electrical angle

qr Mechanical angle

A Surface area

B Magnetic field density

b Viscous friction

Bv Viscous friction in wheels

Bm f Magnetic field

CMF Centre of mass of the frame

CMT Centre of mass of the tank

CMW1 Centre of mass of wheel 1

CMW2 Centre of mass of wheel 2

d Depth of the container

dH Width of the Hall element

ei Back emf for winding i = fa;b;cg

F1 Force applied by motor 1

F2 Force applied by motor 2

Gc Current controller

Gp Plant for q-axis current

Gol:c Transfer function of the open loop q-axis current

h Height of the container

IH Current flowing through the Hall element

id d-axis current

iis Stator current for winding i = fa;b;cg

Iq(s) q-axis current in the Laplace domain

JF ;xy Inertia of the frame with respect to xy axes

JW ;xy Inertia of the wheel with respect to xy axes

K Kinetic energy



Ki Integral gain

Kp Proportional gain

KR Rotational translation energy

KT Kinetic translation energy, Torque constant

Kv Kv rating

L Lagrangian

L Length of the pendulum

LP Paint level

Ls Stator inductance

LACMF Distance from the origin to the CM of the frame

LACMT Distance from the origin to the CM of the tank

LACMW Distance from the origin to the CM of the wheel

Ld d-axis inductance

Lii Mutual inductance i = fa;b;cg

Li j Self inductance i = fa;b;cg, j = fa;b;cg where j 6= i

Lls Leakage inductance

Lm Magnetising inductance

Lq q-axis inductance

Ls Stator inductance

M Mass of the cart

m Mass of the pendulum

mF Mass of the frame

mW Mass of the wheel

mc Mass of the container

mp Mass of the paint

MI Modulation index

ncpr Hall effect sensor count-per-revolution

P Potential energy



Pe Electrical power

RH Hall constant

Rs Stator resistance

rw Wheel radii

rdw Distance to the surrounding wire which produce the magnetic field

s Distance travelled

s Laplace operator

T1 Torque delivered by motor at wheel 1

T2 Torque delivered by motor at wheel 2

Te Output torque

Ts Modulation period

Tdi f f Difference torque

Tsum Sum torque

u Input to the system

VH Voltage output of the hall effect sensor

Vi Space voltage vector i = f0;2; :::;7g

vd; f f Feedforward term for the d-axis voltage

vis Stator voltage for winding i = fa;b;cg

Vp Volume of the paint

vq; f f Feedforward term for the q-axis voltage

Vq(s) q-axis voltage in the Laplace domain

w Width of the container

x Horizontal displacement of the cart
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Chapter 1

Introduction

The use of robotics is ever-increasing and becoming more entangled in our everyday life. According to

[1], the forecast for the installation of industrial robots projects growth in the coming years. An area

that is widely used in the industry is �eld robotics. This �eld of robotics is de�ned as robots intended

for outdoor applications, often operating in unstructured or semistructured environments that can

change over time [2].

The machines are used in a multitude of areas including: unmanned aerial vehicles for surveillance and

package delivery [3, 4], surgery [5], building and construction [6, 7], mining [8, 9], space exploration

[10], forestry [11], agriculture [12, 13], and autonomous driving of automobiles and trucks [14, 15]. To

operate a controlled �eld robot either automatically, or remotely, the following three parts are required:

a guidance system which consists of the robot's sensors and computes the reference determining the

position, velocity and acceleration to be used in the motion control; a navigation system that uses the

data collected from the available sensors to determine the state and motion of the robot; and �nally, a

control system, or motion control system, to determine the amount of force or torque required by the

actuators to satisfy the intended control objective [16].

Various automatic guidance systems have been developed to make systems capable of functioning

autonomously with one shown to have an accuracy of less than 12 mm [12, 17]. These systems employ

sensors such as global positioning system (GPS), machine vision, etc. [12]. The affordability of these

technologies has greatly improved, and progress is being made in navigation to provide more precise

data [18]. Such advancements are enabling the expansion of the technology and its application.

[19, 20] suggest to expand the range of application of �eld robotics to sports, which is a relatively new

area with scarce amount of publications compared to the aforementioned areas. In [20], it is proposed

that the robots can perform periodic tasks such as cutting grass and line marking of a football pitch.

These tasks are time-consuming and mostly performed manually by skilful personnel as the football

pitch is required to meet certain standards issued by Federation Internationale de Football Association

(FIFA).

To reduce manual labour companies such as Turf Tank makes line marking robots. Turf Tank's robots

uses GPS to determine the position of the robot and the layout of the pitch. The robots are used for

sports such as football, baseball, tennis, and more. The major components of the robots consist of: two

wheels actuated by two permanent magnet synchronous machines (PMSMs), two castor wheels, a paint

container and nozzle, a battery pack, and a casing.

An example of one of Turf Tank's robots is the Turf Tank Two, which is seen in Figure 1.1. Turf Tank

uses control algorithms to automate the line marking process, minimising the risk of crooked lines as
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Chapter 1. Introduction

well as reducing paint consumption by 50 % as compared to manual line markings according to their

own data [21].

(a) View of Turf Tank Two (b) Side view of Turf Tank Two

Figure 1.1: Pictures of Turf Tank two.

Currently, Turf Tank faces problems with their castor wheels. The castor wheels reduce the normal

force on the traction wheels leading to an increased chance of slip. When slip occurs it increases the

line marking tolerance, especially for substrates with low traction as e.g. clay tennis courts.

Furthermore, as the robot turns, the friction in the ball bearing swivels yields an undesirable impact on

the robots orientation. The castor wheels are also prone to collect dirt and grass which further increases

the friction in the ball bearings which results in increasingly unpredictable behaviour during turning.

To resolve these issues, a new design without caster wheels is proposed as seen in Figure 1.2, which in

addition also reduces the material and production cost of the design. The proposed design is a

two-wheeled self-balancing robot, which falls under the category called mobile wheeled inverted

pendulum (MWIP), also known as mobile two-wheeled inverted pendulum (MTWIP) or two-wheeled

mobile robots (2WMRs) in some literature. A previously constructed prototype is available [22]

limiting this thesis to the modelling and control of said prototype.

Figure 1.2: Sketch of proposed design consisting of two wheels and a rod representing the upper body of the robot.

The robot is an underactuated system as it has three degrees of freedom while only only having two

control inputs from two motors. The paint used by the robot during operation results in a change in

mass, change in centre of mass (CM), and introduces sloshing of the liquid during accelerations. As the
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Chapter 1. Introduction

robot is subject to tight tolerances these dynamics must be considered when creating control schemes.

The study of MWIPs and control thereof originates in 1987 where [23] studied the two-wheeled balance

control technology. Since then, a myriad of MWIPs have been developed with each of them utilising

different control strategies. Earlier published works use linear control strategies such as [24] where a

single-input-single-output (SISO) proportional-integral-derivative (PID) controller is applied by

considering the problem as a 2D case, or as in [25] where multiple SISO-controllers are applied for a

3D case. However, due to the complexity of the system and uncertainties the majority of recent

publications proposes more complex control structures such as linear quadratic Gaussian (LQG) control

[26], fuzzy logic control [27], high-order disturbance-observer-based sliding mode control

(HODOSMC) [28], adaptive super-twisting control [29], model predictive control (MPC) [30], adaptive

fuzzy logic proportional-integral control [31]. To get an overview of the various control methods related

to MWIPs, [32] suggests to divide methods into four distinct categories:

1. Linear control methods:

Firstly, the dynamics of the system are derived mainly based on either Lagrange method or

Newton-Euler method [32]. Secondly, the dynamics are linearised around a linearisation point to

obtain the approximated linear model. Finally, using the approximated linear model, linear

controllers are derived and applied to control the system, for example linear quadratic regulator

(LQR), feedback linearisation control, etc.

2. Robust control methods:

Robust control is widely used for MWIP systems due to model uncertainties, varying work

conditions, external disturbances, characteristics of underactuated robot, and the nonlinear

instability. Similar to the linear control method, �rstly the dynamics of the system are derived

mainly based on either Lagrange method or Newton-Euler method. Thereafter, methods such as

H2, H¥ , LQG, sliding mode control (SMC) can be applied to realise robust control.

3. Intelligent control methods:

An intelligent control system is able to adapt to the changes in its environment by evaluating it.

Based on the evaluation the control system alternates the controller to improve its characteristics

accordingly [33]. These methods include adaptive control, fuzzy logic, neural network amongst

others. Occasionally, a combination of intelligent techniques are utilised, for example fuzzy

adaptive controller, fuzzy neural network controller, etc. [32].

4. Combination of intelligent control and optimisation algorithms:

Typically, the intelligent control methods have a number of parameters, which the control

performance depends on. Thus, it is not uncommon that the intelligent control is combined with

optimisation algorithms which are responsible for optimising the control parameters to achieve

optimal control. Examples of optimisation algorithms include particle swarm optimisation (PSO),

genetic algorithm (GA), ant colony optimisation (ACO), and simulated annealing (SA).

The initial phase of analysis involves an examination of a prefabricated prototype used for initial testing

of the feasibility of the solution. Thereafter, the prototype is to be modelled and control strategies

suggested to ensure the desired capabilities.
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Chapter 2

Problem Statement
This thesis is carried out in order to investigate the feasibility of an MWIP solution to automatic �eld

line marking. This is done by investigating an MWIP prototype and applying linear control schemes to

establish the applicability of the solution.

This leads to the following problem statement:

How can a prototype of a mobile wheeled inverted pendulum with varying payload be

modelled and controlled to be self-balancing?

Key Objectives

The key objective of the thesis is as follows:

• Analyse existing prototype with the aim of improving upon it.

• Establish requirements for further development of the prototype.

• Development of system model.

– Mechanical model of MWIP.

– Electrical model of motors.

– Veri�cation of models.

• Establishment of linear controller.

• Evaluation and comparison of controllers in real world applications.

Evaluation Criteria

The controllers are evaluated based on the performance of the existing prototype's control and

compared to each new developed controller. This is done by following a predetermined trajectory, both

on the nonlinear model and the prototype, and evaluating the difference between the desired and actual

trajectory. Speci�cally the root mean square (RMS) tracking error, the Integral of Absolute Error (IAE)

and the peak tracking error are evaluated. The RMS error quanti�es the average tracking error over

time, while the IAE further penalises large and sustained errors. The peak tracking error de�nes the

overall tolerance of the line tracking. Furthermore the controllers are tested under disturbance

conditions seen in real world applications like grass substrate and slopes.

Delimitations

• Fitting the painting nozzle to the robot is out of scope.

• Implementation of GPS feedback
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Chapter 3

Design of Prototype

In this chapter, the previous prototype is analysed to achieve an understanding of the system in order to

build upon the pre-existing design. Subsequently, the solutions to the encountered problems with the

existing design of the prototype and modi�cations are described. Lastly, the system requirements and

the �nal prototype are presented.

3.1 Original Prototype

In this section, the initial prototype developed by [22] is presented and analysed in order to achieve an

understanding of the solution, and gain knowledge for further development of the prototype. The

original prototype without castor wheels is seen in Figure 3.1.

(a) Front view with paint tank (b) Back view without paint tank

Figure 3.1: The constructed prototype viewed from the front and back.

The frame consists of joint aluminium extrusions held in place by angle brackets. The paint tank is

�tted between the aluminium extrusions and held in place by a set of 3D printed supports, the two upper

supports have broken and are therefore not available in this thesis.

The primary electrical components of the prototype and their purpose are listed in the following:

• Power source

The power source is a lithium ion battery [34] consisting of 14 ICR18650 batteries with a total
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Chapter 3. Design of Prototype

nominal voltage of 25:9 V and a capacity of 4 Ah. The battery is mounted at the top of the

prototype using two black 3D printed parts and zip ties.

• Inertial measurement unit

The prototype features a GY-91 [35] inertial measurement unit (IMU). The IMU provides a three

axis gyroscope, three axis accelerometer, three axis magnetometer, and a barometer. The IMU is

used to determine the orientation, velocity and acceleration of the prototype. The IMU receives

5 V through a buck converter, and draws 4 mA. The IMU is seen mounted at the bottom of the

frame on a perfboard along with the other electrical components.

• Microcontroller unit

The microcontroller unit (MCU) is an Arduino Nano [36] with a clock speed of 16 MHz and one

serial communication port. The MCU is responsible for receiving and interpreting signals

received by the IMU and the motor driver. It is powered with 5 V through the buck converter and

draws 19 mA. The MCU is also �tted to the perfboard.

• Buck converter

To convert the 25:9 V output of the battery to the 5 V needed for the MCU and IMU, a DC-DC 5 A

buck converter [37] is implemented. The buck converter has a maximum output power of 75 W

with a maximum conversion ef�ciency of 96%. The buck converter is also �tted to the perfboard.

• Joystick module

A joystick module [38] is included for analogue and digital control of the prototype. The joystick

module features a two-axis thumb joystick, six buttons, and a switch. The module is not seen in

the �gures, as it is used to control the prototype.

• Motor driver

The ODrive v3.6 [39] is chosen as the motor driver as it is compatible with the Arduino and can

operate two brushless direct current (BLDC) motors at a maximum of 120 A per motor. The

motor driver can receive an input voltage between 12 V and 56 V. The motor driver is seen �tted

above the paint tank.

• BLDC hub motors

The robot is actuated by two three-phase BLDC motors [40], the motors are controlled through

the ODrive that receives signals from the Arduino Nano. The BLDC motors are taken from a

DENVER HBO-6620 Hoverboard [41]. The tires are 168 cm in diameter, and the motor is �tted

with an incremental encoder, with a resolution of 90 counts per revolution. The power at

maximum torque is 477 W where it draws a current of 13:22 A.

3.1.1 Previous Approach for Modelling the System

Here, the approach by [22] for the model of the system is outlined to gain an understanding of their

model and how it is used for the control design.

The mechanical model of the robot is simpli�ed to an inverted pendulum on a cart in the planar case

with a single input as seen in Figure 3.2.
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Chapter 3. Design of Prototype

Figure 3.2: Inverted pendulum on a cart (b: viscous friction,F: external force as the system's inputu, g: gravitational

acceleration,L: length of the pendulum,m: mass of the pendulum,M: mass of the cart,b : pitch angle).

The pendulum represents the frame of the robot and is assumed to have an evenly distributed mass. The

system has two degrees of freedom; the pitch angle of the pendulumb, and horizontal displacement of

the cartx. u is the input to the system in the form of a forceF.

State space representation is used to describe the linear time-invariant (LTI) system. Here, the LTI

system is a set ofn �rst-order differential equations which is written in matrix/vector form as given in

(3.1).

�x = Ax + Bu (3.1a)

y = Cx+ Du (3.1b)

x is the state vector that contains then number of state variables. The order of the system is determined

by the dimension of the state vector.u andy are the input- and output vector of the system.A, B, C, and

D are the system matrix, the input matrix, the output matrix, and the direct coupling matrix.

Through a dynamic analysis of the system found in Appendix A, the state space model of the system is

given by (3.2).

d
dt

2

6
6
6
6
4

x

�x

b
�b

3

7
7
7
7
5

=

2

6
6
6
6
4

0 1 0 0

0 � (I+ mL2)b
I (m+ M)+ MmL2

m2gL2

I (m+ M)+ MmL2 0

0 0 0 1

0 � mLb
I(m+ M)+ MmL2

� bmgL(m+ M)
I(m+ M)+ MmL2 0

3

7
7
7
7
5

2

6
6
6
6
4

x

�x

b
�b

3

7
7
7
7
5

+

2

6
6
6
6
4

0
I+ mL2

I (m+ M)+ Mm2

0
mL

I(m+ M)+ Mm2

3

7
7
7
7
5

u (3.2a)

y =

"
1 0 0 0

0 0 1 0

#

2

6
6
6
6
4

x

�x

b
�b

3

7
7
7
7
5

(3.2b)

Instead of making use of the state space model to derive a transfer function, the previous group realised

their model through Matlab Simulink using the Simscape package.
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The two BLDC motors' stator voltage is modelled by an equivalent inductance-resistance circuit by

neglecting the back emf.

The control system is a three-layer cascade control, controlling the pitch angle of the robot. The inner

loop controls the motor current using a PI controller tuned by the ODrive to have a bandwidth of

100 rad=s based on ODrive's recommendations. The middle loop controls the two BLDC motor's speed

using a proportional-integral (PI) controller tuned based on the same recommendations. The outer loop

controls the pitch angle of the robot using a PID controller.

A Simulink tool is used to create a transfer function of the two inner loops. Matlab's SISO tool is

applied to tune the pitch angle PID controller and ensure a stable response based on the determined

transfer function.

3.1.2 Experiments and Model Testing

Initially, the pitch angle PID controller for the system is tested. It does not yield a desirable results as

the system becomes unstable during testing. Furthermore, the model of the two inner loops cannot be

validated.

To accommodate the issue, a new controller is proposed which is tuned based on an iterative approach

and yields a system that is stable with an empty, half full, and full paint bucket. Additionally, a Kalman

Filter is applied to �lter the sensor noise from the gyroscope readings.

Using the new controller seven experiments with the robot are conducted. Three different surfaces are

used in these experiments: a �at surface inside, a grass surface, and a tilted surface of 6� inside. Only

the �rst and last of them are recorded as the grass surface is deemed too uneven and the low clearance

between the frame and the ground resulted in the robot getting stuck, thus only the recorded cases are

included. For these surfaces the following experiments are conducted, and the results are estimated

based on the data given in [22]:

• On a �at surface indoors:

– Self-balancing tests:

Make the robot balance itself:

* With empty tank, the pitch angle oscillates between to� 0:17� and 0:15�

* With half full tank, the pitch angle oscillates between� 0:35� and 0:41�

* With full tank, the pitch angle oscillates between� 0:27� and 0:26�

– Applying a step input of 1:33� pitch angle with varying levels of liquid:

* With empty tank

· Overshoot:2:04� 1:33
1:33 � 100= 53:4 %

· Steady state error:1:48� 1:33
1:33 � 100= 11:3 %

· Rise time: 0:154 s

* With half full tank

· Overshoot:2:15� 1:33
1:33 � 100= 61:7 %

10
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· Steady state error:1:47� 1:33
1:33 � 100= 10:5 %

· Rise time: 0:170 s

* With full tank

· Overshoot:2:13� 1:33
1:33 � 100= 60:2 %

· Steady state error:1:49� 1:33
1:33 � 100= 12:0 %

· Rise time: 0:158 s

• On a tilted surface of 6� indoors:

– Self-balancing tests:

Make the robot balance itself:

* With an empty tank

· The robot's angle is shown to oscillate between 1:11� and 1:60� , meaning a

peak-to-peak value of 0:49�

During the experiments, a number of critical problems are encountered, which are mentioned in the

following:

• Inadequate model

The previous group deemed their model inadequate as it is not validated from the experiments.

The previous group suggests that this could be due to the lack of introducing the dynamics of the

�lter in the system.

• IMU is not �xated properly

As the IMU is movable, it can potentially cause excess noise in the feedback.

• Ground clearance

It experiences issues with uneven surfaces as the ground clearance is low and as a result the frame

can collide with the ground.

• Inadequate MCU

The MCU is no longer able to receive or transmit data, and will therefore need to be substituted.

The previous group presumes that the MCU lacks processing power. Additionally, it is not

possible to implement feedback from the controller and the wireless communication as it does not

have a suf�cient number of serial ports.

• Breakage of the existing supports for the paint bucket

Some of the supports for the paint bucket are broken and will have to be replaced.

3.2 New Prototype

Based on the experiences of the previous group, it is chosen to modify the prototype to avoid similar

issues and improve the design. The modi�ed prototype with the paint tank is seen in Figure 3.3.
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(a) Side view without paint tank. (b) Front view without paint tank.

Figure 3.3: The modi�ed prototype viewed from the front and side.

3.2.1 Solutions to Identi�ed Problems

To resolve the critical problems the following solutions are chosen:

• Secure the IMU to the frame to moderate the noise.

• Mount the wheels on the lower side of the frame in order to increase the ground clearance

resulting in a higher centre of mass.

• Implementation of a new MCU, with increased clock speeds and additional serial communication

ports.

• New supports for paint bucket due to breakage of the existing supports.

Inertial Measurement Unit

The IMU is upgraded to a BNO055 Intelligent 9-axis absolute orientation sensor [42]. The switch from

the GY-91 to BNO055 is made as a spare BNO055 is available at no additional costs.

The accuracy of the two sensors are comparable with the primary difference being software

implementation.

The BNO055 offers an integrated sensor fusion algorithm which calibrates the gyroscope,

accelerometer, and magnetometer. After this calibration, the BNO055 calculates the absolute

orientation of the IMU based on a fusion of the three sensors' output when it is set in the default mode.

The fusion of signals is done by the BNO055's onboard MCU and thereby allows for faster code

integration compared to the GY-91 where the signals needs to be fused manually on an external MCU.

The signals are fused in order to obtain outputs with greater reliability, as they are less prone to sensor

reading outliers and external factors. The working principle of the IMU and a description of why the

signals are fused is described in Appendix B.
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