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Chapter 1

Introduction

Nowadays, mobile robotic systems are widely used to manage warehouses and
to support production lines in factories around the world. Robots often operate in
well-known environments specifically prepared for their operation, e.g., mobile robots
on flat concrete floors in warehouses. In order to perform agile movements on flat
ground, it is common to use omnidirectional wheels as the main drive system for UGV
platforms [KSBT+17].

The Hemispherical Omnidirectional Gimballed (HOG) wheel from 1938 [mec38],
called also “Singularity Drive System”, has been a topic of research in robotics appli-
cations in the past few years [Ack, Ryb13, Jon14, Jon17, Boc19]. In theory, the use of
constantly rotating hemispheres, each with a variable orientation, enables motion with
high acceleration in any chosen direction. Additionally, massive hemispheres with
high inertia can act as a kinetic energy bank for the platform, allowing the use of less
powerful motors without compromising the robot’s agility.

A similar type of propulsion can be observed in power troweling machines, which
are widely used in the finishing of concrete surfaces. This branch of the industry has
already been robotized, and examples of such robots are presented in Figure 1.1. In
contrast, the HOG drive relies on a single point of contact with the ground, which has
the advantage of allowing a relatively simple mathematical description of the system.
Nevertheless, sufficiently large hemispheres should also operate reliably in muddy and
sandy environments, similarly to trowelling machines.

The goal of this thesis is to modernize the existing mechanical design of a two HOG
wheel mobile robot, develop a hardware platform that enables the implementation
of advanced control algorithms for such a robot, and conduct a qualitative analysis
of the performance of selected control algorithms that had previously been tested
in simulation environments only. The content of this work is organized as follows.
Chapter 2 contains a description of the robot, including mechanical modifications, and
custom controller module. The description of the tested algorithms are presented in
Chapter 3. Chapter 4 presents the results of the conducted experiments along with
detailed conclusions. Chapter 5 contains a summary and the key conclusions drawn
from working with the HOG drive technology.
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(a) DERUTU robot (2024) [DER, ifd]

(b) ROBOBLOCK robots (2022) [ROBa]

Figure 1.1: Autonomous concrete troweling robots



Chapter 2

Platform Description

Robots with two HOG wheels are not widely available. For the purposes of this work,
the Hogger2 robot (shown in Figure 2.1) originally designed and elaborated as a part of
the thesis [Gór17] was expanded and redesigned. This chapter includes the description
of the dedicated electronic controller module, the developed software, the mechanical
modifications and solutions of other issues identified during the development.

A HOG wheel, shown in Figure 2.2, it a type of drive system that allows movement in
any direction using constantly spinning hemisphere, or part of it. In perfect conditions,
hemisphere touches the ground in exactly one contact point P. By tilting the axis of
rotation from the vertical position by small amount α, one can directly control the point
of contact with the ground, effectively creating a wheel with variable radius r, angular
velocityω, and heading (not shown in Figure).

In the Hogger2 robot two HOG wheels are applied with an additional one passive
Caster wheel that acts as a third support point. Assuming that the robot moves on
a plane, it’s actual pose can be described using the coordinates x and y of the selected
HOG wheel contact point and the orientation of the robot body. To obtain a complete
robotic platform, it was necessary to equip the robot with perception and control
systems.

2.1 Requirements, Decisions and Assumptions
Integrated controller circuit acts as central decision unit mounted on the robot

body. First version of the hardware design was developed by the author as part of the
“Intermediate Project” course and described in reports [Moż24, Moż25]. Electronics
circuits design for the Hogger2 robot is shown in Figure 2.3. The design consist of
main microcontroller control unit, actuators for two HOG wheels, sensors needed for
environment perception, and additional microcontroller with wireless communication
capabilities. The overall design reduced the number of wires between components
to a useful minimum. Electronics schematic as well as PCB design of the controller
module is attached in Appendix A.

From the control task point of view the robot consists of two BLDC motors, for spin-
ning the hemispheres, and four servomotors, for tilting them. For the sake of simplicity
and robustness, it was decided to incorporate the BLDC motor controllers as a part of
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Figure 2.1: The original Hogger2 robot [Gór17]

the controller module, rather than relying on off-the-shelf solutions. It was assumed
that hemispheres should rotate at relatively high speeds, so a “sensorless” method for
driving BLDC motors was selected [LCA]. This approach enables measurement of the
motor’s actual velocity without the need to install additional encoders on the motor
shaft.

In order to perform advanced trajectory tracking algorithms, information about
current position and velocity of the robot and its joints must be available to the robot
embedded microcontroller in real time. It was decided that the state vector would be
estimated using sensor fusion techniques, without correction from external systems.
A further reduction in wiring was achieved by placing most of the sensors inside the
controller module itself, creating an all-in-one solution. Both the solutions are described
below.

2.2 Mechanical Modifications
In order to conduct experiments with the existing robotic platform, its components

had to be supplemented and modified. Mechanical components added to the robot
are shown in Figure 2.4. The optical sensor was mounted into conical part, shown in
Figure 2.5, to maximize height above ground without limiting the field of view. The
caster wheel, the third support point, was shifted away from the main body of the
robot to achieve a stable construction. The 3S LiPo 2000 mAh battery was placed on the
center wheel at the back to act as a counterweight to the optical sensor cone located at
the front. The controller module casing, shown in Figure 2.6, was mounted on top of
the robot using mainly existing mounting points.

The servo drives originally used in the robot were not capable of precise control of
the gimbal axes. The PWM interface was not capable of sending telemetry containing
the actual position and velocity values of the drives. As a replacement, four Dynamixel
AX-12A [ROBb] servomotors were mounted to drive all gimbal axes. In addition, the
existing damaged BLDC motors were replaced with KAVAN C2830-750 motors [KAV].
The connection between the motor shaft and the hemispherical wheel, shown in Fig-
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Figure 2.2: A HOG wheel tilting principle (cross section)



2. Platform Description 8

6x PWM
3x ADC

6x PWM
3x ADC

UART

UART

power circuits

SPI

SPI

I2C

I2C

PC

WiFi

HOG 1

HOG 2
ADC

magnetometer
HMC5883L

IMU
MPU6050

optical flow
PMW3901

battery
LiPo 3S

source

inverter
BLDC

motor

servo
AX-12A

source
voltage

motor

BLDC servo
AX-12A

servo

servo

AX-12A

AX-12A

Controller Module
Robot

STM32H523
control unit

ESP32C3
wireless unit

voltage

inverter
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Figure 2.4: Supplemented components
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Figure 2.5: Optical flow sensor cone

Figure 2.6: Controller module case
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Figure 2.7: Motor–hemisphere connection

ure 2.7, was redesigned to prevent looseness caused by vibrations. The threaded core
allows for easy replacement of the wheel itself, enabling tests of how the hemisphere
material affects the robot’s operation for future applications. Both thread directions
are opposite to the desired wheel rotation, so the threads cannot unscrew themselves
during normal ground operation. The existing silicone hemispheres were severely
damaged at the point coinciding with the axis of rotation, so they were replaced with
PLA 3D-printed parts. In summary, the mechanical construction is shown in Figure 2.8.

2.3 BLDC Motor Control
Brushless DC (BLDC) motors, due to their high durability, are the standard for

modern robotic structures. Unlike conventional brushed motors, they require dedicated
control algorithms to produce rotary motion. This section describes the sensorless
control method used for the operation of the Hogger2 robot.

2.3.1 Source Voltage Inverters
A BLDC motor can be actuated by applying an alternating voltage pattern, com-

monly called the “six-step” algorithm [LCA] through its phases (U, V ,W) via the source
voltage inverter circuit shown in Figure 2.9. For practical reasons, the design consists
of six separate power switches, arranged into three pairs (half-bridges) of upper (QUH,
QVH,QWH) and lower (QUL,QVL,QWL) transistors. Automotive-grade IPD90N04S4L-
04 N-channel MOSFETs [Inf] were used, along with LM2105D gate drivers [Ins] (not
shown in Figure). Each half-bridge needs to be controlled by a pair of coupled PWM
signals, resulting in a total of 12 control variables for both motors. To meet these
requirements, the STM32H523 [STM] microcontroller was selected as a main control
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Figure 2.8: The Hogger2 robot after modifications
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Figure 2.9: Source voltage inverter
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Figure 2.10: Six-step algorithm with back-EMF zero cross events

unit, as it includes two Advanced Control Timer peripherals dedicated to motor control
applications.

The six-step algorithm, shown in Figure 2.10, considers an ordered sequence of
control permutations T for switches Q. To obtain rotary motion, all steps must be
applied in the sequence T1, T2, . . . , T6, T1, . . . for clockwise rotation, or T6, T5, . . . , T1, T6,
. . . for counterclockwise rotation. Each step, also called a commutation, can configure
each pair QxH and QxL to:

• connect the motor phase to the supply voltage (QxH high, QxL low),

• connect the motor phase to the ground (QxH low, QxL high),

• left the motor phase floating (QxH and QxL low).

Closing the upper and lower switches of the same half-bridge at the same time creates
a short circuit and may damage the transistors. To prevent this situation, an additional
2 µs dead time was configured in the peripheral settings. In each step, one motor
phase is powered, one is connected to ground, and the remaining floating phase is
used to determine the next step through signal conditioning. For smooth control of
the powered phase, 50 kHz center-aligned PWM modulation is applied to the upper
and lower switches. Figure 2.11 presents oscillograms of phase and control signals for
selected angular velocities. The described method aims to obtain a trapezoidal phase
voltage waveform. In practical applications, the minimum angular velocity that the
motor controller can handle is 125 rad

s without load, and 200 rad
s during robot operation.

The maximum velocity is constrained by the motor itself. Empirical tests have shown
that when the PWM duty cycle exceeds 80% with load, the motor begins to overheat
significantly.
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(a) angular velocity 200 rad
s (b) angular velocity 250 rad

s

(c) angular velocity 500 rad
s (d) angular velocity 664 rad

s (80% duty cycle)

Figure 2.11: Oscillogram of QUH (yellow), QUL (blue), and U phase (red)

2.3.2 BEMF Signal Conditioning
Proper motor operation highly depends on the timing of the switching steps in

the six-step algorithm. The rotor of the BLDC motor consists of an even number of
magnets, forming an alternating magnetic field. By performing steps from T1 to T6,
the rotor rotates through an angle called an electrical rotation, defined by one pair of
magnets. To achieve a full 360◦ movement, called a mechanical rotation, the six-step
algorithm must be performed n times (n electrical rotations), where n is the number of
pole pairs in the rotor.

Each step represents 1/6 of an electrical rotation, which equals 60◦. During each step,
one winding coil is left floating, and the rotating magnets of the rotor induce a back
electromotive force (BEMF) in it. Unfortunately, the BEMF voltage level is proportional
to the angular velocity of the rotor, which implies that practical signal conditioning
is only possible above a minimum shaft velocity. According to [LCA], the best motor
performance is achieved by keeping the point where the BEMF voltage crosses the
voltage at the motor’s coil interconnection (point N in Figure 2.9) in offset of 30◦ from
the beginning of each step. This point is called the zero-crossing event (ZC) and its
precise localization is the greatest difficulty during implementation of the algorithm.

The BEMF signal can be observed from the U, V , andW phases by the control unit
using ADC through resistor dividers and small filtering capacitors. The neutral voltage
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Figure 2.12: Controller implementation on the STM32H5

at point N can be calculated as the average of phase voltages

UN =
U+ V +W

3 .

Controller implementation is presented in Figure 2.12. The STM32 ADC peripheral
was synchronized with Advanced Control Timer to perform conversion in the mid-
dle of PWM high period using “Injected Conversion” feature. Then, on each PWM
period, voltage from appropriate floating phase is compared with UN voltage by the
software. To prevent false positive detections, the majority filter described in [LCA]
was implemented. Result of each comparison is stored in the 8-bit variable acting as
a shift register. If the number of positive comparisons (ones) is greater than the prede-
fined threshold kth, then the ZC event occurs roughly 1

2kthTPWM before the conversion
starts. Using this knowledge, it is possible to calculate the time of next commutation in
the sequence.

Unfortunately, under high motor load fluctuations experienced during movement
using hemispheres, additional filtering was needed. In summary, period ti+1 of the
next commutation Ti+1 can be calculated as

tizc = tconv −
1
2kthTPWM

ti+1ideal = 2tizc
ti+1 = αtti+1ideal + (1 − αt)ti

,

where tconv is conversion start time (counted from the beginning of the step Ti), tizc is
ZC event occur time, ti+1ideal is theoretical duration of next commutation, and ti+1 is
duration that is applied in reality. For motors KAVAN 2830 750 KV parameters kth = 4,
αt = 0.05 were found empirically.
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Figure 2.13: Motor controller state machine

Mechanical angular velocity of the motor shaftω can be calculated and filtered by ωzc = 2π nzc

6pTzc
ωi+1 = αωωzc + (1 − αω)ωi

,

whereωzc is instantaneous angular velocity,ωi is filtered angular velocity, p is number
of rotor pole pairs, andnzc is number of ZC events observed in time Tzc. For the selected
motors p = 7, and empirical tests shown that parameters Tzc = 20 ms, αω = 0.1 are
giving sufficiently good performance in practice.

2.3.3 Startup and Closed-Loop Operation
The motor controller logic, presented in Figure 2.13, is defined by a finite state

machine that handles motor startup, operation, and shutdown. The startup procedure
consists of rotor alignment phases followed by a velocity ramp controlled in open-loop
mode. The first rotor alignment stage sets the rotor to a known position by applying
predefined commutation T1 for a specified duration. The second alignment ensures that
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Figure 2.14: Geometric properties of the step response of an inertial system

the rotor spins in the correct direction by applying commutation T1 or T5, according to
the desired direction. Both are performed using a PWM duty cycle of u = 30% over a
200 ms period.

When alignment is complete, a startup ramp is applied to accelerate the rotor to
a point where BEMF signal conditioning becomes feasible. Subsequent commutations
are applied to the inverter circuit, each with increasing frequency f and a constant
PWM duty cycle of u = 40%. The ramp curve is defined as

f(t) = fmax
(
1 − e−λt

)
,

where fmax = 1 kHz is the maximum commutation frequency, λ = 1 is the acceleration
parameter, and t is the time elapsed since the beginning of the ramp. Empirical tests
have shown that the proposed ramp provides more robust results than linear ramps
and that the correct ramp shape is key to a successful startup. To ensure a smooth
transition between open-loop and closed-loop control, a special blending function is
used to merge both signals over a 1 second period after the ramp is complete.

The closed-loop operation is performed using a PID controller to maintain the
motor’s angular velocity at the target value, using the PWM duty cycle u as the control
input. For each motor, a PID controller was tuned using the Chien-Hrones-Reswick
(CHR) method with 20% overshoot [ÅH95]. The results of the tuning procedures
are included in Appendix B. The method, shown in Figure 2.14, involves drawing
additional straight lines onto the step response (red plot) of an unknown inertial system,
representing:

• the signal level at steady state before applying the step,

• the signal level at steady state after applying the step,

• the tangent line with the maximum slope (at point B).

Analysis of the line intersections reveals the basic geometric properties K (gain), T
(time constant), and L (lag) of the simplified system, which approximates the plant.
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These properties can be used to calculate PID parameters that ensure good closed-loop
performance using the CHR 20% overshoot formulas

Kp = 0.95 T
KL

Ki = 0.68 1
KL

Kd = 0.45T
K

.

To automate the process of obtaining PID settings from the step response, a Python
script was created to find the parameters of the best-fitting four-parameter model in
the form

Hm(s) =
Km

(T1ms+ 1)(T2ms+ 1)e
−Lms,

which step response in the time domain is given by

hm(t) =


0 t ⩽ Lm

Km

(
1 +

T2me
− t−Lm

T2m − T1me
− t−Lm

T1m

T1m − T2m

)
t > Lm

,

where T1m and T2m are time constants, Lm is a delay, and Km is the model gain. Using
this model, it is possible to algebraically determine the point B, and ultimately extract
the K, T , and L properties.

2.4 Sensor Fusion
Reliable knowledge about robot state is a key to precise control. The robot x, y, θ

coordinates are not possible to measure directly without external reference systems
like GNSS or radio anchors [KCB+23]. Sensor fusion techniques allows for obtaining
information about the system state from multiple measurement sources which is more
reliable than each of the measurements separately. In this work an Extended Kalman
Filter has been used for this purpose.

2.4.1 Extended Kalman Filter
In order to estimate the 2D pose of the robot using only on-board sensors, Extended

Kalman Filter (EKF) [Wika] was developed. EKF is a sensor fusion technique that
enables the estimation x̂ of the unknown state x of the discrete system in the form{

xk = f(xk−1,uk−1) +ωk−1

zk = h(xk) + vk
,

where u are the system inputs, z are the measurements, and ω and v are process
and observation noises, both assumed to be zero-mean Gaussian. In the following
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description it is assumed that the system operates at fixed time intervals ∆t between
time steps k.

The algorithm consists of two steps: prediction and correction. The prediction step
can be defined as {

x̂k|k−1 = f(xk−1|k−1,uk−1)

P̂k|k−1 = FkP̂k−1|k−1F
T
k +Qk−1

,

where
Fk =

∂f

∂x

∣∣∣∣
x̂k−1|k−1,uk

,

f is the system model, Q is the process noise covariance matrix, and P̂ is the estimate
of state vector covariance matrix. The notation xn|m represents the value of x at time
n given observations from time periods where m ⩽ n. In this step, the input vector
u can be obtained from sensors recording of relatively high-frequencies. It is crucial
to perform the prediction step at fixed time intervals. Unfortunately, this implies
prediction frequency to be equal to the sampling frequency of the slowest predicting
sensor.

The correction step can be defined as{
x̂k|k = x̂k|k−1 +Kk(zk − h(x̂k|k−1))

P̂k|k = (I−KkHk)P̂k|k−1
,

where
Kk = P̂k|k−1Hk(HkP̂k|k−1H

T
k + Rk)

−1,

Hk =
∂h

∂x

∣∣∣∣
x̂k|k−1

,

h is the sensor model, and R is the sensor noise covariance matrix. As opposed to
the prediction step, the correction step can be performed separately for each correcting
sensor. This effectively enables operation at the full sampling frequency of each sensor.
Correcting measurements represent relatively low-frequency signals.

2.4.2 Estimator Implementation
For the Hogger2 robot, the state vector x we will define as

x =
[
p θ ṗ θ̇ γm

]T
=
[
x y θ ẋ ẏ θ̇ γm

]T ,

where p with components x, y represents the robot’s position, and θ represents the
robot’s orientation. Apart from that, due to the practical reasons it is common to
incorporate environment depended system model parameters into the state vector itself.
Here such an element is γm that represents the angle of magnetic inclination related
to the magnetometer sensor model (described in paragraph below “Magnetometer
model”).
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System Model

The system model consider inputs u in the form

u =
[
ax ay ωz ω̇z

]T ,

where ωz is gyroscope measurement of robot’s angular velocity, and ω̇z is angular
acceleration computed numerically. Terms ax, ay are linear components of acceleration
vector a observed in accelerometer’s frame located with offset ra

ra =
[
rax ray

]T .

from the robot’s frame origin. Acceleration and angular velocity measurements comes
from MPU6050 IMU sensor [Inv], with sampling frequency 1 kHz.

To model the system, rotational movement can be approximated as a uniform rota-
tional motion in the form of

θk = θk−1 + ∆tθ̇k−1,
where ∆t is a short time interval equal to IMU sampling period. Analogously, position
p can be approximated using uniformly accelerated motion in the form of

pk = pk−1 + ∆tṗk−1 +
1
2∆

2
tp̈k−1,

ṗk = ṗk−1 + ∆tp̈k−1,

where p̈ is the robot’s acceleration expressed in the world’s reference frame. An ac-
celerometer mounted on the rotating body senses acceleration a expressed as

a = ab + ac + at,

where {
ac = ω× (ω× ra)

at = α× ra
,

ab is acceleration of the body itself, ac is centripetal acceleration due to rotational
movement ω = [0 0 θ̇]T , and at is tangential acceleration due to presents of angular
acceleration α = [0 0 ω̇z]T . All of them are expressed in the accelerometer’s reference
frame. The robot’s acceleration in the world’s frame can be defined as

p̈ =

[
cos θ − sin θ
sin θ cos θ

] [
abx
aby

]
.

In summary, the system model f is defined as

f(x,u) =



x+ ∆tẋ+
1
2∆

2
t (abx cos (θ) − aby sin (θ))

y+ ∆tẏ+ 1
2∆

2
t (abx sin (θ) + aby cos (θ))
θ+ ∆tθ̇

ẋ+ ∆t (abx cos (θ) − aby sin (θ))

ẏ+ ∆t (abx sin (θ) + aby cos (θ))
ωz
γm


,

where abx = ax + raxθ̇2 + ω̇zray, and aby = ay + rayθ̇
2 − ω̇zrax.
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Figure 2.15: Earth’s magnetic field direction

Magnetometer Model

Relying only on dead-reckoning using gyroscope measurements is not robust enough
to obtain reliable information about the robot’s orientation. Sensor HMC5883L [Hon],
with a sampling frequency 200 Hz, was introduced as a magnetic north orientation
reference.

Earth’s magnetic field, illustrated in Figure 2.15, is not identical at every point on the
globe and it has two properties: the declination angle θm and the inclination angle γm.
Magnetic declination θm is the deviation angle from the true geographic north. During
the robot operation, it is helpful to set an artificial declination θ0 (see Figure 2.15) to
align the world’s reference frameXWYWZW with the environment (e.g., building walls).
Magnetic inclination γm is the deviation angle from the horizontal plane. Estimation of
inclination allows the system to adapt to the changing environment in which the robot
operates. Using this knowledge, the magnetometer model can be expressed as

hmag(x) =

mxmy
mz

 =

 cos (θ+ θ0) sin (θ+ θ0) 0
− sin (θ+ θ0) cos (θ+ θ0) 0

0 0 1

cosγm
0

sinγm

 ,

wheremx,my andmz are components of the normalized magnetic field vector.

Optical Flow Sensor Model

Velocity correction is performed using the optical motion sensor PMW3901 [Pix],
commonly called “optical flow” sensor. The sensor is capable of measuring ∆px and
∆py pixel shifts between frames with a 50 Hz sampling frequency. Measurements are
expressed in the camera frame, which is located at an offset rf

rf =
[
rfx rfy

]T
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from the robot’s frame origin. Using the technique described in [Jac21] it is possible to
define the relation between robot’s velocities and ∆p as

hflow(x) =

[
∆px
∆py

]
= ∆tf

ff

hf

([
cos θ sin θ
− sin θ cos θ

] [
ẋ

ẏ

]
+

[
−rfyθ̇

rfxθ̇

])
,

where ff is the focal length of the lens, hf is the sensor’s height above the ground, and
∆tf is sensor sampling period.

2.4.3 Sensor Calibration
Measurement models from the previous section describe the behavior of ideal sen-

sors. Unfortunately, this does not hold for the low-cost MEMS elements used in this
system. This section describes techniques to increase the reliability of these measure-
ments.

Gyroscope Calibration

Simple MEMS gyroscopes are susceptible to bias drift (also known as zero-drift
phenomenon). Temperature changes cause unwanted variations in the gyroscope’s
output, even when it is not experiencing actual angular motion. To compensate for this
drift, the raw measurement values ωraw for each axis are averaged over a stationary
period of approximately 10 seconds. The resulting bias is then subtracted from the raw
values, as shown below:

ωcomp = ωraw −ωraw.

This calibration procedure should be performed before each experimental session.

Accelerometer Calibration

As with the gyroscope, the zero-drift phenomenon is also present during the op-
eration of the accelerometer. To further increase the reliability of the measurements,
a full 3D rotation, translation, and scaling can be applied to the raw sensor outputs as
follows:

acomp = Maaraw + ba,

where Ma is the combined rotation and scale matrix, and ba is the offset vector. Both
parameters can be obtained using the least-squares method[

MT
a

bTa

]
=
(
JTaJa

)−1
JTaK,

where

Ja =


x1 y1 z1 1
x2 y2 z2 1
x3 y3 z3 1
...

...
...

...
xN yN zN 1

 , K =


X1 Y1 Z1
X2 Y2 Z2
X3 Y3 Z3
...

...
...

XN YN ZN

 ,
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Figure 2.16: Accelerometer calibration app

xi, yi, and zi are the elements of the i-th araw sample, Xi, Yi, and Zi are the elements of
the corresponding reference acceleration vector aref, and N is the number of collected
samples. The simplest reference accelerations can be obtained by using gravity:

aref ∈


g0

0

 ,

0
g

0

 ,

0
0
g

 ,

−g0
0

 ,

 0
−g

0

 ,

 0
0
−g

 ,

where g is a value of Earth’s gravity acceleration.
For practical reasons, a dedicated PC application for performing sensor calibration,

with interface shown in Figure 2.16, was created using the Qt6 [Gro] and Eigen [JG]
libraries in C++. The procedure involves placing the robot in six different orientations
using, e.g., flat mechanical fixtures on a level surface. Typically, collecting three to
five samples in each reference direction is sufficient to achieve satisfactory calibration
results.

Magnetometer Calibration

A magnetometer placed inside the robot’s frame senses a distorted magnetic field.
According to [Ozy], there are two kinds of magnetic distortion: soft-iron and hard-iron
distortions. Soft-iron distortions are related to scaling of the resulting vector. Hard-iron
distortions offset all measurements by a constant vector. In practical applications, it is
necessary to compensate for the influence of both of these phenomena. Translation and
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scaling can be applied to the raw sensor outputs in the following way:

mcomp = Mmmraw + bm,

where Mm is the combined rotation and scale matrix, and bm is the offset vector. Both
can be obtained by collecting a dataset of raw measurements and fitting an ellipsoid to
it in standard form

p1x
2 + p2y

2 + p3z
2 + p4xy+ p5yz+ p6zx+ p7x+ p8y+ p9z+ 1 = 0,

wherepi, i = 1, . . . , 9 creates the ellipsoid coefficients vectorp. Thus, the above equation
can be rewritten into

Jmp = 0,

where

Jm =


x2

1 y2
1 z2

1 x1y1 y1z1 z1x1 x1 y1 z1 1
x2

2 y2
2 z2

2 x2y2 y2z2 z2x2 x2 y2 z2 1
x2

3 y2
3 z2

3 x3y3 y3z3 z3x3 x3 y3 z3 1
...

...
...

...
...

...
...

...
...

...
x2
N y2

N z2
N xNyN yNzN zNxN xN yN zN 1

 ,

with xi, yi, and zi being the elements of the i-th mraw sample, and N the number of
collected samples in the dataset. To achieve good fitting performance, Singular Value
Decomposition (SVD) [Wikc] was used to decompose Jm into three matrices

Jm = UΣVT ,

where U is the matrix of left singular vectors, Σ is the diagonal matrix of singular
values, and V is the matrix of right singular vectors. The null-space solution p is given
by the singular vector corresponding to the smallest singular value, which is usually
the last column of V.

Like for the other sensors, the PC calibration app contains a magnetometer calibra-
tion feature, as shown in Figure 2.17. To simplify the interface, magnetometer samples
are presented as three planar projections: XY (red), YZ (green), and ZX (blue). The
left plot shows the samples before calibration (dataset), while the right plot visualizes
the data after transformation. Both charts are updated in real time for every telemetry
frame received from the robot. The calibration procedure involves rotating the robot in
space until the points of different colors on the right plot overlap. This indicates that
the transformation has converged and the calibrated samples lie on a sphere.

2.5 Communication
Reliable communication with robot subsystems is an important requirement dur-

ing debugging and supervision, even for autonomous robots. The Hogger2 robot is
equipped with an ESP32C3 microcontroller to ensure wireless communication between
the main control unit (STM32) and a PC. Figure 2.18 presents the STM32-PC commu-
nication channel. In [Lub23] it is proposed to apply a JSON-based communication
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Figure 2.17: Magnetometer calibration app
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Figure 2.18: Robot communication channel
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protocol [Wikb]. This solution allows sending messages with a complex and nested
structure without the need for schema files. To further increase bandwidth, it was
decided to use the MessagePack [Fur] format, which is used as a binary equivalent to
JSON.

2.5.1 Connection Between Main and Network Microcontrollers
The main microcontroller is connected to the network microcontroller using the 4-

wire SPI bus, where the STM32 is the master and the ESP32 is the slave. In addition, the
HANDSHAKE signal is used to indicate the slave’s readiness for the next SPI transaction.
The transactions, each with a size of 2 kB in both directions, are performed continuously
and consist of:

• 2-byte header – number of valid bytes in the payload,

• 2046 bytes of payload.

This structure ensures that the transaction size is constant, greatly simplifying the logic
on both sides and enabling DMA support. The bus clock is set to 31.25 Mbps, exceeding
the capabilities of the WiFi driver on the ESP32, which claims to support up to 30 Mbps
of UDP throughput under ideal conditions. MessagePack messages are parsed using
the cmp library [Gun] for the C programming language.

2.5.2 Communication Between Robot and Station
The on-board ESP32 acts as an intermediary between the robot’s logic (STM32) and

a PC. The ESP32 works as a WiFi station and connects to a nearby network with the
predefined SSID. Data received over SPI is redirected to the predefined network socket,
and vice versa. For further increase channel bandwidth, UDP transmission stream is
used in both directions.

In case of connection loss with the station, the ESP sends a special stop message to
the host to ensure that the robot’s actuators will halt. Conversely, if a timeout occurs
on the host, the ESP informs the station about the error.

2.5.3 ZeroMQ Bridge
Endpoint apps running on the station PC can send and receive data to and from the

robot through a dedicated ZeroMQ bridge [zer]. The major purposes of the bridge are:

• maintaining network connection with a robot,

• reading and writing data to ZeroMQ network,

• converting messages between JSON and MessagePack formats,

• collecting throughput statistics.
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This solution allows multiple dedicated apps to run in parallel for plotting or sending
commands, while maintaining messages in a human-readable form. ZeroMQ libraries
are available in many programming languages, so endpoint apps can be written in
languages such as Python or C++.



Chapter 3

Control Algorithms

Due to its unconventional drive system, the Hogger2 robot still does not have well-
tested control methods. In recent years, simulation research took place as part of several
theses [Jon17, Boc19]. This chapter describes previously designed control algorithms
as well as new approaches to controlling the Hogger2 robot.

All algorithms consider robot’s reference frame and gimbal angles like shown in
Figure 3.1. Origin of the robot’s reference frame XBYBZB is placed in the point of two
gimbal axes ϕ1 and θ1 crossing. The positive end of the XB axis is directed toward the
front of the robot, while the positive end of the YB axis represents the left side of the
robot’s body.

3.1 Simultaneous Algorithm
The simultaneous algorithm, originally introduced in [Jon17], assumes same control

signals for both HOG wheels. Additionally, it is assumed that the gimbal movement
of the hemisphere has no influence on the robot’s body movement. The system can be
expressed as 

ẋ = Rψ̇u (cos θ cos θu sinϕu + sin θ sin θu)
ẏ = Rψ̇u (sin θ cos θu sinϕu − cos θ sin θu)
θ̇ = 0

,

where ϕu and θu are the gimbal control angles, and ψ̇u is the angular velocity of the
hemisphere. Unfortunately, this strategy disables control of the robot’s orientation θ,
leaving only position control. The control signals for both wheels can be either identical
or mirrored. The identical control signals are given by

ϕu = ϕ1 = ϕ2 = arcsin
(
−

ẋref

Rψ̇u cos θu

)
θu = θ1 = θ2 = arcsin

(
−
ẏref

Rψ̇u

)
ψ̇u = ψ̇1 = ψ̇2 = const

,
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Figure 3.1: Robot reference frame and gimbal angles

while the mirrored control signals are given by
ϕu = ϕ1 = −ϕ2 = arcsin

(
−

ẋref

Rψ̇u cos θu

)
θu = θ1 = −θ2 = arcsin

(
−
ẏref

Rψ̇u

)
ψ̇u = ψ̇1 = −ψ̇2 = const

,

where ẋref and ẏref are the reference velocities expressed in the robot’s reference frame.
The naive control law for the reference velocities was defined as[

ẋref
ẏref

]
=

[
cos θ sin θ
− sin θ cos θ

]([
ẋd
ẏd

]
− k

[
x− xd
y− yd

])
,

where xd and yd are the components of the desired trajectory, and k is a positive
constant gain.

3.2 JPTD Algorithm
The JPTD algorithm, originally introduced in [Jon17], is illustrated in Figure 3.2. It

considers the configuration vector q defined as

q =
[
x y θ ϕ1 θ1 ψ1 ϕ2 θ2 ψ2

]T ,

where x, y, and θ represent the robot’s body position and orientation in the world
reference frame XWYWZW . The angles ϕi, θi, and ψi, i = 1, 2 fully describe the
configuration of each HOG wheel. The robot kinematics can be modeled as a driftless
system in the form

q̇ = G(q)η,
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q̇ = Gη

η∫
dt

u = D−1 (v− P)
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(
ḣ− ḣd

)
−K2 (h− hd)

v

hd ḣd ḧd

h(q)

q q̇

q q̇

qh ḣ

Figure 3.2: JPTD input-output decoupling with dynamic feedback linearization

where
η =

[
ϕ̇1 θ̇1 ψ̇1 θ̇2 ψ̇2

]T ,

and G is a simplified kinematic control matrix obtained in [Jon14]. The full kinematic
model Gfull is derived from the nonholonomic constraints and is given as

Gfull(q) =



Rsθ Rcθcϕ1 R (sθsθ1 − cθsϕ1cθ1) 0 0
−Rcθ Rsθcϕ1 −R (cθsθ1 + sθsϕ1cθ1) 0 0

0 − R
2Lcϕ1

R
2Lsϕ1cθ1

R
2Lcϕ2 − R

2Lsϕ2cθ2

1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
1 0 sθ1 0 −sθ2

0 0 0 1 0
0 0 0 0 1


,

where sx = sin x, cx = cos x, R is the radius of the hemispheres, and L is half the distance
between the centers of the hemispheres. This model can be simplified by removing the
influence of the hemisphere tilting angles on the robot’s body movement, resulting in
the reduced form

G(q) =



0 0 R (sθsθ1 − cθsϕ1cθ1) 0 0
0 0 −R (cθsθ1 + sθsϕ1cθ1) 0 0
0 0 R

2Lsϕ1cθ1 0 − R
2Lsϕ2cθ2

1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
1 0 sθ1 0 −sθ2

0 0 0 1 0
0 0 0 0 1


,
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where the highlighted elements were replaced by zeros.
Trajectory tracking is achieved using the input-output decoupling technique with

dynamic feedback linearization [TM17]. The linearizing output function h is defined
as

h(q) =
[
x y θ ψ1 ψ2

]T .

By differentiating and factorizing this output, one can obtain the matrix D and the
vector P, which satisfy

ḧ = Du+ P,

where
u =

[
η1 η2 η̇3 η4 η̇5

]T
is the internal control input with additional dynamics introduced. The problem can
be reformulated as the task of controlling a double integrator system by introducing
a new control signal v

v = ḧ.

The trajectory tracking algorithm for such a system is defined as

v = ḧd −K1
(
ḣ− ḣd

)
−K2 (h− hd) ,

where hd is the desired output of the system, and K1, K2 are positive definite gain
matrices. To convert the linearized control signal v into the original input u, the
following transformation is applied

u = D−1 (v− P) .

In summary, the following expressions were obtained during the above derivation:

D(q,η35) =


−Rη3cϕ1cθ1cθ Rη3 (cθ1sθ + cθsϕ1sθ1) R (−cθ1cθsϕ1 + sθ1sθ) 0 0
−Rη3cϕ1cθ1sθ Rη3 (−cθ1cθ + sϕ1sθ1sθ) −R (cθ1sϕ1sθ + cθsθ1) 0 0

R(η3cϕ1cθ1−η5cϕ2cθ2)
2L −

Rη3sϕ1sθ1
2L

Rcθ1sϕ1
2L

Rη5sϕ2sθ2
2L −

Rcθ2sϕ2
2L

0 0 1 0 0
0 0 0 0 1

 ,

P(q,η35) =



R2η3
(
η3c

2
θ1
s2
ϕ1
sθ+η3cθ1cθsϕ1sθ1−η5cθ1cθ2sϕ1sϕ2sθ−η5cθ2cθsϕ2sθ1

)
2L

R2η3
(
−η3c

2
θ1
cθs

2
ϕ1

+η3cθ1sϕ1sθ1sθ+η5cθ1cθ2cθsϕ1sϕ2−η5cθ2sϕ2sθ1sθ
)

2L
Rη5cϕ2cθ2(−η3sθ1+η5sθ2)

2L
0
0


.

Analysis of the determinant of the matrix D

detD = −
R3η2

3η5 cosϕ1 cos2 θ1 sinϕ2 sin θ2

2L
shows that singularities arise when any HOG wheel halts, or when the right HOG
wheel moves purely along one axis of the robot’s reference frame XBYBZB, or when
the right HOG wheel is set to vertical. For this reason, special constraints need to be
applied to the desired trajectory hd to avoid these singularities.
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3.3 JPTD–1D Algorithm
As an alternative to the JPTD algorithm, an even more simplified method was

proposed. The two HOG wheel robot can be reduced to a (2,0) robot by considering
θ1 = 0, θ2 = 0, and ψ1 = −ψ2 = ψwhich gives the configuration vector q as

q =
[
x y θ ϕ1 ϕ2 ψ

]T .

Then, the driftless system can be rewritten using

η =
[
ϕ̇1 ϕ̇2 ψ̇

]T ,

and

G(q) =



0 0 −R cos θ sinϕ1
0 0 −R sin θ sinϕ1
0 0 R

2L sinϕ1 +
R
2L sinϕ2

1 0 0
0 1 0
0 0 1

 .

The linearizing output function h was selected as

h(q) =

x+ d cos θ
y+ d sin θ

ψ

 ,

where d is length of the “virtual shaft”. It should be noted that, since the robot cannot
move sideways in this method, the virtual shaft represents a point in front of the robot
with which the algorithm is able to track the trajectory. Additionally, due to the smaller
number of control inputs, trajectory dimensionality is reduced, and direct control over
θ is lost.

Input-output decoupling is obtained in the same way as in the JPTD algorithm, but
u is redefined as

u =
[
η1 η2 η̇3

]T .

In summary, the following expressions were obtained during the above derivation:

D(q,η3) =

−
Rη3cϕ1(2Lcθ+dsθ)

2L −
Rη3cϕ2dsθ

2L
R(−2Lcθsϕ1−dsθ(sϕ1+sϕ2))

2L
Rη3cϕ1(−2Lsθ+cθd)

2L
Rη3cϕ2cθd

2L
R(−2Lsϕ1sθ+cθd(sϕ1+sϕ2))

2L
0 0 1

 ,

P(q,η3) =


R2η2

3

(
2Ls2

ϕ1
sθ+2Lsϕ1sϕ2sθ−cθds

2
ϕ1

−2cθdsϕ1sϕ2−cθds
2
ϕ2

)
4L2

−
R2η2

3

(
2Lcθs2

ϕ1
+2Lcθsϕ1sϕ2+ds

2
ϕ1
sθ+2dsϕ1sϕ2sθ+ds

2
ϕ2
sθ

)
4L2

0

 .

Analysis of the determinant of the matrix D

detD = −
dR2η2

3 cosϕ1 cosϕ2

2L



3. Control Algorithms 32

Outer Loop

Inner Loop

RobotTu

ϕ1

θ1

ϕ2

θ2

PI
ux

PI
uy

PI
uθ

+
+

−

eẋ
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Figure 3.3: Structure of the cascade PID control

shows that singularities occur only when any HOG wheel stops rotating or the virtual
shaft has no length. The length of the virtual shaft directly corresponds to the offset
between the actual and desired positions during trajectory tracking. To reduce this
offset, the desired trajectory hd can be constructed as

hd =

xd + d cos θdir
yd + d sin θdir

ψd

 ,

where θdir = atan2(ẏd, ẋd).

3.4 Cascade PID Control
For comparison, a basic control algorithm was proposed. Cascade PID control is

a widely used technique in industry for practical control tasks [ÅH95]. By skillfully
transforming the problem, it becomes possible to apply well-known and simple meth-
ods for designing and tuning PID controllers. This section describes both procedures.

3.4.1 Algorithm
The cascade PID control, shown in Figure 3.3, consists of two feedback loops. Ref-

erence frames and symbols are identical to those used in the JPTD algorithm. In the
robot’s reference frame XBYBZB, controlling each of the x, y, and θ movements is
independent, so three separate controllers can be introduced for the task of tracking
reference trajectories. To achieve this, the transformation matrix Tθ rotates error vectors
expressed in the world reference frame XWYWZW to the robot’s frame XBYBZB

Tθ =

 cos θ sin θ 0
− sin θ cos θ 0

0 0 1

 .
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For practical reasons, instead of transforming the errors directly, the transformation Tθ
is applied to the reference values and the process values separately.

The inner feedback loop controls the velocities of the robot using the gimbal angles
ϕ1, θ1, ϕ2, and θ2. The trajectory reference velocities are applied as setpoints to the PI
controllers. The transformation Tu, often called the “motor mixer” matrix, is derived
from the robot’s kinematics, expressed in the robot’s reference frame in the following
form ẋẏ

θ̇

 =

 −Rψ̇1 sinϕ1 cos θ1
−Rψ̇1 sin θ1

R
2Lψ̇1 sinϕ1 cos θ1 −

R
2Lψ̇2 sinϕ2 cos θ2

 .

After substituting ψ̇1 = −ψ̇2 = ψ̇ = const and applying the small-angle approximation{
sinα ≈ α
cosα ≈ 1

,

we obtain ẋẏ
θ̇

 =

−Rψ̇ 0 0
0 −Rψ̇ 0
Rψ̇
2L 0 Rψ̇

2L

ϕ1
θ1
ϕ2

 ,

and finally ϕ1
θ1
ϕ2

 =

−
1
Rψ̇

0 0
0 − 1

Rψ̇
0

1
Rψ̇

0 2L
Rψ̇


ẋẏ
θ̇

 .

The gimbal angles θ1 and θ2 control movement along the YB axis. To ensure motion
without slippage, both angles must satisfy the condition θ2 = −θ1. In summary, the
three controller outputs ux, uy, and uθ are merged using the formula

ϕ1
θ1
ϕ2
θ2

 =


− 1
Rψ̇

0 0
0 − 1

Rψ̇
0

1
Rψ̇

0 2L
Rψ̇

0 1
Rψ̇

0


uxuy
uθ

 = Tuu.

The outer feedback loop (see Figure 3.3) controls the position of the robot by applying
corrective reference velocities to the inner loop. This allows the robot’s position to
converge to the reference trajectory.

3.4.2 Inner Loop Tunning
From the inner loop’s perspective, the system can be modeled as an inertial system

with lag, as described in Section 2.3.3. Similarly, the model parameters K, T , and
L can be obtained by applying a step input to each of the ux, uy, and uθ signals
separately. To tune the internal PI controllers, the Chien-Hrones-Reswick method with
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Figure 3.4: Geometric properties of the step response of an integrating system

0% overshoot [ÅH95] is used, according to the formulas
Kp = 0.35 T

KL

Ki = 0.29 1
KL

Kd = 0

.

The results of the tuning procedure are provided in Appendix C. Using the transfor-
mation Tu, the model gain K should ideally equal 1. If K ≈ 1, it can be assumed that
the step response was collected correctly.

3.4.3 Outer Loop Tunning
From the outer loop’s perspective, the system, with internal controllers running, can

be modeled as an integrating system with inertia. To tune the PID controller for such
a system, the λ-tuning method [ÅH95] was used. The method, shown in Figure 3.4,
involves drawing additional straight lines on the step response (red plot) of an unknown
integrating system to represent:

• the signal level at steady state before applying the step,

• the tangent line to the pure integrating portion of the response.

Analysis of the line’s intersection and slope reveals the system’s key geometric proper-
ties, namely, the gainK, and time constant T , which fully characterize the plant. Because
the outer loop controls position by setting the reference velocity of the system, again
one should expect that K equals 1 under ideal conditions. If K ≈ 1, it can be assumed
that the step response was collected correctly.

The λ-tuning method consists of calculating the ideal controllerC(s) using the plant
transfer function P(s), and the desired closed-loop response transfer function Gz(s).
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The desired step response was selected as

Gz(s) =
1

λTs+ 1,

where λ is a user defined parameter related to the time constant of the closed-loop
system. The plant was identified as

P(s) =
K

s (Ts+ 1) .

Using the standard closed-loop transfer function of a system with error feedback

Gz(s) =
C(s)P(s)

1 + C(s)P(s)
,

one can solve for C(s) using the formula

C(s) =
1
P(s)

Gz(s)

1 −Gz(s)
.

Finally, by grouping the coefficients of 1
s
, which defines Ki, and s, which defines Kd,

the formulas for the ideal PID controller take the form
Kp =

1
λKT

Ki = 0

Kd =
1
λK

.
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Experiments

This chapter presents the results of the experiments conducted as a part of the
thesis. The robot’s geometric parameters were kept constant during all experiments,
with values L = 0.13 m and R = 0.05 m. The experiments were carried out on a flat
stone floor without noticeable grouting, as shown in Figure 4.1. The use of an optical
sensor required selecting a floor surface with sufficiently nonuniform coloring to ensure
reliable sensor readings. Furthermore, due to the use of the BEMF algorithm for BLDC
motor control, all implemented control algorithms assume constant motor speeds.
Motor control is handled by the internal PID controller, rather than relying on the
control signals computed by the tested algorithms. For algorithms in which the control
signals involve regulating servo velocity, additional integrators were introduced to
compute the corresponding angle setpoints.

The reference trajectory was a variation of the Lissajous curve, as used in [Jon17],
and is defined by 

xd(t) = a sin
(

1
2ωt

)
yd(t) = a cos

(
ωt+

π

4

)
θd(t) = atan2

(
ẏd(t), ẋd(t)

) ,

where ω = 4π
T

, T = 30 s is the period of one full loop, and a = 1 m is the trajectory
span. The algorithms were also tested on various trajectory shapes, including circular,
lemniscate, and linear however, the one presented above was selected for illustrative
purposes. During the experiments, the trajectory tracking performance of all algo-
rithms was evaluated for three angular velocity settings of both hemispheres: 200 rad

s
,

350 rad
s

, and 500 rad
s

. For each test, the robot’s initial position was set at the center of
the room, corresponding to the origin of the world reference frame XWYWZW . At the
beginning of each run, the trajectory tracking algorithm and the startup procedure for
the hemisphere motors were initiated simultaneously.

The plots presented in this chapter follow a consistent format. Dotted lines repre-
sent the reference values of trajectory components and actuator setpoints. Solid lines
indicate the actual control signals and the corresponding states achieved by the robot.
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Figure 4.1: Floor in the WUST C–1 building selected for the experiments

4.1 Simultaneous Algorithm
This section presents the results of experiments with the simultaneous algorithm

(described in Section 3.1). Figures 4.2–4.7 present the results for identical control inputs
applied to both hemispheres, while Figures 4.8–4.13 show the results for mirrored
control inputs. The control signals were clamped‗ to the range of ±3◦.

For both variants, the results show that the robot’s orientation does not remain
constant, in contrast to the simulation results reported in [Jon17]. The variant with
identical control signals causes the robot to spin, as shown in Figure 4.14. On the other
hand, mirrored control inputs do not significantly influence the robot’s angular velocity,
since frictional torques cancel each other out, leaving only minor variations due to floor
and hemisphere imperfections. The naive control law was unable to track the trajectory
satisfactorily. In terms of planar movement, the robot’s behavior was consistent with
the results obtained in the previously conducted simulations [Jon17]. The tracking
errors ex and ey also oscillated around zero, though with greater amplitude.

4.2 JPTD Algorithm
Next, the JPTD algorithm was applied (see Section 3.2). The results of its tests are

shown in Figures 4.15–4.20. The algorithm requires special consideration regarding the
reference trajectory. In this case, the reference orientation θd(t) was redefined as

θd(t) = atan2
(
ẏd(t), ẋd(t)

)
+
π

4 ,

‗At low hemisphere speeds, the BLDC motor controllers were unable to maintain motor operation
under high load conditions, which arise when the gimbals are tilted excessively. For each of the examined
algorithms, similar constraints were imposed, with their values determined experimentally.
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Figure 4.2: Results of trajectory tracking using simultaneous algorithm
with identical controls for ψ̇ = -200 rad

s
, and k = 2

to avoid tracking trajectories aligned with the robot’s reference frame axes XB or YB,
where the decoupling matrix becomes singular. The control signals were clamped to
the range of ±4◦.

The orientation tracking performance was significantly worse than the position
tracking, exhibiting noticeable offset and multiple rotations for higher hemisphere
velocities, not observed in simulations [Jon17]. Unfortunately, the gain matrices K1 and
K2 proposed in [Jon17] failed to ensure convergence to the desired trajectory. After
increasing the gains to K1 = K2 = 200 · I, convergence in planar motion was achieved
however, the robot’s orientation remained unregulated. The smallest gain values that
ensured convergence across all components of the desired trajectory were determined
to be 1000. As a result, the integrator blocks in the control signals saturated almost
instantly, leading to chattering in the angle setpoints. Assigning higher values only
to the orientation-related elements of the gain matrices leads to a decrease in overall
performance.
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Figure 4.3: Control inputs during trajectory tracking using simultaneous
algorithm with identical controls for ψ̇ = -200 rad

s
, and k = 2
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Figure 4.4: Results of trajectory tracking using simultaneous algorithm
with identical controls for ψ̇ = -350 rad

s
, and k = 2
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Figure 4.5: Control inputs during trajectory tracking using simultaneous
algorithm with identical controls for ψ̇ = -350 rad

s
, and k = 2
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Figure 4.6: Results of trajectory tracking using simultaneous algorithm
with identical controls for ψ̇ = -500 rad

s
, and k = 2
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Figure 4.7: Control inputs during trajectory tracking naive simultaneous
algorithm with identical controls for ψ̇ = -500 rad

s
, and k = 2
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Figure 4.8: Results of trajectory tracking using simultaneous algorithm
with mirrored controls for ψ̇ = -200 rad

s
, and k = 2
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Figure 4.9: Control inputs during trajectory tracking using simultaneous
algorithm with mirrored controls for ψ̇ = -200 rad

s
, and k = 2
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Figure 4.10: Results of trajectory tracking using simultaneous algorithm
with mirrored controls for ψ̇ = -350 rad

s
, and k = 2
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Figure 4.11: Control inputs during trajectory tracking using simultaneous
algorithm with mirrored controls for ψ̇ = -350 rad

s
, and k = 2
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Figure 4.12: Results of trajectory tracking using simultaneous algorithm
with mirrored controls for ψ̇ = -500 rad

s
, and k = 2
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Figure 4.13: Control inputs during trajectory tracking using simultaneous
algorithm with mirrored controls for ψ̇ = -500 rad

s
, and k = 2
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Figure 4.14: Mean robot’s angular velocity vs. hemisphere velocities
while using simultaneous algorithm

Figure 4.15: Results of trajectory tracking using JPTD algorithm
for ψ̇1 = -200 rad

s
, ψ̇2 = 200 rad

s
, K1 = 1000 · I, and K2 = 1000 · I
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Figure 4.16: Control inputs during trajectory tracking using JPTD algorithm
for ψ̇1 = -200 rad

s
, ψ̇2 = 200 rad

s
, K1 = 1000 · I, and K2 = 1000 · I
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Figure 4.17: Results of trajectory tracking using JPTD algorithm
for ψ̇1 = -350 rad

s
, ψ̇2 = 350 rad

s
, K1 = 1000 · I, and K2 = 1000 · I
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Figure 4.18: Control inputs during trajectory tracking using JPTD algorithm
for ψ̇1 = -350 rad

s
, ψ̇2 = 350 rad

s
, K1 = 1000 · I, and K2 = 1000 · I
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Figure 4.19: Results of trajectory tracking using JPTD algorithm
for ψ̇1 = -500 rad

s
, ψ̇2 = 500 rad

s
, K1 = 1000 · I, and K2 = 1000 · I
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Figure 4.20: Control inputs during trajectory tracking using JPTD algorithm
for ψ̇1 = -500 rad

s
, ψ̇2 = 500 rad

s
, K1 = 1000 · I, and K2 = 1000 · I
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Controller Lower Bound Upper Bound
inner x -1.5 1.5
inner y -1.5 1.5
inner θ -4π 4π
outer x -0.5 0.5
outer y -0.5 0.5
outer θ -π π

Table 4.1: Antiwindup constrains used in cascade PID control

4.3 JPTD–1D Algorithm
This section presents the results of experiments conducted using the JPTD–1D

algorithm (see Section 3.3), as shown in Figures 4.21–4.26. The length of the virtual
shaft was set to d = 0.1 m. The control signals were clamped to the range of ±4◦.

Due to the tracking task being defined for the virtual shaft endpoint, the robot’s
position follows the trajectory accordingly, while its orientation remains uncontrolled,
occasionally performing full ±360◦ rotations. The smallest values of the gain matrices
K1 and K2 that ensured convergence were found to be 100 and 50, respectively. Again,
the integrators saturated immediately, causing high-frequency switching of the angle
setpoints between their range limits.

4.4 Cascade PID Control
Finally, the cascade PID control strategy was applied (described in Section 3.4).

The results of its tests are shown in in Figures 4.27–4.32. The tuning parameters for
the inner and outer loop controllers are provided in Appendix C. The antiwindup
constrains was set accordingly to the Table 4.1. The control signals were constrained to
the range of ±10◦, corresponding to the maximum allowable operating range defined
by the mechanical limitations of the gimbal assembly.

The trajectory tracking performance was the best among all considered algorithms
in terms of both the robot’s position and orientation, most likely due to the inclusion of
basic system dynamics in the control calculations. However, during motion, the robot
experienced significant oscillations along theYB axis. Nevertheless, due to the proposed
transformations, the tracking performance remains unaffected by the angular velocity
of the hemispheres. Theϕ2 gimbal angle undergoes the most significant variations, as it
is responsible for controlling both linear motion along theXB axis and rotational motion
around the ZB axis. The amplitude of the gimbal angles decreases as the hemisphere
rotational speed increases.
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Figure 4.21: Results of trajectory tracking using JPTD–1D algorithm
for ψ̇ = -200 rad

s
, d = 0.1 m, K1 = 100 · I, and K2 = 50 · I
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Figure 4.22: Control inputs during trajectory tracking using JPTD–1D algorithm
for ψ̇ = -200 rad

s
, d = 0.1 m, K1 = 100 · I, and K2 = 50 · I
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Figure 4.23: Results of trajectory tracking using JPTD–1D algorithm
for ψ̇ = -350 rad

s
, d = 0.1 m, K1 = 100 · I, and K2 = 50 · I
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Figure 4.24: Control inputs during trajectory tracking using JPTD–1D algorithm
for ψ̇ = -350 rad

s
, d = 0.1 m, K1 = 100 · I, and K2 = 50 · I
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Figure 4.25: Results of trajectory tracking using JPTD–1D algorithm
for ψ̇ = -500 rad

s
, d = 0.1 m, K1 = 100 · I, and K2 = 50 · I
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Figure 4.26: Control inputs during trajectory tracking using JPTD–1D algorithm
for ψ̇ = -500 rad

s
, d = 0.1 m, K1 = 100 · I, and K2 = 50 · I
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Figure 4.27: Results of trajectory tracking using cascade PID control
for ψ̇ = -200 rad

s
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Figure 4.28: Control inputs during trajectory tracking using cascade PID control
for ψ̇ = -200 rad

s
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Figure 4.29: Results of trajectory tracking using cascade PID control
for ψ̇ = -350 rad

s
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Figure 4.30: Control inputs during trajectory tracking using cascade PID control
for ψ̇ = -350 rad

s
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Figure 4.31: Results of trajectory tracking using cascade PID control
for ψ̇ = -500 rad

s
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Figure 4.32: Control inputs during trajectory tracking using cascade PID control
for ψ̇ = -500 rad

s



4. Experiments 69

Algorithm Hemispheres Angular Velocity
200 rad

s 350 rad
s 500 rad

s

Simultaneous XY big oscillations big oscillations big oscillations
(identical) θ fast spin fast spin fast spin
Simultaneous XY oscillations oscillations oscillations
(mirrored) θ slow spin slow spin slow spin

JPTD XY good good good
θ constant error not converge not converge

JPTD–1D XY good good big oscillations
θ oscillations oscillations fast spin

Cascade PID XY good good good
θ good good good

Table 4.2: Overview of algorithms performance

4.5 Results Overview
The results of the experiments conducted in this chapter are summarized in Table 4.2.

The table presents the overall performance of the algorithms in tracking the reference
position (XY) and orientation (θ) for the given hemispheres angular velocities. Among
all evaluated algorithms, JPTD, JPTD–1D, and cascade PID strategy demonstrated good
performance in tracking the reference position, however only the PID cascade was able
to reliably control the robot’s orientation.

Unfortunately, due to environmental constraints, the true position and orientation of
the robot were not recorded. Nevertheless, during numerous test runs, it was frequently
observed that the estimated state deviated from the robot’s actual state, particularly dur-
ing high-speed maneuvers. With increase of hemispheres angular velocity, the overall
performance of control strategies relying only on the robot’s kinematics declined.
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Summary

– Otyły Panie, mam dobrą i złą wiadomość.
– Zacznĳ od złej.
– Nie działa.
– Hmm, a dobra?
– Zbudowaliśmy go!
– Nareszcie!

B. Walaszek, „Kapitan Bomba – Zemsta Faraona”

The goal of this thesis was to modernize the existing mechanical design a mobile
robot equipped with two HOG wheels, develop a control system for such a robot,
and to utilize it for the analysis of selected trajectory tracking control algorithms.
A dedicated hardware platform, including a custom controller module, was developed
alongside supporting software for communication, data acquisition, sensor fusion, and
the implementation of multiple control strategies. The objectives outlined in the work
have been successfully achieved.

The mechanical modifications, along with the integration of new servomotors, sig-
nificantly enhanced the capabilities of the platform. However, the design of the gimbal
mechanism still exhibits several limitations, such as the relatively high mass of the links
compared to 2 DOF spherical parallel manipulators. The overall mechanical backlash
remain highly dependent on the internal servo gear quality. Vibrations occurring dur-
ing operation contribute to the accelerated wear of these gears, resulting in a noticeable
decrease of control precision, even by several degrees per axis. Reducing the radius of
the hemispheres would improve the effective resolution of the servomotors and reduce
the impact of servo backlash. Additionally, the initial assumption regarding the high
rotational speed of the hemispheres proved to be incorrect. The use of a sensorless
BEMF method for driving BLDC motors was found to be unsuitable for this applica-
tion. Furthermore, the operational environment and the maximum velocity of the robot
were significantly constrained by the use of an optical flow sensor, which is primarily
intended for far-field applications. Relying solely on velocity integration for position
estimation, without any external correction mechanisms, resulted in considerable po-
sition drift, particularly evident during high-speed motion. In the future, alternative
methods for robot localization need to be introduced.

The analysis of the experiments indicates that control strategies based solely on the
robot’s kinematics exhibit poor performance in practical applications. The cascade PID
control, being the only algorithm that incorporates the basic robot’s dynamics, achieved
the best results. As the angular velocities of the hemispheres increased, the tracking
performance of the kinematic controllers decreased. The two tested variants of the
simultaneous control strategy demonstrated that the friction between the hemispheres
and even a flat ground surface is not negligible. To minimize the influence of this fric-
tion, the hemispheres should rotate in opposite directions at equal speeds. One of the
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Figure 5.1: Hyperloop One magnetic levitation test platform (2017) [Mul]

conclusions from [Jon17] remain valid: in the future, the dynamic model of the Hogger2

robot needs to be derived and utilized for the design of control system. It is necessary to
develop a physics simulation for testing upcoming control algorithms that includes sys-
tem dynamics, hemisphere and ground irregularities, as well as friction, using modern
frameworks like MuJoCo [TET12], NVIDIA Isaac [NVI], or even Drake [TtDDT19].

The most significant drawback of the HOG drive is the unrealistic assumption of
a single point of contact between the hemisphere and the ground. Even small shape
imperfections cause noticeable movement errors. During operation, the hemispheres
wear unevenly near the rotation axis, which is critical when combined with above.

If the center of gravity were placed below the geometric center of the hemispheres, it
would be possible to eliminate the additional support wheel, creating a self-stabilizing
system with only two points of contact. Taking this idea further, it might even be
feasible to transform the Hogger2 robot into an amphibious vehicle, provided that the
hemispheres are sufficiently buoyant and the center of buoyant force is located above
the center of gravity.

It is worth mentioning that there exist magnetic levitation methods [CBK19], which
use rotating discs populated with high-strength magnets above copper rails, as shown
in Figure 5.1. By applying rotational motion, the magnets generate a magnetic field that
acts as an electromagnetic suspension, eliminating friction caused by surface contact.
In the future, replacing the hemisphere wheels with a form of magnetic levitation may
eliminate issues related to friction and surface irregularities of the hemispheres. An
asymmetrical magnetic field generated by magnets rotating around a gimballed axis
may be the next evolution stage of the HOG wheel.
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Appendix A

Electronic Schematic

This appendix contains the electronic schematics and PCB images of the controller
module‗. The design was created using the KiCad software [Cha].

‗The complete hardware design, firmware source code, code generation tools, endpoint applications,
and supporting utilities, along with previously unpublished materials provided by the authors of [Jon14,
Jon17, Boc19], are available in a public Git repository https://github.com/Eryk-Mozdzen/hogger2.

https://github.com/Eryk-Mozdzen/hogger2
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(a) Top view

(b) Bottom view

Figure A.1: PCB design
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Figure A.5: Motor 1 control circuits
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Figure A.6: Motor 2 control circuits
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Figure A.7: Servomotor interfaces



Appendix B

Motor Controller Tunning

This appendix contains the results of motor step response analysis as well as PID
controller parameters obtained from CHR 20% method [ÅH95]. The Table B.1 contains
best-fit 4-parameter model values to the step responses collected from motors with
wheels attached running in the air (no load conditions), geometry parameters and final
controller settings. Data samples as well as tangent lines are shown in Figures B.1
and B.2.

Parameter Motor 1 Motor 2

model

Km 1260 1200
T1m 0.227 0.0614
T2m 0.227 0.396
Lm 0.00870 0.0395

geometry
K 1260 1200
T 0.616 0.557
L 0.0726 0.0749

controller
Kp 0.00643 0.00590
Ki 0.00745 0.00756
Kd 0.000219 0.000208

Table B.1: Motors tunning parameters
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Figure B.1: Step response of motor 1

Figure B.2: Step response of motor 2



Appendix C

Cascade PID Tunning

This appendix presents the results of the robot’s step response analysis, along with
the PID controller parameters obtained using the CHR 0% overshoot method and the
λ-tuning method [ÅH95]. The Table C.1 contains best-fit 4-parameter based on step
responses of the robot’s velocities during inner loop tuning, along with geometric
parameters and the final inner controller settings. Table C.2 presents the geometric
characteristics extracted from step responses of the robot’s positions during outer loop
tuning, together with the final outer controller settings. Step response plots for the
inner system are shown in Figures C.1, C.2, and C.3, while the outer system responses
are shown in Figures C.4, C.5, and C.6. All step response experiments were conducted
with a fixed value of ψ̇ = −250 rad

s .

Parameter Controller x Controller y Controller θ

model

Km 1.59 0.980 1.20
T1m 0.00136 0.147 0.114
T2m 0.514 0.147 0.295
Lm 0.0296 0.133 0.0203

geometry
K 1.59 0.980 1.20
T 0.522 0.399 0.537
L 0.0426 0.175 0.0689

controller Kp 3.73 0.816 2.26
Ki 5.95 1.70 3.51

Table C.1: Inner loop tuning parameters

Parameter Controller x Controller y Controller θ

geometry K 0.905 0.932 1.04
T 0.259 0.296 0.339

controller
λ 1 1 0.25
Kp 4.26 3.63 11.3
Kd 1.10 1.07 3.84

Table C.2: Outer loop tuning parameters
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Figure C.1: Step response of inner system in x axis

Figure C.2: Step response of inner system in y axis
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Figure C.3: Step response of inner system in θ axis

Figure C.4: Step response of outer system in x axis
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Figure C.5: Step response of outer system in y axis

Figure C.6: Step response of outer system in θ axis
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