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This article presents a design process of a single-wheel robot which con-
sists of building a theoretical model, designing a mechanical structure,
simulating the design, building a prototype and testing it. It describes
the control strategy for this vehicle, developed during the simulation pro-
cess, and how it works for a ready built prototype. It mainly focuses on
the self-stabilisation problem encountered in the single-wheel structure
and shows the test rig results for this case. The design of the robot is
under patent protection.
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1. Introduction

The dynamic stability problem in robotics is encountered in many types of
mechatronic systems. The complexity of achieving a solid dynamic stability
highly depends on the structure of a system, the way it interacts with the
environment and the environment itself. The mechatronic system, presented
in this paper, is a single-wheel robot based on the idea of a single-wheel mo-
torbike where the passenger sits inside a big wheel. All parts of the robot
are placed inside the wheel - motor, sensors, radio, power source and stabili-
sing/control system. This robot has to maintain its upright position when it is
not moving and when it starts to move forward or backward. When travelling
with some speed, it has to use the balancing mechanism to change the heading
angle. Our design has been registered in the Polish patent office and got a re-
ference no. 390857. There already exist some other concepts of single-wheel
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self-stabilising robots but most of them consider a different kind of structure,
and their way of stabilisation produces some restrictions which we want to
avoid. The most similar concept is described in a US Patent 7337862 titled
“Mono-wheel vehicle with tilt mechanism” (Greenley and Rehkemper, 2008).
It is a vehicle based on the same idea as our design, but it does not cover any
active stabilisation system. There is also no information if it has ever been
realised. Another similar construction with a few built prototypes is called
Gyrover (“A Single-Wheel, Gyroscopically stabilised Robot”) ([11], Xu and
Brown, 1997; Xu and Ou, 2000). It uses a mechanical gyroscope fit inside the
wheel to provide stable position when the vehicle is stopped or moving slowly
and a tilt mechanism changing the axis of the gyroscope so that the robot can
turn using the precession effect. This way of maintaining upright position and
changing the heading angle is also used in a robot presented by Xu and Sun
(2000). Two other concepts present a different point of view but both involve
designing a kind of an active stabilisation and a dynamic control system. One
interesting idea with a prototype construction is described in a paper titled
“Three Dimensional Posture Control of Mono-wheel Robot with Roll Rotable
Torso” (Fujimoto and Uchidam 2007). The design consists of a small wheel
at the bottom and a two-part body with a hinge joint in the middle. The
robot stabilisation is provided differently in forward-backward and left-right
directions. In the longitudinal plane, this mechatronic system is considered
an inverted pendulum on a cart, and in the lateral plane it is modelled as a
double inverted pendulum with an under-actuated first joint. Stabilisation of
the robot is achieved by using two separate controllers. All of the presented
data is taken from simulation and there is no information if the controllers
actually work for the built prototype as it was considered a future work by
the authors.

The most advanced prototype in terms of production readiness was created
by Honda and called U3-X [6]. It is a personal transport vehicle which stabilises
similarly to the Segway. It has a small wheel at the bottom and a seat above.
What makes it possible to maintain upright position is a special construction
of the wheel. It is a kind of an omnidirectional wheel whose rim has a modular
structure build of small rings rotating perpendicularly to the whole wheel. It
enables the wheel to move forward, backward and to the sides and it is used
to change the fulcrum of the robot structure and keep it in balance. The robot
movement is controlled by the position of the passenger’s body — if he/she
leans in any direction the robot moves that way to keep himself in upright
position. All of the presented solutions have their pros and cons. The most
tested is the latter design, based on the Segway concepts, a vehicle that is
commercially available. It is a good solution for a personal transport device
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but it has some serious drawbacks. The first and most important is that it is
not designed to move by itself, it needs an operator to change its centre of
gravity and force movement in a desired direction. Even as a manned vehicle,
it is rather slow but of good manoeuvrability. The robot described just before,
the model U3-X, consisting of a small wheel and a two-part body, shares some
cons with Honda’s design. Its structure suggests that it cannot be very fast
and rather hard to control between obstacles because of large dimensions and
tilt angles. The tall body is also unlikely to be able to rise from a fall. All
possible onboard electronic devices like sensors, cameras, batteries could only
be mounted inside it, which would make them exposed to damage. Three
vehicle concepts described at the beginning and our own design have a lot in
common. They all can easily achieve high speeds, their structure is compact, all
their electronic components fit inside the wheel and they should be able to rise
from a fall. What is the main difference is that they do not consider any active
stabilisation and control system with feedback from sensors, which is one of
our main goals. What we want to create is a robot having all of the mentioned
features and being able to maintain upright position for unlimited time when
stopped or moving. It has to be easily controllable by a radio transmitter, a
computer or even move by itself. In a wider perspective, it has to be adaptable
to different equipment configurations and environment conditions.

2. Mathematical model of the robot

Mobile robots utilise different methods in order to move i.e. wheels, caterpil-
lars, pedipulators, however the use of the solutions based on wheels is the most
energy efficient for such mechatronic systems. A very interesting issue is the
motion of an nonholonomic mobile robotic systems (Iagnemma and Dubow-
sky, 2004). This type of robots have a less quantity of drives with respect to
the number of degrees of freedom. If we take the idea of a single-wheel robot
into consideration, it is possible to describe it with the use of the following
coordinates

q= [x7y79]—r (21)

where first two coordinates, presented in the fig.1 describe the position of the
robot in the plane, while the third shows the orientation angle of the wheel
(Duleba, 2001; Tchon et al., 2000).

The control of the robot will be carried out by changing the forward ve-
locity u; and the speed of orientation angle us. The required assumption in



102 T. BURATOWSKI ET AL.

Fig. 1. Description of the position and orientation angle for the single-wheel robot

our system is that there is no skid between the robot wheel and the ground.
In such a case, the natural limitation of motion can be described as

&sinf — gcosf(+df-0) =0 (2.2)

Constraint (2.2) is connected with the class of the phase constraints in a form
of Pfaff’s transformation

A(q)g=0 (2.3)
where
T sin 6
Al ly||=]—cosb (2.4)
0 0

The constraints are holonomic if the vector of the function ®(q) exists, which
meets the following condition, where the non-singular matrix M(q) is the
precision

)~ MA@ (25)

If condition (2.5) is not met, the constraint is called nonholonomic. For the
presented structure of the single-wheel robot, if the function ®(q) exists, it
should conform to the following dependence

od
sin ¢
84;5;1): §—$ =m(q) |—cosf (2.6)
ob 0
00

where the function m(q) # 0.
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Comparing the mixed partial derivatives calculated for the first two con-
ditions of dependence (2.6) yields a false result

0*®(q) _ 0°P(q)

0x00 000z
The conclusion from the mathematical description of the single-wheel robot
is that the motion constraints are nonholonomic. It means that the system
will be much more difficult to control than a conventional mobile structure.
Our assumption that the single-wheel robot structure is nonholonomic has
been proven on the basis of formulas and transformations (2.3)-(2.7). Equation
(2.2) shows that the vector ¢ = [&,7,6]" must be always perpendicular to the
vector [siné, — cos6, O]T during motion. It means that the velocity vector ¢
belongs to the null space of the matrix A(q). If we assume the base in the null
space, constructed from the two vectors [cos,sin®,0]" and [0,0,1], where
each one is perpendicular to the vector [sinf, —cos#,0]", than we receive a
kinematic model of control of the single-wheel robot as follows (Duleba, 2001)

(2.7)

T cos 0 0
g = |sinf| u; + |0] usg (2-8)
0 0 1

The single-wheel robot is controlled according to presented kinematic model
(2.8) by the influence on forward velocity ul and the orientation angle spe-
ed wugy. By the assumption of the base in the null space of the matrix A(q)
(2.4), we transform our description from the space of directions created by
the vector [sinf, —cos#,0]" (in which motion was not possible) to the space
that permits the motion (Duleba, 2001). The characteristic feature of the non-
holonomic constraints is controllability of the system despite the number of
controls is significantly less than the space state dimension. As it was proven
for our system, there are two controls wuq, uo and three dimensional state spa-
ce, however the single-wheel robot is able to reach any position on a surface
with any orientation. Another feature of the nonholonomic system is that if
we are trying to make a linearisation of the kinematic model of control based
on nonholonomic constraints, it is always uncontrollable in the equilibrium
point. It is connected with the deficiency of the control dimensions referenced
to the state space dimensions. The linearisation of kinematic model of con-
trol (2.8) of the single-wheel for the equilibrium point, where the controls are
[u1,u2] " =[0,0]", can be written in the following form (Dulgba, 2001)

Ot cosf 0 5 5
5y| = [sin6 0 [57”]:3[5%1 (2.9)
56 0o 1] Lo Y2
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Linear approximation (2.9) is not controllable, because the rank of B is equal 2
and it means that this value is less than our three dimensional Euclidean space.
As a result of mathematical description of the single-wheel robot presented
above, there was a need to design a balancing system responsible for self-
stabilisation of the robot. The model of the system in the lateral plane is
presented in Fig. 2.

Fig. 2. The model of the system in the lateral plane

The model of the single-wheel robot in the lateral plane is equivalent to
a double inverted pendulum whose first joint is underactuated as it is shown
in Fig. 2. The idea of a double inverted pendulum is based on motion phe-
nomena where the equilibrium of the system and the orientation changing is
dependent on the balancing lever, it means that the lever and wheel balancing
dependently and are connected. The equation of motion of the model for the
assumptions: a; = [01,02,61,62]", 6; = [01,05]", 7, = [0,72]" in the lateral
plane, can be written as follows (Fujimoto and Uchida, 2007)

. 0,
T = le[Gz)—l(n — hy(0,,6)) — Gz(t‘)z)]] (2.10)

where

M;(0;) =

I + Iy +ma (2 + 2lyry cos 2) I + malyry cos by
IQ +m2117‘2 00892 Ig

. _ . .. 19 .
hl(ol, 01) _ [ mglﬂ’g S1n 92(29192 + 92) + D191‘|

mglngé% sin 92 + Dgég
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Gi(0)) =

g l(mlrl + maly) sin 61 + mara sin(6q + 62) (2.11)

marg sin(fy + 62)

(myr1 4+ maly) cos 01 + marg cos(6y + 62)

t92 marg cos(fy + 02)

The construction data necessary to calculate equation of motion (2.10) consist
of: [; — distance from the ground to the rotational joint of the lever, Iy —
length of the lever [m], mj, my — mass of first and second element [kg], 6; —
angle of the wheel inclination [rad], 62 — angle of the lever rotation [rad],
To — input torque to the rotational joint [Nm], r;, ro — position of the center
of mass of the wheel and the lever [m|, Iy, Is — inertia of the wheel and
the lever [kgm?], Dy, Dy — damping factor of the wheel inclination and the
lever rotation [Nms/rad], g — gravity acceleration [m/s?], go — centrifugal
acceleration [m/s?].

After linearisation of nonlinear equation (2.10) around the equilibrium po-
int, where 61 = tan=1(g2/g), 6, = 05 = 65 = 0, the kinematic model of control
for the lateral plane can be presented as follows (Fujimoto and Uchida, 2007)

= Ajx;+ By Y, = Cix; (2.12)
where
1 0 0
D115 1 9 9 Doag
B \/9 +92a1 - l —E\/g + gzas 3
A= 0 1
D16L6 1 9 2 —D2a3
\/ 2a —1/9° + g5a
9 g5a2 3, S, g gs5a4 3, (2‘13)
a6
_ _E 100 1 0
Bi=1 g C lo 100
ag
S
and

a1 = Ig(mlrl + TTL2l1) — m%lﬂ‘%
ay = mgT‘g[Il — ll(mlﬁ — mgT‘g)] — IQ(mlT‘l + m2l1) (2.14)
ag =11 +Ir + TTLQZ% + 2moliro a4 = TTLQT‘Q(Il + TTLQZ% + mglﬂ‘g)

as = m%llrg ag = Iy +maliry Sy =I,(I) + mgl ) — m211T2
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The kinematic model of the robot enables one to describe self-stabilisation
phenomena, based on the double inverted pendulum and robot motion. The
order of the state variable for the robot model is defined as a; = [01, 01, 02, 0].

3. Mechanical structure

The mechanical structure of the robot described in this paper consists of se-
veral major components, presented in Fig. 3, these are: a big wheel, a cart
moving freely inside the wheel and a balancing mechanism. The wheel is equ-
ipped with a solid rubber tire, an internal gear and two guides for rolls. The
cart is a body of the vehicle containing all of the electronics, a battery, a digital
servomechanism and a gear drive powered by a brushless DC motor equipped
with an optical encoder. This body is attached to the wheel by four pairs of
rolls with bearings which ensure independent motion of these two parts.

Balancing
lever

Motor

Fig. 3. The mechanical construction of the single-wheel robot

The balancing mechanism consists of an arc shaped lever with a slot for
mounting the ballast and a shaft attached to the robot body by bearings
equipped with a small two side lever connected with the servomechanism arms
by rods with ball joints. The lever rotation, powered by the servomechanism,
enables us to move the ballast to the left or right side of the wheel plane. This
action produces torque and changes the centre of gravity of the robot which
is used to keep the vehicle in upright position and turn. The two-step gear
drive placed inside the cart consists of three spur gears and the wheel internal
gear. The first is placed on the motor shaft and it meshes with the second one
placed on the main shaft of the gear drive. The main shaft is attached to the
cart by bearings sitting inside special gear drive casing plates. These plates are
attached to the cart sides in a way which enables their rotation about one of
the mounting screws. There is also an optical encoder on the shaft mounted to
one of the plates from the outside. The third gear is also placed on this shaft,
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and it meshes with the internal gear of the wheel. The purpose of the special
construction of casing plates and their mounting is to enable us to change the
gear drive ratio by exchanging gears and setting up correct distances between
the shaft axes. The prototype size is about 350 mm in diameter due to the use
of radio controlled model electronics. It is made of aluminium and steel. The
second-step gears are cut of PTFE and the other two come from a model car,
so that it is easy to replace them with new ones.

The ready made construction of the robot is presented in Fig. 4, it is te-
thered to a personal computer for control and monitoring purposes.

Fig. 4. The prototype of the robot during the phase of self-stabilization

4. Electronic structure

The electronic structure consists mainly of elements taken from radio control-
led models, these are: a digital, high torque, high speed servomechanism, a
brushless DC motor coupled with an electronic speed controller (sensored de-
sign), a Lithium-Polymer, high discharge rate battery and a Spektrum receiver
(2.4 GHz).

Unlike in the radio controlled model, these elements are not connected
directly to each other but to a custom made main-board equipped with an
ARM CortexM3 micro-controller. This electronic circuit is the brain of the
robot and it contains the control algorithm. There are sensors, connected to
the main-board, which provide feedback to the implemented controller. These
are a 3-axis MEMS accelerometer and a 2-axis MEMS gyroscope mounted on
a single board, forming an IMU, a 2-axis inclinometer and an optical quadra-
ture encoder. Thanks to a wide range of peripherals integrated into the ARM
CortexM3 micro-controller, it can be used alone to read analogue signals from
the IMU sensors with a 12-bit ADC, communicate with the inclinometer thro-
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ugh an USART interface and capture the encoder signals. With addition of
a few simple electronic parts, it is also able to read and generate PWM si-
gnals for the servomechanism, the electronic speed controller and the receiver.
The scheme of the electro-mechanical system responsible for the control and
self-stabilization of the robot is shown in Fig. 5.

LiPoly ESC _ 'BLDC
battery +BEC ~ motor

I Gear drive
Charger «—\ _der
\ IMU +

Inclinometer

f

. \ . -
Transmitter ) | | «—— Receiver Servo
/

Fig. 5. The scheme of the electro-mechanical system

A very important ability of the presented structure is to allow wireless
communication with a personal computer or a human operator (Braunl, 2008;
Fahimi, 2009). Everything is powered by the robot battery.

5. Simulation

A multi-body simulation of the design was done to check whether it is correct,
prior to building a prototype. The simulation process involved using two con-
nected computational environments — MD Adams and Matlab/Simulink. The
idea of the simulation workflow is shown in Fig. 6.

The first stage was creating a mechanical model in Adams View and deter-
mining the state variables — model inputs and outputs. As one can see, in the
described mechatronic structure, there are two ways to generate forces which
can change the state of the robot. The first is using the balancing lever rotated
by the servomechanism and the second is using the motor to move the cart
inside the wheel. That is why our inputs to the model are the servomechanism
angular position and the motor rotating speed. The outputs of the model are
its tilt in the longitudinal and lateral planes in reference to the ground plane
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Controls Plugin +
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3D View T Controller

v
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Fig. 6. The scheme of the simulation procedure

and the torque acting on the servomechanism and the motor. Adams View
software is able to simulate the model by itself but we wanted to design a cu-
stom controller using Matlab/Simulink so a plugin called Adams Controls was
used to generate a Simulink function block and a compiled model library. The
next stage was building a controller in Simulink which connects to the inputs
and outputs of the generated model function block. This way it was possible
to build a closed feedback loop where the controller sets the servomechanism
position and the motor rotation speed based on the orientation of the vehicle
model. The result of the simulation is displayed as a 3D model view and a set
of Simulink graphs. Below, in Fig. 7, there is a presentation of the Simulink
control model and the result of its work as a 3D visualisation of motion.
Although the full model of the vehicle was built, we mainly focused on the
problem of maintaining it upright position when not moving because it is the
hardest case in our scope. From other designs presented in the state of the
art, we can see that keeping the upright position while the vehicle is moving
and controlling it should be rather simple. What is more, the robot has to
be stable when stopped because otherwise it will not be able to start moving
safely. That is why the controller is only connected to the servomechanism
angle input and the tilt in the lateral plane output. There are a few important
elements in the Simulink block diagram which simulate the parameters of
real electronics used in the design. These are Rate Transition blocks which
change the sampling frequency of output signals from the model so that the
controller works with a speed possible to achieve using the chosen micro-
controller and the Transfer Function block simulating the positioning speed
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Fig. 7. The coupled Matlab/Simulink and MD Adams simulation of the robot
dynamics

of the servomechanism. Different controller types were tested, and it turned
out they all have problems in stabilising the robot. The first that we used was
a proportional controller, then we added integral and derivative parts, but it
did not work either. The second attempt was to use a fuzzy logic controller
but it was hard to determine correct rules. Finally, we decided to build a
custom controller using a S-function block and programming it with a kind of
a math formula with some additional logic. After a few different approaches
we managed to create a working controller. The controller formula consists
of components representing a constant value, the tilt angle and the angular
speed multiplied by the experimentally received factors. What is significant is
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that it takes prior control values into account, not only the control deviation.
It is presented as a block diagram in Fig. 8.

Previous control values

. taken into account

Constant

: ) N ; Py
't;/‘ g.--"' Tilt angular speed
Des_il’ed robot 1 Factor 1 > P Servomechanism angle
Tilt angle ©
N . _J—’ Tilt angle
: '—pp :»—‘v-{b T —‘

Desired robot T FnActor 9 Robot + IMU + Kalman filter

]

Tilt angular speed

Fig. 8. Block diagram of the robot controller formula - stabilisation in the lateral
plane

Using the developed custom controller, we were able to achieve upright
position for an unlimited period of time.

6. Control system implementation

A prototype was built when the simulations showed that the designed struc-
ture works properly and a control algorithm was then implemented on the
ARM CortexM3 micro-controller (Braunl, 2008). It consists of a sensor cali-
bration procedure, a closed control loop, with the custom controller developed
during the simulation, and a serial communication interface which allows us
to monitor the robot state and send it commands from a personal computer.
The sensor calibration procedure is used to initialise a 3-axis accelerometer,
a 2-axis gyroscope and a 2-axis inclinometer. The inclinometer is calibrated
on demand, and its zero levels are written in its flash memory. It is used as
a reference for the accelerometer during the calibration procedure, providing
information about how the sensor is mounted in the robot. The accelerometer
and gyroscope zero levels are calibrated every time the system is turned on
or reset. Only these sensors are constantly read in the control loop. For such
a complex mechatronic system as our design, it is necessary to use the sensor
fusion technique, because the noise ratio of each single sensor is too high to
give us consistent information about the robot tilt, which is the value we want
to control. To calculate the tilt values on both the longitudinal and lateral
axes, we use two identical Kalman filters (Mohinder and Angus, 2008). Such
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filters easily compensate for the gyroscope bias, the accelerometer gravity ac-
celeration measurement error, connected with the robot movement, and the
electrical noise. The gyroscope angular velocity readings are integrated over
time and used for the prediction part of the filters, and the accelerometer re-
adings providing information about the gravity vector orientation, are used
for the correction part. The typical Kalman filter algorithm (Iagnemma and
Dubowsky, 2004; Mohinder and Angus, 2008) is presented in Fig. 9.

Initial estimates
for &), and P4

Time Update (‘‘Predict’’)

(1) Project the state ahead
T =Az,,+Bu,

(2) Project the error covariance ahead

P, =AP,_AT+Q,,

Y

Measurement Update (‘‘Correct’)

(1) Compute the Kalman gain
K, =P, H"(HP, H" +R)"

2) Update estimate with
1%
measurement z;

z,=2; +Ky (2, -HZy)

(3) Update the error covariance

P, =(I-K,H)P;

(

Fig. 9. The Kalman filter algorithm

As one can see, it is a two-stage recurrent algorithm. In the first stage
we predict new values of the monitored parameters based on last values and
the measurements from the first sensor, which is a gyroscope in our case.
We also predict new values of the covariance matrix. In the second stage,
we first compute the Kalman gain matrix which informs us how big is the
influence of the measurements from the second sensor on the values of the
monitored parameters. In our case, the second sensor is an accelerometer.
Next we compute corrected values of the monitored parameters based on the
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measurement innovation (z; —Hz, ). Finally, we compute corrected values of
the covariance matrix. In our implementation of the described algorithm, we
decided to monitor three parameters: the tilt, the angular velocity and the
gyroscope bias, therefore our state vector is

T = [917 917 gbias]T (61)

The values of the particular matrices are as follows

1 0 —dt dt
00 1 0 (6.2)
H:[l 0 0}

The variance matrices look like this

Q= (6.3)

O O =

O = O

= o O
=]

where q is the gyroscope noise.
R = r, where 7 is the accelerometer noise. The covariance matrix is initia-
lized as follows

R
P=0 (6.4)
0

o O O
o O O

and the state vector « is filled with zeros.

The Kalman filter output is used as the input to the control function
which uses a mathematical formula to generate control signals for the servo-
mechanism. These signals cannot be used directly to set the servomechanism
position, because they contain some sudden changes of the direction, which
could break the servomechanism arms or gears. That is why we use a con-
trol signal smoothing algorithm constructing a B-spline trajectory from the
raw control values (Biagiotti and Melchiori, 2008). It introduces a slight de-
lay in servomechanism movements, but it effectively protects the drive from
overstress. Besides the measurement and control parts of the implementation,
there is also a communication procedure which is used to read data from the
micro-controller and set various parameters of the control algorithm using a
personal computer.
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7. Prototype testing

To efficiently test the prototype, we constructed a kind of a table which can be
easily leveled and used a personal computer connected to the robot electronic
circuit. Through the computer we can not only program the micro-controller
but also change the control function parameters and monitor the state of
the vehicle in realtime. The main-board programming is done using a JTAG
interface working with Eclipse IDE. The realtime monitoring of the vehicle
state is done using a USB cable connected to the main-board, by a serial
interface, emulated by the FTDI driver. The serial communication is used by
a control panel designed in LabView. It shows graphs of values measured by
the sensors and generated by the Kalman filter and the control function. All of
this data can be captured to a file. It also displays calibration information and
let us start a recalibration procedure. The control panel can be used to change
the control function gain values and to tweak the sensors and servomechanism
work.

The experimental results presented below show two cases which may occur
during the halt period or the movement period of the robot with a velocity
lower than 0.3m/s. In these phases of robot movement, the gyroscopic effect
influence is really small and the robot loses technical stability. The first case
is connected with a force acting on the robot, whose value exceeds the critical
value, resulting in the robot inclinating more than 5 degrees and loosing stabi-
lity. This situation may occur either as a result of this kind of force applied to
the highest point of the robot and perpendicular to the wheel surface or as a
result of reaching the maximum inclination of the balancing lever and keeping
this position in relation to the surface of the wheel for too long. In Fig. 10 and
Fig. 11, the time courses of the basic parameters related to the stability for
thes cases, where the acting force exceeds the critical value, are presented.

As you may notice in the graphs shown, the mentioned force action appears
in time ¢ = 41 s, which causes a balancing lever reaction in order to compensate
the inclination. As a result of the too high robot inclination from the vertical
plane, there occurs a technical stability loss, which is proven by exponentially
increasing values of the parameters. The second case shows the robot behaviour
during normal work conditions, where the balancing lever rotates in order to
effectively create self-stability by reducing the inclination from the vertical
plane. The time courses of the parameters connected with the stability for
this case are presented in Fig. 12 and Fig. 13. As it can be noticed, the robot is
theoretically able to create self-stability for an unlimited period of time, but
in practice it is limited by the energy supply necessary to power the actuators
and electronic devices.
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Fig. 10. Time courses of the tilt angle, tilt angular speed and servomechanism angle
presented in the common graph for a test rig with a force greater than the critical
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Fig. 11. Time courses of the tilt angle, tilt angular speed and servomechanism angle
split into separate graphs
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Fig. 12. Time courses of the tilt angle, tilt angular speed and servomechanism angle

presented in the common graph for the test rig without disturbances
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Fig. 13. Time courses of the tilt angle, tilt angular speed and servomechanism angle
split into separate graphs

The range of works presented in this article made it possible to achieve
technical stability of a complex mechatronic unit which is a single-wheel mo-
bile robot at the most difficult stage of the robot operation. The fact of the
complication of this stage is connected to the minimal influence of the effect
of sustaining vertical position of the robot wheel resulting from the gyroscopic
effect (low angular velocity of the wheel) or its lack.

8. Conclusion

In this paper, a mathematical description of a single-wheel robot was presen-
ted. Then a mechanical design of a particular robot was described throughly.
The electronic structure was also discussed to complete the robot descrip-
tion. The whole simulation process and its results where presented and the
implementation of the developed control strategy was described. Finally, the
prototype testing phase and its results were discussed for the case of a self-
stabilisation problem encountered in the design. The technical stability of the
robot was proved. The future works on the described design will consist of
working out a turning algorithm and increasing the speed and reliability. It
is also necessary to increase the robot autonomy by using exteroceptive and
proprioceptive sensors and a vision system which would allow us to implement
a trajectory planner. This kind of movement control would allow us to exc-
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lude the human operator equipped with a radio transmitter controlling the
speed and orientation of the robot. This paper proposes a different solution to
design and drive the single-wheel robot in relation to those described in the
bibliography.
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Samostabilizujacy sie uniwersalny jednokolowy robot

Streszczenie
Praca przedstawia zgloszona do opatentowania konstrukcje jednokotowego robota

anholonomicznego, wyposazonego w uktad sterowania oraz system stabilizacji bazu-
jacy na budowie odwréconego wahadla fizycznego.
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