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Abstract

This master project had as main goal the research of mechanical solutions to provide modular-
ity of mechanical components mounted on e-puck3 mobile robot, an educational tool used for
future generations of students. To this aim, several gearbox designs were made by providing
flexibility in terms of: reduction ratio, exploited materials and occupied volume. After that,
an deep analysis of one of the possible robot configurations (2-wheeled inverted pendulum)
led to characterize the robot dynamics by means of non-linear equations found both through
Lagrangian and Newton approaches. The dynamic was simulated on Simulink implementing
different control techniques which gave good performances letting the user to easily play
with some control parameters to obtain the desired robot behavior. In addition, to prevent
slipping conditions during motion, an accurate analysis was made by looking at the physical
correlations established among mechanical aspects such as: distance of pendulum body
center of mass (CoM), friction coefficient between wheel and ground, weight ratio between
wheel and pendulum body. Finally a gearbox was designed to give e-puck3 performances
similar to EduMip robot!!], simulating its behaviour on Simulink and validating the motor
choice (Maxon Brushless DC motor) made before the start of this project.
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Chapter 1
Project introduction

E-puck3 is small and cheap mobile robot, with many functionalities and performances
appropriate for an educational tool. The main idea behind this project is to provide e-puck3
both of software and hardware flexibility. In Fig.1.1 you can see the first version of e-puck,
which was followed by e-puck2 which took the same mechanics of the first but with a new

electronic board.
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Fig. 1.1 e-puck1.?

Now, with e-puck3, the goal is to have a main electronic board (shown in Fig.1.2) and
then printable parts allowing the robot to easily switch among different configurations such
as: an inverted pendulum (Fig.1.3), a caterpillar (Fig.1.4), an omnidirectional robot (Fig.1.5),
but also a delta robot (Fig.1.6) or a drone (Fig.1.7); simply attaching the desired mechanical

modular structure.



Fig. 1.2 Main electronic board for e-puck3 2]

Fig. 1.3 Inverted pendulum/?.

Fig. 1.4 Caterpillar?.



Fig. 1.5 Omnidirectional robot/?/.

Fig. 1.6 Delta robot!?,
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Fig. 1.7 Dronel?.

1.1 Thesis contribution

In the first part of this project, mainly mechanical aspects were treated (see chapter 2).
Inverted pendulum and omnidirectional robot configurations exploit the same motor and
transmission, thus at the very beginning, a shared design of the supporting frame for the
sensor exploited on the motor was made. Then, different gearboxes were designed to perform
a speed reduction from motors to wheels. Still in chapter 2, an important geometric analysis
of the continuous alternate wheel exploited in omnidirectional robot was carried out.

The second part of the project addressed modeling and control techniques to perform a
self-righting motion of the inverted pendulum configuration. Therefore, in chapter 3, the
system has been modeled following two different approaches (Lagrange and Newton). In
chapter 4 a significant parametrization of the main variables, describing the mechanical
system, was made to prevent slipping conditions during motion. Finally, in chapter 5, the
self-righting maneuver was simulated on Simulink with different control strategies having as
further goal the validation of the motor choice.

Chapter 6 shows the conclusions of this work and which future improvements can imple-

mented to overcome most of the problems faced during this project, the first on e-puck3.
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1.2 Educational mobile robots: State of the art

So far, most of the educational applications of robotic technology have mainly focused
on supporting the teaching of subjects closely related to the robotics field, such as robot
programming, robot construction, or mechatronics. Moreover, especially in high school,
most of the applications use the robot as a passive tool of the learning activity, meaning that
building/programming the robot following a standard procedure becomes more important
than exploring its functionalities.

On the contrary, e-puck3 modularity allows the user to play with the different features (both
mechanical and electronic) depending on the selected robot configuration. Furthermore,
although e-puck3 has not yet a first prototype and part of its requirements are still unknow,
the final target is to have a mobile robot of mass around 0.5kg and maximum speed around
Im/s. A camera, LEDs, speakers, IR proximity sensors, IMU and DC brushless motors
should be the main components students will play with.

Around the world lots of educational mobile robots are used, among them one can find:

* Boe-Bot: a detailed manual helps a beginner user to build step by step this differential
drive robot. An USB port allows to download the programs created on PC (PBASIC
language) to the robot. In terms of hardware, the main frame is made of aluminium
parts, while all the three wheels (2 motorized + 1 for support) are made of plastic.

* Sphero SPRK+: it is a spherical robot which trains secondary school students to pro-
gramming through the visual Sphero Edu App. Its inductive charging base supplies the
energy necessary for navigate mazes, compete in a race, swim, dance, and communi-
cate with his companions thanks to a Bluetooth connection within a distance of 30m.
With regard to technical specifications, a polycarbonate shell protects wheels, motors,

electronic board and battery. With a diameter less than 10cm it can reach up to 2m/s.

* mBot vi.I: this is a differential dirve robot thought for children and it’s made up by
several parts which have to be assembled by the user as part of the learning process. An
ultrasonic range finder and a light sensor, in association with a IR remote control, are
used for line-following races, football matches, obstacle courses. To program the mBot,
one can either use the visual software designed by Makeblock or use the Arduino IDE.
Different sensors and actuators can be used to change the robot’s behaviour based on

its surrounding environment.
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* Mobot-Explorer-Al: a flat rectangular platform made of steel contains all robot com-
ponents except wheels, fixed outside the structure. The latter are driven by four
fixed-speed DC motors with high torque provided to each corresponding planetary
gearbox. This heavy robot can’t reach high speed (max 0.38m/s), but its rubber tires
adapted for difficult terrains and admissible payload of few kilos make it a strong and
reliable mobile robot. It can be equipped with an appropriate choice of sensors and
wireless module, enabling its control system based on the ATmegal28 microcontroller

to work autonomously.

* TurtleBot3: in both of his versions (Burger or Waffle) this robot offers lots of soft-
ware/hardware evolution opportunities, making it accessible to all users and budgets.
Projects including ROS, Machine Learning and SLAM are great chances to test its
functionalities. It can be fully programmed using an Open Source control board with
Arduino and built with 3D printed parts to reshape its external frame. This differential
drive robot is driven by two servo-motors attached to plastic wheels, for a maximum
speed of 0.22m/s and its small dimensions (Burger version 138 x 178 x 192mm, 1kg)

allow a maximum payload of 15kg.

* Pioneer P3-DX: it is a compact differential-drive mobile robot which has become
the reference platform for robotics research. This versatile platform its ideal for
autonomous navigation, manipulation and mapping or even remote-controlled appli-
cations. Software applications increase control and precision of movements, but also
colour and speech recognition. Hardware options increase mobility and interactivity
through robotised grippers and arms, video camera, ultrasonic motion sensor, joystick
and gyroscope. Differently from previous mobile robots (masses up to 1kg), its total

mass is 9kg, due in part to 3 batteries for an autonomy of around 9 hours.

» Stingray: this is a mid-size robot (330 x 277 x 140mm) used for a wide range of
projects, especially where multiple tasks are requested at the same time. This capability
is due to its multiprocessor control system, the Propeller Robot Control Board, which
makes Stingray a good choice for advanced robotics. Being a differential drive robot,
it has two DC spur gear motors attached to plastic wheels and two additional small
omnidirectional wheels used for support. Multiple mounting locations for sensors,

add-ons, etc. are spread around the main frame, making this robot more customizable.



Chapter 2

Mechanical design

2.1 Design of magnetic encoder support

The first task of my project was to design a support for the magnetic encoder exploited to
control the motor. The operating principle of the sensor (Fig. 2.1) is very simple, indeed four
small sensors, fixed inside the chip, continuously detect the magnetic field produced by the
magnet. For this reason the sensor was fixed on an extension of the stator housing with the
aim of decoupling the rotating movement of the magnet from the static Hall sensor.

Fig. 2.1 Operating principle of a magnetic encoder*!.
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Starting by analysing the structure of the motor and consulting its data-sheet (provided in
Appendix-B), I searched the Internet to find a magnet feasible for this application, so I
found a disc magnet with a thickness of 3mm and a diametrical magnetization (required
for the sensor principle).

At the moment we think just to glue the magnet on the rear part of the rotor (Fig.2.3) rather
than build an apposite small support structure.

An evolution of the motor block is shown in Fig.2.2, Fig.2.3 and Fig.2.4

Fig. 2.2 Disc magnet glued on the rear part of the rotor.



2.1 Design of magnetic encoder support

Fig. 2.3 Support plates on stator and sensor.

Fig. 2.4 Final housing of the motor.
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2.2 First gearbox design: misaligned spur gears

Concerning the gearbox, I was told to design a transmission able to produce as output on the
wheel an angular speed 35 times slower than the rotor one. A first idea was to use common
spur gears, assembled in a manner such that the volume occupied by the gearbox plus motor
was minimized as much as possible in order to let the camera (placed in the center of the
main board) have a free cone for looking downward.

The final design, shown in Fig.2.5, presents three axis (in addition to the wheel one) on which

six gears transmit the power from the motor to the wheel.

Fig. 2.5 First gearbox conception.

The main feature of this configuration is the misalignment between all axes (see Fig.2.7,
which would lead on one hand to a pretty low motor position with enough space for the
camera visual cone and on the other hand to a really difficult analysis of the stress distribution
among both gears and shafts.

The axial width w of the gearbox in the wheel axial direction, comprising the motor (which
in this configuration doesn’t affect the measure), is 43, 8mm, while the its height & is 35mm
as shown in Fig.2.6 and Fig.2.7.
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Fig. 2.6 Axial width of the motor block.

Fig. 2.7 Axes misalignment and motor height.
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2.3 Second gearbox design: aligned spur gears

2.3.1 Gears with 0.8 module

To overcome the problems rose from the previous gears arrangement, a new configuration
was developed still exploiting only spur gears, but placed on three vertically aligned shafts
instead of four. As can be seen in Fig.2.8, the gear attached to the motor shaft transmits
the power, then 3 couples of gears freely rotate around their shafts providing most of the
reduction, while the last gear is again attached to the wheel shaft to transmit the final torque
and speed. In addition, all components were arranged as similar as possible to the contour of
the cone needed by the camera.

(b) Front view of second

(a) Section view of second design. design.

Fig. 2.8 Second gearbox design.

Since this solution is more reliable with respect to the one described earlier, a static

5] was performed in order to guarantee the safety of the transmission. The

stress analysis
values in input (motor no-load speed and stall torque) are taken from the data-sheet (see

Appendix-B) even if the motor used for e-puck3 is slightly different in some parameters.
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These 2 input values cannot be present at the same time but it’s useful to verify the gearbox

at worst conditions. Therefore, by using steel(©)

gears, a maximum stress of 52,41M Pa was
found on the second last gear, thus much lower than the admissible stress (with safety factor
of 2) of the material which was 177,5MPa. However, it was expected to have maximum
stress on the last gears since the reduction applied to the angular speed leads to an increasing
of the torque for a constant (out of losses) power, in addition the second last gear has the
smallest diameter so the torque is applied on a shorter radius than the last gear one, causing a
bigger force on the teeth. A reduction ratio of i = 36,41 was obtained with an axial width
w = 53.5mm when a proper combination of gears (module 0.8) are taken from catalogues 7]
8], The motor height is instead 7 = 49.8mm. Taking into account the 4 reduction steps and

the usage of 5 bearings, the final efficiency reached 73,6%.

2.3.2 Gears with 0.5 module

Considering that the maximum stress on the teeth was less than 30% of the admissible one,
the whole design was repeated in order to see whether gears with module 0.5 were feasible
or not. Therefore, keeping the same material (steel C45E) and by only looking at Misumi
catalogue 8], a new and smaller gearbox was developed. The maximum stress was found
again on the second last gear, with a value of 110,73M Pa, thus still in the admissible range.
The reduction ratio is i = 33,18 in an axial width of w = 47.5mm and a motor height of
h = 46mm, while the clearance let by the second gear on the wheel axis (to have the wheel

shaft rotating freely) increased from 3, 8mm to Smm.

Another attempt had as target the design of a gearbox so as to have most of the gears below
the motor, thus the length of the motor wouldn’t have counted, differently from last design.
Thus, given some initial parameters (the motor case height, the clearance between second
gear and wheel shaft and the clearance between motor case and sixth gear) and assuming to
use always the same smaller (red) and bigger (black) gears, it’s shown in Fig.2.9b how gears
diameters would change depending on the distance between the motor axis and the wheel
one.
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Gears diameters vs motor height

Y 60

30 35 40 45 50 55 60
h [mm]

(a) Gearbox section (b) Diameters evaluation.

Fig. 2.9 Geometric constraints for gears below the motor.

As result, the speed of the motor starts to be reduced when black gears have bigger
diameters than red ones, so i.e. placing the motor shaft at an height of 50mm above the wheel
3

axis, to obtain a reduction of i ~ 25, four steps of reduction Z_;Z = 1,5 are needed in addition
to the main step provided by second and first gears (reduction i = 5). Therefore, this gearbox
concept has been rejected first because by looking at catalogues, the best combination of gears
(d% = 18mm, df’ = 30, a,’]2 = 50) leads the upper part of the motor case to lie at h = 66mm
above the wheel axis (too much for our robot), second adding more bearings would decrease

the efficiency.

2.3.3 Plastic gears

A final attempt was made by trying to exploit plastic gears, indeed the main purpose of
this project is to provide modularity of the structure thus a 3D-printed part can be easily
modified when needed. Of course printing gears using the commonly available plastics
reduces surface finishing and durability of component compared to injection molded or
machined plastic parts, but a brief research on the commonly used material for 3D printing
shows how Polycarbonate or Nylon may also be a feasible choice for gears. Assuming for

[9]

Polycarbonate"™’ a Yield tensile strength of 62M Pa, a safety factor of 1,5 allows to have a

gearbox of w = 51.5mm axial width, & = 46mm and a reduction ratio i = 29,64. This design
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may become really interesting and lightweight alternative to the previous one if one found!!"!

a plastic material with good mechanical properties (Yield point around 100M Pa).

2.3.4 Housing design for motor module

At the moment, since the robot has to be modular, an housing comprising the (steel) gearbox
and the motor was designed and it’s shown in Fig.2.10.

Fig. 2.10 Complete design exploiting a worm gear.

The idea is to have an housing which can be easily attached and detached to the wheel, so its
frame was designed in a way that it follows as much as possible the shape of the gearbox
to avoid touching the rotating wheel, but it has also enough stiffness to maintain the motor
which can be easily removed. The housing is made up of two parts, joined by means of
screws in the upper and lower part, plus other screws that lock the motor in the correct
position. In order to reduce the weight, even if a stress analysis is still missing, the idea is to
3D-print the whole housing.
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2.4 Third gearbox design: worm drive

Here the idea was to use worm gears because they can provide greater reduction ratios (1:100)
than spur gears (1:5). To this aim, a single enveloping gear drive (where worm gear is made
of a throated shape to wrap around the worm) was selected to have a better face contact
between teeth (see Fig.2.11).

X Section

Cylinderical Worm on X-X
Enveloping gear

Fig. 2.11 Complete motor block attached to the wheel.

The worm was designed[“] with double threads to have less stress on a single tooth, but
(having a module of 0.5) the diameter of the gear had to be doubled to achieve a reduction
ratio of i = 30.
As results of the worm gear sliding action, significant frictional losses are generated. A good
combination of gear materials, to avoid heating and wear problems, could be an hardened
alloy steel worm (ground finished) with a phosphor bronze gear. Eventually, a stress analysis
was performed both on the worm!'2! and on the helical gear[13], with the result that both
components teeth can withstand the transmitted torque with a general transmission efficiency
of 81,4%.

As one can see in Fig.2.12 was chosen to put the motor still above the wheel axis but in a
way that its axis is perpendicular to it, as result the center of mass of the motor is closer to

center of the wheel and the height of the motor is 42, 3mm with an axial width of 33, 5mm.
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Fig. 2.12 Single enveloping gear drive.

Finally, as for the second design, an housing of the motor block was designed in order to
provide facilities during the assembly phases. As shown by Fig.2.13, the housing (probably
made of 3D-printed materials) has an upper plate on which the motor is fixed, then 2 lateral
screws lock the housing in correspondence of 2 bearings placed at different heights and with
angle offset of 90 with each other. Indeed, they support the worm and the gear which are

perpendicular.
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Fig. 2.13 Complete motor block of third design.

2.5 Omniwheel design

The most popular wheeled mobile robots are equipped with two independent driven wheels.
Since these robots possess 2 degrees-of-motion (DoMs), they can rotate around a vertical
axis, but cannot perform sideways motion. To overcome this limitation, omnidirectional
mobile robots were proposed, indeed they are able to move in arbitrary directions without
changing wheels orientation, because they can achieve 3 DoM on a two-dimensional plane.
Fig.2.14 shows how the main types of omniwheels have gaps between passive rollers and
since these gaps cause discontinuous contacts between the wheel and the ground, may occur
unwanted vertical and/or horizontal vibrations.
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Fig. 2.14 Main types of omniwheel',

With regards to the omniwheel choice, the Continuous Alternate Wheel (CAW) was
exploited. This type of wheel makes continuous contact with the ground and has alternating
large and small passive rollers placed around the wheel circumference. It has recently been
used from ETH of Zurich for their Rezero project[ls], based on a robot able to balance and
drive on a single sphere by means of 3 CAWs.

Fig. 2.15 Rezero project by ETH!!S,

Each wheel was 10 cm diameter, but for epuck3 a smaller diameter is requested, possibly
around 7 cm, hence a complete wheel design[lﬂ was made. All four radii (inner and outer)
shown in Fig.2.16, have been characterized as function of the angle 6; for given margins m;,,
m, and m;, hence they are plotted in Fig.2.17 in which feasible angles start to be present
(around 15°) when two conditions are simoultaneously satisfied: the dashed green and red

lines (minimum r, and 7,) go below the continuous green and red lines (maximum r, and 7).
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It can be noted from Fig.2.18 that for n < 6 the end radius of an inner roller gets smaller
while the other radii get larger, larger so bigger gaps appear. For n > 6 all the radii tend to
decrease, which is not desirable from a manufacturing point of view. Thus, as suggested by
the paper guidelines, the number of rollers was chosen as 6.

0.5
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0.3“\ 'x.:"“'*,h_ i
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n

Fig. 2.18 Radii as function of number of rollers!!0).

The main problems of this design are due to manufacturing difficulties regarding the
support frame of the inner wheels, indeed for e-puck3 (Fig.2.19) we have just 1.5mm space
in the grey supporting frame where to put the shaft, so probably we have to decrease the

number of rollers from 6 to 5 in order to increase this space.

Fig. 2.19 Manufacturing problem for inner roller.



Chapter 3

Two-wheeled inverted pendulum
configuration

Among the several configurations, e-puck3 could turn into a two-wheeled inverted pendulum;
in this case two independently-actuated wheels are exploited not only for balancing while
driving, but also to perform a self-righting maneuver from a horizontal orientation. This part
of the project had as goal the validation of the motor choice to perform this self-righting

motion from a typical rest position shown by Fig. 3.1.

Fig. 3.1 e-puck3 horizontal configuration.
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3.1 Modeling the 2WIP

The main issue regarded the maximum torque each motor can transmit to prevent wheels
from slipping on the ground. To develop an analytic model of the system dynamic, e-puck3
was modeled as the 2D inverted pendulum shown in Fig. 3.2, where the body became a rod

with centre of mass CoM concentrated in a point, distant from the wheel axis of:

dppMpp + decMee
Mypp + Mec

d:

where d,,;, is the distance between motor block (motor+gearbox+housing) and wheel axes,
d,. the distance between electronic components (board + batteries) and wheel axes, while
m,,p is the motor block mass, m,. is the half of electronics mass because this is distributed
on 2 wheels. From now on I will refer to m;, = m,,, + m,. as the pendulum mass sustained
by each wheel, which corresponds, as said, to the half of the total pendulum weight.
Other important parameters are:
x : position of the wheel axis along the x-axis;

: clockwise angle between the positive z-axis and the pendulum CoM;

0
¢: clockwise rotation angle of the wheel from the positive z-axis.
R : wheel radius.

T

: torque applied on each wheel;

b J——

Fig. 3.2 Schematic of the 2D inverted pendulum model.
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Two approaches were used to express the dynamic of this system: Lagrangian based and

Newton-Euler based. Both are described here and lead, as expected, to the same result.

3.1.1 Lagrangian approach

By means of this approach, each system can be described by the following expression:

= = F 3.

The terms of this expression stand for:

L: Lagrange function which represents the difference between Kinetic and Potential energy;
gi : 1-th generalized quantity needed for describing the system;

D; : dissipation function associated to g;;

F; : generalized non-conservative force associated to g;.

Since was chosen to describe the system by means of its x position and angle 0 as generalized

coordinates, with no dissipative elements, the previous terms become:

L=(K,+K,)—(P,+P,);

X
* qi= 0
0]
.Di—
0
F,
‘E: X
Fy

where the terms stand for:

K, : pendulum Kinetic energy;
K,, : wheel kinetic energy;

P, : pendulum potential energy;

P,, : wheel potential energy;

Since the model is studied in a 2D space (assuming no steering wheels), the pose p,, of the
pendulum and p,, of the wheel are:

| x+dsin6
Pr= dcos0
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B [ x
e[
and their derivative with respect to time are:
. [ X+dcos0
Pr= —dsin00 ]
RE:
Pw = 0

thus, by substituting Lagrangian terms, one has:

Ky = %mpp%, + %Jpéz

Ky = %mwp%v + %qu'ﬂ

P, =mpgdcos6

P,=0

replacing the angle ¢ as ¢ = %, the full Lagrange function becomes:

o I

With this expression, substituted in 3.1, is possible to obtain the system dynamic equations

.1 .
)i? + mpidcos®8 + E(mpdz—FJp)Gz —mpgdcosO (3.2)

of motion.
Thus, with g; = x and g, = 0, one has:

%% = (mp+my+ %)X+mpdcos69 — mpdsineé2

dL _
_W_O

%3—’5 — mpdzé +mpdcosOx — mpd)’csineé —|—Jpé

— 9L = —(—m,disinB0 +m,dgsind)

oD _ (. 9Da _
dx =03 20 =0

T
FX:E

Fy = —%(R—}—r)
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The reason behind the definition of the two generalized forces will be made clearer in the
Newton-Euler approach, for the moment is enough to say that the external force acting on
the system is the one produced by the motor, which through the gearbox puts in rotation the
wheel and in counter-rotation the pendulum (robot body). The different directions of rotation
are a consequence of the Newton 3" law of motion, indeed the exchanged force F; on the
gearbox teeth is sensed with different direction on the two matching gears, the one turning
with the motor and the one turning with the wheel. Due to the presence of a gearbox, the
point of application of the force acting on the pendulum is different from the one leading the

wheel (motor axis instead of gear teeth).

Thus the total virtual work, acting on virtual displacements is:
T T T
OW =Fd(sy+sp) =Fdx—(R+71)0] = Ea[x— (R+r)0] = Eax— E(R—i— r)d6 (3.3)

where s,, and s, are the virtual displacements of wheel and pendulum with respect to wheel

axis and r is the motor gear radius (see section 3.1.2).

Hence, as result, the system dynamic (from eq.3.1) is described by the following two non-

linear differential equations:

(mp +my, + I%)x—l— (mydcos8)8 —m,dsin06* = 133 (3.4)

(mpdcos@)i+ (mpd® +J,)0 —m,dgsin® = _IEQ(R +r) (3.5)
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3.1.2 Newton-Euler approach

By exploiting the equations coming from classic mechanics, in a generic instant, the system

can be represented as in Fig. 3.3:

Fig. 3.3 Schematic of the system.

where the motor torque 7, acts on the first gear of the gearbox (here for simplicity is assumed
as a 1-stage gearbox) and, as a consequence, a torque 7T (increased by gearbox reduction
ratio) is provided to the last gear turning with the external robot wheel. The pendulum center
of mass is at distance d from the wheel axis, as already introduced in section 3.1.

Regarding the forces which interact with this system, an important detail is shown in Fig.3.4,
where the contact between teeth produces a tangential force F;,, on the motor gear equal and
opposite to F; acting on the wheel gear. Fig.3.4 also shows that by means of motor shaft,
the force F;,, is transmitted to the motor housing in correspondence of its axis (not on teeth
contact point) and consequentially to the pendulum body. Hence imagining the wheel gear
blocked, the rotation of the pendulum is provided by a torque which can be expressed as
product of F;,, and the distance between the wheel axis and the motor axis, thus R+r with R

the radius of the wheel gear (here equal to wheel radius) and r the radius of the motor gear.
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Since Fy;,, is shared with the wheel gear, we can write:

—T —7

Fig. 3.4 Tangential forces on teeth contact point.

Said that, it’s possible to define the equations of motion for both the two subsystems (pendu-
lum in Fig.3.5 and wheel in Fig.3.6, in which the forces drawn in red are inertial forces).

In the following expressions the tangential force F;,, = F; acting on teeth will be decom-
posed in its vertical and horizontal components, respectively T, = F;sin0 and T, = F;cos0.
The equilibrium of the pendulum is defined along the horizontal axis x, the vertical axis z

and around the wheel rotation axis y as:

X-axis: — T —mpi — mpdcoseé +mpdsin® 6%>=0 3.7)
z-axis T, — myg +m,dsin®8 +m,d6*cos® = 0 (3.8)

y-axis Fon(R+71) +Jpé +mpdcosOi + mpdé —mpgdsin® =0 3.9
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Fig. 3.5 Pendulum free body diagram.
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With the same approach, but considering a reversed tangential force F; and adding the ground

reactions forces N and Fy, the equations for the wheel are:

X: I, —myi+Fr=0 (3.10)
Z: N—-myg—T,=0 (3.11)

y: Jwp+FR—FR=0 (3.12)

f

Fig. 3.6 Wheel free body diagram.
Now, substituting the wheel angular acceleration ¢ with the term <, in order to obtain the
first generalized coordinate, and know that F;R = 7, the equation 3.12 becomes:

i
R

where the term F¢R can be expressed using equation 3.10, which depends on equation 3.7.

Jve+FfR=1 (3.13)

Thus, after few substitutions, the wheel final equation of motion is:

J, .. . T
(m, +mw+ITv;))'é—|—(mpdcos9)9 — mydsin06? = R (3.14)
The other equation of motion, from pendulum side, can be derived from equation 3.9 (keeping

in mind the important relation expressed in equation 3.6), thus:

R+r)
R

(mpdcosO)i+ (J, +myd)0 —m,gdsing = —T( (3.15)



Chapter 4

Friction analysis

4.1 System parameters correlation

The horizontal configuration shown in Fig.4.1 displays the main forces and torque acting
on the system in static conditions. This analysis leads to the numerical definition of both
the torque 7,,;,;, needed to maintain the pendulum body and the maximum torque 7,,,,, before

slipping on the ground.

Fig. 4.1 Static forces on e-puck3.
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Symbols in Fig.4.1 have already been defined in Chapter 3, and just for clarity, the torque
7" here refers to the absolute value of the torque F;,, (R + r) applied by the wheel on the
pendulum body.

For the rotational equilibrium of the pendulum one can write:
T =mpgd 4.1)

This value is then referred to the wheel torque 7, remembering the relation found in eq.3.6:

(R+7)

" =Fmw(R+r)=7 7

=mpgd 4.2)

This equality gives the condition for the torque to apply on the wheel to sustain the pendulum,
meaning that an up-righting motion is obtained if and only if:

R
Tmin > mmpgd (43)

For the vertical and rotational equilibrium of the wheel:
N—my,g—mpg=0 4.4)

—T+FR=0 4.5)

The wheel will have grip on the ground until:

T < UsNR = pg(my, +mp)gR (4.6)

where [ is the static friction coefficient between wheel and ground.
Substituting eq.4.3 in eq.4.6, one obtains:

Tvs 2 4.7)

This condition express the mass ratio between wheel and pendulum to prevent slipping.
An interesting property of this relation is the following:

e for0 < m < 2, wheel mass can be lower than pendulum one;

. _d .
for W RTT) > 2, wheel mass has to be greater than pendulum one;
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Conditions not considering simultaneously m,, and d, are derived from eq.4.3 and eq.4.6:

(my+mp) > guﬁ

1
my, > giR(lst_%’)

4.2 Gearbox variation

By exploiting e-puck?2 parametersm], it turned out that the torque capable of uprighting the
system is more than 4 times the maximum torque, this means e-puck2 couldn’t have been
able to upright autonomously because of slipping. Therefore, different parameters listed

below are used to have a kind of dimensions reference for the final prototype.

e my, =0.150kg [half of pendulum mass]

* my,, = 0.070kg

* d =35mm

* R=40mm

* r=>5mm

e u;=0.7

* Tnin = 45.8mNm [minimum torque to apply on pendulum]
* Toax — 60.4mNm [maximum torque before slipping]

Having these reference value for e-puck3, and i.e. Maxon EC21 motor (nominal torque
TEC2! — 9 5;nNm) providing T = 58mNm on the wheel, the gearbox reduction ratio i becomes
i = 6.10 neglecting mechanical losses. Since this motor has been customized for EPFL,
is preferable to deal with a standard version (Maxon EC20 flat) for which one has a more
detailed data-sheet; for this reason, assuming to use EC20 motor version, the gearbox design

have to deal with a new nominal torque:

Thom = 1.59mNm
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With the hypothesis that the requested torque on wheel is still T = 58mNm, with a gearbox
efficiency of 1 = 95%, the reduction ratio becomes:

T

= 8.04
Tnomn

1=

This value it’s clearly different from the ratio of 35 exploited in Chapter 2, and the reason
behind that is shown by Fig.4.2. Here speed and torque of the motor used for e-puck?2 (the
same of MIP robot) are plotted with dashed lines, while continuous lines refer to e-puck3
motor (Maxon EC20). Even though both speeds almost have the same trend, the torque
developed on e-puck3 increases more when increasing the reduction ratio. Therefore, to
obtain with e-puck3 more or less the same performances of e-puck?2, the reduction has to be
decreased and the value of i = 8.04 handle not only this aspect but also slipping condition

and weight difference between the two models.

Torque and speed as function of reduction ratio

| i
12000 | e-puck3 speed [rpm)]
| e-puck3 torque [mNm]
: = = =-MIPF speed
10000 T — = = MIP torgue ]
8000 H 1
T, w
6000 - 1
4000 r 1
2000 + -
0 s - P ——— : P T ]

0 10 20 30 40 50 60 70 80 90 100
Reduction ratio

Fig. 4.2 Difference between e-puck? and e-puck3 motor.
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Knowing that, the following 3 gearboxes were designed:

* Worm gear set: single-envelope, 2 threads on worm,

module m = 0.5

worm diameter d; = Smm

gear diameter d; = 8mm

reduction i = 8

gearbox height 7 = 32mm
* Spur gears, single-stage:

module m = 0.5

— =17
- z22=135

reduction i = 7.94

gearbox height h = 48.5mm
* Spur gears, double-stage:

module m = 0.5

—z1=15
— =44

module m = 0.8

- 3=15,24=42

reduction i = 8.02

gearbox height h = 33.4mm

For this design bigger module on the last two gears allows customization through
3D-printing, which however requires (due to printability issues) modules m > 0.5.

Pinion minimum number of teeth z,,;, at each transmission stage, as function of reduction

ratio i of the stage, and ® the pressure angle, was determined by the following formula:

2042/ 4 (14 2i)sin’®
Cmin = (1+ 2i)sin’®
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4.3 Slipping evaluation

Furthermore, it’s important to notice in Fig.4.3 the role played by the static friction coefficient
Us. Indeed, fixed d, R and r, for lower values of i, the minimum mass ratio ’r’nﬂ becomes
P

higher to prevent slipping (see €q.4.7). A ratio between two positive quantities (masses)

cannot be negative, thus an unfeasible region is present.

Fig.4.4 shows instead how, fixed i, R and r, the minimum ratio ’Z—;’, as expected, increases

5
ik
No slipping
3l
ol
Slipping
1F
0 ———
Unfeasible
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Hs

Fig. 4.3 Minimum mass ratio for different p.

with the distance d of the pendulum CoM.

2:5
2 -
No slipping
T
my 1+
my
Slipping
05
0
05 Unfeasible
0 10 20 30 40 50 60 70 80 90

Fig.

100
d [mm)]

4.4 Minimum mass ratio variation for different d.
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This behavior is justified by eq.4.3 where, for a given mass m,, the torque 7 increases with
the distance and consequentially the horizontal ground reaction force Fy in eq.4.5 has to
increase, but since its value is given by: Fy < g (m,, +m,)g, the only way to avoid slipping
is to increase the wheel mass m,,.

This latter in-equation provides an additional, and general, consideration on Fy which is
proportional to the normal force N of the ground acting upon the robot wheel. This force N
is the total robot mass distributed among the number of wheels, thus focusing on a single
wheel the resulting normal force can be stated as the product of pressure times contact area:
N = pA. For a wide wheel, the area is large but the pressure is small and the opposite
happens for a narrow wheel. This means that the force of friction F is the same whether the
wheel is wide or not. However, ground is not a uniform surface, thus having a wider wheel
firstly increases the probability of having ground contact; secondly, the robot support base is
increased making it harder to turn the robot over.

As for Fig.4.3, also here we have a possible negative minimum ratio, which leads to the same
considerations discussed before.



Chapter 5
Controller design and simulation

Results found in Chapter 3, show that the system dynamic is nonlinear and, in addition, the
system has a single input (7) and multiple outp ut (x, 8,x, 8) thus it’s referred as a SIMO
system.

In order to solve the non-linear equations governing the system, one may develop a non-linear
control strategy such as Model Predictive Control (MPC)!'8], but the required computational
power and memory storage would have a more significant impact on the electronics than
other simpler techniques.

Since the goal of this study is to verify whether or not the motor is able to self-right the robot,
a PID controller (controlling tilt angle 0) was used for the majority of the motion, indeed
a Linear Quadratic Regulator (LQR)!" was then implemented just around the equilibrium
point (8 = 0, pendulum upright), in order to control simultaneously all the four states and to

bring back the robot in case it had moved along x direction.

5.1 LQR design

The LQR method (in infinite-horizon) is based on the generic cost function shown below:
J= / (x" Ox+ u” Ru+ 2x" Nu)dr
0

State deviation from desired value represents a cost adjustable through the following factors:

* Qs a vector of weight factors corresponding to each state. If one wants to keep a state

as fix as possible, the corresponding factor must be higher in regard to other factors.

* R is the input factor. If set low in regard to other factors, the system will use large

input and will be more reactive. However, the real input may saturate or be destructive.
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* N combines both comportment but is often set to 0, as for these simulations.

The feedback control that minimizes the cost function value is: u = —Kx
where K is the feedback gain that, in case of a continuous time system, can be determined in
Matlab by the command "K=Iqr(A,B,Q,R,N)".

All the simulations presented in this chapter are performed with a fixed-step size of 5e-05
for Simulink solver. This value corresponds to the one computed automatically in the last
simulation (pendulum + real motor), thus for a better comparison also the other simulations

have been carried out with the same solver setting.

5.2 Model linearization

LQR approach requires a linear model to compute the most efficient gain for controlling the
system, thus the obtained equations were linearized through an approach called "Small signal
linearization" which consist of approximating a function by a straight line which passes
through a chosen operating point (or nominal state) x, thus, by introducing Taylor series

expansion at first order, a generic function f(x) can be approximated as:

£~ S+ 5

where ¥ = x — X is defined as the difference between the current state and the nominal one. Is
noteworthy that this approach is valid only for small deviations X, therefore, it was decided to
apply LQR control within a maximum deviation of 8° with respect to the equilibrium point,
thus —8° < 6 < 8°. For a complete robot equilibrium, also the other states have to be 0,

hence the full nominal state vector is:

D = D =
o o o o

5.2.1 State-space representation

To obtain a linear state-space representation of the system, the nonlinear states equations are
developed from equations 3.14 and 3.15 so that only a second order derivative (i or ) is

present at a time:
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962 o 1 mpdcos§ (Rir)

) mpdsin66 (mpderjp)gschosO+T R + mpd2id, T
X = T, (mpdcose)2
Jwy_ (mpdcosb)=
(mp+mW+R2) mpd2+Jp

a2 (mpd)? . 1, mpdcos® (R+r)
é B _( mydcosd )m,,dsm@@ 7(mpd2+1p)gsm9cos9+f R + —mpd2+Jp ’ N mpgdsind  T(Rtr)
o Smpd*tp Ty \_ (mpdcos6)? mpd>+,  (mpd>+7,)r
(mptmyt75) mpd2+Jp

Then, computing the Jacobians of these non-linear equations with respect to states and input,
and the evaluating them at the nominal state X},,,, and nominal input 7,,,, = 0, is possible to
define the state matrix A and input matrix B of the State-space model shown below:

X =AX +Bu
y=CX+Du

where:

0

0
—R? (gmf,d2 fmf,d3 6%—J,dm,6?)
Jp(mpR2+my,R2+J,)+mpd? (my,R>+J,)
R? (gmf,dfmlz,d2 92+mpmwdg) +Jywmpdg
Jp(mpR2+my,R2+J,)+mpd? (my,R2+J,)

o O o O
o O o =
o O = O

0

0
B = R(mpd>+m,dR+Jp+mpdr)
Jp(mpR24+my,R2+J,,) +mpd? (my, R>+J,,)
(R2+Rr)(mp+my,)+mpdR+J,, (5 +1)
Jp (mpR24-my, R24-Jy)+mpd? (my, R2+Jy,) |

The output matrix C is an identity matrix of dimension 4 x 4 because all the states are
supposed to be available on the output, while since the input is not acting on the output, the
transition matrix D is set to zero.
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5.3 First simulation: PID and LQR control

As discussed at the beginning of this chapter, this control technique is chosen to be applied
to a non-linear system when the pendulum tilt angle 6 has an absolute value smaller than
0.14rad (= 8°).

The main parameters exploited for the simulation are:

e my, = 0.150kg
* my, = 0.070kg
* d=25mm
* R=40mm
* r=>5mm
e u;=0.7
* Tpin = 32.3mNm [minimum torque to apply on pendulum]
* Tpax = 60.4mNm [maximum torque before slipping]
01 0 0 O
0 10 0 O
=10 0 01 0
0 0 0 10
R =1000
Xo=[0 m/2 0 0] [system initial conditions]

A huge value was given to R to prevent the input (the torque) from exceeding the slippage
limit, while the tuning of Q matrix was done to prevent an unstable behavior of the system
(explained later).

With these parameters, the gain vector K2 produced by LQR is:

K2 =[—-0.0100—0.1967 — 0.0390 — 0.1011]

PID controller gains were hand-tuned until a satisfying behaviour was reached, hence:

* Proportional P = —0.5;



5.3 First simulation: PID and LQR control 42

* Integral / = —0.001;
e Derivative D = —0.05;

e Filter coefficient N = 100;

As one can see from the overall simulink schematic in Fig. 5.1, two saturation blocks
were added on the output of the control gains, the one for PID was set at +0.957,,,, because,
as shown in Fig. 5.3, big torques (in yellow) would have been requested in the first 0.1
seconds, leading to slippage, thus with a coefficient of 0.95 a safety margin was also added
on the limit condition. The saturation on LQR gain was instead set to 40.77,,,, because
when the robot is already moving, the friction coefficient is no more static, but dynamic
(estimated as 70% of the static one).

>|m >
torque x10 X D

P Input states 4 I theta
| xd |
NL system thetad
merge
System
T [lower LQR gain Ref States1
Outt in1 f Q 0 [0000]
if{}
A
If condition
if(u1 < 0.14)
ul l— || e
i1 3 else
if lower
y Ref States2

Outt in1 ja— & PID(s) =) ﬂ
else {} : /
& ;

Fig. 5.1 Simulink schematic with PID and LQR control.

A 10 seconds simulation is shown in Fig. 5.2 below, demonstrating that with an appropriate
tuning of the two controllers gains a stable self-righting manoeuvre is performed, in which
e-puck3 reaches an upright position with a rising time (time required to a certain variable to
cross the corresponding steady-state value) of 7, g ~ 0.70s, travelling a distance x4, ~ 1.16m
on the floor with a maximum robot speed . ~ 0.6m /s and a maximum angular speed of
the pendulum 6,4, = —12.4rad/s.
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The choice of firstly controlling the angle 0 is rewarded with a small overshoot §g ~ 8%
and good settling time (time required to a certain variable to stay within the £0t% of its

steady-state value.) of 7, 9139, ~ 4.53s.

10*torque [Nm]

Fig. 5.2 Simulation with PID and LQR control.



5.3 First simulation: PID and LQR control 44

1 1.5

Fig. 5.3 Simulation of the first part of motion.

With this control approach, where two controllers are exploited, the tuning phase plays a
very important role in terms of stability performances. An example of bad tuning is shown in

Fig. 5.4 and 5.5, where the weights of Q matrix corresponding to 6 and 8 were both put to 1.

Fig. 5.4 Zoom on simulation with bad LQR tuning.
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0*torque [Nm]

Fig. 5.5 Switching control with bad LQR tuning.

In this case the system gets stuck on the switching condition around the chosen negative
threshold 8 = —0.14rad. The reason is simple: when the first (positive) threshold is reached,
LQR is enabled and starts controlling all the 4 states, but since the control on 6 is not strong
enough, this state continue decreasing till reaching the negative threshold at which PID is
re-enabled. At this point PID only governs 6 so it tries to bring it back to zero, means
increasing until 8 = —0.14, but here LQR 1is activated again and because of the improper
weights in Q matrix, the control priority is not efficiently assigned, so the action on 6 could
be softened which means let it decrease below -0.14, thus leading the system to continuously

oscillates between these two phases.
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5.4 Second simulation: LQR control

Even if the system is non-linear, applying only LQR control (Simulink diagram in Fig. 5.6)

still provides good simulation results, as shown in Fig. 5.7 and 5.8.

=|[1/?/' -
torque x10 x [:J
0000 + NLsys > theta |
Y
wd

Ref States LQR1 NL system

thetad

System

Fig. 5.6 Simulink schematic with only LQR control.

Fig. 5.7 Simulation with only LQR control.
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time [s]

Fig. 5.8 Simulation of the first part of motion.

For this simulation, since the LQR control was enabled from the beginning of motion (not
after PID), matrix Q has been modified from previous design and it corresponds to a simple
identity matrix since no state has a critical effect on stability, thus:

1 000

0100
0= 0010

000 1
K1=[-0.0316—0.1314 —0.0616 — 0.0334]

This simulation shows better motion performances with respect to the previous one, in fact the
travelled distance is x4y = 0.72m, with a maximum speed X4 ~ 0.81m /s and a maximum
angular speed of the pendulum 6,,,, ~ —5.1rad /s (less than half of the previous). In this
case the overshoot on 0 is §g ~ 26% while the rising time is 7,9 = 0.48s and settling times is

ts_‘Q:t3% =4.75s.
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5.5 Third simulation: including BLDC motor

5.5.1 Introduction to simulation

As discussed at the end of paragraph 5.1, the main purpose of this project is to validate the
motor choice for the self-righting manoeuvre, but non-linear equations developed in Chapter
3 describe a generic two-wheeled inverted pendulum without taking into account the physical
limitations the exploited actuator. For this project, a brushless DC motor (BLDC), whose
characteristics can be found on the catalog provided in Appendix-B, is exploited and hence
a more accurate simulation has to be carried out. For the simulation, even if the motor to
be validated is the EC21 flat from Maxon, as already mentioned in previous chapters, its
data-sheet is not complete and for this reason EC20 flat is exploited because of similarity.

On Simulink, the BLDC motor block is deployed, receiving a voltage V as input and
providing as output both an electromagnetic torque 7, and an angular speed ®,,. From theory

of electro-mechanical conversion, the electromagnetic torque can be written as:
T, =Jwu+Tr+ T, (5.1)

where J is the inertia of motor plus load, Ty =1, + B @y, is the torque loss due internal friction
of the motor and can be represented as the sum of two effects (static+viscous), Ty, is instead
the mechanical load attached to the motor. As stated before, T, and @, are provided by the
motor block, Ty can be computed from motor data-sheet (product of no-load current and
torque constant) and 7j, is the torque requested by the load (the robot) which is provided by
the controller gain. Since the inertia of the load is already taken into account in the non-linear
equations of motion, the term J becomes only the motor inertia (on data-sheet).
Clarified this, the BLDC motor block on Simulink requires the exact t;, and 8 and not the
total 77, thus, knowing that in general the static component has bigger weight, I assumed
ty = 90%Ty and f = ~oct
to the speed of the motoI; when no load is applied out of the frictional one, that’s to say
= 945rad /s is found
by plotting the motor speed-torque characteristic and taking the speed corresponding to
Ty = kiip = 5.880™ . 102mA = 5.99 - 10~*Nm.

Problems rise up when simulating the motor in no-load conditions, applying the nominal

. Here, w;; is the speed used to determine 3, and corresponds

the speed when the motor is absorbing no-load current; thus

voltage of 6V. Here, specifying t,, and 8 the motor reaches a no-load speed above 10000rmp
when simulated with automatic fixed-step size and above 11000rpm with automatic variable-

step size. This Simulink issue on BLDC motor model (whose internal parameters setting is
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put in Appendix-A) affects any simulation results presented in the following paragraphs.

To include the motor physical limitations, the generation process of the states produced by
the non-linear equations is modified. As opposed to the previous control approaches, now
the idea is to compute the states 6 and 8 from a kinematic relation among the rotor angle

and the wheel angle, as shown in Fig.5.9.

Fig. 5.9 Kinematic relations among angles.

As already discussed in previous chapters, the pendulum body is rotating around the
center of the bigger gear, which is attached to the external wheel with radius R. Due to robot
construction, the pendulum rotates at the same angular speed of the motor housing, thus
0 can be also seen as the tilt angle of the smaller gear center with respect to the vertical
position. The smaller gear (with radius r) turns counter-clockwise and the tangential speed

Vpend = 0 (R4 ) of its center, can be expressed as the sum of wheel and rotor speeds, thus:

Voend = R +Wr=0(R+r) (5.2)



5.5 Third simulation: including BLDC motor 50

Rearranging this equation, the angle speed 6 can be found as function of the system state X

and the motor speed ®,,, thus:
1

"R +r
With this important relation, just by integration also the angle 0 is defined so that together

6

(X+ @nr) (5.3)

are exploited in the system of non-linear equations.

As before, given the current states x, ,x, 0 and the input torque 7, the model provides the
robot horizontal acceleration X and angular pendulum speed 8, but with this new approach,
the latter is not used to compute the next states since these will be computed through eq. 5.3
which will give a results depending on the next rotor speed, hence we can resume saying that
the non-linear equations provide directly x,x because of the integration on X and indirectly
6,0 because of eq.5.3.

The use of 6 is anyway crucial for a good control of the system because, since BLDC motor
is controlled by a voltage, the LQR control can only say what is the torque the motor has to
generate, but not the corresponding rotor speed. The only way of making the system act in
a controllable way, is to force the rotor speed to have a value which will make (at the next
step) the pendulum angle 6 to match the expected one by the integration of 6 from second
non-linear equation. All these concepts can be expressed through the following (simplified)
blocks scheme, while the detailed one is put in Appendix-A.
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Fig. 5.10 Simulink schematic including BLDC voltage control.
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5.5.2 Simulation including the motor

The simulation result is shown in the following Fig.5.11, where is visible that the BLDC
motor is suitable for performing a self-righting motion.

Comparing this simulation with the other one which still exploits only LQR control, it’s
clear that performances are no more ideal since we added a real component (motor), thus we
have: a travelled distance of x4 &~ 0.74m, with a maximum speed X4 &~ 0.87m/s and a
maximum angular speed of the pendulum 6,4, = —6.5rad /s. In this case the overshoot on

0 is §g ~ 27% while the rising time is 7.9 = 0.46s and settling times is 7 g+39, = 5s.

Fig. 5.11 Simulation result including BLDC motor.

The simulation is carried out with the same system parameters of previous simulation, with
the same gain of the simulation exploiting only LQR control and with a PID on the speed

error set as follows:
* Proportional P = 14; Integral I/ = 0; Derivative D = 0.7,

e Filter coefficient N = 100;
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5.5.3 Motor operating conditions

Further analysis can be done on slipping condition, indeed in Fig.5.12 the motor speed-
torque characteristic at nominal conditions is shown by a straight blue line, while the motor
operating points during simulation are plotted in black. It’s clear that all black points are
below the nominal ones and in particular they lie in the "continuous operation range" where

there are neither thermal issues nor wear problems for the motor.

10000 7
MNominal working points
Experimental working points
Minimum self-righting torque [miNm)]
8000 Maximum torque before slipping [mNm]|
— 6000 7
=
.
Eo)
@
2 4000 7
w
2000 .
D -

0 2 4 6 8 10 12 14 16 18
Torgue [mMNm]

Fig. 5.12 Operating points of BLDC motor.

Even if there are few points exceeding the maximum admissible torque, the effective presence
of these unwanted points is not guaranteed because it strongly depends on the electromagnetic
torque which in simulation (Fig.5.11) varies with high frequency. Since the torque received
by the wheel will probably be attenuated by mechanical components, a low-pass filter is
added (see appendix A.7). Without a real system on which do some tests, parameters of this
filter are chosen arbitrarily and for this reason points that overcome the red line may be not
present if the attenuation is higher than what selected in simulation. Hence, by assuming a

good torque attenuation, the real system will perform within the accepted range.
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5.5.4 Motor efficiency

A final analysis was made on the motor efficiency 7, expressed by the ratio between electrical

and mechanical power, thus:
P o T

P VI

To avoid unfeasible spikes beyond an efficiency of 100%, the electrical power has been

filtered with the same parameters exploited on the mechanical side discussed above.

Results are shown in Fig.5.13, where one can see how in general the efficiency is lower than
what motor can offer. In fact, the efficiency at nominal condition (from motor data-sheet) is
Nmax = 67%, while here the requested working points are less exorbitant than nominal ones,

so it is comprehensible to have lower efficiencies.

1 T T T T T T T T T

BLDC actual efficiency

09r BLDC max efficiency | |

0.8 r 7

0.7 5

|

04 r 5

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
working points x10°

Fig. 5.13 BLDC motor efficiency.



Chapter 6
Conclusions and future improvements

A significant theoretical analysis was carried out on different engineering aspects regarding
part of the configurations e-puck3 can assume. Since specific product requirements are not
yet known, several designs of gearboxes and control approaches were studied and tested on
the Two-Wheeled Inverted Pendulum (2WIP) configuration. As result, there’s not a unique
and best solution of design because everything depends on the desired robot performances,
however this master project gives the possibility to understand lots of physical phenomena
(and how they are related) which are often hidden inside a robot with small dimensions, as in
the case of e-puck3. Several problems are linked indeed to manufacturing issues and high
sensitivity to weights distribution on the robot itself; it’s also important to keep in mind the
economic value of the e-puck3, whom has been thought for educational purposes and thus it
cannot rely on cutting-edge technology which would be too expensive.

By looking at the research work done for this project, I wish I'd have had less problems
during modeling and simulations of the 2WIP system in order to develop a more challenging
control approach (MPC) and a Simscape simulation to effectively show the robot animation.
Regarding practical activities, lack of time didn’t let me prototype the gearbox to perform
practical tests with the motor but also to learn more about 3D-printing technology. An
important aspect, for future studies, is for sure the development of a more reliable model of
BLDC motor, without all the issues and uncertainties I faced. Finally, regarding the 2WIP
modeling, friction wasn’t taken into account both in Lagrangian and Newton approach, the
two robot wheels have been assumed rotating at the same speed, thus the robot is not steering
during motion and the gearbox was assumed to have only one stage (2 gears) with the gear
attached to the wheel having a radius equal to the wheel itself, which is unlikely. A better
implementation of this important aspects would allow people to have more flexibility in

gearbox and control design phase.
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Appendix A

Simulink Model blocks

:

£
tApr

Fig. A.1 Detailed simulink schematic.




Permanent Magnet Synchronous Machine (mask) (link)
Implements a three-phase or a five-phase permanent magnet synchronous machine. The stator windings are connected
in wye to an internal neutral point.

The three-phase machine can have sinusoidal or trapezoidal back EMF waveform. The rotor can be round or salient-pole
for the sinusoidal machine, it is round when the machine is trapezoidal. Preset models are available for the Sinusoidal
back EMF machine.

The five-phase machine has a sinusoidal back EMF waveform and round rotor.

Configuration | Parameters | Advanced
Number of phases:
3 =

Back EMF waveform:

Sinusoidal =
Rotor type:
Round E

Mechanical input:

Torque Tm 7

Preset model:

No %
Measurement output

[[] Use signal names to identify bus labels

Configuration =~ Parameters | Advanced
Stator phase resistance Rs (ohm): 1.025

Armature inductance (H): 9.45e-05
Machine constant
Specify: |Flux linkage established by magnets (V.s) c
Flux linkage: '0.000692965

Inertia, viscous damping, pole pairs, static friction [ J(kg.m”~2) F(N.m.s) p() Tf(N.m)]: [5.1e-07 6.34638e-08 4 t_st]
Initial conditions [ wm(rad/s) thetam(deg) ia,ib(A) ]: |[0,0, 0,0]

Specifications Block Parameters
Back EMF waveform Sinusoidal N
Rotor type Round v Stator phase resistance Rs (ohm):
1.025
Resistance (ph-ph) R Res Ohm
Armature inductance (H):
Inductance (ph-ph) Lab L*1000 mH 9 45e-05
0
0 Flux linkage established by magnets (V.s):
0.000692965

—
pecify:  Torque constant v Voltage Constant (Vpeak L-L / krpm)

0 Vrms krpm 0.56276
Torgue Constant (N.m / Apeak
Torque constant kt Okt N.m vl Ams v o 03415779 ( poak
lueri S Jm kg.m"2 &% Inertia, friction factor, pole pairs [ J(kg.m2) F(N.m.s) pQ)]
Viscous damping F beta N.m.s v [5.1e-07 6 34638¢-08 4]
Pole pairs D 4
gt Blbck Piamilers Apply to Selected Block Help Close

Fig. A.2 BLDC block settings.
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Fig. A.10 Kinematics relations.
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Fig. A.11 Voltage control.
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fL/’ EPF L
@20 mm, brushless, 5 Watt

A with Hall sensors
M2x1.8 tietsdeeq

EC 24

- 0
*1‘/ z W -0.2
0
Zlo0 +-0.1 .2 0.0
-t
[]
I o3
=
| g
s
1
o™
RS X 0.3 2005 §

I Stock program
| Standard program
Special program (on request)

Values at nominal voltage

A with Hall sensors’
B sensorless.

179.5 +3

351006
351055

351007
351056

351005
351054

351057

1 Nominal voltage v
2 No load speed pm
3 No load current mA
4 Nominal speed Pm
5 Nominal torque (max. continuous torque) mNm
6 Nominal current (max. continuous current) A
7 Stall torque’ mNm
8 Stall current A
9 Max. efficiency %
Characteristics
10 Terminal resistance phase to phase Q
11 Terminal inductance phase to phase mH
12 Torque constant mNm/A
13 Speed constant rpm/V
14 Speed/torque gradient pm/mNm
15 Mechanical time constant ms
16 Rotor inertia gem?
Thermal data
17 Thermal resistance housing-ambient 165 KW " LP™) B
18 Thermal resistance winding-housing 2.66 K/W
19 Thermal time constant winding 1775 10000

20 Thermal time constant motor
21 Ambient temperature
22 Max. winding temperature

Mechanical data (preloaded ball bearings)

+125°C

351006

B sensorless

Continuous operation

In observation of above listed thermal resistance
(lines 17 and 18) the maximum permissible wind-
ing temperature will be reached during continuous
operation at 25°C ambient.

= Thermal limit.

Short term operation
The motor may be briefly overloaded (recurring).

power rating

23 Max. speed 00 rpm
24 Axial play at axial load <2.0N Omm 4000
>20N 0.14 mm
25 Radial play preloaded
26 Max. axial load (dynamic) 18 5 10 15 M [mNm] =
27 Max. force for press fits (static) 26N 05 0 15 1Al
(static, shaft supported) 200N :
28 Max. radial load, 5 mm from flange 53N

Other specifications
29 Number of pole pairs
30 Number of phases

3
31 Weight of motor 229 goomm.

Values listed in the table are nominal.

Connection with Hall sensors sensorless

Pin 1 Vias 4.5...24 VDG Motor winding 1
Pin2 Hall sensor 3 Motor winding 2
Pin3 Hall sensor 1 Motor winding 3
Pin4 Hall sensor 2 A neutral point
Pin5 GND

Piné Motor winding 3

Pn7 Motor winding 2

Pin8 Motor winding 1

Adapter Part number Part number
seep. 471 220300 220310
Connector  Part number Part number
Tyco 1-84953-1 84953-4

Molex 52207-1133 52207-0433
Molex 52089-1119 52089-0419

Pin for design with Hall sensors:

FPC, 11-pol, Pitch 1.0 mm, top contact style
Wiring diagram for Hall sensors see p. 43
'Calculation does not include saturation effect
(p. 53/164)

258 maxon EC motor

maxon Modular System

=t-I-

0.5-2.0 Nm
Page 333/336

Recommended Electronics:

Notes Pags
ESCON Madule 24/2 444

e 32

ESCON 36/3 EC 445
ESCON Mod. 50/4 EC-S 445
DEC Module 24/2 449

EPOS4 Mod./Comp. 24/1.5

MAXPOS 50/5

MooL' ce
()/ Aa

Fig. B.1 EC20 Data-sheet

452
468
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