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DESIGN AND CONTROL OF BALANCING ROBOT

ABSTRACT

This thesis is concentrated on the problem of balancing a two wheeled robot using
the angle feedback. To calculate the pendulum angle, accelerometer and gyroscope
sensors are used. The readings received from these sensors are processed using
Kalman filtering to eliminate the noise caused by vibration and a clean noiseless
signal is obtained. Then PID controller is used on the filtered angle feedback to

balance the robot.

Calculations and the control of the robot are performed using a microcontroller,
which processes sensor signals and generates logic signals to drive the motors of the

robot.

The design used as a prototype is prepared in Solidworks. All parts are drawn in
3D and materials are assigned to these parts to obtain parameters like mass and

inertia values of the pendulum and the wheels that are used in simulations.

In order to determine the PID controller parameters to be used in the system,
Simulink is used to prepare the block diagram of the whole closed-loop system. For
this purpose, mathematical equations of the system are obtained and these equations
are implemented in Simulink as balancing robot system block. Also, other system
parts like PID controller, PWM pulse generator and Kalman filtering blocks are
added into simulation to construct a platform as close as possible to real system.
After the simulation model is prepared, design optimization tool in Simulink is used
to find PID parameters which give a feasible solution for the control of the balancing

robot.

v



Finally, obtained PID parameters are experimented in the prototype design and the

angle of the robot is logged and compared with the simulation results.

Keywords : Balancing robot, inverted pendulum, Kalman filter, PID controller



DENGE ROBOTUNUN TASARIM VE KONTROLU

0z

Bu tez iki tekerlekli bir robotu aci geribeslemesi kullanarak dengede tutma
problemi iizerine yogunlagsmistir. Sarka¢ agisinin hesaplanmasi i¢in ivme dlger ve
jiroskop sensorleri kullanilmistir. Bu sensorlerden gelen veriler, titresim sonucu
olusan paraziti yok etmek i¢in Kalman filtresi kullanilarak islenmis ve temiz,
parazitsiz bir sinyal elde edilmistir. PID denetleyicisi, robotu dengede tutmak igin,

filtre edilmis ac1 geribeslemesi tizerinde kullanilmistir.

Robot’un hesaplamalar1 ve kontrolii, motorlar1 slirmek i¢in sensor sinyallerini
isleyen ve lojik sinyalleri ireten bir mikrodenetleyici  kullanilarak

gerceklestirilmistir.

Prototip olarak kullanilan tasarim Solidworks’de hazirlanmistir. Biitiin pargalar ii¢
boyutlu olarak ¢izilmis ve simulasyonlarda kullanilan sarka¢ ve tekerlerin kiitle ve
atalet momentleri gibi parametrelerinin elde edilebilmesi i¢in bu pargalara malzeme

atamasi yapilmstir.

Sistemde kullanilacak olan PID denetleyicisi parametrelerini tespit edebilmek
icin, biitlin kapali-cevrim sistemin blok diyagraminin hazirlanmasinda Simulink
kullanilmistir. Bu amagla sistemin matematiksel esitlikleri ¢ikartilmis ve bu esitlikler
Simulink’de denge robotu sistem blogu olarak uygulanmistir. Ayrica PID
denetleyici, PWM pulse olusturucusu ve Kalman filtresi bloklar1 da gercek sisteme
miimkiin oldugunca yakin bir platform olusturmak icin simulasyona eklenmistir.
Simulasyon modeli hazirlandiktan sonra, Simulink’deki tasarim optimizasyon araci
kullanilarak denge robotu’nun kontrolii i¢in uygun ¢oziimii veren PID parametreleri

bulunmustur.

vi



Son olarak, elde edilen PID parametreleri tasarlanan prototip’de denenmis ve

robot’un sarkag agisi simulasyon sonugclari ile karsilastirilmasi i¢in kayit edilmistir.

Anahtar Sozciikler : Denge robotu, ters sarkag, Kalman filtresi, PID denetleyicisi

vii



CONTENTS

Page

M.Sc. THESIS EXAMINATION RESULT FORM ... 1i
ACKNOWLEDGEMENTS ...ttt e e e e e e e e e e e e e eeeeeeeeeaaaaa 1i1
AB ST R A CT e e e et e e e e e e e s e e e e e e e e e e s eaeeeeeeaaanaa v
O Z e ettt et r et et et e et e ereer e e earann vi
CHAPTER ONE - INTRODUCTION ...uuuueeeeeeeeecessssnseeeeeessssssssssssssessssssssssssssssssssns 1
CHAPTER TWO - SYSTEM MODELING ...cccccceverruneereeececsssnssseesessessssssssssssessssses 6
2.1 DIreCt CUITENt MOTOT....coeeeeeeeeeeeeeeeeeee e, 7
2.2 WREEIS oo, 10
23 PendUIUML. ..o, 13
2.4 Linearization of EQUAtIONS. ........cceeriiiiiieiiieiiecie ettt 15
CHAPTER THREE - DESIGN OF BALANCING ROBOT SYSTEM.............. 17
3.1 Mechanical DeSI@N......cc.eeeiieiieiiieiieeie ettt 17
3.2 EIectrical DESIZN ...cccuvieiieiiieiieeiie ettt ettt et 22
3.2.1 MicrocOntrOller BOATd. ... ..o 22
322 DIC MOTOT vttt e e ettt eeee e e e e e e et e aaaaeeseeee et eaaaaaeeseeas 23
3.2.3 DC MOLOT DIIVET «. e e e e e e e e e e eeeeeaeeeeanenas 24
3.2.4 IMU Analog Combo Board.............ccceeriiriiiiiiieiiicieeeeeeeeee e 27
3241 ACCELETOMIELET ... e e e e e e e eeeeeeeeeeeeeeeas 28

3.2.4.2 GYTOSCOPE weeeuvvieeniiieaiieeeiteeeiteesteeesiteeenaaeesnteesasteesaateesaseeesaseesnaseeennns 33

3.3 ELECIIICAL COMMECTIONS e e e e e e e e eeeeeeeeeeeeeeeeeeaaeeaaeaaaenas 34
3.4 Implementation of Control Algorithms............cccecvieviiiiiiiiiiiniieieieeee 35

viii



341 SENSOT FUSION «.teeeeeeeeeeeeee e e e e e e e e e e e e e e eeeeeeeeeaananenas 35

3.4, 1.1, KaAIMAn FIIEET oo 36
342 PID CONIIOL .o e e e e e e e e e e e e e eeeeeaeeenanenas 42
3.4.2.1 Effects of PID Controller Parameters .......ocoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaenn. 43

CHAPTER FOUR - COMPARISON OF SIMULATION AND

EXPERIMENTAL RESULTS ..cciitiniiiinniiinsnicssnnicssnsicssssisssssessssesssssssssssssssssossssssses 47
4.1 System Modeling and Parameters...........cccueevueeriieiiieniieiiiecie e 48
4.2 Modeling of Closed-loop Control System ...........ccceeviieviieniiieniienieeiiecieeieens 53
4.3 Real System Implementation and Control ............cccevvvieiiieniiienieniiieiecieeee 56

CHAPTER FIVE - CONCLUSIONS ...uucivinvierinsensenssnssnssssssssissessesssssssssssssssssssssssns 64

REFERENCES .....cuiiiiiinininsinsnnssissississississsssssssssssssssssssssssssssssssssssssssssssssnses 66

NOMENCLATURE ....uuiiiiiiinininsnnssissississississsssssssssssssissssssssssssssssssssssssssssssonses 69

APPENDIX ..uuiitiiiiinsinsensnississiesississessssssssssssisssssssssesssssssssssssssssssssssssssssssssssssssssssanes 70

X



CHAPTER ONE
INTRODUCTION

Two wheeled balancing robots have attracted many researchers because of its
naturally unstable and nonlinear structure. Its properties provide a good environment
for researchers to test various control theories on the subject and see how they
behave in a complicated nonlinear system like this. Along with its scientific
attraction, two wheeled robots have many advantages; they are small, simple and
also good at climbing inclined planes, which makes them useful as personal
transporting devices. Spot spin feature makes these robots usable in factories or in

narrow places etc. (Karla, Dipesh & Stol, 2007).

In order to balance a two wheeled robot, different approaches can be applied on
the system. Although the main objective of the system is simple; to stabilize the
robot at its vertical position, various types of methods of calculating the pendulum
angle of the robot and various filters to eliminate the signal noises and different
control theories can be applied to this system. In the literature, various designs and
methods can be found for two wheeled balancing robots. Some of them are listed

below;

nBot - David P. Anderson from Southern Methodist University has achieved to
develop a very stable and award winning balancing robot shown in Figure 1.1. This
robot uses an Inertial Measurement Unit (IMU) board consisting of an accelerometer
and a gyroscope. Kalman filter is used to filter the readings of these sensors. In
addition to angle information, position angle, which is obtained using motor
encoders, is also used as a feedback to stabilize the position of the robot in horizontal

axis (Anderson, 2010).



Figure 1.1 View of Nbot balancing
robot (Anderson, 2010)

Joe - Researchers developed a two-wheeled balancing robot, shown in Figure 1.2,
with weights on the top to simulate a driver standing on the robot. In the Joe
balancing robot, encoders of the motors and gyroscope are used to calculate the
inclination of the robot. As a controller pole placement method is used and in order
to balance the robot, different pole placements are tested (Grasser, D’Arrigo,

Colombi & Rufer, 2002).

Figure 1.2 View of Joe balancing

robot. (Grasser et al., 2002)

Segway - A commercial application of balancing robots has been started to be
used with Segway personal transporter as shown in Figure 1.3. It was invented by

Dean Kamen and announced in 2001. The design included a base where people



would stand and a stick on the front to direct it by the user. Since Segway is designed
to carry people, IMU board includes 5 gyroscopes where three are used and two are
placed as backup. After the success of Segway, the company has presented different
models. For instance adventure, golf, cargo or commuter Segways are among those.
Segways can go up to 20 km/h and a range of 38 km. (Segway Personal Transporter
Webpage).

Figure 1.3 Segway PT
(Segway Personal Transporter Webpage)

Other than classical control way of balancing; driving the motors according to the
pendulum angle, different approaches to the problem are also available in the
literature. Kalra et al. (2007) have researched the benefits of a reaction wheel they
placed on the top of the robot, which can be seen in Figure 1.4. The aim of adding a
reaction wheel to the system is to deliver the required balancing torque with this
mechanism instead of base balancing wheels. Linear Quadratic Regulator (LQR)
controller is used in this system for balancing the robot. Energy efficiency and
balancing are compared with the system without a reaction wheel. As a result, using
hybrid mechanism provided a better balancing and used %21 less energy (Kalra et

al., 2007).
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Figure 1.4 Balancing robot with a reaction wheel.

(Karla et al., 2007)

As stated previously, balancing robot is a suitable platform to test control theories.
In the research of Lahdhiri, Carnal & Alouani (1994) a fuzzy rule based controller is
developed for solving cart - pendulum balancing problem in real time. Similarly
Muskinja & Tovornik (2000) have balanced an inverted pendulum on a rail system
by using fuzzy logic controller. In their research, balancing starts from the downright
position, which is pendulum’s initial position and it is swung to turn it around and
balance. Combination of control theories is also studied on the balancing robot such
as the research of Sun & Gan (2010). In this research, LQR controller is combined
with PID controller and they have accomplished to balance the robot within a larger

inclination angle.

In this thesis, in order to find the pendulum angle of the robot, an IMU board
including an accelerometer and a gyroscope sensor is used and for filtering the noisy
signal, Kalman filter is applied. To balance the robot at the upright position, PID

controller is implemented on the system in a closed-loop structure.

This thesis is divided into five chapters. In the second chapter, the nonlinear
equations of the system are obtained by evaluating the pendulum, the wheels and the
DC motors one by one and then combining their equations together. In the third
chapter, the prototype design of the balancing robot, which is prepared using
Solidworks 3D Cad software is shown. Components used on the balancing robot and

also the structures of Kalman filtering and PID controller are explained. In the forth



chapter, obtaining system parameters are explained. The open loop and the closed-
loop system models and their results are given. The PID controller parameters are
obtained using the design optimization tool and they are experimented on the
prototype design. The results of the experiment are logged and real system results are
compared with the simulation results. In the fifth chapter, conclusions and

recommendations are given for future studies.



CHAPTER TWO
SYSTEM MODELING

In order to investigate the behavior of balancing robot through computer
simulations, mathematical modeling of the system should be derived at the first step.
The dynamic and linearized models based on simple inverted pendulum, which is
applied to two wheel balancing robot, can be found in literature (Baik, 2008; Grasser
et al., 2002; Jeong & Takahashi, 2008; Kadir, 2005; Ooi, 2003; Quintero, 2008). The
modeling of the designed balancing robot based on the derivation of mathematical
expressions is shown below. These equations were used to simulate the non-linear
behavior of the robot. At the end of the chapter, linear equations are also shown

which can be used to obtain linear state space modeling of the system.

The basic scheme of a two wheeled balancing robot is shown in Figure 2.1. In
order to obtain these mathematical expressions, balancing robot will be considered in
three parts: DC Motor, Wheels and Pendulum. Then combining the equations of
these three parts, two nonlinear equations, which represent the whole system, are

obtained.

Figure 2.1 Balancing robot basic scheme.



2.1 Direct Current Motor

In the balancing robot two identical DC Motors with a metal gearbox, which has
the ratio of 29:1, are used. The motors are very important during balancing and the
performance of the balancing robot depends on the capability of the motors like
ability to accelerate, backlash etc. Although two separate DC motors are used in the
designed system, they can be considered to be a single motor driving a single shaft

that delivers torque to the wheels (Kadir, 2005; Ooi, 2003).

The modeling of a single DC motor driving one wheel can be found in (Ooi,
2003) and its diagram is shown in Figure 2.2. When the armature voltage V, is
applied to the motor armature terminals, a current i, is drawn by the armature (rotor)
windings, which has a resistance of R and an inductance of L. With the flowing i,
current in the armature of the motor, a magnetic field, which interacts with the stator
magnetic field, is produced. As a result, a torque t,, is produced acting on the rotor
and motor starts to turn with this torque. This torque is varying linearly with the

armature current as follows:

T = kmig 2.1)

: )
{[C)=ENV

I X @0+

Ky
Figure 2.2 Diagram of a DC Motor (Ooi, 2003)
A back electromotive force voltage occurs due to the movement of coils through

the magnetic field of the motor and this voltage is always proportional to the angular

velocity of shaft as expressed as follows:



E, = k,0y (2.2)

Using Kirchhoff’s Voltage Law with the motor’s electrical circuit, which is shown
in Figure 2.2, we obtain the following expression.

Vo= Rig— L% —E, =0 (2.3)

The friction torque on the shaft of the motor is assumed to be varying linearly
with the shaft angular velocity. Considering this, the sum of the torques acting on the
shaft of the dc motor is equal to the product of angular acceleration of the rotor and

rotor inertia, i.e,

M =1 (2.4)

d
Tm —krw — 74 = IRd—j (2.5)

Substituting equation (2.1) into (2.5) gives us the following equation.
. d
Kmia — kfw — 7, = IRd—(j (2.6)

By rearranging (2.6) and leaving the derivative term alone, we find the angular

acceleration of the shaft.
—= = (2.7)

Substituting (2.2) into (2.3) gives the following equation.

dig

Vo — Rig — L2

—kyw=0 (2.8)



Derivative of the current can be obtained from the equation (2.8) as follows:

Yo _Va_Rla_ kew (2.9)

Some given terms shown in DC motor circuit are so small, they can be neglected.
In DC Motor circuit these negligible terms are inductance and motor friction

constants. Until now they were considered as a part of the circuit.

By neglecting the motor friction in equation (2.7), new equation becomes as

follows:

do _ kmla _ Ta (2.10)

dt Ip IR

and after neglecting the inductance term equation (2.9) can be expressed in steady
state as:
Va kew

=ta_ ket (2.11)

@ R R
The current found in (2.11) is substituted in equation (2.10) to acquire a new
equation with the parameters k,, (mechanical motor constant), k. (electrical motor

constant), V, (armature voltage), w (angular velocity of the shaft), Iz (Inertia of

rotor), R (resistance of motor) and 7, (torque generated).

d_“’:k_m(v_a_ke_“’)_f_a (2.12)
dt Ir \R R IR ’
dw — kmVa  kmkew g (2 13)
dt IRR IRR IR ’

The angular displacement of the rotor is expressed as 8y, = w. This equation is
used to form a convenient state-space model. This model represents the dynamics of

DC Motors as shown below:
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) 0 1 0 0
%[QX]=[QX]=[0 —%l[eaﬁvht_n; —iHTVZ] (2.14)
y=[ o] [QQV)V]+[0 0] [ZZ] (2.15)

2.2 Wheels

In the project two wheels are used and wheels with high friction surfaces are

preferred on purpose. Thus, it is assumed that the wheels will not slip on the ground.

To integrate wheels into other parts of the robot, they will be studied alone using
free body diagram method as shown in Figure 2.3 (Ooi, 2003). All the forces applied
on the wheels will be shown and Newton’s Law of Motion will be used to find the
equations of motion. Since the used wheels are same, the equations will be found for

just one wheel.

Figure 2.3 Free body diagram of
the wheel. (Ooi, 2003)

The sum of all the forces along the x-axis is expressed as:

Hy — H = M, & (2.16)
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Also, the torques about the center of the wheel should be equal to the inertia of the
wheel multiplied by the angular acceleration. Equation of torque equilibrium can be

stated as follows:
C — Hir = 1,0, (2.17)

There are two torques on the shaft of the motor. These are 7, and 7, and they are
always in counter directions. The torque motor produces is the difference between
these two. So it can be expressed as

C=1,—1,4 (2.18)
By using (2.5) with k¢ is neglected, motor torque can be written as
dw
Tm =IRE+TQ (2.19)
Substituting equation (2.19) into (2.18) following statement is acquired.

C=1% (2.20)

T, 1s neglected in the system and substituting equation (2.13) into (2.20) the

torque equation is obtained as follows:

kmVa  kmke
6:77——?2—@ (2.21)
=0

Equation (2.21) is substituted into (2.17) and it yields to

kmVa  KkmkeBw
R R

— Her = 1,0, (2.22)
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After arranging the equation (2.22), the friction force on the wheel in terms of

system parameters is acquired.

_kmVa  kmkebyw  IyBy
Rr Rr T

H; (2.23)

Now we can replace the Hy term used in (2.16) with the term we just found in

(2.23).

_kmVa  kmkeByw LBy
Rr Rr T

M, i —H (2.24)

As wheels turns, rotational motion is transformed into linear motion. With the

following two equations this transformation can be applied on motion equations.

0,1 =¥ (2.25)
0,1 =x (2.26)

Substituting equations (2.25) and (2.26) in (2.24), the motion equation was found

for a wheel as follows:
M, % = kmla _ kmkeX i _ g 2.27)

Until now, acquired equations were found considering just one wheel. Since
balancing robot has two wheels, the equation (2.27) is multiplied by two and

arranged as follows:

kmVa _ o kmkeX ok _op  (2.28)

RT Rr2 r2

Z(Mw+i—“2’)5c'

2M,,% = 2

_ 2kmVa  2kmkeX
RT Rr2

2H  (2.29)



13

2.3 Pendulum

As a third and final step towards obtaining the motion equations, pendulum of the
balancing robot will be examined. Once it’s motion equations are found, it’ll also be
integrated with the DC motor and wheel equations. The free body diagram of the
pendulum is shown in Figure 2.4 (Ooi, 2003).

Figure 2.4 Free body Diagram of the pendulum.
(001, 2003)

Since the reaction forces of both wheels to the chassis are considered to be the
same in direction and value, H;, = Hr = H assumption is made. The sum of all
forces along the x-axis is equal to the mass of pendulum multiplied by the

acceleration of robot as follows:

Y F = My% (2.30)

. . 2 . .
2H — M6, cos 6, + M, 10, sin 6, = M,X (2.31)
Reaction forces of both wheels on horizontal direction is

.. S 22
2H = MpX + M, 10, cos 0, — Ml0, sinb, (2.32)
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The sum of all the forces perpendicular to the robot chassis are linearly

proportional with mass of pendulum and acceleration on that direction.
2H cos 0, + 2P sin 6, — M, g sin 6, — M, 16, = M,% cos 6, (2.33)
Sum of the moments around the COG of the pendulum is

YM=la (2.34)
—2Hl cos 6, — 2Plsin6, — 2C = L,6,  (2.35)

C torque term was found previously in equation (2.21). After applying linear

transformation functions (2.25) and (2.26), torque equation becomes

kmVa  kmkex
C= T e (2.36)
oC = ZkmVa _ 2kmkex (2.37)

R Rr

Substituting (2.37) into (2.35), following statements are derived

. 2kmVa | 2kmkeX
—2Hl cos 6, — 2Plsin 6, — t— = 1,0, (2.38)
—2Hl cos 6, — 2PLsin 6, = I,f, + 2nle — ZmkeZ 3 39

By multiplying equation (2.33) with length of pendulum, we get the following

equation
2Hl cos 6, + 2Pl sin 6, — M, gl sin 6, — M,1%6, = M,%l cos 6, (2.40)

To eliminate P and H terms from the equations (2.39) and (2.33), equations are

summed.

ZRT;fex - Zk::va — 1,6, — M,glsin 6, — M, 126, = M,Xl cos 6, (2.41)
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Substituting (2.29) into (2.32) also eliminates H term from the equation.

_ 2kmVa  2kmkex
Rr Rr2

I\ - .. - S 2,
2(M, +2%) 3 — M,% — M6, cos 6, + M,16,” sin 6, (2.42)
Rearranging equations (2.41) and (2.42),

mKeX _ 2kmVq
Rr R

b,(1, + M,12) == — M,glsin, — Myilcos6, (2.43)

P (ZMWr2+21W+Mpr2) _ 2kmVa  2kmkex
RT Rr2

.. .2 .
M, 16, cos 6, + M, 16, sin 6, (2.44)

r2

and the nonlinear equations of the system in the final form obtained as follows:

_ 2kpkex 2kmVa Mpglsin6,  Mpxlcos Oy (2.45)
P Rr(lp+Mpl2)  R(Ip+Mpl2)  Ip+Mpl? Ip+Mpl2 ’
2kmVa 2kmkex . 22,
5 = _Er ~—R2 —MplOy cos Op+Mplly sin by (2 46)
- (Zer2+21W+Mpr2) :
72
L(2Mwr2+2lw+Mpr2\ 2kpV,  2kmkex -
. x( 2 ) R T Re2 +MplOy cos b
6, = : (2.47)
Mplsin 6y
X Rr(ép (Ip+Mplz)+2kaVa+Mpgl sin 6 +Mpxl cos 9,,)
X = (2.48)

2kmke

Equation (2.45), (2.46), (2.47) and (2.48) are the balancing robot’s non-linear
equations. By using (2.45) and (2.46) it is possible to simulate the behavior of the

balancing robot system.

2.4 Linearization of Equations.

By simplifying non-linear equations given above, they will be turned into linear

equations and state space model of the system will be obtained. In order to linearize



16

these equations, some assumptions should be made. It is assumed that the pendulum
is away from the upright position by an angle of ¢, which is a very small angle.

Hence,

0,=m+¢ (2.49)

cos B, = —1 (2.50)

sinf, = —¢ (2.51)
2

(%) =0 (2.52)

By applying all given three assumptions, non-linear equations of balancing robot

turns into two linear equations as follows:

o Mpl 2kmke . 2km Mpgl
¢ = (1,,+Mp12)x Rr(1p+Mp12)x R(Ip+Mpl2) Vot (Ip+Mp12) ¢ (2.53)

2k 2kmke

. B ' )
X = Rr(ZMW+2TI—‘2’V+Mp) Va RrZ(ZMW+2rI_XV+Mp)x + (ZMW+ZTI,_¥V+Mp) ¢ (2.54)

Linearized equations (2.53) and (2.54) can be expressed in state space model
form. Since equations are complex, two new terms are given as @ and £ to simplify

the equations.

. 0 1 0 0 0

X 2kmke(Mplr—L,=Mp1?)  M,2 g1 x 2k (Ip—Mp 12— Mylr)

x = Rria a UIE: + Rra v (2 55)

¢l o 0 o1 |[|? 0 a (%

q'j 0 2kmke(rB—Mpl) Mpglp 0 ¢ 2km (Mpl-7p)

RT2a a Rra
where,
Q= [1,,3 +2M, 2 (MW + ’—Vg)] (2.56)
21,

g = (ZMW + 2wy M,,) (2.57)



CHAPTER THREE
DESIGN OF BALANCING ROBOT SYSTEM

The balancing robot system consists of a lot of important parts, which should be
carefully studied in order to understand how it works. Every part used in this project
is carefully selected considering system requirements. In this chapter, the subsystems
constituting the balancing robot and their working principles are explained. Also, the
electrical connection diagrams of the electrical components used in the design of the

robot are given.

3.1 Mechanical Design

Making a robot balance itself can be accomplished by a combination of a well-
designed control system, right chosen sensors & actuators and a well-balanced
mechanical design. A good mechanical design is important, because, even the

subsystems are properly chosen, the robot will not be able to balance itself without it.

Design of the balancing robot has been performed using Solidworks 3D CAD
Software. The rendered view of the robot drawing obtained from Solidworks is
shown in Figure 3.1. This software is chosen because it is based directly on 3D
modeling of the mechanical parts. Each mechanical part of the robot can be drawn
and then these parts can be assembled in the software. Also, it is possible to assign
materials to the created parts and acquire realistic technical properties of the whole
assembly. It is also possible to make static and dynamic analysis of the robot but in
this thesis Solidworks is used for drawing and modeling purposes. The inertia of the
wheels and the chassis, which are used in simulation models, are obtained using this
software. Otherwise, an experimental setup would be needed to calculate these

inertia values of the robot.

For this balancing robot two different designs are manufactured. At the beginning,
the design shown in Figure 3.1 has been made. But since this design consists of a lot
of aluminum plates especially at the lower levels of the robot, COG of the robot was

close to the rotational axis of the wheels.
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COG

.° g A

Rotation Axis

Figure 3.1 First (left) and second (right) manufactured balancing robot designs.

Since COG of the balancing the robot is an important parameter of the system and
the higher COG the easier it balances, another design is manufactured with a higher
COG. The comparison of COG of both balancing robots can be seen in Figure 3.1. In
the new design, the length between the COG of the pendulum and the rotational axis
is increased from 6 cm to 8.3 cm. The pendulum’s total height is also increased from
30.5 cm to 35.5 cm. Pendulum weight of the robot has reduced from 1.150 kg to
1.086 kg. The system parameters obtained from new design’s properties are listed in

Table 4.1 in Section 4.
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Figure 3.2 Rendered view of designed balancing robot in Solidworks

While designing a balancing robot, there are some important aspects that have to
be considered. The most important one is center of gravity (COG) of the robot.
Considering the coordinate center as shown in Figure 3.2 (Solidworks drawing
showing COG and X,Y,Z coordinates), X and Y coordinates of COG should be as
close as possible to the coordinate center (i.e., zero) because if these two coordinates
are far from zero, the robot is going to lean in these directions. Since leaning of the
robot by itself without any motor force is not intended, the COG should be optimally
located on the center of X and Y coordinates. Also, Z coordinate of the COG should
be as high as possible for a proper balancing. In order to move the Z coordinate of
the COG upwards, components with more weight (battery, microcontroller etc.)

should be placed at the top of robot.

The easiest way to explain the concept of moving the COG to a higher position is
by imagining a person trying to balance a small and then a tall stick on his/her finger.
It is easier to balance a tall stick rather than small one because of the rotational

inertia. Inertia increases proportionally with the mass and square of length between
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COG and rotational axis. When the rotational inertia is high, it flips over slower and

gives the robot some more time to be balanced.

Standoff

Mid Plate

1
Bottom Plate Whee

DC Motor Hub

Figure 3.3 Front and left and top views of the balancing robot.

In Figure 3.3, front, left and top views of the robot obtained from Solidworks

drawings are given. The list of the parts shown in Figure 3.3 is as follows:
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* Bottom plate (made of light wood)

* Middle plate (made of light wood)

¢ Standoffs (made of aluminum)

* Nuts (made of steel)

* DC Motors (Pololu 12 V Motors with encoders)

* Hub (Used to connect wheels to the shaft of the motor)

* Motor connector (used to connect DC motor to the plate)

*  Wheel (Pololu wheels with high friction)

During the design of the robot, sensors (accelerometer and gyroscope), motor
driver and microcontroller boards are not modeled since they are light so they don’t
have a significant effect on calculation of inertia. The masses of these parts are added
while assigning materials to the plates to which they are attached in Solidworks

model of the robot.

In the design of the robot, an easy assembly of the sensors, motor driver, DC
motors, and microcontroller were considered. Accelerometer - Gyroscope combo
board and motors are mounted on the bottom plate, while microcontroller and motor
driver boards are mounted on the middle plate. Since COG is important, a
symmetrical placement of these components is necessary. Also, the most critical part
of the system; accelerometer — gyroscope combo board is located close to the
rotational axis of DC motors. The reason it is placed close to the rotational axis is to

avoid centrifugal and inertial forces acting on the transducers.

During the placement of the components, it was necessary to fix them to their
places properly. The vibration of the parts may cause an error in sensor readings,
which are acquired from Acc-Gyro board. Especially, accelerometer is very sensitive
to vibration. That is why the accelerometer is used together with the gyroscope
module in the combo board. The output of the Acc-Gyro combo board is filtered to

obtain a noiseless signal.
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3.2 Electrical Design

Main electrical and electronic components used in the control of the robot will be

introduced here. These components are as follows;

* Microcontroller Board (Arduino Uno)

* DC Motor (Pololu DC Motor with 29:1 metal gearbox)

* DC Motor Driver (Dual VNH3SP30 Motor Driver Carrier MD03A)

*  Acc-Gyro Combo Board (IMU 5 Degrees of freedom IDG500/ADXL335)

3.2.1 Microcontroller Board

Arduino Uno microcontroller board, shown in Figure 3.4, is an open source
electronics prototyping platform designed with ATmega328 microcontroller. It is
designed for easy use and compatibility with different platforms. Since it is provided
by a USB interface, it is possible to supply power to the board and upload programs

to the microcontroller. This facility makes programming much easier to the user.
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Figure 3.4 Arduino Uno front view (Arduino Uno Webpage)

ATmega328 microcontroller can be programmed using C programming language
provided in Arduino development environment. The uploaded programs on the
Arduino can be run standalone or, if desired, by means of serial communication

which enables to get data from microcontroller to PC simultaneously using a USB
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cable. All data that has been used to draw graphs are acquired via serial port
connection of Arduino board to PC. Some of the features of the Arduino Uno
microcontroller board are 14 digital I/O pins (6 of them provide PWM output), 6
analog input pins, 32 KB flash memory, and 10-bit ADC. The detailed specifications
of Arduino UNO microcontroller board can be found in (Arduino Uno Webpage). In
this system 3 analog input pins are used to get data from Acc-Gyro combo board, 4
digital output pins are used to send direction data to the motor driver for each motor,

and 2 PWM output pins are used to set the speeds of the DC motors.

Filtering of the input signals, PWM waveform generation, and closed-loop control
algorithm for balancing the robot were implemented for the Arduino microcontroller

using development software.

3.2.2 DC Motor

A right chosen DC motor is of great importance for this project because even the
drive signal sent from the microcontroller to DC motor driver is correct, if the DC
motors are not capable of working with the desired RPM (revolutions per minute), it
would be impossible to balance the robot. In Figure 3.5 the isometric view of the DC
motors is given. The specifications of the DC motors used in this thesis are given in

Table 3.1 (Pololu DC Motor Webpage).

Figure 3.5 Pololu DC Motor isometric view

(Pololu DC Motor Webpage)
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Table 3.1 Specifications of Pololu DC Motor
(Pololu DC Motor Webpage)

Gear Ratio 29:1

Free Run Speed (at 6 Volts) 175 RPM
Free Run Current (at 6 Volts) | 250 mA
Stall Current (at 6 Volts) 2500 mA
Stall Torque (at 6 Volts) 55 oz.in
Free Run Speed (at 12 Volts) | 350 RPM
Free Run Current (at 12 Volts) | 300 mA
Stall Current (at 12 Volts) 5000 mA
Stall Torque (at 12 Volts) 110 oz.in

With the new design, the DC motors have been also changed. The old DC motor
used with the old design was a Faulhaber 2342012CR (Faulhaber DC Motor
Datasheet). This motor had a gearbox with a high reduction ratio (69:1) and free run
speed of 117 RPM, which increases the torque but decreases the speed of the shaft.
Maximum speed of used DC motors are important especially when the pendulum
angle of the balancing robot gets away from the upright position because of a force
input from outside or irregular ground surface where motors need to run at full speed
to get under the pendulum to balance itself again. If the motor speed is not enough,

falling pendulum angle can not be corrected and balancing becomes impossible.

3.2.3 DC Motor Driver

In order to drive two DC motors, the VNH3SP30 Dual DC motor driver shown in
Figure 3.6 is used. DC motors that have been used for this project are supplied with

12 Volts and each draw approximately 5 A at stall state.
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Figure 3.6 VNH3SP30 Dual DC motor driver
(Pololu DC Motor Driver Webpage)

Since the output pins of the microcontroller unit (Arduino UNO) can supply up to
40 mA, a motor driver unit is necessary to drive these motors. After considering
several DC motor drivers, Pololu VNH3SP30 Dual DC motor driver is chosen. Some
of the features of VNH3SP30 DC motor driver are 10 kHz of maximum PWM
frequency and operating supply voltage up to 36 V. The detailed specifications of the
driver are given in (VNH3SP30 Datasheet). This driver can drive motors up to
current of 20 A and since the motors used in the project draw up to 5 A current each,

this driver will be enough for the purpose.

Motor driver is connected to the microcontroller from its IN, (clockwise input),
INg (counter clockwise input) and PWM (pulse width modulation input) pins and
motors’ positive and negative terminals are connected to the driver’s OUT, and
OUTg pins (shown in Figure 3.14). By using these pins with the Arduino
development environment it is possible to rotate the motor in a desired rotation,

specify its speed and make the motor break its speed.

In the Table 3.2 truth diagram of the motor driver is given (VNH3SP30
Datasheet). So, for instance, if a connected motor is going to be turned in clockwise
direction, a HIGH signal (+5 Volts) needs to be send to IN, pin and a LOW signal (0
Volts) to the INg pin. These two pins are used to define the rotation direction of the
motors. An additional PWM pin on the motor driver is used to give the motor its

speed. EN4 and ENp pins shown in Figure 3.4 are statuses of high-side and low-side
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switches and they need to be externally pulled high for functions to actualize. In case

of fault detection these two pins are pulled low by the device.

Table 3.2 Truth table of the motor driver.

(VNH3SP30 Datasheet)
IN, | INg | EN, | ENg | OUT4 | OUTp Comment
1 1 1 1 | HIGH | HIGH Break to V¢
1 0 1 1 | HIGH | LOW Clockwise
0 1 1 1 | LOW | HIGH | Counter Clockwise
0 0 1 1 LOW | LOW Break to GND

The working principle of a DC motor drive can be understood from the given

schematic in Figure 3.7. H-bridge schematic and its connections with the

microcontroller are given below.

Reg 5V

uC

Figure 3.7 H-Bridge circuit of the dc motor driver.
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According to the Table 3.2, if the DC motor is going to rotate clockwise, IN, pin
is set HIGH and INg pin is set LOW. In this case V. voltage (12 Volts motor
supplying voltage) connects to the ground over HS, and LSy transistors. Conversely,
if the motor is going to rotate counter clockwise, IN, pin is set as LOW and INg pin
is set as HIGH. This pin configuration makes the supplying voltage go over HSp and

LS, transistors to the ground and gives the motor a reverse motion.

3.2.4 IMU Analog Combo Board

The Combo IMU board that has been used in the system has two sensors on it.
One of them is the accelerometer and the other one is gyroscope. Using the
measurements of these two sensors, a filtered and clean signal is acquired which
gives inclination of the robot relative to the ground plane. The basic reason of
combining the measurements of accelerometer and gyroscope is that both units have

flaws if they are used separately. In Figure 3.8 IMU combo board is shown.

Figure 3.8 Top and bottom layer view of combo board
with  IDG500  Gyroscope and  ADXL335
Accelerometer. (Sparkfun IMU Board Webpage)

Accelerometers are very sensitive to noises like motor vibration. Since two DC
motors are used in the system and IMU board is placed very close to them, the
vibration noise caused by the motors is a big problem while reading realistic results

from the sensor.
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Gyroscope sensor doesn’t easily get affected from the vibration noise like
accelerometer does but it has drifting problem due to the integration while
calculating the angular velocity. That means, the readings from the gyroscope will

linearly drift over time with the ratio stated in its datasheet.

Fortunately it is possible to combine these two sensors, eliminate the flaws and
acquire accurate information from them using sensor fusion methods (such as
Kalman filtering, Bayesian and Dempster-Shafer inference methods) (Elmenreich,
2002). Before getting into sensor fusion, these individual sensors will be explained in

detail in the following sections.

3.2.4.1 Accelerometer

General specifications of the ADXL335 accelerometer are shown in Table 3.3
(ADXL335 Datasheet). When using this sensor, data from ACC_X and ACC_Z pins
are used in order to calculate the angle (6,,) between gravitation force vector and Z
coordinate which indicates leaning of the robot through the forward / backward

direction.

Table 3.3 Specifications of ADXL335 accelerometer.
(ADXL335 Datasheet)

Measurement Rate 13.6¢g

e v
Sensitivity at Xoyr, Your, Zour 300 m?

Zero g Voltage at Xour, Your, Zour | 1.5V

Supply Current 350 uA

Reference voltage (Vre f) 33V

To understand the working principles of this unit an imaginary cube shaped box
with a ball inside will be imagined. It is assumed that the box is in a no gravitation

area that can not affect the position of the ball. So the ball will float in the center of
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the box if no forces are applied which means the readings of the accelerometer in this

case will be zero g for each axis (Starlino IMU Guide Webpage).

Each wall of the accelerometer box represents an axis. It is assumed these walls
are pressure sensitive. If the box is placed on earth, due to the gravitation force, the
ball hits the ground wall as shown in Figure 3.9. In this case the readings of the

accelerometer for the Z axis shows -1g and Og for X and Y axes.

GRAVITATION

X=0g
Y=0g
Z=1g

GROUND

Figure 3.9 Gravitation force effect on the ball.

Previously a single axis accelerometer output is analyzed but in case triaxial
accelerometer is used it is possible to detect inertial forces on three walls at the same
time. Assume that the box is placed on earth again but this time with an angle of 45
degrees relative to the ground surface. In this case the ball will touch 2 walls as in

Figure 3.10.
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GRAVITATION
FORCE
19

GROUND

Figure 3.10 Gravitation force effecting on two axes.

The readings of the accelerometer will be -0.71g for X and Z axes and Og for Y
axis. The magnitude on the walls reduces because the pressure the ball puts on the

walls are shared on two walls.

It is possible to use vectorial representation of the imaginary box model as shown

in Figure 3.11.

Figure 3.11 R vector representing inertial forces

affecting on the cube model.
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The shown vector R is the measured acceleration force and Ry, Ry, R, are

projections of the R vector on X, Y, Z planes. By using 3D Pythagorean theorem, the

following equation can be easily obtained,;
R* = RZ 4+ Rj + R? (3.1)

These three vectorial values are actually the readings of the accelerometer.
Accelerometers calculate inertial forces on each axis and return them as analog
values to be used in microcontroller unit. Since the used IMU board is analog, the
output of the accelerometer will be in Volts and they need to be converted into digital
values in order to be used in the system. For this purpose ADCs (analog digital
converter) are used. On Arduino UNO there are ADCs with 10-bit resolution. That

means the converted values will be between 0 and 1023.

To be able to make all these calculations in one step (especially for easy
calculation in programming) we may use the following formula (Starlino IMU Guide

Webpage);

ADC 1%
T Rxyz Tref | ies
ADC. ZeroG

resolution

Rx,y,z -

m
Sensitivity [5_2] (32)
By calculating Ry, R, R, inertial force vectors, if there are no other forces other
than the gravitation, it can be assumed that the obtained vector is the gravitational

force vector, which can be used to acquire the inclination angle of the robot.
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Figure 3.12 Angles between R vector and axes gives the

leaning of the robot.

Figure 3.12 shows angles between gravity vector and axes. These angles are the
leaning angles of the robot and they can be calculated using the following formulas

(Starlino IMU Guide Webpage);

Ay = cos™HE (3.3)
Ay = cos‘l% (3.4)
Age = cos™1 22 (3.5)

In this project, accelerometer’s X axis is the driving direction and Z axis is the
upward direction of the robot. Although the accelerometer can calculate gravitation
force for three axes, Y axis readings are not evaluated in programming stage since it
gives information on the leaning of the robot to the left or right while the robot is
balanced by rotating itself around Y axis using information on the leaning of the

robot about X and Z axes. Hence, the inclination angle of the robot can be calculated

-1 R

from A,, = tan

Z
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3.2.4.2 Gyroscope

Gyroscope working principles can be easily introduced using a similar model that
has been used for accelerometer. In Figure 3.13 this similar representation is shown

and gyroscope’s specifications are shown in Table 3.4 (IDG500 Datasheet).

Table 3.4 Specifications of IDG500 gyroscope.

(IDGS500 Datasheet)
Full-scale Range +500 deg/s
Sensitivit 2.0 mv
ensitivity 0 Zeg/s
Zero-G voltage (Volts,erog) | 1.35 Volts
Reference voltage (Vre f) 33V
Power Supply (Vpp) 3+ 0.3Volts
z
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Figure 3.13 Representative model for gyroscope.

Gyroscope measures the rotation rates around the axes. For instance in Figure

3.13 rate of changes of Ay, and A,, angles are returned (rate of A, angle is not

returned since the gyroscope used in the IMU is dual-axis) from the sensor in analog

format which then needs to be converted to digital format by ADC. Same as

. . de .
accelerometer sensor, in order to get gyroscope’s measurements in =4 units, the
s b
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following ADC convertion formula needs to be used to the readings of the sensor

(Starlino IMU Guide Webpage).

ADCG \%4
yroxzVre
(7ADC Xz - f_ VUltSzeroG) de
Resolution [ g] (3 6)
Sensitivity ’

Rate, , =

3.3 Electrical Connections

All the parts that have been used in this project send or receive data from each
other. For instance, motor driver receive information data about speed and direction
from Arduino UNO for each DC motor and it sends output data to DC motors
according to the received information. Also Acc-Gyro board sends the calculated
readings to Arduino board. Since Arduino is the board carrying microcontroller unit,
it receives inputs from the sensors, evaluates them and sends an output as a result. It

is possible to call it the brain of the balancing robot.

In order to make connections between the parts, the following wirings are used.

Boards shown in Figure 3.14 are as follows;

¢ Arduino UNO
e  DC Motor Driver
* Acc-Gyro Board
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Figure 3.14 Connections between parts of the balancing robot.

The software used to draw wirings is called Fritzing (Fritzing Webpage). It is an
open-source application, which can also be used for obtaining schematic and PCB

drawings of the components.

3.4 Implementation of Control Algorithms

3.4.1 Sensor Fusion

Sensor Fusion is a way to integrate two or more separate sensor data to obtain a

more accurate and realistic data (Elmenreich, 2002). In this thesis two sensors are
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used. These are accelerometer and gyroscope sensors, which are located together on
the Combo IMU Board. These sensors’ data are used to obtain the inclination angle
of the robot. Since inclination is the only source that is used to balance this robot, it
is necessary to be sure of its accuracy. The main problem of accelerometers is that
they are easily effected from vibration. In this system accelerometer is placed near
the center of axis of rotation where two dc motors are also mounted. That is why the
sensing data acquired from the accelerometer will include a lot of noise. In order to
reduce this noise, gyroscope data is integrated with the accelerometer data using
Kalman filtering method (Astrdm, 2002). Unlike accelerometer, gyroscopes are
reliable in sense of vibration. They don’t get effected from the vibration but their
problem is that they drift from their initial reference in time. To overcome these
sensor problems, measurements of the accelerometer and gyroscope are used

together using Kalman filtering method described in the following section.

3.4.1.1. Kalman Filter

Kalman filter is a way to estimate past, present and future states of a system with
a set of equations using least squares method. In order to use this filter on a system,

first, it should be able to linearized and written in state space form.

A linear system can be mathematically expressed with a state equation (3.7) and a

measurement equation (3.8).

xk = Axk_l + Buk_1 + Wk—l (37)
Zp = ka + Vi (38)

In these two equations k is used as the index to determine the instant of sampling
time, A(state matrix), B(control input) and H(measurement state) are
matrices, u is a known input and x;, is the vector that represents present state of the
system. wy and v, are process and measurement noises, respectively. Sensor

measurements that include v, measurement noise is represented with zj,.
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In order to use Kalman filter in a system these two requirements should be met:

1. The noises should be white with normal probability.
2. Noises should be independent from each othe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>