YILDIZ TECHNICAL UNIVERSITY
FACULTY OF MECHANICAL ENGINEERING
1906A915 Alaa HUMMADA
19067910 Anas ALSAADI

18067071 Sajjad Ali Abbas AL-JTUMAILI
SMART LUGGAGE
GRADUATION THESIS FINAL REPORT
PREPARED IN THE
DEPARTMENT OF MECHATRONIC ENGINEERING

PROJECT ADVISOR: Asst. Prof Onurcan SAHIN
ISTANBUL, 2023



Table of Contents

1.

INTRODUCGTION: ..ccuiiiiieiiiiteeneiieneietiensieitsssessessiessssssessssssssssssssssssssssssssssssssssssssssssssssssssssnssssssnsssssansssssnssssssnne 10
B oo Y T=Tor e L= T4 12 £ IS 10
B o o Y 1=Tor A C o Yo | SR 11
G ALY, Lo 11\ o 1 1o s O SRR PPN 11
O 1= (o V[ =X -1 [ ol o RO PRSP UUPPP 11

L.4.0. SWOT ANALYSIS ...ttt ettt ettt et ste st e e s e e sat e e sa e e staeesabeesabeesabeesabeesabeesateesabeesaseesabeesaseesabaesaseesaseesaseenas 13
T o (=T ot AN Yol o =3 PSPPI 14

=T T =T 4 3 =T 3 14
2.1. StAKENOIACIS REGUIIEMENLS ...ttt ettt ettt et ettt e et e et eenbeeenaeeeaes 14
2.2 TECHNICA] REGUITCMENLS ...ttt ettt ettt s et sat e st e st e st e s te e s b e steesneens 15

Theoretical BaCkgroUNd..........ccciiiiiiiiiciircrccrssssssssssssssssssss s s s s s ssssssssssssssssssssssssssssssssssssssssssnsssnsnnnes 16
3.1. ROTATION IMIOTIICES ...ttt ettt e et et e e e e sttt e e e e e sttt e e e e e s assneeeeeesaaannnes 16
3.2 QUEATEITHONS ...ttt ettt ettt e e e e e ettt et e e e sttt e e e easassseeeeeeaensstsnneeeaeesasannnes 18
3.3. TRE KOIMQAN FilLEI ..ottt ettt ettt st s e s e st e s ataesateesataesatessataesaseesasaesasessasaessees 20

[0 T - o PP TPPR 23
4.1. (00 Tol=] o1 D =X [ [ PSSP PPPPPPRN 23

4.1.1. (0] oJ=Totu LV I 1 =Y TSR 23

4.1.2. VoY ] g Vo] lo}=4Tor=1 O - | o SR 24
4.2. 1LY Lol e T Tele LI D=2 1o [ RS 26
4.3. Mechanical analysis ANd CAICUIGLTIONS ..............uvveeeeeeeiiiieee et e et e e e e e e ettt e e e e e e e e sraeeaaaeeeesnnees 31
4.4. Mechanical DESigN REGIIZATION.............uueeeeeeeeiieieeeeeeeetteee e e ee ettt a e e e ee ettt a e e e e e eesstseeaaaeseesssssansaaseeesnnees 34
4.5. L =Torvqo o] (ol D=2 [ [ U USPPNt 38

4.5.1. Electric Drive System and mMotor SEIECHON ......cio it 38

4.5.2. (0o oY o] | L=TaEY =1 [ Tot u o) o R PR OO T T O PP PRRSPPPPP 40

4.5.3. Inertial Measurement Unit (IMU) SEIECHION ....ceoouviiiieeie ettt et e 41

4.5.4. 0N YT G U oo Y ST 42

4.5.5. (00]00] o - I Y] 0 1 ] =1 =T ot o [ S 43

4.5.6. YA 1T Y ol o V1 =Y ot ] SRR 44

4.5.7. LT d g o | I O o U OO O USSR PP PRUPPPRRRR 45

4.5.8. CIrCUIt REAIIZATION ..ttt ettt e e st e e s saba e e e sbbeeessabaeessasbeeesaraeens 45

Algorithm and CONrol........ oo ieiieecciiiereeircccrr e ress s s e e e rnas e e s s e eeennssssssssseeennnsssssssseesnnnssssssssesennnnsssssnnnnes 47
5.1. INAOOr POSItIONING AIGOITERIM: ..ottt ettt e e e e e e ettt a e e e e e e ettt b e aaaaesesssssasaaaaeeasneses 47
5.2 L Lo YA =R O (=14 o L [ s OO PO UPPUPPPIP 47

5.2.1. OrieNtatioN USING GYIOSCOPE: ..uiiiiiiieiiiietteteiesitttteeeeeeeseibareeeeesesssabareeeeesesssssnetaaeesesasssrneeeesssessnsseeees 48

5.2.2. Orientation using Accelerometer and MagnetOmMEter ........ccccueveiciieeeriiee e cree e e e eeeee e seaeee s 49



5.3. Sensor Fusion using the KaIMQn filter: ............coooeoouiieeioiiiiieeeeeee ettt 50

5.3.1. Kalman Filter Parameters: ... oottt ettt e st e st st e e st e e sabeesabeesabeesaneenas 51

5.4. Extended KQIMan Filter PATGAMETENS .......cc..vveeecueeeeeiiieeeeiieeeeiee e estaeessiteaessitta e ssitaasssaseasssssesssssaesssssenaens 53
5.5. [2 [0 Lo [ TaTe B X [ 4 Te L1 Lo ¢ PSRN 55
5.5.1. (o T=T Ao a =T a1 - L u o] o PP PP PPPPPPPPPPPPPPPPPPRE 56

5.6. Ji0Y o ToY sl aT=Ze Lo 10 Te =X a1 Lo [ x o £ OSSN 57
5.6.1. (0fe]0 0] o I YT g Ko T aer=1 11 o n o] o TSRS 57
5.7 PRONE RSSIoeeeeeeeeeeeee ettt ettt ettt ettt ettt e bt e bt et ettt a et et te et et teere s ens 62
5.8. PitCh BASEA StEP AELECTION: .....c..eeveeeeieeeeeee ettt ete e et e e sttt e e ettt e s ste e s sttaaesssteassssssesssasenaens 63
5.9. Differential DIive MOGEI: ............cocueeeeeeiieeieeeeeee ettt ettt ettt ettt et e saeenanes 66
5.10. Differential Drive Heading AIGOITtAM ............coovueeeieieiiieiiiee ettt ettt et 69
5,11, ObBJECE QVOILANCE. .......eoneeeeeeeieeeeeee ettt ettt ettt ettt et e ettt e nat e e ateesateeaneensneenanes 73

o 1= o V1P 74
7.  Budget MAanAgEMENT ........cciiiiiiiieeiiiiiiiiieeniseetireerneeisee st reennnsssseessasannnnsssssesaaeannnssssesteeannnnssssesasennnnsrsssesanen 75
8. CONCIUSION....ueeiiiiiiiiiinneeetiiiisssssnneesssisssssssnssesssssssssssnssesssssssssssnssesssssssssssnssesssssssssssnnsesssssssssssnnssessssssssssnnnnens 75
APPENAIX: PYLNON COUES .....uuneeeeiscsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnnssnsnnnnnnns 76
[2to] o Yol 1aTo ][ ¢ Iele Lo (=3O U U RPN 76
Extended Kalman filter implemMentation ...............cceecuveeeeeciie e ecee et e ettt e e tte e e ettt e e s et e e s sstaaessseaesssesasnsses 85
SECHTION 5.7 COAC: PRONG RSSI ..ottt ettt ettt ettt sate st e st e sateensteenateenaneenanes 89
Section 5.6.1 Code: HMCS5883L CalIDIALION: .......c...ooeueesieieieesieeeiee sttt ste ettt se st ste et sate st et e saeenanes 90

3 =] =T =T 4o =N 92



Abbreviation list

UWB = Ultra-wide band

RSSI : Received Signal Strength Indicator
BLE = Bluetooth Low Energy

IMU = Inertial Measurement Unit

DC = Direct Current

AC = Alternating Current

ToF = Time of Flight

GPS = Global Positioning System

CAGR = Compound Annual Growth Rate
SWOT = Strengths — Weaknesses — Opportunities — Threats
PRM = Probabilistic Roadmap

ABS = Acrylonitrile butadiene styrene
TPU = Thermoplastic Polyurethane

PLA = Polylactic acid

RPM = Revolution per Minute

DD = Differential Drive mobile robot



Table of figures

T Y T oY= IR RPNt 12
FISUIE 2 FOrWAIAX OViS cccceiiiiiiiiiiiiiiiiiiiiiiiiisiiiiiiiisissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnns 12
T U= T 1= V=] [ 0T N 13
Figure 4 Phone's body frame data converted to the world frame.........ccccceeiiiiiiiiieeiiiiiiiiee e 17
Figure 5 Roll, pitch and yaw (EUIET @NGIES) .....cccviiccirvereiiiiiiiirreereeeiisscsssnnneesesssssssssnnsesessssssssnnnsessssssssssnnnassesssssssnns 18
Figure 6 A) No gimbal lock, B) Gimbal lock occurring in the yaw and roll angles ...........ccccoevveiiiiiieiiiiineninssennnnns 19
Figure 7 Kalman filter basic flow Chart .......ccoooviiiiiiiiiiiiii e e e s s e e e e e ees 21
Figure 8 Kalman filter @Stimation .......cccciiiiiiiiiiiiiiiiii e e s e s s s s e s s s s s s e s e s e s s s s s s sesssesennnns 21
TP R 0] o [Yot |V 4 Y TPt 23
Figure 10 mechanical design iN ONE PArt......ccciiiiiiiiiiiiiicii e s s e e e s s s s e s e s e s s s s s sesssssssenesnnenannnns 26
Figure 11 mechanical model after the diViSiON ........cccoveeiiiiiiiiiiiiccc e e e e e e 26
Figure 12 split mechanical model exploded VIeW .........ccceeiviiiiiiiiiiiiiiiissssssssssssnenns 27
Figure 13 motor holder design ........cccviiiiiiiiiiiiiiiiiii e s s s s s e s e e e e 27
Figure 14 model sliced in 1 part (approximately 63 hOUrS)........cccceeiieiciireeeeiiiiicissrenrereeesccssnnneeseesssssssnnnesesssssssnns 28
Figure 15 Model SHICE A (7 NOUIS) ccceciiiiiciceereeiiieccccneeetessec e snnneeessssssssssnneessessssssssnnsesessssssssnnnsensssssssssnnnnesesssssssnnn 28
Figure 16 MODEL SLICE B (7 HOURS) .....ccocvetttiiiiiissssnnnesisissssssssssessssssssssssssssssssssssssnssessssssssssssssssssssssssssnssssssssssssans 29
Figure 17 MODEL SLICE C (9.5 HOURS) ....uuuuettiiiiiiiiissnnnenisiissssssssesssisssssssssssssssssssssssssesssssssssssnsssssssssssssssssssssssssssnns 29
Figure 18 new motor holding elements........cceveiiiiiiiiiiiciccie e e e e s e e s e s s s s e s e e s s seesenes 30
Figure 19 other views of the new motor holder ... e e e e ees 30
Figure 20 3D printing process Of SOME PArtS .....cccceeiiiiiiiiiiiiiiiicie e s e e e s e s s e s s e s s s ssssssssssesssssssssssssssanannnns 31
Figure 21 Displacement analysis

FIUIe 22 Stress aNalySis cuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiisiisisiisssssssssesssssssssssssssssssssssssssssssssssssssssssssssnns
Figure 23 3D printing materials comparison chart.........ccccciiiiiiiiiiiii 33
Figure 24 Technical draWing .....cccciiiiiiiiiiiiiiiiiiiiiiiissssssssss s s s s s s s s s s s s s s s s s s s s s s s s ssssssssssennnns 34
Figure 25 3D printer results - TOP VIEW ....c...cciiiiiieieeniiiiiiiiennensssessiseennsssssssssseesnssssssssssssnnnssssssssssssnnsssssssssssnnnnsssssns 34
Figure 26 3D printed results - ISOMEtIiC VIEW.....ccueeeeciiiiiiiieenciiiiiieeicesscsrrreesneessesssseennnssssssssssennnsssssssssssennnnssnnns 35
Figure 27 Mechanical parts assembBly...........coiiiiiiieeiiiiiiiii s e e se e s s s s esnnssssssssssesnnnsssssssesennnnnssnnns 35
Figure 28 Previous motor (#44 mm) And the New motor (325 mm) 3d models assembly........cccccevrevererrereerrnne 36
Figure 29 new 25 mm Motor holder attachment............oo i resnnes s s e s s s eennnssssnns 36
Figure 30 FiNal Prototype ...ccciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiisiisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnns 37
Figure 31 12v 280rpm dC MOTOF ..ccceiiiiiiiiiiiiiiiiiiiiiieisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssssssssssssssnns 40
Figure 32 Raspberry Pid ..o iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnnns 40
Figure 33 IMU sensor with respect to an inertial frame ........ccccevviiiiiiiiiin 41
FIiBUre 34 IMPU-9250 SENSOF .....ccuuuiiiiiiiierinniceirierennnssssesssesenmnssssssssssesnnssssssssssssnnssssssssssssnnnsssssssssssnnnnsssssssssssnnnnsssnss 41
Figure 35 XIAMOI REDMI POWEL BANK.....c...iiiiiiieiieniiiiiiiienneniseseeseennnsssssessseesnnsssssssssssnnnssssssssssesnnsssssssssssnnnnsssssns 42
Figure 36 Leopard Li-PO Battery ........cccceeeeccciiiiieiicecccissiieecensesesseseennsssssssssseennsssssssssessnnnssssssssssennanssssssssssnnnnnssnnns 43
Figure 37 HIVIC5883L COMPASS SENSON ....ccuuuueeerreeeemnnsseesrrerenmnssssssssesesnmnssssssssssesnsssssssssessnnnssssssssssesnnnsssssssssssnnnnssnses 43
Figure 38 Entire system arChit@CHUIE .......cuu e ciiiiiiiiee e ce s eercee e e e s e s e e s nn s e s s s s e s e nnassssssssesennnnsssssssesennnnnnsnnns 44
Figure 39 Electrical Circuit deSigN .....ccceviiiiiiiiiiiiiiiiiiiiiiiiiinrrrrr e s s e s s s s e s e e s e s s s s s s s s s s e s enanns 45
Figure 40 The complete electrical CIrCUIt ........cccviiiiiiiiiiiiiiiii s e s e e e e e e e 45
Figure 41 Positioning Algorithm FIOWChart ........cccovviiiiiiiiiiiiiiii s s e s e e e 47
Figure 42 Phone Orientation Visualizer using Pygame.......cccccvviiiiiiiiiiiiiiiiiiiiiininninssssssssssssssssssssssssssssssssssssnnns 54
FigUre 43 HEeadiNg teSt .....cciviiiieeecciiiiieeiiecce e s reeeieessee s s s e e e enes s s s s e s esnansssssssseeennsssssssssesennnsssssssseeennnnsssssssnseennnnnsnnns 56
Figure 44 Ideal magnetometer data........c..cccieiiiieieeiiiiiiiieeiccercees e reeneesee s s s e e ennsssssssseeennnsssssssseeennnnssssssseeennnnnnnnnns 57
Figure 45 Effects of hard iron offset on magnetometer data .........cccceeeiiiiiiiiiicccicccceee e e e eeeeeeeeeees 57



Figure 46 Effect of both hard and soft iron offsets...........ccoeevvvueeiiiiiiiiiiiiii e 58

Figure 47 HMC5883L Raw data with no calibration ..........ccccceeeiiiiiiiiiiiiiiiiicr e 59
Figure 48 X and Y axis OffSet......cccceiiiiiiiiiiimriiiiiiiiiiiieiiiisnnrnt st sassre s sass e s aas s e e s s s s s aans 60
Figure 49 HMC5883L Raw data after calibration.........cccceeeeiiiiiiiiiiiiiiii e 60
Figure 50 New X and Y aXxes OffSet....cccciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniiiiiinrieninsss s s e s e s s e s s s s s s s s s s s s s s s s s sesssesssssssssssnnanns 61
Figure RSSi diSTANCe FESUILS ...ccceiiiiiiiiiiiiiiiiiiiiiiiiiiiiir e e s s s s e s e s e s e s s s e s s s s e s s s s s s s s s e sssessessssssssnssnsnsnnnnns 63
Figure Pitch angle during @ StEP ..vcviiiiiiiiiiiiiiccicciree e s e s s e s s s e e s s e s e s s s s e s e s e e e s e s s s seeensesennnns 63
Figure 53 Pitch - TIMe raph......eeeeeeiiiiiiiiiiiiiccite s ass e aas s e e s s s s s sans 64
Figure Step Detection TeStiNG.....ccccciiiiiiiiiiiiiiiiiii s s s s s s s s s s s s s s s s s s s s ssssssssesenenes 64
Figure 55 X and Y values for a square path.......cccccceiiiiiiiiiiiiiiiisssssssssssssssssssssssssenn 65
Figure Differential Drive FIOW Chart .........eeeeiiiiiiiiiiimieiiiiiieeicnininsenneen s sssssssse s ssassse s s s ss s ssnes 66
Figure Differential Drive Body diagBram .........ccoiviiiiimieiiiiiiiiiiniiiiiiinnnereesnssssssssess s sssssssssse s s ssssssssssesssssssssnes 66
Figure Way point control Simulation ........ccceiiiiiiiiiiiiiiiiicci e e e e e s e e e e e e e 68
Figure Compass dEEIree SYSLEIM .....cciiiieeeeeiiiiiiiitennneiiiieiiieennnsssssesresesnnssssssssssssnnssssssssssssnnnsssssssssssnnnnsssssssssssnnnnssssss 69
Figure First case With CW rotation.........ccceeeiiiiiiiiiiicicicccceirrrrrrrrrrrrrrre s s e e s e s e s e s s e s s s s s s s s s s s s s s s s s sessesssessnsnnenananns 70
Figure First case With CCW rotation........ccccveiiiiiiiiiiiiiicicccsrrerrrrrrrrrre s ss s s s s s s s s e s e s e s e s s e s s s s s sssssssssssssessesssssnnnnnenenanns 70
Figure Second case With CW rotation ........cccciiiiiiiiiiiiiiiiiniiisssssssssssssnssssssssssssssssssssssssssssssssssssssssssssssnns 71
Figure Second Case With CCW ROtation .......ccceviiiiiiiiiiiiiiiiiiiiiiissnsssssssssssssssssssssssssssssssssssssssssssssssssssssnns 72
Figure Ultrasonic sensors placed 45° away from each other.........ccccviiiiiiiiiiiiiiiii, 73

List of Tables

Table 1 Stakeholder requirements 14
Table 2 Device's technical requirements 15
Table 3 Kalman filter equations summary 22
Table 4 Morphological chart 24
Table 5 motor specifications 40
Table 6 Power bank specifications 42
Table 7 Leopard battery specifications 43
Table 8 HMC5883L Specifications 44
Table 9 Time schedule 74
Table 10 Time management 75



List of Symbols

v: Translational velocity

w: Angular velocity

g: Gravitational acceleration

a,: Acceleration along the phone’s x axis
F¢: Friction force

F,.: Total resistive force

F,: Force due to the load carried by the luggage
r: Wheels’ radius

T: Torque

t: Time

P: Electrical power

6: Pitch

P: Yaw

¢: Roll

R, 4: Rotation ¢ about axis x

R, o: Rotation 6 about axis y

R,y Rotation 1 about axis z

N = Normal force

u: Friction coefficient

X) : Priori estimate of x at time step k

Py : Priori estimate of the error at time step k
Q: Process variance

Vi: Actual measure state



Xy: Posteri estimate of x at time step k

P,.: Posteri estimate of the error at time step k

K;: Kalman gain at time step k.

R: Measurement variance

d: Quaternion

b9: Bias vector

O;: Heading Gyro

r: Covariance noise

d: Distance between the phone and the luggage

d,: Distance used for calibration

Ay: Reference RSSI value at d,

n: Signal Propagation exponent

HD: Heading obtained from sensor fusing the magnetometer and the gyroscope
SL: Average human step length (0.76 meters)

p: Distance between the center of the robot’s wheel axle and the goal position
x: Robot’s Linear velocity in along the x axis of the inertial frame

y: Robot’s Linear velocity in along the y axis of the inertial frame

a: Angle between the x axis of the robot’s reference frame and the vector connecting the center
of the axle of the wheels with the final position



Acknowledgements

We first want to start the report by thanking and appreciating our project advisor
Assoc. Prof. Onurcan Sahin for his impecable effort and support.

We also want to thank the Department of Mechatronic Engineering and all the
professors for their feedback and commitment.



1. INTRODUCTION:

Smart luggage is luggage that has built-in technology, such as a GPS tracker, a weight sensor, a
charging port for electronic devices, or a lock that can be controlled remotely via a smartphone
app. The purpose of these features is to make traveling easier and more convenient for the user.
Some smart luggage can also connect to the internet via a Wi-Fi hotspot, allowing the user to
access the internet while on the go. Smart luggage is typically more expensive than traditional
luggage due to the added technology.

There are several features that smart luggage can have, each with its own unique features and
capabilities. Some common types include:

1. GPS-enabled luggage: This type of smart luggage comes equipped with a GPS tracker
that allows the user to locate the luggage if it gets lost or stolen.

2. Weight-sensing luggage: This type of smart luggage has a built-in weight sensor that tells
the user how much their luggage weighs, helping them to avoid overpacking and
exceeding weight limits.

3. Charging luggage: This type of smart luggage has a built-in charging port or power bank
that allows the user to charge their electronic devices while on the go.

4. Lockable luggage: This type of smart luggage has a built-in lock that can be controlled
remotely via a smartphone app.

5. Internet-enabled luggage: This type of smart luggage has a built-in Wi-Fi hotspot that
allows the user to access the internet while on the go.

6. Auto-following luggage: This type of smart luggage is designed to follow the user as they
move around. It typically uses sensors, cameras, and other technology to track the user's
movements and automatically follow them at a predetermined distance. Some auto-
following luggage also can navigate around obstacles and change direction as needed.

1.1. Project definition

The project includes the development of smart luggage that is Auto-following luggage (An
Autonomous Luggage). The suitcase will be a carry-on bag with the required dimensions and
weight according to airline and airport rules. The project also includes the development of a
localization system that uses a precise location sensor. Using the precise location sensor, the
suitcase will be able to measure the distance to the user and follow them. While following the
user, the suitcase is also able to avoid obstacles such as people and furniture. The suitcase
includes an LCD screen that displays the current weight inside it, this feature helps the
passengers to avoid baggage fees.
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1.2. Project Goal:

Smart luggage can be especially useful for travelers who want to avoid carrying their luggage
around, as it allows them to simply walk and let the luggage follow behind them. It can also be
helpful for travelers who have mobility issues or injuries that make it difficult to carry luggage.

Smart luggage can help travelers to avoid losing their luggage or leaving it behind, as it will
always be with them.

Overall, the main goal of auto-following luggage is to provide travelers with a more convenient
and stress-free travel experience by eliminating the need to constantly carry or push their luggage
around.

1.3. Motivation

Air travel is the fastest and most preferred way of travel. One of the main problems in air travel
is the mixing and loss of luggage. Luggage can be very tedious, which can make air travel
uncomfortable. Our main motivation is to make air travel comfortable and easy for all
passengers. Smart luggage can transform the industry and make the process of air travel more
efficient. Smart luggage, even though solves an important problem, is very expensive.

1.4. Literature Research

During the research phase, the method used for the main algorithm of the project was changed
many times. At first the approach was to use GPS and Bluetooth modules to communicate with
the user’s phone and follow it according to the GPS coordinates. Later, it was discovered that this
method cannot be used for the application for this project for numerous reasons; GPS is very
inaccurate and slow which makes the luggage not able to follow the user, GPS is not sufficient
for indoors and is highly susceptible to error, which is another problem. Then, it was discovered
that smart phones have an Inertial Measurement Unit (IMU, will be explained later in detail).
The IMU is a combination of different sensors that can measure the orientation of the device.
After researching IMUs more, it was found that the IMU measurements are inaccurate and are
not usable. But this can be solved by using the Kalman filter, which can combine different sensor
measurements and estimate the optimal results (in this case the position and direction). So, it was
decided to use this approach, which includes the development of a multi-dimensional Kalman
filter to conduct sensor fusion of the IMU sensors measurements and estimate the orientation of
the phone. This process is complicated and takes time to develop, another method discovered
was the use of localization systems. The best and most accurate technique was to use Ultra-
wideband (UWB) technology. Basically, the user carries some sort of data transducer which
communicates with another transducer inside the luggage. Then, the distance and direction to the
user can be easily calculated using the law of cosines and different algorithms such as the Time
of Flight (ToF) algorithm. This method is way easier and measures the distance with very high
accuracy, it can be even more accurate by using a simple filter. This method isn’t unique and is
used in many products that will be shown later. The UWB technology is new and it’s starting to
be implemented in smartphones, for those reasons the development board that includes this
technology is expensive and hard to find.

Some similar products found during the research:

11



1. AIRWHEEL SR5: Airwheel is one of the leading companies in the
industry. Their autonomous suitcase is one of the best in the
market. AIRWHEEL SR5 utilizes UWB technology. The user
wears a wrist band (like a watch) that is equipped with UWB board
that communicates with another UWB board that is present in the
suitcase. Some features of this suitcase:

e 6 kg Weight

e Maximum speed of 1.7 m/s ,
e Dimensions: 246*550*381 mm .fifi n ol*

e Can be controlled manually (through the application) T '— 9
e Support for a mobile app

e Includes a Built-in scale FIGURE 1 AIRWHEEL SRS

e Able to auto follow its owner

¢ Intelligent obstacle avoidance

e Uses three motors of power 50/20W

e Has a detachable Lithium-ion battery with a capacity of 62.6Wh and can last up
to 13 hours for 5 km.

The price of this suitcase is 800 euros.

2. FORWARDX OVIS: FORWARDX is a Chinese company that
makes autonomous robots. They have made this autonomous
suitcase that uses a camera and utilizes image processing, Al, and
machine learning. The suitcase follows the user on the side and can
avoid obstacles. It uses complex algorithms so that the Al can
identify everything that the camera sees. Some features:

e Removable battery

e Dimensions: 600*410*290 inches
e Weight of 5.8 kg

e Maximum speed of 3 m/s

e Includes a GPS module

e OVIS Phone app

.. . . ) FIGURE 2 FORWARDX OVIS
The price is 800 USD. According to amazon reviews this product doesn’t

keep up with its promises. Many customers cannot even set up the device and it has very
negative reviews. Its rating is 2.7/5. Using image processing for such applications isn’t
impossible but it is expensive, complicated and needs a lot of resources.
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3. TRAVELMATE: An autonomous luggage with omnidirectional
wheels.
Some of its features:
e Maximum speed of 3m/s
e Built-in sensors for object avoidance
e Has a phone application
e Electrical components only take 5% of the suitcase space
e Removable battery and GPS module

Comes in three sizes (S:1099$, M:1595$, L:18958%)

1.4.1. SWOT ANALYSIS

After finding products that are similar to the project, a SWOT analysis can
be conducted to better understand the project and how it competes and what
new thing it beings into the well-established market:

Strengths:

e Use of precise location sensor that is highly accurate FIGURE 3 TRAVELMATE
e Fast algorithm to calculate distance and direction

e Product is cost effective

e Light and compact design

e High potential of improving the product

e Low maintenance cost

e Rechargeable battery

e Accessible

Weaknesses:

e Limited budget

e Development team has little experience in the market

e Design aesthetics

e Lacks more advanced technology

e Design might have low quality compared to competitors in the market
e Complicated algorithm

Opportunities:

e The global smart luggage market is growing rapidly. It is expected to grow by 4.48%
billion

e CAGR growth by 20.87% between 2021-2026

e In 2022 alone the market has grown by 20.65%

e Technology available by the lab, including 3D printers, electronics, CNC, etc.

e Indoor localization market is growing at a CAGR of 42.0% from 2018 to 2025

13



Threats:

e Companies that are already well established in the market

e Airlines regulations regarding battery, dimensions, and size of the product
e Expensive manufacturing

e Currency exchange rate

e Supply chain time delay

1.5. Project Scope:

e Research and development of the indoor positioning system and precise location sensor.
This will involve studying current technology and identifying the best approach for the
project, as well as designing and testing the system.

e Integration of ultrasonic sensors for obstacle avoidance. This will involve selecting and
testing ultrasonic sensors and developing the software to integrate them into the suitcase's
navigation system.

e Modification of the existing suitcase to incorporate the indoor positioning system and
ultrasonic sensors. This will involve identifying the appropriate location for the sensors
and positioning system, as well as making any necessary changes to the suitcase's
structure or electronics.

e Testing and validation of the final product. This will involve evaluating the system's
performance in a variety of indoor environments, as well as ensuring that the suitcase
meets all relevant safety and regulatory standards.

e Kalman filter: Use a Kalman filter to improve the accuracy of the position and orientation
of the suitcase, by fusing the data from the IMU sensor and the phone sensor.

e Testing and Evaluation: Conduct testing and evaluation of the indoor positioning system,
obstacle avoidance functionality, and modified suitcase to ensure that they meet the
requirements and specifications.

e Documentation: Prepare documentation for the project, including technical specifications,
testing and evaluation results.

2. Requirements
2.1. Stakeholders Requirements

Some of the stakeholders that are vital to the success of this project:

TABLE 1 STAKEHOLDER REQUIREMENTS

Stakeholder Expectations

Project Advisor * Finishing assignments on time
* Meet once a week.
*  Work in the lab at least 3 hours a week
» Satisfy planned objectives.

Airlines * Removable battery
* Meet size and weight requirements.
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TUBITAK

2.2.Technical Requirements

» Project must be original and unique.

* Provide a solution to a problem.

» Provide a project that can compete in the
market.

TABLE 2 DEVICE'S TECHNICAL REQUIREMENTS

Maximum speed is 1.8 m/s

Maximum incline to overcome is 5 degrees

System must be light, about 0.5-0.6 kg

Suitcase weight capacity is 8 kg

Communication range is 10 meters

The luggage must have a removable battery

Battery capacity 30 minutes to 1 hour operation
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After research, we have found that the average human
walking speed is between 1.1 and 1.7 m/s. The maximum
was chosen based on that information. The speed was
selected to be a little faster that the average human
walking speed since people tend to be in a hurry in
airports.

This value was chosen, because the commercial and
public facility standard for wheelchair ramp slope is 1:12
(inches) which is 4.8 degrees. We want to keep
handicapped people in mind in this design.

The designed system must be light, because the user
needs as much weight and space as possible. The luggage
is already about 2.5 kg, so we want to limit the system to
0.6 kg and not exceed that value so that it does not take
much weight from the user.

The luggage is a carry-on luggage and the standard
weight limit for carry-on suitcase is 8 kg for most airlines.
This project relies mostly on Bluetooth communication,
for that reason the communication range isn’t far.
Bluetooth communication range is about 10 meters.

This requirement is a must, because the airlines prohibit
suitcases that do not have a removable battery. The
luggage must have a detachable battery and be in the size
and shape required by the airlines.

Due to budget and weight limitation, the battery will be
small and light. The plan is to take advantage of the DC
motor 4" quadrant operation and braking methods to
recharge the battery when the luggage is used in manual
mode.



3. Theoretical Background

3.1. Rotation Matrices
Rotation matrices are one type of transformation matrices. A rotation matrix serves as a tool for
rotating vectors in Euclidean space. Four different forms of transformations are available to us in
geometry: rotation, reflection, translation, and scaling. In addition, a transformation matrix
multiplies two vectors to change one into the other. The various transformation matrices come in
handy when we want to change a vector's cartesian coordinates and map it to new coordinates.

A rotation matrix will have a 2 x 2 order if we are dealing in two dimensions. Similarly, a
rotation matrix in n dimensions has an order of n x n. In a fixed coordinate system, the rotation
of an object or a vector is described by rotation matrices. These matrices are frequently
employed in physics, geometry, and engineering computations.

A rotation matrix can be thought of as a transformation matrix that rotates a vector while keeping
the coordinate axes fixed.. These matrices rotate a vector by an angle in the anticlockwise
direction. A square matrix with real entities is what a rotation matrix is. This indicates that the
number of rows and columns will always be equal. Additionally, rotation matrices have an
orthogonal structure and a determinant of 1.

A simple example to formulate the usage of rotation matrices in this project:
A rotation matrix is given:

cos(6) —sin(0)
sin(8) cos(0)

To prove that this a rotation matrix, the matrix will be a rotation matrix if and only if RT =
R 'and [R| =1

For the matrix above:

RT — [COS(B) —sin(0)
sin(8) cos(0)

R-1 = [cos(@) —sin(0)
sin(6) cos(0)

Hence, RT = R
For the determinant:
|R| = cos?(8) + sin?(0)
Which, according to trigonometric identities, is equal to 1, so |[R| =1

Now, let’s use the matrix R to rotate an object in 2D space. Let’s assume that it is required to
rotate a vector with coordinates x and y, this can be accomplished by simply multiplying the
rotation matrix by the vector, so:
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[x’] _ [cos(@) - sin(@)] . [X]
y'l  Isin(@) cos(9) | Ly
Solving the equations, the new vector coordinates can be calculated, rotated by an angle 6 in 2D
space:
x' =x-cos(@) —y -sin(0)
y' =x-sin(8) + y - cos(0)

Rotations Matrices are useful mathematical tools that convert points from one frame to another
frame of reference Since the Phone’s sensors measure the data from an ever-changing body
frame. This data is not much of use. To fix this problem, we convert the data from a changing
body frame to a fixed world frame.

Yb

¥
»
2

A 4

: Earth
b: Smartphone Basis

FIGURE 4 PHONE'S BODY FRAME DATA CONVERTED TO THE WORLD FRAME

cos(yp) sin(y) 0 0 0 cos(¢) 0 sin(¢)
R(w,g,d)) = [— Sln(l,l)) COS(l,lJ) O] [ COS(@) Sll’l(@)] [ 0 1 0 ]
0 —sin(@) cos(8)] l—sin(¢p) 0 cos(¢p)

cos(¢) - cos(yp) — sin(¢) - cos(O) - sin(yh) cos(¢) - sin(yp) + sin(¢p) - cos(0) - cos(yp)  sin(¢) - sin(H)
Repo.¢) = | —sin(@) - cos(ip) — cos(¢) - cos(8) - sin(yp) —sin() - sin(P) + cos(d) - cos(8) - cos(yp) cos(e) - sin(6)
sin(@) - sin(y) —sin(0) - cos(Y) cos(6)
Where:

: is the azimuth, the rotation about G (Gravity)
0: is the pitch, rotation about E (East)

¢: Is the roll, rotation about N (North)
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3.2.Quaternions
Quaternions are a number system that provides an extension to complex numbers. They are used
in many applications, including pure mathematics, and applied mathematics, such as computer
graphics, computer vision, etc.

They are heavily utilized alongside Euler angles, and rotation matrices to represent rotations,
they can also be a complete alternative to these methods depending on the applications.

A quaternion is a mathematical operator that is used to rotate and extend or scale vectors.
Transforming vectors in space (shifting, rotating, scaling, mirroring, locating) is done in many
ways. The simplest way is using the pitch, roll and yaw angles. But these angles are limited, so
they are mostly replaced by a quaternion. As the object’s orientation and location changes in
space, a quaternion is used to rotate and scale the vector from the origin pointing towards the
object.

An object in 3-dimensional space is represented by 3 coordinates. The object can be located by
extending a vector from the origin to the coordinates of the object. If the location of the object
changes, the vector’s length and other properties might change, for that reason, an accurate
method to calculate the change between the two vectors is needed.

As it was mentioned, the roll, pitch and yaw angles are limited. Euler angles basically represent
the rotation of an object about any axes.

Pitch Axis

Roll Axis
Yaw Axis

FIGURE 5 ROLL, PITCH AND YAW (EULER ANGLES)

These axes are not always independent of each other. So, when two of the three axes align
(Become parallel), this causes the system to lock in rotation in a simple two-dimensional space.
This condition is known as Gimbal lock. In three-dimensional space, gimbal lock essentially
results in the loss of one degree of freedom. Without using an outside reference, it is difficult to
change the direction of the axes when gimbal lock occurs.
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FIGURE 6 A) NO GIMBAL LOCK, B) GIMBAL LOCK OCCURRING IN THE YAW AND ROLL ANGLES

Since there is no way to multiply and divide two sets of vectors of three numbers and be left with
a result of three numbers, an alternative was discovered. It is possible to multiply and divide two
sets of vectors of four numbers, and the result is four numbers.

The mathematical model of a quaternion is one scalar and a vector:
gq=a+b-itc-j+d-k

Quaternions do not suffer from Gimbal lock, and they are able to describe any rotation about any
arbitrary axes, for these properties, they are very useful in applications where sensors are used to
track object that are moving in 3D space. They are heavily used in this project.
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3.3. The Kalman Filter
The Kalman filter is necessary for multi sensor applications. This project utilizes IMU Sensors,
BLE RSSI values and other sensors data so it is a must to implement the Kalman filter and
sensor fusion.

The IMU units' construction and design result in measurements that are noisy and have variable
DC offsets. The position estimates obtained from IMUs are erroneous and useless after a few
periods of time due to noise, unstable bias, and inaccurate compensation for the gravity
component (This is also proven in the simulation of the IMU algorithm, and it was seen that the
error is very high which makes the measurements of this unit unusable).

There are three main sources of error in the IMUs, they are:

e Bias errors: are the most basic kind of error. A bias is an independent, consistent signal
that is applied to a sensor's output. The measurements made by the gyroscopes and
accelerometers inside an IMU are known as "bias error" even when there is no rotation or
acceleration.

e Scale factor errors: The ratio of the measured output to the change in the input is known
as the scale factor or sensitivity. Scale factor mistakes do not significantly contribute to
the overall error when compared to bias errors, but they still need to be fixed. At high
rates of acceleration and rotation, scale factor effects are most pronounced.

e Random error: Anytime a sensor is used to measure a signal, there is always some
random error in the measurement. Noise is the unwanted signal produced by the internal
electronics that obstructs the measurement of the desired signal. Numerous error origins
are illogical and can only be explained using stochastic processes. A stochastic process is
a time-process that is at random.

One of the most significant and popular estimate algorithms is the Kalman Filter. The Kalman
Filter generates hidden variable estimates based on unreliable and erroneous measurements. The
Kalman Filter additionally forecasts system state based on estimates from the past.

A system's state can be estimated more accurately using Kalman filtering than it would by using
only one measurement by employing the dynamic model of the system (such as physical laws of
motion), known control inputs to the system, and many sequential measurements from sensors. It
is a typical sensor fusion and data fusion algorithm as a result.

The accuracy of determining the system's state is constrained by noisy sensor data,
approximations in the equations that describe the system evolution, and unaccounted-for external
influences. The uncertainty resulting from noisy sensor data and, to some extent, from
unpredictable external influences is successfully handled by the Kalman filter. By averaging the
system's anticipated state and the current measurement using a weighted average, the Kalman
filter generates an estimate of the system's state. Values with greater (i.e., smaller) estimated
uncertainty are "trusted" more for the purpose of the weights. The weights are determined using
the covariance, which is a metric for the predicted level of uncertainty in state prediction for the
system.
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A new state estimate that fits between the expected and measured states and has a better
estimated uncertainty than each alone is the outcome of the weighted average. Every time step,
this process is repeated, with the updated estimate and its covariance influencing the prediction
utilized in the subsequent iteration. As a result, the Kalman filter operates recursively and
calculates a new state using only the most recent "best estimate" rather than the whole history of
the system's state.

Prior knowledge P 151 _:Il'aeae;g:(:lg::;ep

—
‘Of state Xk—1|k—1 physical model

Next timestep l::k\k—l

k<« k+1 Xk|k—1
Pk\k Update step Measurements
)Ack\k -—Compare prediction -— y
,L to measurements ol
Output estimate
of state
FIGURE 7 KALMAN FILTER BASIC FLOW CHART

Optimal state estimate
xk
™

Predicted state
estimate
Measurement

T, Y

FIGURE 8 KALMAN FILTER ESTIMATION

The Kalman filter as explained in details, consists of 2 main processes, Time update (predict) and
Measurement update (Correction), the calculations are complicated and detailed, so here is a
table to summarize all the equations related to those processes:
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TABLE 3 KALMAN FILTER EQUATIONS SUMMARY

Equation Equation details

. Xpy1 = FXpp + Guy State Extrapolation
Fredict Poyin=FBFT +Q Covariance Extrapolation

Pn,n = (I - KnH)Pn,n—l(I - KnH)T

T .
+ KnRnKn Covariance Update
Update
(Correction) R R n
Xnn = Xpn-1 + Kn(zy — HXp-1) State Update
K‘n — Pn,n—lHT(HPn,n—lHT + Rn)_l Kalman Gain
z, = Hx, Measurement Equation
R, = E(v,vD) Measurement Uncertainty
Auxiliary Q,, = E(w,wl) Process Noise Uncertainty

Bin = E(ener'I;)

" ~ T Estimation Uncertainty
Pn,n = E((xn - xn,n)(xn - xn,n) )
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4. Design

4.1. Concept Design
Concept design for projects include different steps:

1. Develop objective tree. The purpose of this step is to expand on the needs and determine
the different levels of goals and how to achieve them.

2. Develop functional trees. They are used to address the different functions that need to be
carried out in a hierarchical manner.

3. House of quality (QFD), to understand customer requirements, functional requirements,
and the relationship between them.

4. Concept generation

5. Develop morphological chart to find the required solution to the presented problem.

4.1.1. Objective Tree

Smart Luggage

Cost effectiveness eet airline and and airport ruleg Convenience

Affordable Auto following Light and compact

Removable battery [ Weight capacity: 8kg

Location tracking

Accurate tracking

Use of inexpensive material

FIGURE 9 OBJECTIVE TREE
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4.1.2. Morphological Chart
TABLE 4 MORPHOLOGICAL CHART

Option 1 Option 2 Option 3 Option 4
Motor DC Motor AC Motor
¢ \\
' A
W'
Power Supply Power adapter LiPo battery Power bank

(Controller)

Power Supply
(Controller)

Power adapter

LiPo battery

Power bank

Indoor
localization
technique

Satellite-based
navigation

Inertial navigation
method

Radio frequency-
based navigation

.,))
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Environment

Ultrasonic sensor

Camera sensor

mapping /
object

avoidance
Precise Bluetooth Classic Wi-Fi UWB Bluetooth Low
location energy (BLE)

sensor method

"

UWB

=’

BLE

by
il

Controller Arduino Raspberry Pi Nvidia Jetson
Luggage Hard side suitcase
(carry-on)
DD Material PLA ABS
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The morphological chart summarizes the technologies, approaches, and materials used to
conduct the project.

4.2. Mechanical Design
The mechanical design consists of the main body with the dimensions of 300 x 250 x 93 mm and
motor holders alongside shaft mounting hubs, all these parts were printed with a 3D printer using
PLA “Polylactic acid” as a material. Printing the main body in one process would take longer
time and have higher printing risks for the operation leading to increase in cost, consequently as
the manufacturer advised and after a lot of prototyping and redesigning, the design was split to 6
parts connected with each other using bolts on a block shaped male-female slot.

B -

[ ol
o
(0

[ ol

FIGURE 11 MECHANICAL MODEL AFTER THE DIVISION
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FIGURE 12 SPLIT MECHANICAL MODEL EXPLODED VIEW

The motor holder will support the motor and prevent it from moving by the bending load coming
from the wheels, and the wheel shaft mounts will attach the wheels to the motor ensuring its
stability in its place while it moves.

FIGURE 13 MOTOR HOLDER DESIGN
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And as was mentioned, 3d printing the body model would take plenty of time and wouldn’t be the
safest option. Dividing the model into 6 parts resulted in reducing the process time by
approximately 17 hours and helped in minimizing a lot of printing risks.

(® 2days 15 hours 35 minutes ®

(® s82g-32938m

FIGURE 14 MODEL SLICED IN 1 PART (APPROXIMATELY 63 HOURS)

(@® 6hours 45 minutes ®

(® 99g-33.19m

Save b DISk

/

FIGURE 15 MODEL SLICE A (7 HOURS)
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® 112g9-37.55m

. G) 6 hours 56 minutes

I‘

”4
S

b/

,/

FIGURE 16 MODEL SLICE B (7 HOURS)

9 hours 33 minutes

FIGURE 17 MODEL SLICE C (9.5 HOURS)
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After the conclusion of changing the motor, we needed to redesign the motor holders and wheel
mounts according to the new motor’s dimensions.

"o

Q

FIGURE 19 OTHER VIEWS OF THE NEW MOTOR HOLDER
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Utilizing 3D printing as a manufacturing method was an excellent option, it facilitates rapid
prototyping which helped us is choosing and refining the designed parts quickly and to obtain the
physical result in a quite short time, also this ability to fabricate strong parts from lightweight
materials was very advantageous for the project since the aim is to create a strong and
lightweight weight carrying mobile robot.

FIGURE 20 3D PRINTING PROCESS OF SOME PARTS

4.3. Mechanical analysis and calculations
a static force simulation with a force of 8 kgf = 80 N magnitude has been conducted for the new
mechanical model using SOLIDWORKS, and as we can conclude from the results; 8 kilograms
caused a maximum deformation distance around 0.04 mm which is a very negligible value and
thus the design will be very suitable to carry such weights.
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URES (mim)
441702
l 3.075e-02
. 353302

_ 3.002e-02

| 2.650e-02
2.208e-02

| 1.767e-02

| 1.325e-02
8,833¢-03
4417-03

1.000e-30

FIGURE 21 DISPLACEMENT ANALYSIS

The stress analysis results don’t have many resistive forces and potential risks in the main body,
which is a good sign, as a result of this, the robot can move while carrying heavy loads without
facing too much stress or strain making it more efficient and durable overall.

wvon Mises (Nfm#2)
9.672e+06
8.705e +06
. 7.738e+06
- 6.771e+06
. 5.803e+06
F 4.836e +06
_ 3.8602+06
. 2.902e+06
1.935e+06
0.673e+05

5.252e+00

FIGURE 22 STRESS ANALYSIS
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Bed temperature 95 - 110=cC 45 -80-c 45 - 60-=c 100 - 115=C 75 -90-=c
Heated Bed Required Optional Optional Required Required

FIGURE 23 3D PRINTING MATERIALS COMPARISON CHART

After analysing and comparing the materials used in additive manufacturing such as 3d printers
and according to their availability in the market, we found that PLA was a very suitable option in
terms of strength being very sufficient and durable for a lot of robotic applications. and in terms
of cost for being available all over the markets. It is a very popular material and easy to work
with, and it also should be mentioned that the PLA is a biodegradable and environment friendly
material since its derived from renewable sources and has a very low toxicity and Odor when
processed.
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4.4. Mechanical Design Realization
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FIGURE 24 TECHNICAL DRAWING

FIGURE 25 3D PRINTER RESULTS - TOP VIEW
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FIGURE 26 3D PRINTED RESULTS - ISOMETRIC VIEW

The printed parts were joined together using M3 bolts, While the wheels were securely placed on
the motor shafts by the wheel-shaft adaptors and carefully mounted achieve proper alignment
and stability.

FIGURE 27 MECHANICAL PARTS ASSEMBLY
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For the motor selection, our selection have been revised and it was changed from the 12 V RS-
755 high-rpm DC motor, to a 12 V low-rpm high-torque DC motor, and for the new motors to be
attached we needed to redesign the holders, it was aimed to achieve minimal material
consumption and get the results in very fast time thus, it was decided to print a ring shaped motor
mount that will be attached to the old holding parts and should be able to support the 25mm
motor with the same old connection. The new 25 mm 280 rpm motors proved to be highly
advantageous, as they provided more torque, were more efficient, and made it easier to control
the vehicle. Their ability to overcome friction has resulted in better straight-line movements and
a great overall driving performance. They also had less weight and better maneuverability than
the RS-755 DC motors.

FIGURE 28 PREVIOUS MOTOR (@44 MM) AND THE NEW MOTOR (@25 MM) 3D MODELS ASSEMBLY

FIGURE 29 NEW 25 MM MOTOR HOLDER ATTACHMENT
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FIGURE 30 FINAL PROTOTYPE
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4.5. Electronic Design

4.5.1. Electric Drive System and motor selection
In this project, 2 motors will be used for the rear wheels, the other 2 wheels are passive. It is
required for the luggage to at least be able go up an incline of 5 degrees (This requirement came
from the fact that the standard inclines for handicapped people are 5 degrees). Required motor
parameters calculation:

Let’s consider the case when the luggage is 8 kg (maximum load):
m = 8kg

Assuming the load speed is 1.8?

The incline: 6 = 5°
The resistive forces are friction and the force due to the weight of the luggage, to compute them:
Friction force: Fr = uN
Where:
N = Normal force
u: Friction coefficient
Assuming the friction coefficient is 0.015
Fr = umgcos(6) = 0.015 - 8 - 9.81 - cos (5)
Fr=1.17272 N
Force due to the weight:
F, = mgsin(6) = 8-9.81 - sin(5)
F, = 6.83998 N
Total resistive force:
E. =F,+F = 117272 + 6.83998
F. = 8.01270 N

Let’s keep in mind that this force is affecting both motors, it needs to be divided by 2 since we
are using 2 motors:

F. = 4.00635N > F. =4N

Assuming the motor has 100% efficiency, the output power can be found.
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F-v

The required torque of one motor can be calculated from the speed and power:

Speed:
v
w ==
r

Here it is assumed that there is no transmission, the motor selected could have transmission if the
parameters are consistent of what was calculated.

Wheel radius r = 37.5 mm
1.8 rad

®=3re 103 B

This speed is divided by 2, again since this system uses 2 motors:
rad
w=24—-
S
Converting to RPM:
_2m-w  60x24
"TT60  2nm

n = 229.18 RPM

The required torque:

60 P60 7.2
T 2mr n 2m 229.18

->T=03N-m
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There are many DC motors available in the market to choose from, the chosen motor should be
more than enough for the application of this project. The selected motor is The following:

FIGURE 31 12v 280RPM DC MOTOR

Specification Value
Working Voltage 12V
Speed 280 RPM
Shaft Diameter 5 mm D shaft
Motor Diameter 25 mm

TABLE 5 MOTOR SPECIFICATIONS

4.5.2. Controller selection
The controller selected for this project is Raspberry Pi 4. The raspberry pi was selected since it
has many features, including a built-in Bluetooth, Wi-Fi, so it removes the need to buy Bluetooth
and Wi-Fi modules to establish a connection with the user’s phone. Raspberry pi 4 required a 5.1
V/3.0 A/15 W DC power supply. It has a fast-processing speed, which is required for this project
since the user distance and direction are changing rapidly so the processor must keep up with the
speed of data sampling.

FIGURE 32 RASPBERRY PI 4

40



4.5.3. Inertial Measurement Unit (IMU) selection
In this project the Inertial Measurement Unit, which is available in smartphones, is utilized. An
IMU in a smartphone typically includes an accelerometer, a gyroscope, and sometimes a
magnetometer. The accelerometer measures the device's linear acceleration, the gyroscope
measures its angular velocity, and the magnetometer measures the magnetic field around the
device. This data is used to determine the orientation of the device in space and to track its
movement. For example, the accelerometer can be used to detect when the user is walking or
running, and the gyroscope can be used to track the device's rotation. This information can be
used by apps to provide features such as augmented reality, navigation, and motion-controlled
gaming. Additionally, the IMU in the smartphones can also be used to detect the phone's
position, such as when using the phone as a pedometer. The IMU values are with respect to the
phone’s frame, these values must be transformed to a reference frame (The luggage in this case).
Even after the transformation, the values are susceptible to a very high number of errors, which
make them unusable for any application. For that reason, instead of using a normal homogenous
transformation matrix, quaternions are used. After getting the values the Kalman filter is utilized
for sensor fusion and filtering the values, as well as predicting the measurements up to high
accuracy.

E,
FIGURE 33 IMU SENSOR WITH RESPECT TO AN INERTIAL FRAME

Additionally, an IMU sensor will be used in the luggage itself, the selected sensor is MPU-9250

FIGURE 34 MPU-9250 SENSOR
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The MPU 9250 includes 3 sensors, a Gyroscope, Accelerometer, and a magnetometer.
Gyroscope features:

o Self-test

e Operating current: 3.2 mA

e Programmable low pass filter
e Integrated 16-bit ADCs.

e Sleep mode current: 8 uA

Accelerometer features:

e Operating current: 450uA

e Low power mode current: 8.4 uA, 0.98 Hz, 19 uA, 31.25 Hz
e Sleep mode current: 8 uA

o Self-test

e Programmable interrupts

Magnetometer features:

o Self-test

e Output resolution of 14 bit or 16 bits

e Full scale measurement range is + 4800uT
e Normal operating current: 280uA at 8 Hz

All sensors mentioned are tripe axis.
The MPU 9250 Operating voltage is 3.3-5 V.

4.5.4. Power Supply
Raspberry Pi 4 can be powered by a 5V DC via a USB-C connection with minumum current of
3A. XIAMOI REDMI Power bank was chosen in this project as the power supply. In the power
supply calculations most periphrals are ignored to simplify the calculations. For this reason the
results are very estimated and can differ in the real world application.

TABLE 6 POWER BANK SPECIFICATIONS

Specification Value

Capacity 20000 mAh

Battery voltage 3.7V

Power 74 Wh

Input 5V 2.1A/9V-2.1 A/12V-15A

1 port output 51V24A-9V2Aand 12V
15A

2 ports output 5.1V 3.6A

Number of USB outputs 2

FIGURE 35 XIAMOI
REDMI POWER BANK
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To calculate the hours of operation of this battery:

0 tiom h Stored energy  74Wh 74 Wh .
peration fours: Device power 3 A*5 V15w ours

The results is 5 hours considering only the raspberry pi, so the real time operation will be of
course lower than 5 hours especially with 2 DC motors and many other sensors, In this project
the aim is to get at least 30 minutes of operation and use the fact that DC motors produce
electricity when they operate at the 4th quadrant to recharge the battery.

Another power supply used for the motors, is the Leopard Li-Po battery

J,’Q}? NN ‘a-‘“’”‘

c_or» A0 w\m

Hq Ds 8‘3

FIGURE 36 LEOPARD LI-PO BATTERY

Specification Value
Capacity 1500 mAh
Discharge current rate 25C (37.5 A)
Weight 172 g

TABLE 7 LEOPARD BATTERY SPECIFICATIONS

4.5.5. Compass sensor selection
The selected compass sensor is HMCS5883L.

FIGURE 37 HMC5883L COMPASS SENSOR
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TABLE 8 HMC5883L SPECIFICATIONS

Specification Value

Working Voltage 3-5V

Sensor Output Digital 12C communication protocol
Measurement Range +- 1.3 -8 Gauss

Board Dimensions 14 * 13 mm

4.5.6. System Architecture

RSSI Value

Gyro Z

, IMU sensor data
User’s phone

Movement
Commands

Ultrasonic sensors

IMU Sensor Compass sensor

FIGURE 38 ENTIRE SYSTEM ARCHITECTURE
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4.5.7. Electrical Circuit

us2 Us1 us3
ULTRASONIC V2 ULTRASONIC V2 ULTRASONIC V2

blogembarcado.blogspot.com Dblogembarcado.blogspot.com Dblogembarcado.blogspot.com

12v
-
| U1 =2 1
| GPIOS g? GPIOS GPIO4/GPIO_GCLK ePIo4 |
| GPIo6 5 GPIos GPIO17/GPIO_GENO GRIOTT |
4 GPIO12 Q——5—| GPIO12  GPIO18/GPIO_GENT ) GPIO18 n I u2
GPI04 Q——] VCC | Grio13 O——=—| GPIO13  GPIO27/GPIO_GEN2 O GPiIo27 |
5 | GPIO16 SE GPIO16  GPIO22/GPIO_GEN3 GPIO22 | 5
GPIO6 O——=—] GND | Grioto S5 GPIO19  GPIO23/GPIO_GEN4 GPIO23 | GPI027 —— IN1  veC Vs 2
3 GPIO20 Q———{ GPIO20  GPIO24/GPIO_GENS Q GPIO24 GPI022 Q——| IN2 ouT1
SCL Q=== scL | GPIO26 SE GPIO26  GPIO25/GPIO_GENG Q GPIO25 | GPIO10 SI IN3 3
4 | GPIo21 GPIO21 | GPIO9 = IN4 ouT2
SDA Q———] SDA | s GPIO10/MOSI ) MOSI GPIO17 OT ENA 3
5 XD SE GPIO14/TXD0 GPIO9/MISO mso | GPIO11 O———] ENB ouT3
== DRDY (6] GPIO15/RXDO GPIO11/CLK cK | q w“
| 3 GPIO8/SPI_CEO cs | 55 SENSA ouT4
| SDA Q——¢— GPIO2/SDA1  GPIOT/SPLCET O GPIO7 = SENSB  GND
HMC5833L ‘ scL O———2— GPIO3/SCL1 |
rRPIE s 1298
| I Raspbery Pi4 |
- —

FIGURE 39 ELECTRICAL CIRCUIT DESIGN

4.5.8. Circuit Realization

FIGURE 40 THE COMPLETE ELECTRICAL CIRCUIT
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5. Algorithm and Control
5.1. Indoor Positioning Algorithm:

7 =N Acceleration
—_— >

Gyro _|Extended Kalman
Filter

o)

Pitch
Eular Angles Step Detection

L —

Magneto meter
Phone IMU -

Pitch and Roll
A

Magneto meter of Rotation
"1 Matrix

ﬁ'

Estimated
Kalman Filter
> Heading

>

Gyro

FIGURE 41 POSITIONING ALGORITHM FLOWCHART

We developed an indoor positioning algorithm that uses Phone IMU sensors along with BLE
RSSI signal to estimate the user distance and direction. The Differential Drive robot follows the
user using these data.

The Smart Phone has 3 Built in IMU sensors which are useful to achieve our goal. Those are:

e Accelerometer: Acceleration Data
e Magnetometer: Magnetic Field Data
e Gyroscope: Angular velocities

Using this data, we can determine the Phone Orientation.

5.2. Phone Orientation
Phone Orientation can be determined in two ways. The first way is by using the Gyroscope data
to get a quaternion that represents the orientation of the device, the second way we use
accelerometer and magnetometer data. The accelerometer data helps us determine the roll and
pitch while the magnetometer data helps us determine the yaw aka the azimuth.
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5.2.1. Orientation using Gyroscope:
Phone Orientation can be determined in two ways. The first way is by using the Gyroscope data
in the following equation:

.1 9 _15()
=542 ®=5210)q

Where S(w) is the skew matrix of the gyroscope vector w = [Wx @y W]

0 -—wx —wy, -—w,
|« 0 W, —Wy
S(w) = W, —W 0 W
Yy z X

W, Wy, Ty 0

Which help us determine the quaternion which we can use to determine the Rotation matrix:

6 +49i — 95— 495  2(9192 — 9093) 2(q193 — 9092)
C=| 2(q192— 9093) a6 —a9i +95—4d5 2(9293 — Go91)
2(q193 — 9042) 2(q293 — 9091) 96 — 91 — 495 + 45

From which we can determine the Euler angles by equating it with the fellow matrix:
Coo Co1 Co2
C=|Co Ci1 Cpp
Cao0 €21 Cp

R, $,0) = R,(Y)R. ()R, ()
cos(y) cos(¢p) cos(y) sin(¢) sin(8) — sin(y) cos(0) cos(Y) sin(¢p) cos(O) + sin(yP) sin(O)
= |sin(y) cos(¢p) sin(y) sin(¢) sin(6) + cos(y) cos(0) sin(y) sin(¢) cos(8) — cos(YP) sin(O)

—sin(¢) cos(¢) sin(0) cos(¢) sin(0)

s @_simﬂcoup ﬁ_sinlpcosw
CZO - s (¢) Coo o cos Y cos ¢ Cyo - cos P cos ¢
— cin-1(_ — -1 (C10 — -1(C
¢ = sin~'(—Cyp) Y = tan (Coo) 6 = tan (sz)
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5.2.2. Orientation using Accelerometer and Magnetometer

Ay Anorth bx cosl
=l|a =|a =
North East ap ay %o egﬂ B, =|by| EBo 0 ;
Ssin
Z bz
Azimuth Acceleration
X a
0 =sin~1 <
g
a
¢ =tan" 1 =
a
Red Axis: Phone Body Frame
Blue Axis: NED Frame _,cos8(b,sing — by cos¢
Transformation Matrix: Re = R(y))R(8)R(¢) Y = tan

W = yaw, 6 = pitch . ¢ = roll by, + Bsinlsin®

Where B is the magnetic field strength and [ is the inclination. Which can be found using the
following map.

US/UK World Magnetic Model -- Epoch 2010.0
Main Field Inclination (1)

"
4

i

V&

il
i

e

I

We find that at our location B = 48uT and I = 58°55’
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5.3.Sensor Fusion using the Kalman filter:
The Kalman Filter is basically a set of 5 equations used to eliminate the error by comparing a
measurement with a mathematical model. Instead of comparing one measurement to a
mathematical model we can combine multiple measurements, so we can fuse multiple sensors
with these equations. Two of these equations are used to predict the state. The other 3 are used to
update it.

Prediction
X, = A%, _, + Buy
P; = AP_AT +Q
Where:
Xy : Priori estimate of x at time step k
Py : Priori estimate of the error at time step k

Q: Process variance

Update:
P CT
Ky = ——+—
CP,CT+R
X = X + Ky — Cxi)
P = (I - K O)P¢
Where:

Vi Actual measure state

X: Posteri estimate of x at time step k

P,.: Posteri estimate of the error at time step k
K,.: Kalman gain at time step k.

R: Measurement variance
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5.3.1. Kalman Filter parameters:
The state vector is the quaternion that represents the orientation of the phone:

=[q% @ 92 a3]”

The gyroscope data will be used for prediction. And the accelerometer and magnetometer
data will be used for measurement.

We can find the predict equation by discretizing the following equation:

1
q= ES(w)q
9k — qk- 1
Tl = ES(G))Cqu

1
dk = ES((U)QR—Idt + qr-1

By equating it to the predict equation we find:

A= 15( )
Uk = k-
1 0 0 O
_101 0 O
B=10 0 1 o0
0 0 0 1
The measurement quaternion vector:
6 9 +si ¢ .0
€0S - COS 7 COS— + sin = sin - sin
: 6 ¥ ¢ .0
sin - cos - cos— — cos - sin - sin -

e R N R N 2
COS—SIn—CcoS— + SIn —Cc0S —SIn —

2 2 2 2 2 2
6 v ¢ 0
_coszcoszsmz smzsmzsmz_

Where ¢, 8,1 are the Euler angles derived from the accelerometer and magnetometer
measurements discussed in section 5.2.2.

The update equation is then:
Vi = CXy
Where C is Identity as the quaternion from Accelerometer-Magnetometer Measurement should

be the same as that from Gyroscope prediction.
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Initial estimates:
xo=[1 0 0 0]
Py = I444 - 0.2
Noise Covariance Matrices:
Q = 1444 -0.01
R = 1444 -0.001
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5.4. Extended Kalman Filter Parameters

For our purpose, a more sophisticated form of Kalman Filter was used. The derivation of the
parameters is out of the scope of this report.

The State vector:

o [qu]

where:
d: Quaternion

b9: Bias vector

The A and B matrices:

T
A= Iyxa _ES(CI)]
O3X4- I3X3 k—1
T
. §s<q)]
O3X3 k—1
where:
—q1 —q2 —qs3
_ 149 —493 942
() = qs do —q1
—q2 qo
The Measurement:
Vi = CRi
dm] — [Ca 03><3][Q]
ﬁ\lm k Cm 03><3 b9 k

Where:

—q2 (43 —qo 1
Co=—-2| % do a3 42
k—1

o —q91 —q92 Q3
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qs 42 q1 4o
Chn=-—29% —q91 92 —Qq3
—q1 —q90 493 492 l,_4

Initial estimates:
xo=[1 0 0 0]
Py =1747-0.2
Noise Covariance Matrices:
Q =147 -0.01
R =1747-0.001

After applying the equation, we determine an accurate estimate of a quaternion that represents
the phone orientation accurately from which we can determine the Euler angle. The result was
tested using Pygame as visualization tool.

FIGURE 42 PHONE ORIENTATION VISUALIZER USING PYGAME

The above picture is a test we conducted. The screen displays the view of an observer from the
north.
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5.5. Heading Estimation:
For the heading estimation we use the Body to World rotation matrix with azimuth = 0

H 0 cos @ sin @

H, cos¢ singsin® —singsinf7|hy
=[ ]hy
H, sing —sinbfcos¢p cosepcosb 1|h,

Then we can determine the heading by:

H
y =tan! (—y>
H,

Now we determine the heading from the gyroscope using the quaternion.

2(q093 + 9192)
1-2(q5 +43)

Headingyyyr, = arctan I

State Transition Equation:

St = ASt—l +By+W

Where St is the current heading, St-1 is the previous heading and gamma is the input
measurement. And w is the noise which can be removed from calibration.

The Observation Equation:

0t=CSt+T

Where:
0,: Heading Gyro
r: Covariance noise
Cis[1 o]
Sensor Fusion using Kalman filter for best heading estimation:
Predicting:

St = AS¢_1 + By

P, = AP,_,AT + ¢
Updating:

K, = P.CT(CP,CT + )71
St = Se-1 + K (0r — CS—1)
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l)t = l)t - 1<'(71)t

5.5.1. Experimentation
# Main.py

> GPPC > A i Main.py

arctan2(-MagG[@],MagG[1]))[0]%360
ad2deg(np.arctan2(2*((sys.xHat[@]*sys.xHat[3])+(sys.xHat[1]*sys.xHat[2])),1-2*(sys.xHat[2]**2+sys.xHat[3]**2)))%360
sys.EstimatetHead(gamma,0t)
azim=(sys.St+180)%360 -180

print("”

TERMINAL 4+ v o X

st:90 [=] powershell
85.70686952120457 18t Python Deb...
9
6.5023124551131
:90
107.52088826176993
190
im 99.7098034889122

10 9920569786535
190
104.8719629827624
190
0.39696063950521
st:90
95.63992435624505
190
.14843614618275
190
101.32640083903806
190
105.19761117952561 _
PS C:\Users\ALAA\Desktop\GPPC\Accelerometer Direction> [|

Ln214,Col 6 Spaces:4 UTF-8 CRLF {§ Python 3.11.064-bit & 0
FIGURE 43 HEADING TEST

The output shows the direction of the phone’s heading. The results were compared with a
compass reading and there was less than 1% error.
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5.6. Robot’s heading estimation

5.6.1. Compass sensor calibration
The magnetometer used in the robot is the HMC5883L compass sensor. Sensors are not ideal. An
ideal three-axis magnetometer detects the strength of the magnetic field along orthogonal axes of
X, Y, and Z. Magnetometer readings measure the Earth's magnetic field when there is no
magnetic interference. The measurements from a magnetometer should lie on a sphere if they are
taken while the sensor is rotated through all possible orientations. The magnetic field intensity is
represented by the sphere's radius.

FIGURE 44 IDEAL MAGNETOMETER DATA

In real life, this is not the case. Magnetometers are very sensitive, and they are essential to
calibrate due to many interferences and offsets.

The measuring accuracy of a magnetometer is lowered by manufacturing flaws and noise
sources. The hard iron effects are the most notable of them. Hard iron effects are stationary
magnetic noise sources that interfere. These frequently originate from other metallic components
on the magnetometer's circuit board. The ideal sphere's origin is changed by the hard iron effects.

FIGURE 45 EFFECTS OF HARD IRON OFFSET ON MAGNETOMETER DATA
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The effects of soft iron are more subdued. They develop because of nearby objects that disturb
the magnetic field. The sphere of ideal measures is stretched and tilted because of them. The
measurements that are obtained fall on an ellipsoid. The geomagnetic field vector of the IMU can
be stretched, rotated to the sensor frame, and then rotated back to the global frame to imitate the
effects of the soft iron magnetic field.

FIGURE 46 EFFECT OF BOTH HARD AND SOFT IRON OFFSETS

Now let’s take measurements by rotating the HMCS5883L sensor in a circle on the 2D plane.
Since only the heading is needed, only the x and y measurements are taken, the z measurements
are mostly constant since the robot z position won’t change.

An experiment was done by taking 1000 sensor readings while it is being rotated in the x-y plane
in a circle. Those 1000 readings are taken in 50 seconds. Those raw readings are then saved to a
CSV file so they can be plotted using Excel to get a better understanding of the offsets in the
measurements.
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FIGURE 47 HMC5883L RAW DATA WITH NO CALIBRATION

After plotting the raw x and y measurements, the result is an ellipsoid. The ellipsoid center is
shifted in both x and y directions. It is clearly seen that the effect of Hard Iron offset is much
greater than Soft Iron offset. This is expected since the measurements were taken in an indoor
room with not much interference from external source. But the soft iron offset still exists, this is
concluded since the circle is stretched to an ellipsoid. The soft iron offset in our case occurs due
to the other electronics in the circuit. The calibration done was focused on the hard iron effects
since the soft iron offset didn’t have an important effect on the heading estimation. While only
calibrating the hard iron effects, very accurate results of heading were acquired.

The offsets in the x and y axes are calculated as follows:
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1 |X Y z X_Axis Offset ¥Y_Axis Offset

2 | 14 23 -103 -75.437 17.324

3 | 15 23 -102

4 16 22 -103 Y

5 | 16 24 -102 150

6 15 24 -102

7 16 23 -102 0

8 | 15 23 -102 d’ o= e, ?'.0'.1.8. A 100

9 | 15 24 -102 '?' .0? ® ‘ .

10 15 2 102 DS p— -
11 15 23 -102 -lqi ° e ﬁ.
12 15 24 -103 :: . . o o,
13 | 15 23 -102 o . 0 ‘e
14 15 23 -102 -200 r—lSO ° -100 -50 0 &. [ ] 50
15 15 23 -102 'H.. e !o:

16 15 25 -102 ° s ® o o a0 °

17 15 25 -102 ’.':O‘D-h.:. .0“'"“_"" ¢

18 | 15 28 -101 ° 100

19 15 28 -101

20 | 14 32 -100

21| 13 35 -100 -150

FIGURE 48 X AND Y AXIS OFFSET

The average of the x and y measurements were calculated. As it is shown, the acquired offset in
the x direction is -76, and in the y direction is 17.

These offsets are then applied to the raw measurements of the sensor. Another 1000 readings are
recorded, this time, the readings include the offsets calculated. These readings are then plotted to
observe the difference before and after calibration.

Y
150
¥
| LR
0
-150 -100 -50 0 150

-150

FIGURE 49 HMC5883L RAW DATA AFTER CALIBRATION
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We can see that the ellipsoid is centered around the origin. The data are also closer to each other
which makes them precise. The new offsets after calibration are calculated again:

A [ B | C | D | E | F | G | H | | J | K
11X Y z X_Axis Offset Y_Axis Offset
2 | -93 13 -119 4.783 4.235
3 | -93 13 -119
4_ -93 15 -119 Y
5| -93 14 -120 150
6_ -93 14 -119
7 -93 14 -119
8 -93 14 -119

-92 13 -120

10 -93 15 -119 &3 20 5"'“.:.
11 -93 14 -119 % %
12 -93 14 -119 o

-150 -100 #

13 -92 13 -120 "'o.
14 -93 15 -119 y A 50
| L ] L
15 -93 14 -120 w ®e ee?e o
| ] ] ] o’. * ®
16 93 14 120 .

K

a 108 ¥e ®
17 -93 15 -118
18 -93 14 -119
19 -93 14 -119 -150

FIGURE 50 NEW X AND Y AXES OFFSET

The new offsets are very small and can be neglected.
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5.7.Phone RSSI
To measure the distance to the user, the RSSI value of the BLE signal between the raspberry pi
and the user’s phone was utilized. The RSSI is the Received Signal Strength Indicator, and it is
measured in dbm. The raw form of RSSI is not useful in this application, but its measurement
can be translated to distance estimated in meters. The relation between RSSI and distance using
the Log-Distance pathloss mode:

d
RSSI =10-n-log,, (d_> + A,
0

Where:

d: Distance between the phone and the luggage, d,: Distance used for calibration, in our
experiment it is 1 meter, Ay: Reference RSSI value at d;, n: Signal Propagation exponent,
usually its value is 2 in indoor environments.

We have put the phone at 1 meter distance and using a python script we were able to determine
Ay,. Then the equation can be rewritten to find the distance:

Ag—RSSI

d =10CT10n )

Here is an output of our experiment. The phone was at a 1-meter distance. The script uses the
bluepy library which provides functions to read the RSSI distance of nearby devices. the code
scans for the user’s phone exclusively, then it reads the RSSI value of the BLE signal between
the phone and the Raspberry pi. After reading the measured RSSI value, the initial guess for the
distance is calculated. This “guess” is used in the state update equation:

Xnn = Xnn-1 +an* (Zn — Xnn-1)
The transmission power of phone devices can range from -60dBm to -70dBm.

Where X in our case is the distance, z,, is the measured RSSI. On the right the results are shown,
as is expected, after every sample, the results get better.
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The obtained results:

! T o x)

File Edit Tabs Help

FIGURE 51 RSSI DISTANCE RESULTS

5.8. Pitch Based Step detection:
We tried at first to implement a step detection algorithm using accelerometer, but it yielded
unacceptable results. So, we tried another approach which provided a more satisfactory result.
The approach is to use the phone’s pitch angle while it is in the user pocket to determine if the
user walked a step and to determine the length of the step from which we can determine the
distance which can be used as an update equation to enhance RSSI measurements. (Reminder:
Pitch angle is the rotation of the phone along the phone’s horizontal axis)

Step length

The legs during the occurrence of a step.

FIGURE 52 PITCH ANGLE DURING A STEP
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A dataset of the pitch recorded while walking forward and backward in a straight line into a csv
file. From this data, the time interval of a step and the maximum and minimum pitch that occurs
during a step was determined.

Pitch

100
80
60
40

20

Pitch
o
73
79

85

91
103
109
127
138
145
151
157
163
169
175
18
187
193
199

-80
-100

Time per 0.1 seconds

FIGURE 53 PITCH - TIME GRAPH

From the graph it is seen that a step occurs in a time interval between 0.1-0.4 seconds. So, the
interval is chosen to be 0.5 seconds. The maximum and minimum threshold is 8-60 degrees.

The algorithm is to determine the max pitch during a time interval (We chose 0.5 seconds since it
is the average time of one step). If the pitch was between the minima and maxima (between 8 to
60 degrees from our experiments), then it is detected as a step.

distance: 0.7846259064217813
Step Detected

10

distance: 1.1617616175476257
Step Detected

11

distance: @.5410287879465548
Step Detected

12

distance: ©.5870951853054525
Step Detected

13

distance: ©.6672711866996864
Step Detected

14

FIGURE 54 STEP DETECTION TESTING

And the distance is calculated using these equations:
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X = X¢_1 + SL X cos(HD)
Yt = Yt—l + SL X Sln(HD)

Where HD is the heading, we obtained from sensor fusing the magnetometer and the gyroscope.
And SL is the average human step length (0.76 meters). The distance can be determined by
taking the magnitude of X and Y. We can use the following equation as an update equation and
compare it with the measurement of the RSSI.

X and Y data were also recorded into a csv file while the user was walking along a square path,
these data were plotted using Excel as shown:

Y
2
o ®°°° ® . . 1.5
° ° 0,
°
1
® °
0.5
® °
Y [ )
o-e
3 2.5 2 1.5 1 05 o 0 ® 0.5
o °
L4 0.5
o ¢ °
° Y

FIGURE 55 X AND Y VALUES FOR A SQUARE PATH
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5.9. Differential Drive Model:

0

Estimated Distance

S

Y

Estimated Heading

) -am
Right Whee! Speed

Inverse Kinematics

~———

Y

() spees
Waypoint Control Turning
Speed

T

FIGURE 56 DIFFERENTIAL DRIVE FLOW CHART

After getting the distance and direction we can determine the speed and the turning speed using
the following control equations.

Where:

FIGURE 57 DIFFERENTIAL DRIVE BODY DIAGRAM

a

v =Kkyp

® = ko + kgp

p =+ Ax? + Ay?

= —0 + atan2(Ay, Ax)

p=—-0—-a

If Alpha is with the range (-90,90], then we update the values using the following state matrix:
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—cosa O
sin « .
] [ e |l
0

Otherwise, it is pointing to the opposite direction, so+ we take v=-v and the state matrix become:

][ I

sina

Then we can get the speed values that we should send to the motor.

_2v—9L
L= 2r

_2v+9L
©r = 2r

The following picture demonstrates the controlled path from (0,0) to (sqrt(2), sqrt(2)) with
control coefficients (3,8, -1.5). Along with the motors speed of the DD during that path

The following figure demonstrate the controlled path from (0,0) to (with control coefticients
(3,8, -1.5)
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FIGURE 58 WAY POINT CONTROL SIMULATION

A

We can see the wheel speeds down as it approaches its target. The DD can also move in a line
segmented curve using the “Pure Motion” equations.

For pure motion the wheel speeds are as follows:

Pure Rotational:

oL
CCW: wgp = —w;, = —
2r
oL
CW (A)L —_ _wR —_ ;

Pure Translational:

(I)L:(l)R:

Q<
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5.10. Differential Drive Heading Algorithm

After we obtain the measurements from the HMC5883L compass sensor and the user’s phone,
the heading algorithm will determine the rotation angle and direction for the differential drive to
align with the user using the differential drive pure rotation equations. The compass degrees start
from the north at 0° and the positive rotation direction is clockwise.

FIGURE 59 COMPASS DEGREE SYSTEM

Thus, To determine the angle there will be 2 different cases:

The first case will be that both DD and User headings are close to each other in values and their
difference is less than 180°. The rotation could be determined by taking the difference between
both angles and the sign of the degree difference will determine the rotation direction:

dif f = azim — headingAngle

((+) is CW rotation, (=) is CCW rotation)
Where:

azim: is the user's angle
headingAngle: is the DD's angle
dif f: rotation angle of the DD

allw.r.t.to the compass degrees system.
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in exmaple:
= 40°
= 120°

DD angle
User angle

Diff = 120°- 40° = 80° - CW 80° rotation

12

40°

Differential Drive

R East (90°) oo

South (180°)
-12

08

FIGURE 60 FIRST CASE WITH CW ROTATION

DD angle 120°
User angle = 40°
Diff = 40°- 120°

40°

~

1200 | 80°CCW

User

User

—80° —» CCW 80° rotation

02 04 06

South (180°)
-12

¥ East (90°) o8

Differential Drive

FIGURE 61 FIRST CASE WITH CCW ROTATION
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The second case will occur mostly when the north is in between the heading angles, or their
difference is bigger than 180°. Here the rotation could be determined by the following equations:

dif f = diff — 360 (for diff > 180°)
And for the negative values it should be the inverse:
dif f = dif f + 360 (for diff < —180°)

In example:

DD angle = 330°
User angle = 40°
Diff = 40°- 330° = —290° < —180°
= —290° + 360° = 70° - CW 70° rotation

08 User

Differential Drive

021 40°

330°
o
_w” -08 06 04 02 QJ 02 04 05 08 g East (90°) g

FIGURE 62 SECOND CASE WITH CW ROTATION
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DD angle = 40°
User angle = 330°
Diff = 330°- 40° = 290° > 180°
= 290° — 360° = —=70° - CCW 70° rotation

User

08 Differential Drive

06

04

709CCW

021 400

330“/ 5
{ \ o
M»v -08 -06 -04 -02 ‘x\i// 02 04 06 08 1 East(90)

South (180°)
-12

FIGURE 63 SECOND CASE WITH CCW ROTATION
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5.11. Object avoidance
Object avoidance algorithm was done using three ultrasonic sensors positioned on the corners at
45° degree intervals from each other. This configuration enables the robot to achieve
comprehensive detection and identify potential obstacles on a wide range.

The algorithm will prevent the robot from colliding with the user if the front sensor reaches a
certain threshold distance (around 50 cm), and if it reads a combination of data from the front
sensor with another side sensor, it will perform a rotation away from the detected object
direction. python threading was used to prevent any issues that come from delays.

45° degree

FIGURE 64 ULTRASONIC SENSORS PLACED 45° AWAY FROM EACH OTHER
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6. Schedule

TABLE 9 TIME SCHEDULE

Project revision and
redesign

Parts acquisition
Electronics testing

3D Printing

Device integration

Algorithm
implementation
and testing

Documentation
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7. Budget management

TABLE 10 TIME MANAGEMENT

Material Cost

Raspberry Pi 4 4100 TL
Rs775 DC Motors (x2) 380 TL
Pololu Wheels (x2) 220 TL
HC-SR04 (x6) 174 TL
Leopard LiPo 14.8 V 1500 mAh battery 670 TL
Arduino UNO 150 TL

Trolley Wheels (x2) 58 TL
MPU9250 IMU Sensor 200 TL

HMCS883L Magnetometer 48 TL

Bolts and nuts 40 TL
Cargo and shipping fees 100 TL
3D Printing 2100 TL

8786 TL

8. Conclusion

In this project, We have developed a prototype for human following luggage. The robot utilizes
the user’s phone for its data. The user’s phone is used to send its IMU data which is processed by
the controller in the robot. The IMU data is used to estimate the user’s heading which is then
compared with the robot’s heading. This allows for the robot to always be in the same direction
as the user. The IMU data is also used for pitch-based step detection. The steps of the user are
used in combination with the RSSI values of the BLE signal between the user’s phone and the
controller, to estimate the distance to the user. When both the distance and direction are
estimated, a differential drive motel is used to always drive the robot towards the user. The robot
also can avoid obstacles using multiple ultrasonic sensors.
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Appendix: Python codes

Robot’s main code:

import numpy as np

import socket

import Kalman_EKF as km

import math

import readSensor as rs

from bluepy.btle import Scanner
import RPi.GPIO as GPIO

import time

import smbus #import SMBus module of I2C
import threading

import math

#set GPIO mode and ignores the warning
GPIO.setwarnings(False)
GPIO.setmode(GPIO.BCM)

#Set GPIO pins for the motors
GPIO.setup(17, GPIO.OUT)
GPIO.setup(27, GPIO.OUT)
GPIO.setup(22, GPIO.OUT)
GPIO.setup(10, GPIO.OUT)
GPIO.setup(9, GPIO.OUT)
GPIO.setup(11l, GPIO.OUT)

pwml = GPIO.PWM(17, 500)

pwm2 = GPIO.PWM(11, 500)

#Set GPIO pins for the ultrasonic
GPIO_TRIGGER_M = 26

GPIO ECHO M = 19

GPIO_TRIGGER_R = 21

GPIO ECHO R = 20

GPIO TRIGGER L = 6

GPIO ECHO L = 5
GPIO.setup(GPIO_TRIGGER_M, GPIO.OUT)
GPIO.setup(GPIO_ECHO M, GPIO.IN)
GPIO.setup(GPIO_TRIGGER_L, GPIO.OUT)
GPIO.setup(GPIO_ECHO L, GPIO.IN)
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GPIO.setup(GPIO_TRIGGER_R, GPIO.OUT)
GPIO.setup(GPIO_ECHO_R, GPIO.IN)
#tsome MPU6050 Registers and their Address

Register_A
Register_B
Register_mode

X_axis_H =
Z axis H =
Y_axis_H =
declination

=0
= Ox01
0x02

0x03
0x05
ox07
7]

going to be done

pi =

3.14159

#Address of
#Address of
#Address of

#Address of
#Address of
#Address of

#define declination angle of location where measurement

Configuration register A
configuration register B
mode register

X-axis MSB data register
Z-axis MSB data register
Y-axis MSB data register

265359 #define pi value
def Magnetometer_Init():
#write to Configuration Register A
bus.write byte data(Device Address, Register A, 0x70)

#Write to Configuration Register B for gain
bus.write byte data(Device Address, Register B, ©xa0)

#Write to mode Register for selecting mode
bus.write_byte_data(Device_Address, Register_mode, 0)

def distance(GPIO TRIGGER,GPIO ECHO):
# set Trigger to HIGH
GPIO.output(GPIO TRIGGER, True)

# set Trigger after 0.01lms to LOW
time.sleep(0.00001)
GPIO.output(GPIO TRIGGER, False)

StartTime = time.time()
StopTime = time.time()

# save StartTime
while GPIO.input(GPIO ECHO) == O:
StartTime = time.time()

# save time of arrival
while GPIO.input(GPIO ECHO) == 1:
StopTime = time.time()

# time difference between start and arrival
TimeElapsed = StopTime - StartTime
# multiply with the sonic speed (34300 cm/s)
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def

def

def

def

def

def

def

# and divide by 2, because there and back
distance = (TimeElapsed * 34300) / 2

return distance
read_raw_data(addr):

#Read raw 16-bit value

high = bus.read_byte_data(Device_Address, addr)
low = bus.read_byte_data(Device_Address, addr+l)
#concatenate higher and lower value

value = ((high << 8) | low)

#to get signed value from module
if(value > 32768):

value = value - 65536
return value

moveForward():
GPIO.output(27, 1)
GPIO.output(22, 0)
GPIO.output(10, ©)
GPIO.output(9, 1)

pwml.start(90)
pwm2.start(90)

fwdL():
GPIO.output(27, 1)
GPIO.output(22, ©)

fwdR():
GPIO.output(10, ©)
GPIO.output(9, 1)

bwdL():
GPIO.output(27, 0)
GPIO.output(22, 1)

bwdR():
GPIO.output(10, 1)
GPIO.output(9, )

turnCCW():
fwdL ()
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bwdR ()
pwml.start(50)
pwm2.start(50)

def turnCw():
fwdR()
bwdL ()
pwml.start(50)
pwm2.start(50)

def turnRate(alpha):
sleeptimeInMilli=(np.abs(diff)+15)/0.1875 + 70
sleeptime=sleeptimeInMilli/1000
print(sleeptime)
time.sleep(sleeptime)

def stopDD():
pwml.stop()
pwm2.stop()
#Rotation Matrix matrix function given Euler angles
def rotation_matrix(thetal, theta2, theta3, order='xyz'):
cl = np.cos(thetal*np.pi/180)
sl = np.sin(thetal*np.pi/180)
c2 = np.cos(theta2*np.pi/180)
s2 = np.sin(theta2*np.pi/180)
c3 = np.cos(theta3*np.pi/180)
s3 = np.sin(theta3*np.pi/180)
if order == 'xzx':
matrix=np.array([[c2, -c3*s2, s2*s3],
[c1l*s2, cl*c2*c3-s1*s3, -c3*sl-cl*c2*s3],
[s1*s2, cl*s3+c2*c3*sl, cl*c3-c2*s1*s3]])
elif order=="xyx':
matrix=np.array([[c2, s2*s3, c3*s2],
[s1*s2, cl*c3-c2*sl1*s3, -cl*s3-c2*c3*sl],
[-c1*s2, c3*sl+cl*c2*s3, cl*c2*c3-s1*s3]])
elif order=="yxy':
matrix=np.array([[cl*c3-c2*s1*s3, s1*s2, cl*s3+c2*c3*sl],
[s2*s3, c2, -c3*s2],
[-c3*s1l-cl*c2*s3, cl*s2, cl*c2*c3-s1*s3]])
elif order=="yzy':
matrix=np.array([[cl*c2*c3-s1*s3, -cl*s2, c3*sl+cl*c2*s3],
[c3*s2, c2, s2*s3],
[-c1*s3-c2*c3*sl, sl*s2, cl*c3-c2*s1*s3]])
elif order=='zyz':
matrix=np.array([[cl*c2*c3-s1*s3, -c3*sl-cl*c2*s3, cl*s2],
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[cl*s3+c2*c3*sl, cl*c3-c2*s1*s3, s1*s2],
[-c3*s2, s2*s3, c2]])
elif order=="zxz':
matrix=np.array([[cl*c3-c2*s1*s3, -cl*s3-c2*c3*sl, sl*s2],
[c3*sl+cl*c2*s3, cl*c2*c3-s1*s3, -cl*s2],
[s2*s3, c3*s2, c2]])
elif order=='xyz':
matrix=np.array([[c2*c3, -c2*s3, s2],
[cl*s3+c3*s1*s2, cl*c3-s1*s2*s3, -c2*sl],
[s1*s3-cl*c3*s2, c3*sl+cl*s2*s3, cl*c2]])
elif order=='xzy':
matrix=np.array([[c2*c3, -s2, c2*s3],
[s1*s3+cl*c3*s2, cl*c2, cl*s2*s3-c3*sl],
[c3*s1*s2-c1*s3, c2*sl, cl*c3+s1*s2*s3]])
elif order=="yxz':
matrix=np.array([[cl*c3+s1*s2*s3, c3*sl*s2-cl*s3, c2*s1],
[c2*s3, c2*c3, -s2],
[c1*s2*s3-c3*s1l, cl*c3*s2+s1*s3, cl*c2]])
elif order=="yzx':
matrix=np.array([[cl*c2, s1*s3-cl*c3*s2, c3*sl+cl*s2*s3],
[s2, c2*c3, -c2*s3],
[-c2*s1, cl*s3+c3*sl*s2, cl*c3-s1*s2*s3]])
elif order=="zyx':
matrix=np.array([[cl*c2, c1*s2*s3-c3*sl, sl*s3+cl*c3*s2],
[c2*s1l, cl*c3+sl*s2*s3, c3*sl*s2-cl*s3],
[-s2, c2*s3, c2*c3]])
elif order=="zxy':
matrix=np.array([[cl*c3-s1*s2*s3, -c2*sl, cl*s3+c3*sl*s2],
[c3*sl+cl*s2*s3, cl*c2, sl*s3-cl*c3*s2],
[-c2*s3, s2, c2*c3]])

return matrix

#Function that gets pitch and roll from acceleration data
def getPitchAndRollFromAcceleration(ax,ay,az):

g=9.81
pitch=np.arcsin(ax/g)
roll=np.arctan(ay/az)

pitch=np.rad2deg(pitch)
roll=np.rad2deg(roll)
return pitch,roll

#Function that gets the yaw from magnometer data
def getYawFromMagnometer(bx,by,bz,B,I,pitch,roll):
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yaw = np.arctan((np.cos(pitch)*(bz*np.sin(roll)-
by*np.cos(roll)))/(bx+B*np.sin(I)*np.sin(pitch)))

return yaw

if __name__ ==

_main__':

#Starts a thread for reading sensor data

s = rs.SerialRead()
s.readSerialStart()

#Creating system object

sys = km.System()

#Defining the loop rate

loopRate = 10

bus = smbus.SMBus(1) # or bus

smbus.SMBus (@) for older version boards

Device_Address = Oxle  # HMC5883L magnetometer device address

Magnetometer_Init()
n=0

steps=0

x0=1

rho=0

dt=0

X=0

y=0

pitchMax=0

SL=0.76

L=0.35

r=0.045

X=0

Y=0

distM =0

distR =0

distL=0

def determineDistances():

distM = distance(GPIO_TRIGGER_M,GPIO_ECHO_M)

distR
distlL

distance(GPIO_TRIGGER_R,GPIO_ECHO R)
distance(GPIO_TRIGGER_L,GPIO_ECHO L)

distanceThread=threading.Thread(target=determineDistances)

distanceThread.start()

while True:
n+=1
dt+=0.1
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#Getting Serial Data from UDP
data = s.getSerialData()

#Applying sensor fusion of the 3 sensors to obtain orientation
sys.quatRotate([data[@], data[1], data[2]],

[data[3], data[4], data[5]],

[data[6], data[7], data[8]],

1/1loopRate)

#Getting Euler angles
yaw, roll, pitch=km.getEulerAngles(sys.xHat[0:4])

#Converting pitch angle from (-90,90) to (©,-+99)
if pitch>0:

pitchstep=pitch-90
elif pitch<o:

pitchstep=pitch+90

#Detrmining the maximum pitch within a unit interval 0.5s
if np.abs(pitchstep) > np.abs(pitchMax):
pitchMax=pitchstep

#Magnetic Field rotation to get the heading

MaGRotate=rotation_matrix(yaw, pitch , pitch, 'zyx")

#From Body To Global Matrix

FBTG=km.getRotMat([sys.xHat[@],sys.xHat[1],sys.xHat[2],sys.xHat[3]])

#Body Acceleration

AccB=np.array([[data[3]],[data[4]],[data[5]]])

#Body Magnitude

MagB=np.array([[data[6]],[data[7]],[data[8]]])

#Applying trasnformations

AccG=np.matmul (FBTG,AccB)

MagG=np.matmul(MaGRotate,MagB)

#rounding values

AccG[@]=round(AccG[0][0],2)

AccG[1]=round(AccG[1][@],2)

AccG[2]=round(AccG[2][0],2)

#Heading from magnetometer

gamma=np.rad2deg(np.arctan2(-MagG[0],MagG[1]))[0]%360

#Heading from gyro

Ot=np.rad2deg(np.arctan2(2*((sys.xHat[0]*sys.xHat[3])+(sys.xHat[1]*sys.xH
at[2])),1-2*(sys.xHat[2]**2+sys.xHat[3]**2)))%360

#Estimated heading from sensor fusion

azim=0t

#print('Estimated Direction: ',azim)
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x = read_raw_data(X_axis H) +75
z = read_raw_data(Z_axis_H)
y = read_raw_data(Y_axis_H) -18
heading = math.atan2(y, x) + declination
#Due to declination check for >360 degree
if(heading > 2*pi):

heading = heading - 2*pi

#tcheck for sign
if(heading < 0):
heading = heading + 2*pi

#convert into angle
heading_angle = int(heading * 180/pi)
if dt == 0.2:

if 206<=np.abs(pitchMax) and np.abs(pitchMax)<40:

X+=X+SL*np.cos(np.deg2rad(azim))
Y+=Y+SL*np.sin(np.deg2rad(azim))
steps+=1
print('Step Detected')
print('step',steps)
print('Estimated pitch: ',pitchMax)
print('Estimated Direction: ',azim)
print('Estimated DD Direction: ',heading angle)
print('X:"',X)
print('Y:',Y)
diff=azim-heading_angle
if diff > 180:

diff = diff-360
elif diff < -180:

diff = diff+360
print('Difference:',diff)

if diff < -3e:
turnCCW()
print('CCW")
turnRate(diff)
stopDD()

elif diff > 30 :
turnCW()
print('CW")
turnRate(diff)
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stopDD()
moveForward()

print('distance mid:',distM)
print('distance right:',distR)
print('distance left:',distL)
distanceThread.join()
if distM < 20:
stopDD()
stopDD()
if diff < o:
turnCCW()
print('CCW")
turnRate(diff)

elif diff > 0 :
turnCwW()
print('CW")
turnRate(diff)

stopDD()

elif distR<30 and distR>20 and distM<30:
turnCCW()
time.sleep(90.6)
moveForward()
time.sleep(0.20)
elif distl<30 and distL>20 and distM<30:
turnCW()
time.sleep(90.6)
moveForward()
time.sleep(0.20)
else:
time.sleep(0.6)
stopDD()

dt=0
pitchMax=0
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Extended Kalman filter implementation

import numpy as np
def rad2deg(rad):
return rad / np.pi * 180

def deg2rad(deg):
return deg / 180 * np.pi

def getRotMat(q):

co0 = q[@] ** 2 + g[1] ** 2 - g[2] ** 2 - g[3] ** 2
col = 2 * (q[1] * q[2] - g[e] * q[3])
€02 = 2 * (q[1] * q[3] + q[@] * q[2])
c10 = 2 * (q[1] * q[2] + g[e] * q[3])
€1l = q[@] ** 2 - q[1] ** 2 + g[2] ** 2 - g[3] ** 2
€12 = 2 * (q[2] * q[3] - q[@] * q[1])
€20 = 2 * (q[1] * q[3] - g[e] * q[2])
€21 = 2 * (q[2] * q[3] + q[@] * q[1])
c22 = q[@] ** 2 - g[1] ** 2 - qg[2] ** 2 + q[3] ** 2

rotMat = np.array([[c@0, c0l1, c@2], [cl@, cll, c12], [c20, c21, c22]])
return rotMat

def getEulerAngles(q):
m = getRotMat(q)
test = -m[2, 0]
if test > ©.99999:
yaw = 0
pitch = np.pi / 2
roll = np.arctan(m[@, 1]/m[0, 2])
elif test < -0.99999:
yaw = 0
pitch = -np.pi / 2
roll = np.arctan(-m[@, 1]/ -m[@, 2])
else:
yaw = np.arctan(m[1, @]/ m[0, @])
pitch = np.arcsin(-m[2, @])
roll = np.arctan(m[2, 1]/ m[2, 2])

yaw=rad2deg(yaw)
pitch=rad2deg(pitch)
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clas

quaternion
bias = np.array([9, 0, 9])

bias
self
self.yHatBar = np.zeros(3).transpose()
self.p = np.identity(7) * 0.2
self.Q = np.identity(7) * 0.001
self.R = np.identity(6) * 0.0001
self.K = None
self.A= None
self.B = None
self.C = None

roll=rad2deg(roll)

return yaw, pitch, roll

s System:

def __init_ (self):
quaternion = np.array([1, @, 0, 0])

self.xHatBar = None
self.xHatPrev = None
self.pBar = None

# Initial estimate of the

# Initial estimate of the gyro

.XHat = np.concatenate((quaternion, bias)).transpose()

self.accelReference = np.array([9, 0, -1]).transpose()
self.magReference = np.array([0, -1, ©0]).transpose()

self.St=0

self.pt=1

self.phi=0.001
self.psi=0.001
self.Ct=np.array([1 , 9])
self.Kt=None

self.StBar=None
def normalizeQuat(self, q):

mag = (q[0]**2 + gq[1]**2 + q[2]**2 + q[3]**2)**0.5

return q / mag

def getAccelVector(self, a):

accel = np.array(a).transpose()

accelMag = (accel[@] ** 2 + accel[l] ** 2 + accel[2] ** 2) ** 9.5

return accel / accelMag

def getMagVector(self, m):
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#magGaussRaw =

self.mag_b)

np.matmul(self.mag_Ainv, np.array(m).transpose() -

magGaussRaw=m
magGauss_N = np.matmul(getRotMat(self.xHat), magGaussRaw)
magGauss_N[2] = ©

magGauss_N = magGauss N / (magGauss_N[O] ** 2 + magGauss_N[1] ** 2) *x*
0.5

magGuass_B = np.matmul(getRotMat(self.xHat).transpose(), magGauss_N)

return magGuass_B

def getJacobianMatrix(self, reference):

gHatPrev = self.xHatPrev[0:4]

€00 = gHatPrev[@] * reference[@] + gHatPrev[3] * reference[l] -
gHatPrev[2] * reference[2]

€0l = gHatPrev[1] * reference[@] + gHatPrev[2] * reference[l] +
gHatPrev[3] * reference[2]

€02 = -gHatPrev[2] * reference[@] + gHatPrev[1l] * reference[l] -
gHatPrev[@] * reference[2]

€03 = -gHatPrev[3] * reference[@] + gHatPrev[@] * reference[l] +
gHatPrev[1] reference[2]

eld = -gHatPrev[3] * reference[@] + gHatPrev[@] * reference[l] +
gHatPrev[1] reference[2]

ell = gHatPrev[2] * reference[@] - gHatPrev[1l] * reference[l] +
gHatPrev[@] * reference[2]

el2 = gHatPrev[1] * reference[@] + gHatPrev[2] * reference[l] +
gHatPrev[3] * reference[2]

el3 = -gHatPrev[@] * reference[@] - gHatPrev[3] * reference[l] +
gHatPrev[2] * reference[2]

e20 = gHatPrev[2] * reference[@] - gHatPrev[1l] * reference[l] +
gHatPrev[@] * reference[2]

e21 = gHatPrev[3] * reference[@] - gHatPrev[@] * reference[l] -
gHatPrev[1] * reference[2]

e22 = gHatPrev[@] * reference[@] + gHatPrev[3] * reference[l] -
gHatPrev[2] * reference[2]

e23 = gHatPrev[1] * reference[@] + gHatPrev[2] * reference[l] +
gHatPrev[3] * reference[2]
jacobianMatrix = 2 * np.array([[e00, e0l, €02, e03],
[el0, ell, el2, el3],
[e20, e21, e22, e23]])

return jacobianMatrix

def predictAccelMag(self):
# Accel
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hPrime_a self.getJacobianMatrix(self.accelReference)

accelBar = np.matmul(getRotMat(self.xHatBar).transpose(),
self.accelReference)
# Mag

hPrime_m = self.getJacobianMatrix(self.magReference)

magBar = np.matmul(getRotMat(self.xHatBar).transpose(),
self.magReference)
#print(magBar)

tmpl = np.concatenate((hPrime_a, np.zeros((3, 3))), axis=1)
tmp2 = np.concatenate((hPrime_m, np.zeros((3, 3))), axis=1)
self.C = np.concatenate((tmpl, tmp2), axis=0)

return np.concatenate((accelBar, magBar), axis=0)

def predict(self, w, dt):
g = self.xHat[0:4]
Sq = np.array([[-q[1], -q[2], -q[3]],
[ ale], -a[3], a[2]],
[ a[3], afe], -q[1]],
[-al2], a[1], q[e]lD)
tmpl = np.concatenate((np.identity(4), -dt / 2 * Sq), axis=1)
tmp2 = np.concatenate((np.zeros((3, 4)), np.identity(3)), axis=1)
self.A = np.concatenate((tmpl, tmp2), axis=0)
self.B = np.concatenate((dt / 2 * Sq, np.zeros((3, 3))), axis=0)
self.xHatBar = np.matmul(self.A, self.xHat) + np.matmul(self.B,
np.array(w).transpose())
self.xHatBar[0:4] = self.normalizeQuat(self.xHatBar[0:4])
self.xHatPrev = self.xHat

self.yHatBar = self.predictAccelMag()
self.pBar = np.matmul(np.matmul(self.A, self.p), self.A.transpose()) +
self.Q

def update(self, a, m):
tmpl = np.linalg.inv(np.matmul(np.matmul(self.C, self.pBar),
self.C.transpose()) + self.R)
self.K = np.matmul(np.matmul(self.pBar, self.C.transpose()), tmpl)

magGuass_B = self.getMagVector(m)
accel B = self.getAccelVector(a)
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measurement = np.concatenate((accel_B, magGuass_B), axis=0)

self.xHat = self.xHatBar + np.matmul(self.K, measurement - self.yHatBar)
self.xHat[0:4] = self.normalizeQuat(self.xHat[0:4])

self.p = np.matmul(np.identity(7) - np.matmul(self.K, self.C), self.pBar)

def quatRotate(self, w, a, m, dt):
self.predict(w, dt)
self.update(a, m)

def EstimatetHead(self, gamma, gyrohead):

self.At=np.identity(2)
self.Bt=np.identity(2)
self.CT=np.array([[1],[0]1])
self.St=gamma

self.pt=self.pt+self.phi
self.Kt=self.pt/(self.pt+self.psi)
self.r=((gyrohead-self.St)+180)%360 -180
self.St=self.St+self.Kt*self.r
self.pt=self.pt-self.Kt*self.pt

Section 5.7 Code: Phone RSSI
from bluepy.btle import Scanner

n=0
s=0
Xx0=1.0
while True:
n+=1
scanner = Scanner()
devices = scanner.scan(1.0)

for device in devices:
if device.addr=="c8:51:42:21:e4:43":
print("DEV = {} RSSI = {}".format(device.addr, device.rssi))
a=1/n

d=10.0**((-70-device.rssi)/20.0)
x1=x0+a*(d-x0)
print("Estimated distance:",x1,
X0=x1
if n==10:
n=0

meters")
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Section 5.6.1 Code: HMC5883L Calibration:

import smbus #import SMBus module of I2C
import time #import sleep

import math

import csv

#tsome MPU6050 Registers and their Address

Register_A =0 #Address of Configuration register A
Register_B = 0x01 #Address of configuration register B
Register_mode = 0x02 #Address of mode register

X_axis_H = 0x03 #Address of X-axis MSB data register

Z axis H = Ox05 #Address of Z-axis MSB data register
Y_axis_H = Ox07 #Address of Y-axis MSB data register
declination = -0.00669 #tdefine declination angle of location where
measurement going to be done

pi = 3.14159265359 #define pi value

compassValueslList = []

def Magnetometer Init():
#write to Configuration Register A
bus.write byte data(Device Address, Register A, 0x70)

#Write to Configuration Register B for gain
bus.write byte data(Device Address, Register B, ©xa0)

#Write to mode Register for selecting mode
bus.write byte data(Device Address, Register_mode, 0)

def read_raw_data(addr):

#Read raw 16-bit value
high = bus.read byte data(Device Address, addr)
low = bus.read_byte_data(Device_ Address, addr+l)

#concatenate higher and lower value
value = ((high << 8) | low)

#to get signed value from module
if(value > 32768):

value = value - 65536
return value

bus = smbus.SMBus(1) # or bus = smbus.SMBus(®) for older version boards
Device_Address = Oxle  # HMC5883L magnetometer device address
Magnetometer_Init() # initialize HMC5883L magnetometer
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print (" Reading Heading Angle")
i=o20
while i < 1000:

#Read Accelerometer raw value

x = read_raw_data(X_axis_H)+75

z = read_raw_data(Z_axis H)

y = read_raw_data(Y_axis_H)-18
compassValues = {}

compassValues[ "X" ] = x

compassValues[ "Y" ] =y

compassValues[ "Z" ] = z
compassValuesList.append(compassValues)

i+=1
time.sleep(0.05)
outputFilename = "Non_Calibrated_data.csv".format( int( time.time() ) )

with open( outputFilename, "w" ) as csvFile:
dictWriter = csv.DictWriter ( csvFile,[ "X", "Y", "Z"])
dictWriter.writeheader()
dictWriter.writerows( compassValuesList )
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