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ABSTRACT

CONTROL AND TRAJECTO RY PLANNING OF A QUA DROTOR WITH A
2-DOF ROBOTIC ARM FO R PRECISE TARGET ENGAGEMENT

SelMehmet Aneél
Master of SciengeMechanical Engineering
SupervisorAssist. Prof. DrAli Emre Turgut
Co-SupervisorAssist. Prof. Drkut | uk Bi |l ge Ar ékan

January 2020160 pages

In this study, control and trajectory planning of a quadcopter system is presented for
precise target engagement. Quadcopter system consists of a quadcopter body, a 2
DOF robotic arm mounted at the bottom and an object is held by theffetbr of
therobotic arm. As for the dynamics of the quadcopter system is derived by using the
kinematic relations of the system members. Equation of motion is obtained by using
Lagranged 6 Al ember t 6 s Pr dtarget engdgement i$ imvwestigatecbbly j e c t
consideing an adjustable trajectory. Two mission parameters which are the relative
distance of the target and the release angle of the object are established for shaping
the trajectory. The forward kinematics algorithm is developed for finding the
engagement stas. Reference inputs of the quadcopter system are optimized by
minimization of the control effort. The trajectory of the quadcopter system is planned

for the initial to engagement state of the quadcopter system. Firstly, the cascaded PID
controller is degined by linearizing the equation of motion of the quadcopter system.

The controller is tested with the existence of the motor and the sensor subsystems of
the simulation environment. An object throwing scenario is executed by generating

the control commargd with trial error method. Cascaded PID controller is also
implemented in the real physical system. Then, hardware dependent algorithms are
devel oped in order to improve the flight

moment of inertia is identéd to have more realistic model of the system in the



simulation environment. Secondly, an infinite horizon LQR controller is developed
for trajectory tracking. That controller is designed by considering the linearized
equation of motion of the system. Ttwntroller structure is also tested in the same
simulation environment. Precise target engagement is investigated while analyzing the
energy consumption. All the proposed controller algorithms, kinematics and the
dynamics of the quadcopter system arelem@nted in MATLAB/Simulink. Finally,

the first controller structure is performed in the real physical system. However, both
control algorithms are validated in simulation based experimentee framework,
feasibility of the optimal trajectory with respt to both quadcopter systelynamics

and the control inputss guaranteedPrecise target engagement is achieved by the

successive system performance.

Keywords: Precise Target Engagement, Quadcopter, Trajectory Optimization,
Trajectory Planning, Aerial Manipulation, Cascaded PID Controller, LQR Controller,
Moment of Inertia Identification, Quadcopter Physical Impéatation, Throwing an
Object

Vi



¥Z

HASSAS NKKkAN KLE HEDEFLE BULUKkMA K¢KN
DERECELK ROBOT KOLU KLE KUADKOPTER SKSTE
VE Y¥R! NGE PLANLAMASI

SelMe hmet Anel
Y¢ ksek,Maiksianmas M¢g hendi sl i i
T ez Da nlErk.ma¥njérAli Emyeylargut
Ortak Tez:Dbané&gkmaund wksiBi | ge Ar éekan

Ocak 2020160sayfa
Bu tez -aléekmasénda, bir d°rt pervaneli r
ve kontrol ¢négn hassas nikan il e hedefl e
robot heli kopter sistemi, dort pervanel:
sa bestl i k dereceli bir robot kol u, u- el
B¢t ¢nsel gevde dinamiiji, sistem par-alar
Hareket denklemleri ise Lagrange6 Al e mber t prensi binden
Ardéndamededbjlrul uk masé bi-imlendirilebil
al énmasé ile incelenmicktir. Y°r¢nge bi -
obje hézé ve objenin bérakél ma a-ésé ¢ze
ardendan, i leenaity k adjgouw i kmasé geliktiril
°nceden belirlenmik obje y°r¢ngesi czer
referans girdileri kontrolce¢g girdilerdi ¢
edi |l mi ktir. Betenbetemimtemkly@mgingme i dur
belirlenmik aték durumuna ol acak «kxekil di
ardarda bajlanméxk PID yapéseé, dojrusall.
b¢t e¢nsel sistem i-1in talsmayammemot &r . vIKoO
model | er i Il e sim¢glasyon ortaménda test
t¢retil mik kontr ol komutl aréeyla obje atm
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bajl anmeéecx PI D kontrol c¢syé¢ ggeE+ blkeznigg st e me

artterabi bmak Bt goritmaseé gel i ktirilmiktir
ger-ek-ilektirmek adéena d°rt pervanel. robot
deneysel parametreler de sim¢glasyona wuygul a
-al éKkmasébiir- sonsuz uf uk LQR kontrol c¢sé |
dojrusall aktéréel mék hareket denkl eml erinden
i deal ol mayan motor ve sens?@r model | er i il e
Hassas hedeféte bdonbukmaedohurken enerji t ¢ ket
°nerilen algoritmal ar ve sistem seviyesi uy c
tasarl anméext ér . Son ol ar ak, il k a-ékl anan
edil miktir ve buoluofaydbpesé k| ei mkl akynn r- al
edi |l mi ktir.

Anahtar Kelimeler Has sas Hedef Bul ukmaseé, Kuadkopter,
Y°r¢nge Pl anl ama, Hava Manip¢l asyonu, Ardar

kontrolce¢gse, Atal et oMotneerntHi zTiaknséem!| alhyag u | Kaunaadsk
Ferl at ma
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CHAPTER 1

INTRODUCTION

1.1. Motivation of the Thesis

As the technological improvements are increasidgmand forthe mobile
technologies aréo be suppliedBecause of this matter of fact, the interest behind
UAVs is increasing in the last decad€&he grandpotential on the UAVs is popped

up. The developmesin the design anthecontrol of the UAVs are performed widely
for making t he co.d5maauhay canybé gsedinot brdy wichi she e
research area but also within the industrial purposes

UAVs are classified depending on their applicatiarea The most important
classificatiorof the UAVscan be made on their flying principle and their pisns.
Themotorized subclassf their propulsion iglivided into3 parts[61]. The first one,

the fixedwing UAVs are mostly used for long distance at high altitude missions. They
have a remarkable place in the meteorological reconnaissance andvibation
purposes in the military applicatioriBhe second one, flappinging type of UAVsS
arestill under development. This classification simulates the way birds or insects fly.
They are low endurance and micro size. They have the capability of veakieaff

and landing. In the last one, rotary wings UAVSs in other words Vertical-dtlkand
Landingrotorcrafts are mostly used in the missions that require hovering mode. They
are superior in air turbulence compared with other classifications of UAVSs.

Aerial roboticds a fast growingpart of the rotary wings UAVSThe best example for
this rapidly growing area in the community is the quadcopter sysiémy.are low
cost andthey can easilype modified for different configuration®uadcopters also

have vertical takeoff and landingcapabilities In addition, they can be held stationary



in the air Due to these propertieguadcopters are mostly used military purposes,

tactical surveillance or even in agricultioancreag the efficiency ofcultivation

In order to increaseapabilities of quadcoptersobotic armsan other wordsflying
handsare assemblefé2]. Sq theycan manipulate and carry any type of a payload in
its physical limits.The most othe focus on these systems is th@thematial model

and the control of the full systerQuadcopter systems have 4 rotors andvireus
numbes of RC servos depending on the degree of freedom of the robotic arm that is
attached. The links of the robotic amaybe considered to be controlled the RC

servo. However, the quadcopter body hd3@ in despite of 4 rotorsThere isa 2-

DOF deficiencywhich defines this particular vehicle to have tineleratuated nature.
Representatioof the quadcopter bodyg expressed by 3 @asian coordinates arid
unique sequens®f Euler anglesSo,6 states to be controlled by 4 rotors which are
the quadcopter 6s ¢ ont esw@blishas segraral moblens onst at e de
stabilization and desired trajectory tracking. A hierarchical controlling arahieerst
mostly taken int@naccountFor this matter of facthe?2 linear position and 2 angular
positionarecoupledwith the quadcopter bodi{heintermediate reference inputs are
established fotaking advantage of the underactuatibar examplethe x-y position
controler is coupled with thantermediate referencBuler pitch and roll angles

respectively

In this thesisa quadcopter system consists of a quadcopter bodhp@FR2robotic
arm mounted at the bottom and an object is held by the#extor of the robotic arm
is studied. The main focus of this thesis study is the trajectory platmaicigng of
the quadcopter system fprecise target engagement.

Briefly, the mathematical model of the quadcopter systeuhersvedand controlled
for the idea of precise target engagemelnt this thesis,the developedcontrol
algorithms with the system specific applications aramplemented in
MATLAB/SIMULINK for understanding the system details while the quadcopter

system on duty.



1.2. Aim of the Thesis Study

In this thesisijt is aimedto throw a ballby using a quadcopter with al2OF serial
manipulator Adjustable tajectory generatiorfrom the steady condition to an
aggressive state of precisgowis covered for minimum system effort. At firsgdic
decaupled controllers are used in the simulation and tested in a real experimental
setup. Then, infinite horizon linear quadratic regulator controller is developed for
reaching the require@ngagementtates of thequadcoptersystem. Controller
performance lirts are tested in the simulatilsed experiments

1.3. Thesis Outline

The thesis consists eix chapters. The first chapter is prepared for giving the general

idea of the dissertatin

Chapter 2 details the literature related to the quadcopter types witm#repulators.
Object throwing systems are also discussed for staleding different approaches.
Mathematical modelling of the quadcopter system in the literaturarakyzed
Developed control strategies for full system command tracking purposes are
investigated. Experimental setups and hardwaratbatsed in the quadcopter system
are observedAchieved performance index of the system hardware is observed.
Trajectory generation fathe quadcopter system @n objectitself is also covered.
Different types of scenario specific trajectory generation approachedesaded

accordingly

Chapter 3 focuses on kinematic and dynamic model of the quadcopter system.
Kinematic relations are obtaiddérom themechanism of thquadcopter systenihen
DenavithHartenbeg Parameters are found fidre 2-DOF robotic arm.The g/stem

depended rotation matrices are defif@deach membeil hen,theequation of motion

of the quadcogt system is derived by usingagranged 6 Al e mber t.6 s Pri
Considering the decentralized approach, the quadcopter bodlyeatbotic arm are

controlled as two indepéent entities After that, motor and sensor subsysterage

developed to have more realistiodelling approach



Chapter 4 is concentrated on tWiag anobjectof a fixed target positiafEngagement
states of the quadcopter systeme found by the forward kinematics algorithm.
Minimum system efforttrajectory optimization is stied fromthe initial state to
engagement state of tlgeiadcoptessystan. Then, LQR controlle is developed for
tracing the optimizettajectory.

Chapters details smulationbased resultsController algorithms and the subsystems
are implemented in the simulation. Ball throwing scenarios tested onthe
simulation environment heprecise target engagement islgned by considering the
cascaded PID controller atide LQR controllerEnergy analysis ialso performed

The results ardiscussed.

Chapter 6 presents the details of the hardware usedeimel physical system.

Controller cards and actuators are detailed. Cascaded PID controller algorithm is

embedded to the controller card. Flight controller algorithm with the calibration steps

are detailed. The data processing frequency of theeleuben s o f the systemd
hardware is mentioned. Moment of inertia identification is experimentally found.

Robotic arm details are presented. Experiments are performed.

Chapter7 discussand summarizes thechievementf the thesis study Rough

information is aso given for the future work studies.



CHAPTER 2

LITERATURE REVIEW

2.1. Quadcopter with Manipulator Systems and Throwing an Object

Attention on rotary wings UAVs increasing both in research and industrial purposes

in the last decade. One of the most important subclass of the rotary wings UAVS is the
quadcopters. Since the quadcopters have unique abilities such as high
maneuverability, portable size and ease in twmtrol. The most significant
applications are emergency, search and rescue, military purposes like homeland
security and seareainddestroy. In addition, they have the potenfibalearth sciences
where they an give an opportunity imacroscale studiesuch as: climate changes,

glacier dynamics and volcanic activities.

Dexterity of the gadcoptes isincreased byhe assembly of the flying hands,other
words the manipulators. Quadcopt&ih manipulator systems can be defined as
UAMs [62]. Four mainelements constitutdhe UAMs. The first element is the base

of the UAM which is the quadcopter body{fhe second element is the robotic arm
configuration. The third element is the gripper of the robotic arm. The last element is
sensors mountedn the systenin order to enhance their dexteritjombinationsof

these 4 main elements form the different typesqaddcoptersystens and their

applications. Each element of the system is detailed according to the studies.

Aerodynamic effects on quadcopter flightirags beyond hover position sudied
[1]. Two main aerodynamiassumption®f the literature [61phre addressed as blade
flapping and thrust force variation in the translational flight of the quadcdpén.
approaches are modellggeneratedhrustforceand required power inpédr specific

translational velocitys presented by considering the angle of attack of the quadcopter.



Equation of motion of the quadcopter is derived by considering the direction of the
rotors. Sgcified unit of rotors aréhe control inputs for guiding the quadcopter to a
required linear or angular position [2]. The control inputs determine the required
moment to tilt the quadcopter while the total thrust force is sepavatedeach unit

of rotor for the moment requiremts.

Trajectory generatiotracking of this particular type of vehicle is covered by various
types of control algorithms which are studied to overcomertdenactuatedature of
the quadcopter systenThis problematic nature isonstructed bythe equationof
motion of the quadcopteithen, norlinear dynamics of theguadcoptersystemis
controlled by simplifiecand linearizedlynamis of quadcopteon the 3D space [3].
Controllers are designed according to four main chamwgch are X,Y,Z and Euler
yaw angle. These channels angestigatedor their equilibrium points.

There aredifferent types of manipulatorsised according to the task specific
applications. In studies [4],[5], payloads are suspended via cable. The ie#samn
thetransportatiomequirements the minimum swing and oscillation during the flight.
Another type of the manipulation mchieved viathe robotic arm configurations
mounted to the bottom of the quadcopter. Two types of robotic arm is usieel in
quadcopter systems. One bkin is the parallel manipulatarhich is preferredfor
maximizing the load capacityParallel manipulators arbetter in rejecting the
disturbance while takeff and landingnode[6]. The other type is the serial robotic
arm which can carry relatively liggr payloads in the stability margins [7],[8],[#n
important distinction of the serial manipulators is the nurob&OF. Even a7-DOF
serial manipulatois tested orthe real physical system [10].

Capability of the quadcopter systesrincreased by the implementation of the various
types of sensors.fadcopted s a llotalizationdseobtained frordistance sensor
mounted orthe bottomin which the directionof the sensois looking downwards.

There are also indoor motion trasgihardware for quadcopter localization [19].

Considering thehtrowing idealliterature is limited.



Throwing is covered in some specific studida. a study, glf-swing motionis
emulated from human behavior [11]. Industrial type of robotsatse usedfor

investigating thedea ofthrowingan objec{32], [33], [34].

In this thesisa 2-DOF serial typef robotic armwith a grippetis selectedor holding
andthrowing purposs of the quadcopter systemhus, the literature is limited the

throwing an dject from a quadcopter system.
2.2.Literature on Contributions

In the literature, there are many different types of approaches which target the
modellingand controllinghe dynamics of the quadcopssistem In this part, studis
based on quadcopters, UAMyowing an objecand trajectory optimization of UAMs

topics are investigated in the literature.
2.2.1.Studies Based on Quadcopters

Raffo et. al [20], nodinear robust control strategy is developed for solvingftitie
system states of reference induacking problem due to the underactuateakure of
quadcoptersDynamic linearization technique is used ftire system feedback

information. Control strategy is generated on the idealized simulation environment.

Bellen et. al [12koncentrated on quadcopstabilizationwith an unknowrexternal
inputs that are the source of the unknown forces and momPiis pose and PI
wrench controller combination is designed in order to recover the unknown effects of
interactiors with environment. Scenarios aested o the experimental setup. After

this study, Fumagalli et. al [19], proposed a modified controller galitionfor the
unknown disturbances and interactions of the quadcopter th&tenvironment.
Controller gains are tuned online for the unknaxternalforce inputs The system

is alsotested in the experimental setup. OptiTrack position tracking system ifoused

localization Flight controller algorithm is embedded to Atom board.

Later, Ruggiero et. al [13inodeled the quadcoptdry usingthe NewtorEuler

equations. Hovering and path tracking tasks iamplementedby means ofan



unpredictable aerodynamic forces and external disturbances. These disturbances are
included in the equation of motion of the quadcogternal forcesreestimatedy
using a 2'¢ order transfer function of the nominal ideal force inplispedance
controler is used for full system stabilization and command tracking. Algorithm is
tested in the experimental setup. PD+Compensator, PD, PID configuration of
impedance control isompared. ATOM CPU with UBUNTU Operating System is
used withthe data processing speafdl00Hz. Hardware communication is dealt with
XBEE platform. Air ventilator disturbance is applied during the flight as the
aerodynamic disturbance. Bmother experimen pacsition tracking performance is
testedfor the existence o&n obstacle mounted on quadcopter. The weight of the
obstacle is 110d@similar scenario but different hardware is tested by Ruggiero et. al
[15]. 150g of an obstacle mounted on quadcopter. l@amcation is coverewith

WiFi. The position feedback information is collected by OptiTrack metepture
system.

Then, Tomic et. al [14¢arried out external wrench estimatioitactile environment
mapping. Environmental observers such as exteroceggngors are used for obstacle
avoidance. External wrench is calculated algebraically by momentum based and
acceleration based estimation, higher order terms of the transcription is filtered due to
the noise ingredients of the IMU. Quadcopter is controtiethscaded structure until
reachingthe interactiorstate Admittance and impedance controlleiiriglemented

for the contactwrench The system is tested in the experimental setup. Position loop
is controlled at a frequency of 60 Hz and attitude loargrolled at a frequency of

1 KHz.

2.2.2.Developments for Quadcopters with Their Flying Hands

Quadcopter with zDOF robotic arm is studied by Kim et. al [16]. Dynamics of the
combined system is derived lop Al ambert 6s Lagrange principle
mode controller is designed for theentralized approachThe desired statesre

obtainedby inverse kinemats& The system is tested in the experimental setup. An



object weights up to 450 g is successfully carried. Dynamixel28Xervomotors are
used for therobotic arms. Servo angular position and ratesadge measurbhle
accordingly. Computation speetithe controller card is achieved up to 100 Hz. Then,
Lee et. al [17] continued to UAV applications with a hexacopter configuration.
Combined system is moleel in the same manner. Specifically an unknown mass is
mounted to the manipulator, mass of the object is estimated during the flighhby usi
parameter estimation. An amgnted passivity based controller is designed for
reference input tracking. In additi, unknown mass is estimated by usangdaptive
sliding mode controller. Proposeahd representative controller architecture are
comparedbased on simulation and experimental res@2) grams o&n objectis
analyzedfor the flight experiment. SamieC servosin [16] are used. Vicon indoor
GPS with 100 Hz, XBEE communication for quadcopterreefee inputs with 40 Hz
and 1 KH of controller card data processing speed is achi®elootic arnd sontrol
commands are sent externalig Bluetooth at 50 HZAfter that, the study is followed

by Kim et al. [18]. Hexacopter with-BOF robotic arm igested Hexacopter system

is guided by imagéased visual servoing system to manipulate the end effector.
2.2.3.Concentration on Throwing an Object

Suzuki et. al [11] isconcentrated on the motion of the swioigthe Golf bar The
mathematical modedf the Golf bar is derivethy using thed'Alemberd &agrange
principle. The study mainly covethe swing velocity, angle and wrist angle with the
interaction time. Thanotion and required torque inparteinvestigated for the system
boundaries In anoher study, Frank et. al [2Xeveloped a robotic structure that,
robotic arm with its rotary axis to turn the robot like a human body and second rotary
axis to throw objets like human with his arm in-B space. DHparameter®f the
structure iobtained. The gsition of the release point is found by forward kinematics.
Trajectory of the ball igenerated iteratively for the target engagemesheallir and
nonrideal air subsystems are compared for the engageperfiormancesMori et. al
[22] studiedon throwing1-DOF diskwhile controlling the system variable$hree

kinematic parameters of the system are set to be as the premises which are



translationalangular velocityandorientation Throwing motion is modeled by using
underactuated contact dynamics of the disk on the arm rotated by torque input. Joint
torquegenerations performedby iterating the system variablestbéachievedinear
velocity, the orientationand the angular velocityof the arm.Radialbasis function,
preliminary global search and simulated anneatieghods are used fsolution space

analysis System idothsimulatedand implementeth the physical system.
2.2.4.Studies Based on Trajectory Generatiormnd Tracking for Quadcopters

In the study by Ritz et. al [23], quadcoptenich are cooperativelgatching and
throwing the ball by using a n&puadcopterare locatedvith respect tdhe position

of the ball. The radius of the net is also arrangedespect of quadcopténgositioning.
Throwing trajectory is optimized for the minimization of the acceleration of the
guadcopter maneuver with fixed duration. Catching trajectory is optimizéaefnet
position orthe net radius. Trajectories are tradeglthe finite horizon time varying

LQR controller. The system is tested in the experimental set up. 6 grams of ping pong
ball and 120 grams of net is used for the scenario. Infrared position measurement
system and attitude measurement unit is isedwith a feedback frequency of 200

Hz. Also, 67 Hz of command trackindrequencyis achieved by quadcopters

simultaneously.

In andher study, Zhang et. al [24ffered bioinspired trajectory generation method
for quadcopter perching from the hovert@nsitionstate. Perching is considered as
the final stateto be reachedor the targetlocation Natural motion patterns of an

animal is emulagd for the trajectory generatioQuadcopter is guided to the target by

Tau theory. Zero velocity and acceleration neatact is generated behind the theory.

Spedicato et. al [25]presented minimum time trajectories for quadrotors in
environmental constraints. Trajectories are generated by considering the existence of
obstacles on the patfrajectory generatioproblem omputed online. Therpjection
operator newton methots performed with a barrier function approafdr the

trajectory optimization. Reference commands of the trajectory optimization algorithm

10



Is controlled by regulation controller. Regulation controllgicalates the thrust and
moment required to be traced by the quadcopter. Controller output is fed to the motors
virtually while neglecting the aerodynamic effects on the vehidigorithm is tested

in the experimental setup

Foehn et. al [26%tudiedto the concept ofjuadcopter with cable suspended payloads.
Fast trajectory optimization algorithm is proposed for the quadcaystem with a
passive links. Mthematical program with complementarity constraints technique by
sequential quadratic programming\ger is used for thgiurpose. System is modelled

for two modes. The first one, the cable transfers the forces between quadcopter and
the payload. The second one, payload is on-flikePosition on desired angular
position and inner angular rate conkeolis used for trajectory tracking. The system is
testedin the experimental setup. Scenaripsrformed in the experimentge basic
waypoint tracking, obstacle avoidance and payload throwing. The PX4 contestier
with its IMU is used for quadcopterstem. Optitrack motion capture system with 200
Hz is ahieved Optimized trajectory reference commands are sent from a base
computer via ROS platform.

Faust et. al [28focused on the quadcopter system, whichompleting the multi
waypoint scenario geration in the cluttered environment. Unknown payload is
suspended under the quadcopter. Swing free trajectory is generated by machine
learning approach. Approximate value iteration reinforcement learning algorithm is

used for that purpose. Study is bothtedsn simulation and experimental setup.

Oleynikova et. al [29implementedanonline continuous time trajectory optimization
for quadcopter. Quadcopter flight environment is designed to ke asknown
parameterAccording to the obstacles on the enmireent, trajectory is rescheduled
locally. Cost function for trajectory generation consistthefhigher ordederivative
terms of the dynamicsof the quadcopterUnconstrained quadratic programming
solver is used for minimizatiaof the cost functionAlgorithm and scenario generation

is both tested in the simulation and experimental setup. Visual inertial stereo hardware

11



with 20 Hz of frequency is used ftire state estimation and perception. According to
the performance of the controller card, fullpmia updated at 5 Hz and replanning is
achieved by 4 Hz. Closed loop online trajectory generation performance limit can go

up to 25 Hz of computation frequency.
2.3.Research Objectives andGummary of the Literature Survey

In the thesis study, it assumed thig aarget might be located in a harsh environment
that may include many obstacles, while the path that the quadcopter system is
travelling can be constrained. This includes control allocation behind the quadcopter

system's dynamics and motion planning.

From 1-DOF [65] to 7-DOF [10] robotic armsare developed for the UAMs the
literature In the thesis study, edection ofthe manipulator typefor precise and
measurable throwing states is decided 29D OF serial robotic manipulator. Degree

of freedom othe manipulator is selected for simple but an exact throw [7].

In the literature,tiere are two main sge&m control approaches observetiedirst one

is to controlthe quadcopteand the robotic arm as the paired entitiis is the
centralized approachl7]. EulerLagrangian formalism is mostly preferred for
mathematically modelling the systeithe second one is to control the robotic arm
and the quadcopter as two different parts [Bh]s is the decentralized approach [62].
Decentralized quadcopter sgsts are mostly modelled by Newt&uler approachn

thethesis, two controller types are implemenf@dEulerLagrangian formalism

Trajectory optimization of the quadcoptéperformedor different achievemenia

the literature Optimizing an achieement which is defined as the cost function
minimization of the performance criteria [2D)ifferent types of scenario specific
trajectory optimization studies aresestigatedOptimization problem is concentrated

for two commonoperational needs in the literature. The first one is time minimization
of time while obtaining the path. This concept is analyzed by mostly for the system
which is being pushed to its limit [25], [26]. The second one is the minimization

12



the energyfor the trajectory generatioi35], [36]. However, second approach is

studiedfor increasing the flight timand the possibility of more than one engagement.
2.3.1.Contribution of the Thesis

This is the first implementation of the quadcopter system involved in a precise target
engagement in three dimensional space. The contribution of this study consists of
threefold behind the combination of the unique methodology: Firstly, it is presented a
quadcopter system composed of a quadcopter arfidl@F2serial robotic manipulator
which is holding an object at the emffector. The second one is to find the
engagement states according to the mission parameters. Forward kinematics algorithm
is implemengd to compute the engagement states according to the physical limits of
the vehicle such as the joint and the body limits. Main purpose in this layer of the
methodology is to satisfy the precise target engagement by the system when
considering the engagentestates. It is guaranteed that the target ibyhthe thrown

object if the engageent states are achieved. The thayger of the methodology to
generate the optimized trajectory of the system, while satisfying the engagement states
in the middle ofthe operation. In this layer, the operation consists of-tdéke
throwing, stabiliationand safe landg. The trajectory of the system is calculated for

the minimum control effort. Path is constrained for the optimal states to be traced by
the system aall samples. Minimum control effort optimal trajectory is obtained by
the nonlinear programming solver and the trajectory is traced by using the infinite
horizon LQR controller. In the frameworfeasibility of the optimal trajectory with
respect to botljuadcopter system dynamics and the control inputs (rotors and the RC
servos of the robotic arm) bound is guaranteed.
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CHAPTER 3

MATHEMATICAL MODEL LING AND CONTROLLER DESIGN

3.1.Kinematics of the Quadcopter System

Systems sketchedn Figure 3.1Kinematics of the system is derived according to the
DenavitHartenberg Paramets of the robotic ar88]. Then, transformation matrices
between each frame are defined for theadcoptersystem. Position and velogit
vector of the system mabers arederived and Jacobian matrices are obtained.
Generalized coordinates and velocities are defined for kinematic modelling of the
system.Some assumptions are made during kinematic derivations. Quadcopter and
links of robotic arm are assumed to bgidi Thebase of the robotic arms assumed

to be mounted to the center of gravity of quadcopter. Mechanical offsets for the system
parts are neglected.-Xxis of the base of the robotic arm is oriented coaxial with the
x-axis of the quadcopter body frame.
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Figure 3.1 Kinematics of th®QuadcopteiSystem

3.1.1.Denavit-Hartenberg Parameters

DenavitHartenbergarameters argbtained for the robotic manipulator of the system

[39].

3.1.1.1.Twist Angles

Angle betweerd and® about® is defined af .

T —
C
Angle betweerd and® about® is defined af .

) Tt
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3.1.1.2.Joint Angles

The angle betweed and® about® isfoundas— —.

The angle betwee and® about® is found as—.
3.1.1.3. Offsets

The offset from)) to U is defined aso.

3.1.1.4.Link Lengths

Thelink lengthfrom 0 to U is defined asv.

Thelink lengthfrom 0 to 0 is defined aso.

DenavitHartenbergParaneters for the robotic arm of the quadcopter is formed in
Table 3.1.

Table3.1 DH Parameterof the Robotic Arm

0 p Q ¢

al

3.1.2. Transformation Matrices

Transformation maittes are used to find the casponding coordinate system from a
specificcoordinate system. A basic rotation matrix is defined in terms of beastor
direction and the roteon angle. Rodrigues formula which is obtained from Taylor

series expansions is us&¥].

Transformation matrix betweeguadcopter bodyixed referencerame to inertial
fixed frame is defined for Euler rolbitch and yaw angle®asic rotation matricesf

each in exponential and matrix form is expressed as:
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p T T

Y % Q m AT% O B
m OB AT%
AlOn OE4

Y — Q T p T
Ol AI-O
A OEIT m

YT Q OET AITO m
T T p
6N YT Y —Y % (3.1)
Transformation matrix expressedHhiq (3.1) is expandeth Eq( 3. 2) , Aco stands

cosine term and Aso stands for sine ter m.

5 (.bf (i) -Géf i —i i~%o (£) %;M— i —(§~%o i %o
o h [ T w47 i ~—i o W %o | ~—(;{i%—o i %o (3.2)
i — W—i %o W —0 %o

Then, the transformation matrix befen link1 fixed frame and bodfixed reference
frame in exponentiadnd matrixform is foundby using twist and joint angl&8§] as:

5 @ o (3:3)

6h @ " — 9 Q ~“Q — (3.4)
) i— @ ™

6 h L T P (3.5
W— i— ™

The transformation matrix beegn link2 fixed frame and bodfixed reference frame

in exponential and matrix form is found bging twist and joint angle3f] as

6oh Q Q Q (3.6)
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6h ghgh 9 0 "0 —0Q (3.7)

L ‘0 - - (3.8)
6 h Tt Tt P (3.9
i T

3.1.3.Position Analysis of the SystenModel

Basic column matrices which are used in position and further velocity anf@ykis

They are shown as:

0 pPTITT
o} TP TT
o} TP

Euler roll,pitch and yaw anglesf quadcopter bodgre defined in a compadairin as:
@ %o

Joint angles of the robotic arm aiso defineds:

Linear position of the quadcopter in vector representation is expressed as:
Bpp O0O0P

Then, linear position vector of theadcopter is resolved in theemial-fixed reference

frame and defined for position variables as:

k- oo
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The positionof link-1 with respect to bodyy i x ed ref erence frameods

defined for the center of mass of the link and expressed as:
p Y0 ® (3.10)

g @o ! —6 fo! (3.11)

::: (312

>
I

e

-o:
h|8-z:|

>

Linear positionof link-1 with respect to the base pointthe inertiatfixed reference

frame is found as:

ar - Ar 6 N ar (3.13)

Then, he position of link2 with respecttobodff i x ed r ef erence frameods

defined for the center of mass of the link and expressed as:

- - ®
) p p (AYe) w® ?dn (3.14)

Then, the linear position vector is resolved in béiggd reference frame,

o ool Q6 el =g hgl (3.15)
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|

nr 1 (3.16)

CS’_' —
€
? 2

Linear positionof the link2 with respect to the base poimt the inertialfixed

reference frame is found as:

Aar o ar 8 har (3.17)
The linear position of endffector with respectto bodlyi x ed r ef erence fr
point is definedccoindde with thecenter of mass of the ball and expressed as:

P ) ) ) od O O (3.18)

Then, the linear position vector is resolved in bédgd reference frame,

. o] Toe R oo
nr wo wo "o (3.19)

di— i — —
Ar m (3.20)

O OO OO— —

Linear position of the end effectavith respect to the base pointthe inertialfixed

reference frame is found as:

Aar o ar 8 har (321)
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3.1.4.Velocity Analysis of the SystenModel
3.1.4.1 Linear Velocity Analysis of the System Members

The linear velocity of the system members are found by taking time derivative of the
position i nf or m&isusedforex@essing the dedvatidederms.i

The linear velocity of the quadcoptesolved irthe inertiatfixed reference frame as,
k- oo

The linear velocity of linkL with respect to quadcopter befiyed reference frame is
expressed as.

@ . -

v —(3— |1

. . ||c N
RN v (322

i

u ¢ U

Jacobian matriof link-1 is defined inEq (3.24) and matrices arebtainedfrom Eq
(3.22),

ol of — of — (3.23
0 o  of (3.24)
Obtained that,
v 1
11 c i
L‘)Il_ 11 _’T[ 1 (325)
1w L,
u c!lTu
Tt
ol T (3.26)
Tt

Linear velocity is redefined as,
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of af o (3.27)

Linear velocity of link1 wrt. inertial reference frame is obtained as follows.
A oar 8 har 6 nar (328)

Eq(3.28) is expanded as.

ACAr 81 A 8 R0 (329

The samesteps ardollowed forlink-2 and proceduras follows.

W . v - ® . .
v —)— — ww_ll v —)— — 11
. . ||C () ||C e
Ur nll— 11 - Tt o 11 - TT o (3.30)
I , v, N I , 1l
uc! T — @0 uyT'T T
Then,
of  Of — Of — (3.31)
o of o (3.32)
Obtained that,
(I) 7 ¥ ¥
Y—n— — wu—!l
. IIC ™
Ull_ 11 - Tt ]
1w i v, N
u ?I —_— — (JOI—U;
® .
v—py— — Il
. ||c 'y
Ull_ 11 - Tt 71
1w i r
ugg T TU

Thus,
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ol nr 0 (333

Linear velocity of link2 wrt. inertial reference frame is found as.
AaC Ar e far 8 har (3:39)
0 (335

aroAar 8t ar 6

In the final step,ihear velocity of the endffector is found as.

WO— — W 0O— —
o Ar . T . - . T — (339
Wi — — wi— wi — — '
Then,
ofF  Oof — of — (337)
0 oF ol (3:39)
Obtained that,
DO— —  Oe—
ol B T ~
Wi — — wi—
DO— —
ol L
Wi — —
Thus,
oF  Af 0 (339

Linear velocity ofendeffector wrt inertial reference frame is found as.
AF o Af 6 MAar 8 har (340)

aroar 8 a0 800 (341)
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3.1.4.2.Angular Velocity Analysis of the System Members

Angular velocity of thequadcopter in bodfixed reference frame is defined as.
1 nni (342
Then, the equality iEq (3.42) and Euler angle ratdsve the followingrelation[37].
1 0o

0 matrix mags theEuler rates to angular velocity of the quadcopter resolved in-body

fixed reference framand expressed a37].

p T i —
0 T W% | %o —
Tt i %od)%od)—
Where,
AAD déei —

There exists singularity point for mapping matrix. Euler pitch angle should metibe
fit -0 i n or dekdlertats fiom thedbodly angular velocities.

Angular velocity of the quadcopter iheinertiatfixed reference frame is found as.
(343

v
15 071

Then,Eq(3.43 is expanded as.

Where, it is defined that,
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fi™Yd matrix maps thetuler rates to angular velocity of the quadcopter resolved in

inertial-fixed reference frame.

After that, he angulawelocity ofmembers of theobotic armis obtained by using the
form that includes transformation matrix representation to angular welocit

representation expressed as|[38

6" Q q 8 (3.44)

1 . —& —Q ¢ (3.45)

Angular velocity of linkl is found by usinghe formulation obtained i&q (3.44),
(3.45) andEq (3.3),shown as

1 —0
Then,
] 1T =1 = (3.46)
0 T (347)
Obtained that,
] TP T
] TUTUTT
Thus,
] 0 (3.48)

Angular velocity of link1 wrt. inertial reference frame is found as.

1 1 8 N1 (349
Eq(3.49) is expanded as,
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] 1 6 ho (3.50)

Then, agular velocity of link2 is found by usinghe formulation obtained ikq
(3.44), (3.45) andtq (3.8),shown as

1 — — 0
Thus,
1 1 — ] — (351
0 1 1 (352
Obtained that,
1 TP T
1 TP T
Thus,
1 0 (353

Angular velocity of link2 wrt. inertial reference frame is found as.

] 1 6 N1 (354)
Eq (354) is expanded as,

1 ] 6 Mo (3.55)

Similarly, angular velocity of the end effector is found by usihg formulation
obtained inEq (3.44), (345) ,Eq(3.8) and shown as

] — —6
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Then,

] T =1 = (3.56)
0 11 (357)
Obtained that,
1 TP TT
1 TP TT
Thus,
1 0 (359

Angularvelocity of endeffector wrt inertial reference frame is found as.

1 1 8 N1 (359
Eq(3.40) is expanded as,

T T 6o (3.60)

Required kinematic relations are obtained for the linear and the angular terms. Then,
quadcopter system model i s definedamnd ter ms
vel ocnhft,i es 0
N 0Oa%—F ——
(361
N 0Oa%—F ——
Linear a angilar velocity of the each member of the system in terms of generalized

velocities are defined in the following forr@g],
ol wn
(362
I @ N
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i60 amdi Tfalefimed rapectively as the lingaand angular velocitinfluence
coefficientswhich areexpressedn Eq (362). After that,linear and anglar velocity
terms are reorganize@ubscripts define the dependent members in the following

expressions.

A 0 m /4 ®A (363)

1 1 Y MmO wn (3.64)

A o 5" 0 6o wn (3.65)
] m Y 800 g ®n (3.66)
Ak o 6hn 0 6ho R on (3.67)
] m Y 6h0 4 ®n (3.69)

3.2.Dynamics of theQuadcopter System

Equation of motion gadcopter systenis derfved according to the Lagrange
dd Al ambert Formula expressed as,
T O 0

2 6 0
Qorn  Tn

(3.69)

b 0 Y

Kinetic and potential energies of the system parts are calculated, then equation of

motion of 6DOF QuadcopteBystem is generated.

Total kinetic energy of the system is the combination of the energies on the members.

These members are as follows: Quadcopter;1inknk-2.
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0 o0 0 (3.70)
A‘Gh st ands f or andthesubsarigsrépiesent theadegemndant member

Each of the kinetic energy terms are calculated as follows:

O cAb G ar a6 G "0 (3.72)
v c nk o nf C1 0 @ M (3.72)
v cﬂl’ a nf CW o " M (373

Total potential energy of the system is the combination of members. These members

are as follows: Quadcopter, lirik link-2.

~ ~. ~. ~
g g g g

% Y 7Y Y (3.74)

Each of theotential energy terms are calculated as:

Yooa @Dy

(3.75
Yoo ear (3.76)
Yoooa e 377
The equation of motion of the systenwistten in the following form [3F.
O AR é6nMmn OR o6 o (3.78

A0 i defined in Eq (8) is the inertia matrix of the syem, that is positive definite.
Inertia matrix is expressed by the following fof@6],[37] and calculatedy using Eq
(3.63) to (369).

0 ?r'] b (3.79)
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bR o0& ®6Mo o

3.80
Wdow » 6" e (380)

fio fdefined in Eq (38) includesthe Centripetal,Coriolis andGyroscopicterms of

the system, that sbtainedoy using the inertia matrimdices[36], found in Eq (380).

. PTG s Ta i T4GF
W = ; ; ; 381
" ¢t tThn 1A (589
Wh e réeo fima tbuwilt up byithe following element matching.
6 ofo  f (382

n"Ofdefined in Eq (¥8) is the gravity matrix of theystem, that is found by partially

differentiating the potential energy by the generalized coordinates of the system.

0o — (383
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321.Systemdbs Force and Torque Units

Fy F1

[ 1oyl
' i/-x b
M [q, df

Figure 3.2 Quadcopter Detailed FBD for Actuating Forces and Torques
Some assumptions are made for the thrust force and the torque generation. Thrust
force and moments on quadcopter body are assumed to be proportional to the square
of t h erotatianalspeed. doeover, induced drag and frictions are neglected.
The thrust force and the torque generated
[46].

Qo (3.84)
Ty (3.85)

Where i=1,2,3 and,4epresents the selected rotor

f O is the r ot ofwds irso ttahteisocoesfitierdsoptre: ebtbr u
andofiis the | umped t or These coeffitientsfare consista t o f
of the rotor geometrprofile and density of the air. They can be obtained

experimentally. Aerodynamic coefficiewvalues are taken from [39]
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Then, the thrust force generated on quadcopter body fixed reference frame is
expressed as,
Tt
k] T (3.86)
"0
Then, total thrussforceis found by the following expression,
0 ‘0 "0 "0 0

Then, the torque generated on quadcopter body fixed reference frame is expressed as,

T QQ "Q
z T QQ 0 (3.87)
T L S |
A i sdlistande between rotor to center of mass of the quadcopter. It is assumed to

be equhfor 4 rotors. Then, rotational speed can be converted into force ameémho

generated on the system [47

T s w7 ) ‘Qw o
i W oW o 359
T W W W W RY;
Torque generated by tfRC servamotors of the robotic arm is defined as,
.1.
1y t (3.89
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3.2.2.Input and Interaction Forces of the System

Virtual work principle i s onsmthkquadcoptebt ai n t he

system. Virtual work done i s®fdearnidvenmo nieonrt t he
AipAn by rotoif3g, as foll ows
T o B o b1 ¥ (3.90)

Eq (3.81) resolved in bodyixed reference frame and converted intouooh matrix

representation as,

(- ISR I S (Y (397)

Then, the following expression is defined in term&woler angles,

Tw 0w (392

Then,Eq(3.82) is expanded by usitiy (3.92) as follows [37,

To 8@ ar 01 T (393

It is defined that, generalized forcesjofil and w are shown respectively as

and0 .

Then,Eq (3.93) isreorganizeds,

T @ 01nf 0 8w (3.94)
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Virtual work defined for the robotic manipulator is defined as follo8%, [

T T — 11— (3.99)

Input force generated by the system is written by uBop(.95) andEq (3.93),

6" m Tt "
6 1 0 1 r (3.96)
T T O 1

Then,i 6 fiis 8x1 column matrixEq(3.96) is converted into the following expression
for the further observation of the system characteristics,

60 Y (397
Wher e, t he d¥itersmicmdrtul aft efd as,
ARG Al S
It is defined that,
TQM
C
Where,
Q  ph ¢B

Physical limits of this studghould satisfy for the application of the virtual work

principle. The range of applicationéstablished ais the region of -h- .

Externalforces and moments applied to the system is definptllhs

0 0000 O O (399
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External force is created by tbgistenceof the ball on the system. Ball is assumed to

be located at the ereffector.
O a

Themw, iiis defined in terms of generalized cc¢

6 (o} (399
Wher®i iis the 8x6 conversion matri x.

The group of concentratedternal forces defined for thgeneralized coordinates of

WWa isexpressed ik (3.100).

6 f pmnm 'O
6 F mpmO (3100
0 n mmp O

The group of concentrated external forces defined for the generalized coordinates of

the %o— is expressed ikq(3.101).

0

¢

, p T T
O n p OO m p MU (3.101)
O § mmnop O
0 7§ p m O
6 F {QUP, O mp m D (3.102
O # mmnp O
AL I TR T
O .m[‘J o T r]ll‘J p~"0 mp nmoy (3.103
0O 1 . "0 mmop L
¢ N op LV

The group of concentrated external forces defined for the generalized coordinates of

the —— is expressed ikq (3.104).
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(@}
¢
1

6 0 U (3.109

¢

Where, the Jacobi an imaft rfdixedby isingEp(838e nd e f
and (357).

O 0 0 (3.105

Eq(3.104) is expanded by usirgq (3.98) andEq (3.105) as,

vl

. Y]

0O V) v v 1 1 1 I'I‘Ol’l
0O pq v 0 v ] ] ] IG‘J 1l (3106)

w n

w U

Following relationobtained fronq (3.99) is formed by usingq (3.100,(3.103 and
(3.106)

3 on~ Ul

(@) T I'I‘O yl

o . O ) K]
n J v

v v  n

w v
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3.2.3.Motor Subsystem

Non-ideal actuation model is implemented to théd®F quadcopters y st e mo s
simul ati on. Mo del consi sts RE&fservg ofahkc opt er 6s

robotic arm.

Representation of the DC motisrwritten for the rotational speed of the rotors, the
transfer functionn thes-domain as follows,
1 i T80

0 i : : 3.10
] i & gic p (3109

Identified DC mototransfer functiorns taken fom [39] Eq(3.108 stands for th&C
motor command and response transfer functidhe input and output relation is

constructed according to thetational speed dhe rotors

Then, representation of tRC servamotormodel in sdomain as follows,

T i 0
0 310
o U 3 T ol o (3.109

Eq (3.1() stands for th&RC servomotor,command and response transfer function.
The input and output relation is constructed according to the torque generation. It is

assumed to be as a second order low pass filter with 25 Hz-offdeéquency and

ﬁm—c‘) of dan#ling ratio
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3.2.4.SensorSubsystem

System simulation model i s

mat ched with
output. To have a better system model, noise and sensor dynamics of the measurement
units are implemented@hese measurement units #re accelerometer and gyroscope,

the subsystem ishown in Figure 3.3.

M Random Number Generator with Amplitude of 1 I}/ Noise

] aum(s)

>
Measurement

Sensor out

"1 den(s)

Sensor Transfer Function

_=

e IDEAL System Model >
Sensor in ideal

Figure 3.3 Sensor Model

Noise and thelynamics othesensor sufystem is shown in Table J@3],

Table32System Sensords Model
0k , y Bias Limit
Accelerometer 25 Hz 1 50 mg 50mg 49
Gyroscope 25 Hz 1 5 deg/s - 250deqg/s

Where,dynamic of the sensois implemented aa second order transfer function

[64],

=

c-| C

G
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The amplitude of the white noise signal is considered as the sigma valueidbagh s
valueof sensor inpufor the noisemodelis shownin Table3.2. White roiseis added
to the inputMeasurement limit is saturated according togkesotimits. In order to
simulatethe sensor dynamics with the system simulationsoffufrequencies and
sigma values of the ne@ character of the sensors &and by trial and error of

simulation generation.
3.3.Cascaded PIDController of the Quadcopter System

In this part, ascaded PID controllingechnique is developedhis techniqueis
implementedn order to control the robotic arm with a small disturbance germkElgte

the existenceof the ball during the flight generation. Controllefgshe cascaded PID
techniqueare designed according to the linearized equation of motion of the
guadcopter system. Decoupled controller channels are constructed for the quadcopter
system Linear x and y positiogontrolless represent the outer loop tife structure.
There also existan inner loop controhnd two of them are coupled with the outer
loop controller For example, gadcopter should tilt in order to move in inertial x and

y direction, so there is a cascadeddmmediate inneangular position andhner
angular rate controller structu@oupled inner loop elements which are deskeldr

roll and pitch angles. These angles are obtained from the output of the outer loop
contoller. The rest of the inner loop elements which are decoupled, defined as
altitude, attitude and joint angles controllerClosed loop controller structure is

expressed in Figure.
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System Dynamic

Figure 3.4 Closed Loop ControlleStructure

3.3.1.0uter Loop Controller

The difference between the reference and the system position indicates the error. In
the outer loop controller, theedired intermediate Euler pitch and roll angles are
generated by x and y positi@nrors. Designed controller is constructed according to

Eq (3.96), equation of motion is expressas follows

0 Q% —Gi[ %ol [

6 QO %l —ii[ %o (3.110)

Then,Eq (3.110) is rewritten by using the small angle assumption for Euler roll and

pitch angles. Euler yaw angle is assumed todazero forthe outer loopcontrol.
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60 O— aw
6 e A O (3.111)
By consideringeq(3.111), affi i s t he tot al ma s.Pesiced t he quad
position of the quadcopter system time x-y direction is obtained by two chain

integrators. Thereor between desired position and actual position of the quadcopter
sysemgenerates desireduier angle as follows,

W LEQ Op QtTQtf vRQ

a
- 5
(3.112)

%o @ 0RrQ Vvp QTQT 0FQ

@
Requiredacceleratioron x and y is neglected due to naisgredient ofthe system.

3.3.2.Inner Loop Control

Altitude and attitude controller of quadcopter, the angular position controller of the

robotic arm is covered by the inner loop control.
3.3.2.1.Altitude controller

Equation of motin for altitude channel &lsolinearized by considering theq (3.96)

as follows.

6 G& Q aQ (3.113)

Gravitational acceration of the quadcopter system is considered as a constant
disturbance during the flight simulation. Inertial z position of the quadcopter is

controlled by the following PID structure,
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0 4 a NV O0RQ 0F Q1TQt 0 Q (3.114)

The same approach in outer loop is dtdtmwed for theacceleratiorof the required

inertial z position. Here, it is taken to be as zero.
3.3.2.2.Attitude Controller

Euler angular position of the quadcopter is stabilized by the reference angular position
generated by the systeAngularrate controller loop ialsoperformedo increagthe
performance of stabilization. Bandwidth of the attitude controller is expanded.
External disturbances are eliminated the fast internal loopPosition control is
relatively slowwhencompared with the rate loofhis controller is constructed by

the equation of motionAttitude dynamis of the quadcoptes obtained by usingq

(3.96). Then by umg Eq (3.87), the equation of motion isearized ando be used

for PID control as follows [47],

6 Q% T (3.115)
6 O— t (3.116)
6o O f (3.117)

Linearized equationarerepresented by means of the second order derivatizelef
angles and the inertia terms of the quadcopter. Inertial contributions of the extra
equipmentof the quadcopter system is not considerdten, the following control

law isrewritten fortheattitude dynamics as.

T 0 ﬁ'Q %o 0 H‘Q 0 h Q tQf 0 ﬁ'Q (3.118)
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Q tQt 0 ;0 (3.119)

—=
Cc
¢
Q
C -
¢
Q
Cc
¢

Q 1tQt 0 ;0 (3.120)

—+
C
>5¢
Q
—
Cc
= xj
Q
c
¢

Angular position loop is controlled bydain theinner rate loop is stabilized liie

PID controller. Figure3.5shows the cascaded attitude comérabf theEuler roll and

pitch angles

A 4

sl d s d

Figure 3.5 Cascaded Altitude Controller Schematic

3.3.3.Controller of the Robotic Manipulator

Equation of motion of the robotic manipulator is expressed as,

w (3.121)

(3.122)

N e

In Eq(3.121) and (3.22), the inertia term is the combination of the moment of inertia
of thelink-1 and link2. However,mass terms are the combination of }hklink-2
and the ball included as the linear time varying disturbance on the system. Required

torque generan by the controller is designed by feedback linearization as follows.
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S
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T 7 a Qi Q& c (3.123
T 7 a Qi Qe < (3.124)
Where, it is defined that,
T VErQ Uy Q tQt Uy Q (3.125)
T VFQ ULV Q TQFt 0Oy Q (3.126)

In the torque obtained iBq (3.123) and (3.24) is satisfied by usingq (3.125) and
(3.126).

3.3.4.Multi -Objective Optimization

In order to enhance the controller performanoentroller gains are needed to be
initialized for the multiobjective optimization. To do so, the initial controller gains
are set to be determined by the PID tuner of MATLAB for the Cascaded PID
configuration. In this waythe obtainedjainsetare optimizedor the highly norinear
simulation environmenivhich includesmotor and sensor subsysteth is aimed to

find the controller gain set that providé® closed loop system responsenifiimum
percentage of overshoot aseltling time.ITAE is chosen to béhe cost function for
solving the multi objectiveptimization problem

For the sake of generality, the performance indiceslafiaedas, | TAE (Integralof
the Time-WeightedAbsolute Erroy, ITSE (ntegral of the Time-WeightedSquared
Error), IAE (Integralof the Absolute Value of the Error), ISE{egralof the Squared
Error), JE (Just Error)
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Wh e rodpd 0fi  dhe beginning and the final time of the analysespectively A
demonstration for analyzing the performance indices is made for the linearized
quadcoptedynamics in thaltitudechannel Initial controller gains are set by using
PID Tuner of MATLAB. Pre-defined controller gains are optimized fach of the

performance indices. The optimized and-geéined PID gains are expressed in Table

OYO Q 0Qo

000 Qoo

‘OYYO 0Q 0Q0

0'Y0O O Qo000

3.3.
Table3.3 Pre-defined and Optimized PID Gaifar Altitude Channel
Method P I D
PID Initialization L8 WX p pg Y wo L p X P
JE TBITIP CCTI TBITTPPU T W W @Y
ISE VY QT o8 @ X X o@® wvu
IAE P L P8 o WY P& ¢
ITSE T MO X T mow p BLX X
ITAE T WL P W Trrre p &YX ¢
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Reference input and tludosed loosystenresponse according to the eathhePID

gain sefareexpressed in Figure 3.6.
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Figure 3.6 Reference Input an@losed LooBystem Response for the Linearized Altitude Dynamics of the
Quadcopter System

The step response characteristics fordlesed loopaltitude dynamicsreexpressed
in Table 3.4.

Table3.4 The Step Response Characteristics for the Altitude Dynamics

Method ﬁﬁ'\[glr[lsg] Rise Time [s] Ov;;os]hoot The Ml\r}le?puléedCost
PID

nitialization| S® W TE ¢ XX P& T X -
JE pcmny Mincwy wdYc CR pTLIp M
ISE ™ Ww¢ ™MIeNUN 0@ wo o® X p T
IAE xtxu TPTNouvd c&pT W T pIp W
ITSE T XT| T™PTO] C®GT PBC T @ T
ITAE ™ WXy ™PpYwl p@YG o8 U @@ T

ITAE criterion penalizegheerrorwith the timethat persistip until the settling occurs
In general, the ITAE usually results in the most conservatwéroller settingsvhich

provide less overshoot and settling tifiéé]. By contrast, the ISE criterigorovides
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the most aggressive settings, while the |ARd ITSE criteria tend to produce
controller settings that atetween those for the ITAE and ISE critd68], as shown

in Figure 3.6

As expressed in Table 3.4 that, ITAE providesrtheimum percentage of overshoot

with thefastessettling time compared with the othggrformance indicedlso, ITAE

has a remarkable sensitivity on the cost function in the-zalaxity and the zero
aceeleration error for the second order system dynamics which has the damping ratio

in the range of 0.4 to BJ]. Sensitivity of the ITAE compared with the ISE ahe
IAE is shown in Figure 3.7

7

SenJitivity of the cost functidn
Ll
L

LN

1
™ \\ Ig = [Ttie}dt |ITAE

N —— Is= [1efdt
Bocccell LT ok o IAE

CRITERION VALUE
ol

ISE

02 4 6 8 10 12 14 16 18 20 22 24

DAMPING RATIO, §

Figure 3.7 Sensitivity of the ITAE Compared with IAE ar&H for the Zere/elocity Error in he Second Order
System Dynamic$6]

It is reasonable to consider thiie minimization of ITAE maydeliver an output that
the percentageof overshoot and theettling time of the systemis reducedor the
reference inputMATLAB Optimization Toolbox is used fothe multiobjective

optimization.Single objectivdranscriptions defined as,
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Q QO N0 (3.127)

INEq(3.127)wherefio o ar e t he begi nni rsigglembjedtived he f i
of the optimization respectivelyfi®d i s t whieh isecalaulatedfpr the single
objectivein the region of the e f er e nc e i nppeaddfinedsettitchgtisg st e md s

The performancenidex of the multiobjective optimizationproblem - ITAE is
minimized byusingNonlinear Least Square Curve Fitting Algorithm of MATLAB.
The number of objectives involved in the optimization problem is expressdwby t

subscdipt dii memutiolectivd optimization is implemented as,

i ET 9 Cs

Wherteego iis the weighting of the objective

Iterated gain set of the cascaded PID contrdemrminimum ITAE is expressed in
Table 35.

Table3.5 Optimized Gains of the System for Cascaded PID

X y y4 %o — [ — —
4.9158| 4.9158| 4.5467 | 2.5636| 2.5636| 1.0434| 4680 | 12410
0.2432| 0.2432| 2.525 | 1.0303| 1.0303| 3.9229| 0.2432| 2543
1.8772| 1.8772| 1.382 | 0.0022| 0.0022| 0.0011| 204 237

- - - 6.9568| 6.9568| 3.0431 - -

C-lc- c-| c-
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CHAPTER 4

TRAJECTORY PLANNING AND PRECISE TARGET ENGAGEMENT

4.1.Problem Definition

Precise target engagement depends on two mission parameters. These two parameters
are the position information a@he target and th#arowing angleinformation that is

needed in order not to engage with the environmental constraints. These
environmental constints may be the blockages for protecting target from a wide

open engagement. Because of that reabeartarget location and throwing angle are
assumed to be known premises. According to the relative position between the end
effector - the target location and the throwing angle, engagement state of the
quadcopter system is calculated by forward kinematit¢gen] trajectory of the
quadcopter is obtained for the initial and the final states of the quadcopter system in
2-D.

Trajectory optimization is performed to minimize the input forces to the quadcopter
system, which are the thrust forces of the rotors haddrque inputs of the links of
the robotic arm. Trajectory of the quadcopter is tracked bynfirete horizon LQR
controller.Variation on the final velocity vector of the ball expresses the controller

performance.

Trajectory of the quadcopter systeis generatedwith different scenarios and
trajectories in 2D for theengagement with the targé&te trajectoryof thequadcopter
from theinitial state tahefinal throwingstatewill be followed by thd_QR controller.
As a result, target engagemastperformedat the end otrajectory planning and

tracking stages
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Engagement Location |

....................................................................... X
| Initial Location of the Quadcopter System Target Location

Figure 4.1 Trajectory Planning and Precise Target Engagement

As presented in Figure 4.1, Point O is the initial position of the quadcoptensy
Point E is the engagement location and Point T is the fixed target position. Chapter
4.2 gives the details about the Trajectory Analysis of the Bakye itis indicated in

the figure as point E to T. Chapter 4.3 presents the Trajectory Genevétiba
Quadcopter Systenwhere it is expressed as point O to E. In the final part of this
chaptey LQR controller is designed to track the optimized trajectory from point O to

point E.
4.2. Trajectory Analysis of the Ball

Quadcopter system consists of a quatdeobody, a 2DOF robotic arm and a ball
held by the engffector of the robotic arm. Trajectory analysis is perforrbgd
considering the quadcopter system kinematicahplanar space. This approach is

made for the sake of simplicity.
4.2.1.Forward Kinematic s of the Ball Throwing Motion

In this partengagemergtateof the quadcopter systesicalculated. The engagement
state is the required generalized positions and velocities of the quadcopterfeystem
precise hitThe total energy of the final configurati@calculated in detail. Then, the
required velocityector of the balis derivedfrom the mission parameterén the last
step, the requiredall trajectoryis found for the quadcopter system. Forward
kinematcs algorithm for engagement st&elevelopedor that purpose
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4.2.1.1.1Total Energy of the Quadcopter System

The total energy of theuadcoptersystem is found in Chapte3.2. However,
calculation ofthetotal energy of the quadcopter systermsdified by including the
motion of the ballThen, it is definecs

0O 0 Y (4.1)

Total kinetic energyand potential energyf the systenarecalculated by considering

the effect of the ball as,

0 VIV 4.2)
Y YO Y 4.3
o Sar & Ar (44
Y a @ nr (4.5)

Total energy consumedly the system expressed Eq (4.1) is as a function

generalized positions and velocities.

(6] "Qahoh-h—h—hohiih-h—h— (4.6)

4.2.2.SeparationVelocity Vector and Release Angle Kinematic Equation

Final position of the ball can be considered for target engagement requirement while
the speed of the ball can be derived accordingly. Projectile metitmown ball is

calculated in planar space as follows:

Vertical Motion:

& a o OEL og QG o (4.7)
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There is not angcceleration exerted on the biayl the robotic arm of the quadcopter
systembefore shoahg in the z direction Eq (4.7) can besimplified asi &0 1.

Vertical relative displacement is expressed as,

3 4 a (4.8

Horizontal Motion:
O o 0 ATS o Eooo 4.9

There is not angcceleration exerted on the biayl the robotic arm of the quadcopter
systembefore shoadng in the x direction,Eq (4.9) can besimplifieda s @ fi To.

Horizontal relative displacement is expressed as,

M 0w (4.10)

According to the known release angie ototal requiredd ot hrowing
is found genericallyrom Eq (4.7) to (4.10.

30 Q
wE ¢ 3P0 A+ aU

(4.11)

4.2.3.Forward Kinematics Algorithm for the Engagement State

Main pupose is to specify the true whiterating theachieved trajectory of the ball.
In order b satisfythe true trajectoryby the achieved trajectorynitial position and

velocity of the ballmust beknown

The assumptionsade forboth calculation of the true and the achieved trajectory of

the ballare:

1 There is nbanyacceleratiorexerted in the x and z direction

1 Thereis notany mass change on the ball during the scenario.
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1 The only acceleratioaxerted to the bais the gavitationd acceleration

1 Initial position and velocity vector of the ball equalgheposition and the

velocity vector of the endffector at the engagement state.

[O;D-grevity]

[Dip_ea i

act_ball_no_thrust

W_aa_{i}_initial

Wi

b 4

h

vy

NIWa
Yz Vz_sat
e e

¥

V_ball_inertial

Figure 4.2 Ball Trajectory Kinematics

P_ball_inrtial

_ball | 5

Position of the target and the release angle are assumedthe k@own premises
Total required throwing speed is found frdfq (4.11). Then, true trajectory of the
ball is obtained by the initial position and the initial velocity vectdculated fothe

known parametersiowever, achieved trajectory of the ball is obtained by the position

and the velocity vector of the end effector at the engagementslstaend achieved
trajectories aremplemented in MATLAB/Simulink.The \elocity andthe position

trajectory of the ball is calculated by the implementation presented in Figure 4.

Target Location

release

HB

all Trajectory Kinematic
in Figure 4.2

Figure 4.3 True Trajectory of the Ball

S]—)[True Trajectory of the Ball}

Evaluation of the truand the achievettajectory of the balis presented inigure

4.3 and Figure 4, respectively
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Initial Guess Vector in Find the Initial Achived Check feasibility of the
Planar Assumption: Trajectory by considering position and the velocity
[ Pe, Ve ] =fguess Figure 4.2 error

A

9 Engagement States
4

Planned
engagment state
feasible?

Multi-objective
Optimization: The <
error matrix is &,

If
Tolerance—>
Acceptable

Total Energy
Consumption of the
Quadcopter System at
Iterated Engagement
State, Eq.(4.6)

Achieved Trajectory of the
Ball

Figure 4.4 Forward Kinematics Algorithm

Figure 44 shows the flow chart of theorward Kinematics Algorithm. Kinematics of
the endeffector of the quadcopter system is obtained fEn{3.21) andEq (3.41).
Energy analysis is also taken intonsiderations by usingq (4.1). The iterated
position- velocity vectors and total energgnsumption of the quadcopter system at
engagement stagre implementedinematic relations and the subsystem explained
in Figure 42 are implemented to the algorithrwhich is defined asthe Forward
Kinematics Algorithm. It is considered thtite achievel position andthe velocity
trajectoryof the ball depends on nonlinear equations obtained tiherkinematics of
the quadcopter system, gh are iterated in forward kinematics for satisfying the true

position and velocity trajectory of the ball.

Initial guess vector in planar assumption consists @fe@eralized positions and
velocities of the quadcopter system, that are iterated in the forward kinematics

algorithm and expressed as,

— ho Q  —hh—-hh-h—hhh (4.12)
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Then, each trial ofhe generalized positions and velocities of the quadcopter system

are iterated by cons Diaeafined for th€ bradmbetween 3 . 3 .
true position andvelocity trajectory with respect tachievedposition and velocity
trajectoriesin x-z direction which are minimizedNonlinear leassquares curve
fitting algorithmés boundaries almtee def i n
each iteration of the solver, thesighting of the generalizgabsitions and velocities

of the robotic manipulator is set twice of theneralized positions and velocities
thequadcopter bodyl hese limitsconsist of the kinematic variableskiq (4.12). The

position and the velocity terms are set according todifferent scenarios and

trajectories in 2D.

The acceptable tolerance is defined as a constant value, which depends on the scenario.
ITAE of the multiobjective optimization problem is the compared variable for the
logic shown in Figure 4.4f the ITAE o the iteratio is less than thpre-specified

ITAE tolerance acceptablgroupof iteratiors aredisplayedfor the scenarias
4.3. Trajectory Generation of the Quadcopter System

Trajectory of the quadcopter systenolstainedfor the minimum inputgenerated by
therotors andhe RC serva. A proposed controller structure is designed in order to
track the optimized trajectorinfinite horizonLQR controlleris usedor thealtitude
andtheattitudestabilization Gains of the controllas set forthe optimized trajectory
tracking. These twiopic will be detailedn this part.

4.3.1.0ptimized Trajectory Generation

Trajectoryis generated according tmearization ofthe equation of motion of the
guadcopter system planar spacesince the system is daractuatedmnotion in the x
direction is generated by tilting the quadcopt&ravity is assumed to bén the
opposite direction ahe zaxis Freebodydiagram of the simplied system is shown
in Figure 4.5
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Figure 4.5 Simplified 3DOF Quadcopter System

Thrust force and the linearized attitude angle produce the accelenatibie X
direction.The inks are assumed to be perfectly rigid antdraction forces of the links
are neglectedHowever, the reaction moments of the linkse included for the

linearized quadcopter body dynamics.

Generalized coordinates of the quadcopter systamists of 5 elementsr theplanar
assumptionthey areasfollows.

oo —— —
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Force and moment gerated in the quadcopter system is presented by considering the

planar assumption as,

Then,thesystem dynamics is defined &q (4.13

n 0 Q (4.13
Eq(4.13) is expanded as,
¢ s 2
o [ Qt— [l
1 a 1
. 1 ., "Q “ I\
W. WE I3 Q 1
v, L a N
L : : T :,:
(W . a’o o
11 11 (I) ¥
U—U’ "—"Ql Watlsl s
- :T S 9 N
=Y B
u G U
AMO i s -iheitigmatmaofthe quadcopter systemtimeplanar assumptio® Mo

isafunct on "Go f e xipr Egp(4ld) d. "Qidis the internalforce matrixof the

systemanditisf u n c t @oshowroidEq (4.15.
0 Q& ha i ha KO RO RO (4.14
Q "Q6 M hH—h—hh o hod RRQ (4.19

Forceand momeninputs of the system are defined as:

o
o O- o~ O~



1 o6 andd arethethrust force generated byotors.

! 0 ando are the torque generatedRE servanotorsonthejoints of thelinks.

States thaarerequired to be solved for the optimal trajectory is the collection of the

position and the velocitierms of the generalized coordinafgs).
or nn
u[can be expanded.as
of o —— — »w g — — —

Force input is defined as a cost function in order to get the minimum energy

consumption while trajectolg executedCost functioris expressed as.

0 6 tQf

Subjected to prspecified system parameters, which are mass, length, force and

torque characteristics involved in ttrajectory of thequadcoptesystem
Time Boundary:
N o

Initial State Boundarjys fixed for the initial state vector :as

DO N O P Ouvo 0
Final State Boundarng fixed for the final stateector as

DO N U V) SN VING) 0
System Dynamics is alsgenericallyexpressed ikq (4.13):

O QoL O O

State Boundary on Contious Time such as: Joint limits agaiadcopter linear region.
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Control Boundary on Continuous Time such&stust force angbint torque limits

0 60 0
Constrained Nonlinear Programming Solver for Multivariable Function of MATLAB
is used to get theetof optimal states on the pathTrapezoid integator of MATLAB
[50] is set for solving the higlorder derivative terms. Trajectory is divided into
segments busingMATLAB Optimization Toolbox. The number of segment that the
trajedory is divided into is set for specifiggtids for prespecified flightduration.
Quadratic Spline Interpolation of MATLAB!9] is used fofinding the off grid points
of the trajectory52]. Optimization is iterated for each segments of the trajecidy.

general principle of the trajectory optimization is illustrated iruFegt.6.

Optimal States of the Trajectory

A Nth Segment
LN
—® Generalized Coordinates (N—2)th Segment ' VNUN
— 1.5 ,U R ]
System Dynamics and Input - : V(N-1) Y(N-1) :
:\./(N-Z),U(N.z) ' '
1 1 1
d

2"9 Segment ' ! '
1 [} !

:V(N-Z) :V(N-l) : VN
1 1 1
] 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1

L Vi ! ! ! >
>

to.Vo ty tp ty+dt ty+2dt t(N_z)»Zdt t(N-Z)'dt tN-2) tn-1) t

Figure 4.6 Optimal States of the Trajectory Generation

4.4.Controller Topology of the Optimal State Trajectory Tracking of the
Quadcopter System

Optimal statergjectory information isetto the reference inputsf the quadcopter

system A controller structure is implemented in order to track the reference inputs
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purely. Reference inpuis tracedby LQR controllerdesigned for unified quadcopter

system.

The dtitude andthe attitude dynanus is included for the LQR controller structure
[43]. Since the system model is designedifi@linear regionsmall angle assumption
satisfiesX position and velocity requiremenin quadcopter pitch dynamic8y
consideringeq (4.13),

Theinfinite horizon, LQR is given by

®w 0wOoo

0 w0 w 6 YOQO

(4.16

Let 0 s theartrol mmut as.

Fi x gaonisedefiined as.

AlgebraicRicatti equation is solved for P as follows.

- ~

m 00 600 0O6Y 60

C

States of the LQR controller agefined as.

R

LQR controller follows the desired trajectory by twhlaw expressed in Eq (4.17
[43].

0 0 W (4.17)
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fibd0 mat r i x o f 8x8ahcerding yoshe equation of motion defined for
attitudeand altitudedynamics 6 mat r i x Bxd acebelihg tantlee dontiooly
inputs.Control inpus arethethrust forceandthepitch momengenerated btherotors
andthe torque inputs from theC Servo motorsso thatidoo 4xIsmatrix.fl06 gai n
matrix hasthe size of 4)8. Desired states of the trajectoryfisund in the previous
section andare followed by the controller.Implementation of the controller

architecturas illustrated in Figurd.7.

X "
+ Force and Moment Non-Linear

-K » Quadcopter System
Generation Simulation

Xdesired

Figure 4.7 Implementation of the LQR controller

The nominal gains of the LQR controller are implemented by considering thbtae

Q and R inEq @.16. Q weights on states arfd weights on controinput in cost
function, which are furtheimproved by considering Chapter 3.3Her €90 0 s
defined for the error between optimal states of trajectory with respect to the achieved

states of the quadcopter system.

Error minimization between referenicgut and system response for finding the LQR
weightings are obtained féwo scenarigairsgenerated on-®OF nonlinear model

and they arexpressed iarow matrix. The first and the second LQR weightings are

obtained for thescenarios detailed in Chapt 52.2.1 and Chapter 2.2.2,
respectivelyEach elements dherow matrixr e pr esent s t he di agona
and ARO matrices which are 8x8 and 4x4 r

0 OT OO T PYOHOP T OX OV O C @ TUTT

Y ] ™ C¢® p
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Eigenvalues of the closed loop A matrix is found as.
Q00 6 v
Where it is defined that= 1,2,3,4,5,67 and 8

It is found by using Control Syam Toolbox of MATLAB.Eigenvalues of the

closed loop A matrix are found as.
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CHAPTER 5

SIMULATION BASED EXP ERIMENTS

5.1. Simulation of the Quadcopter System

Thenonlinear coupled quadcopter system dynamics and kinematics are modeled. The
quadcopter system model is implemented in MATLAB/Simulink. Control algorithms
motor and sensor subsystewfsthe quadcopter system are performed in the same
simulation environmet. Then, control algorithms are tested with the noaline
quadcopter system simulatiolm. order to generate the model realistically, physical
limits are defined as: maximum rotational speed of the propellers is set to 2000 rad/sec,
torque limit for RC sevo command iset according to the valuestéd in Table &,

rotation limit of the links of the robotic arm is set to be within 25 degrees. Solver of
the simulation model is set for 1 millisecond of step size with the -@3Blver.
Aerodynamic thrustrad torque coefficients are taken from [3Bi.addition, energy

analysis is alspresented

Table5.1 System Parameter Set for the Simulation Model

a [Qp 1.240

a [On 0.06

a [op 0.08

a [Op 0.022

GG [Q@ ] [0.0206 0.0206 0.017181]

O r0f 0y [Q8a& ] [0.6751.97 1.9%p Tt
Op '0f Of [Q& ] [0.425 1.44 1.44¢)p Tt

Qa] 0.225

o [a] 0.10

w [a] 0.11

w [a] 0.12

0f [&] 0.05

Qp [a] 0.05

Gravity [a 71 ] 9.81
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5.2.Scenarios of the Simulation Based Experiment

In this part, two controller configurations are tested in the simulation environment.
According to the scenarios, the simulation environmentasdified by enabling the
motor and sensor subsystems. Details of the scenarigwesentedn Table 5.2.
Scenaios are analyzed by consideritvgo approaches. The first approachoishrow

the ball for precise target engagemetiich is common for the each scenarltne
second approach mnalyzed for Scenaré and Scenari®, which istested forthe
throwing-stabilization-landing modes Trajectories of the ball foeachscenarioare

also analyzed.

Table5.2 Scenarios of the Quadcopter System Simulation and Analysis

Scenario Controller S'\lek?éorste Sensor | Scenario| Release Target Relative
Number my Subsysten| Property | Angle Distance
Scenariel Caslcgded + + Throw 39J (2.7,-0.7)m
Scenarie2 LQR + - Throw 51J (1.7 ,-0.7)m
Scenarie3 LQR + + Throw 457 (1.7 ,-0.7)m
. Throw
Scenarie4 LQR + - and Land 457 (5,-0.77m
. Throw
Scenarieb LQR + + and Land 457 (5,-0.77m

A 3-D trajectorytracking istestedfor the cascaded PID controller configuration.
Results ar@resentedn AppendixA.

5.2.1.Examining the Cascaded PID Controller Configuration for Ball Throwing

In thefirst scenario, X position controller is bypassed by Buéer pitch controller.
Other controller channels are remained the same for closed loop stabilikéission

parameters amefined asrelease angle is set to 39 degrees, targsgtipn is relatively
located at (1.7 - 0.7) m.Engagement states of the quadcopter systentalculated
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in Forward Kinematics Algorithm and expressed in Tab8 Beference inputs for
the quadcopter system are generated by trial and étoovever, the mgagement

states of the quadcopter systareachieved.

Table5.3 Shooting Parametersf the Scenarid

Parameter Value
2.9 deg
9 deg
9 deg
21 deg/s
20 deg/s
20deg/s
1.74 m
0.7072 m
-0.07m
1.02m
2.39 m/s
2.05 m/s
2.61 m/s
2.11 m/s

Energy of the motion 22.06 J

e e
(e 2 L] |11

Shoot signal isalso shownin the followingthe figures.Engagemenstates of the
guadcoptesystemis achieved in 2.23 second of simulation tifRgure 51 presents
the time evolution of linear velocity of the quadcopter system. Linear velocity of the
quadcopter system in the x directionnsreased byeuler pitchreferenxce nput. As
shown in he Figure 5.210 degrees of constant Euler pitch reference input is fed to

the attitude controller for satisfying the linear velocity requirement of shooting.
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Figure5.1 Linear Velocity of the Quadcopt&ystemfor Scenariel

Ti me evol ut i o nangte$andateseareahowmdnghe Figuie 6.2 and 5.3

respectively.
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Figure 5.2 Angular Position of the System Pafts Scenariel
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Figure 5.3presents the time evolution of the inner ridep controller. Required
angular rate of the quadcopter system is obtained by generation of the 15 degrees of

Euler pitchangle reference inpin the opposite direction, as shown in Figui2 5.

100 T T T T : T
] - Thetadot in Scenario-1
80 - [ =—=Theta1dot in Scenario-1H
Theta2dot in Scenario-1
60 1 ——— Shoot Signal H
5 |
5
kel |
P
.g |
g |
5 |
> [
C
< |
|
|
I L L L L L

-80 !
1.5 2 25 3 3.5 4 4.5 5

time [s]
Figure 5.3 Angular Velocity of the System Pafts Scenariel
There isa changdan the nominal trend of theotational speed of the rotors before

shooting the ball. As seen in Figurd that, the nominal rotationapeed is increased
by 250 rpm.
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Figure 5.4 Rotational Speed of Rotors during the Flight Simulat@mrScenariel
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In Figure 5.5 trajectoriesof the ball are compared with the ideahseand the

simulation output. There is less than 10 cm of difference on hit location.

== |deal Trajectory
= =Trajectory of the Ball in Scenario-1/| |

o o Y
© © = N

e o ©
om o N

Hit
- N\ Location

Position on Z axis of the ball trajectory [m]
o O
w

o O
BN N
T
|

| | | | |
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Position on X axis of the ball trajectory [m]

o
o

Figure 5.5 Trajectory of the Ball Compared with the Achieved System OflatpStenariel
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5.2.2.Examining the Trajectory Planning and LQR Controller Configuration for

Ball Throwing

The 6DOF nonlinear quadcopter simulation is used for demonstratioQ&
controller configuration is implemented in the same simulation environrfRkmtar
control commands are generated andified the LQR controller. Y position, Euler
roll angle and rate reference inpusiler Yaw angle and rate reference inputs are set

to be zero.

Two topics are investigated ftite optimal statetrajectory generation and controller
tracking. In the first pd, two scenarios are generated for the same delta distance on
the target location with different release asgl€hese are the Scenai2oand
Scenarie3, which are expressad Table 5.2In the second part, performance limits

of the controller and thedjectory generatiomreanalyzedThese are the Scena#do

and Scenari®, which are expressed in Table S Browingstabilizationlanding
modes areperformed. The external disturbance of the ball is removed in the
stabilizationlanding phase.

Mission paameters are sdbr the Scenario 23 and 4-5. Engagemenstates are
obtained by using forward kinematics algoriti&eneralized positions and velocities
of the engagement states of the quadcopter systetheafmal state of the optimal
statetrajectory.Initial states of the trajectory asetto zero matrixIn the last part of
the analysisachieved energy consumption analysisinvestigatecaccording tohe

trajectory tracking performances of the controllers.

5.2.2.1.Trajectory Generation and Tracking Analysis for the Scenario2 and the

Scenario3 Pair

Trajectory generation is obtained for 3 secondBgift analysisPath of the trajectory
is divided into 10 segments. The illustration of the segments of the trajecsbions

in Figure 4.6.

71



5.2.2.1.1Trajectory Optimization and Tracking for the Engagement Staten

Scenario2

Mission parameters are defined as: release angle is set to 39 degrees, target position is
relatively located at (1.7-,0.7) m. Engagement states of the quadcopter system are

calculatedn Forward Kinematics Algorithm and expressed in Table 5.

Table5.4 Shooting Parameters obtainéal Scenarie2

Parameter Value
— 1.35 deg
— 8.47 deg
— 6.77 deg
_ 28.68 deg/s
— 41.73 deg/s
— 41.26 deg/s
3w 1.704 m
30 0.72m
W -0.05m
o 1.047m
() 2.19 m/s
Q 2.02 m/s
) 2.599 m/s
0 2.11 m/s
Energy of the motion 21.6J
ITAE 0.0004056

Energy of the quadcopter systémthe forward kinematics algorithia expressed in
Figure 510. Error tolerance of ITAE is chosen to be relaxed in order to observe the

energy changes on the iteration stefise engagement states are foundhi@ 90"

iteration step.
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Figure 5.6 Energy ofthe Quadcopter System in therward Kinematics Solution for Scenai2o

Boundaries for the path generatisrshownin Table 55.

Table5.5 Boundaries of th€ath for Scenarie2

() z — — — () a — — —
)] 0 0 -15] 0J -5J -2 -2 -50] 0J 0J
) 4 2 157 15 15 3 3 50] 60J 60

Figure 58 presents the time evolution of the angular position tracking. Shece
angular position tracking satisfactory in the linear region of the quadcopter system,
there is almost zero error in thgwsition compared with the reference position in the

x direction of the generated trajectory, as in Figurehetime evolution of the linear

velocityin the x directions shown in Figure S.
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The time evolution of thEuler pitchrate, link1 and link2 angular rates are presented

in Figure 5.0to 5.12, respectively.
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5.2.2.1.2 Different Release Angle Trajectory Optimization and Trackingfor the

Engagement State in Scenari@

Different release angle demonstratiorarmalyzed The same hit locatiooonsidered
in Scenarie2 with 45 degrees of different release angdesolved by foward

kinematics algorithm. The same steps are followed. The obtained parameter set is

expressed in Table,.

Table5.6 Shooting Parameters obtained for Different Release Aindgkeenarie3

Parameter Value
— 10.56 deg
— 12.06 deg
_ 12.06 deg
_ 20.80 deg/s
_ 33.44 deg/s
_ 33.65 deg/s
30 0.75m
3w 1.704 m
@ -0.13 m
Q 1.04m
) 2.13 m/s
a 2.26 m/s
w 2.42 m/s
W 2.42 m/s
Energy of the motion 22.07 J
ITAE 0.00047

Energy of the quadcopter system in the forward kinematics algorithm is expressed in

Figure 5.B. The engagement states are found in thd' it@@ation step.
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Figure 5.13 Energy of the Quadcoptey&em in the Forward Kinematics Solution Bifferent Release Angla
Scenarie3

Boundaries for the path generation is expressed in bable

Table5.7 Boundaries of the Path for Different Release Aigl8cenarie3

™ z — | — — ® o — | — | —
U 0 0 -153 | 0J -5J -2 -2 -501 | 0J 0J
0 4 2 15 | 15 | 15 3 3 50J | 60J 60

Quadcopter system behaves similar as in Scefafibe minimum point of th&uler
pitch position reference input is arourti0 degrees. The only difference compared
with the Scenarie2 isthelinear velocityerrorin the x direction, as shown in Figure
5.16.
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5.2.2.1.3 Analysis Performed for theEnergy Consumption and Trajectory of
the Ball

Power consumption of the quadcopter systensists of rotors and RC servo motors.
Power consumption of the actuators are definelg5.1) and (52), the unit of the

equality is Joule/s.

0 0— (5.1)

0 1 (52

Energy consumption is the integraltbé power consumption. The integral is assigned
for the simulation stopping time. Energy consumed by actuaterslefined inEq

(5.3) and (54), the unit of this operation ia Joule.

0 0 Qo (53)

0 0 QO (54)

Energy consumption for the whole scenario generation consists of throwing energy
and energy consumed to reach ¢éingagement states

(0] (6] (6]
L eddéfine that,
(0] (6] (6]

Achieved total energy consumed according to the simulation output which is assigned

for Scenarie2, obtained as.
O ¢ wipJ

0O c® ogp 1T J
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(0] C & W
(0] opdr W

Achievedtotal energy consumed according to the simulation output which is assigned

for Scenarie3, obtained as.

(6] ¢ wdpJ
0O T& wop 1T J
0 CR @
(0] opda@

Figure 5.D compares theajectorief the ball in $enarie2 and Scenari@ with the
ideal trajectory. Tere is dess than 30 cm ahiftin the hit location. Different release
angleconsideration in &narie3 shapes the trajectoffpr the same hit locatiorif
there exists any type of an obstacle inwestn the quadcopter and the target, the

trajectory shapig is solution for that sense.
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Figure 5.20 Comparison of the Achieved Trajectories with the Existence of an Obstacle
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5.2.2.2.Performance Limits of the Trajectory Optimization and Tracking

Scenarie4 and Scenari® are both generated in this parhis part is analyzebdy
two-layered approach he first layeris to takeoff and throw.The second layas the
stabilization and landing. Trajectoiy optimzedfor nonlinearregion of theangular
position of the quadcopter system. Flight duration is set for 8 and 4 seconds for the
first and secondayer of the trajectory optimizatignrespectively Both paths are
divided into 10 segmentsr the first and te secondayerof each scenaridA multi-
variable logic is implementeidr the generation of the shoot signal, which is defined
asthetolerancebantbe ach engagement Shemthekinematce mi nal v a
of thequadcopter systeis readyfor throwing, the shoot signak activatedBesides

of the engagement states, th®at signal isalso definedn between 78 to 8.2
seconds of the simulation time for the Scen&riblowever, shoot signal is generated

in the 8" of the simulation time for #1 Scenarigt. After the shooting process is
completed, mass of the ball is eliminatesth in the scenariofanding is performed

in the final part of the analysis.

5.2.2.2.1Trajectory Optimization for the Performance Limits of the

Quadcopter System in Scenarigl and Scenarieb

Mission parameters are definfat both Scenari@ and Scenarid as: release angle
is set to 45 degrees, target position is relatively locatesl ,at@.7) m. Engagement
states of the quadcopter system are calculatéueiRorward Kinematics Algorithm

and expressed in Table 5.8.
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Table5.8 Engagement Statebtained forthe PerformancdndexAnalysis

Parameter Value
5.3 deg
5.2 deg
5.2 deg

17.2 degl/s

17.2 deg/s

17.2 degl/s

5Sm

0.7072 m

-0.0015 m
1.03m

4.43 m/s
4.58 m/s

4.64 m/s

4.64 m/s

Energy of the motion 46.45

ITAE 0.00037

e &
e €L ] (] ] ]

Energy of the quadcopter system in the forward kinematgsithm is expressed in
Figure 5.24. Error tolerance of ITAE is chosen to be strict in order to have a precise
target engagement. The engagement states are found ir" therdgion of the

acceptable error toleranstep.

Energy Stored

—enew)

46.4542

Energy [J]

1 Il 1 Il
1 2 3 4 5 6
Iteration Steps

Figure5.21 Energy of the Quadcopter System in the Forward Kinematics Solution for Sedraarib
Scenarieb
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Trajectory reference inputd the Scenarigl and Scenarid are generated according
to theboundaries of the path which agpressed in Table 5.9 and Table 5.T®0

layersof the trajectory is approached by a different set of path boundaries.

Table5.9 Boundaries of the Path for th@rst Layerof the PerformancindexAnalysis

o | z | — ] — ] — T el a] —] ==
) 0 0 -70J 0J 0J -1 -2 | -1200| 0OJ 0J
) 4 2 703 | 45J 45] 5 5 120 | 60J 60

Table5.10 Boundaries of the Path fahe Second Layeof the PerformancindexAnalysis

N \ ]

) z — | — | — ) a — | — | —
) 0 -70J 0J 0J -3 -3 | -12Q0| -60J | -60J
) 4 70 | 453 | 45J 5 5 1200 | 6QJ 60

o

N

5.2.2.2.2 Controller Performance

Controller performancesare compared for the sameference inputshoweverthe
simulation environmenin Scenarieb is modified by enablinghe sensor subsystem

to observe the controller performance limits.

Trajectory of the quadcopter system in the plane is presented in Figure 8.2
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Figure 5.22 Flight Path Comparison of the Quadcopter SystenScenarie4 and Scneariéb
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Comparison of the generated trajectory andattieevedk-positionof the quadcopter
system is showm Figure 5.3. There is ahift in the lawling position of th&cenarie

4 andthe Scenarigb, whichare 0.4m and 1mespectively.
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Figure5.23 Linear PositionReference Input and System Response for Performance Index Analysis in Stenario
and Scenarieb
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Figure 5.24 Altitude Reference Input and System Response for Performance Index Analysis in Standrio
Scenario-5
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Figure 5.5 presents the time evolution of the angular position tracKiregectory is
generated in the region &40 degreeso 45 degrees of Eulgritch reference input.
Quadcopter system traces the Eydéch reference input satisfactorily. Mever,
Euler pitchrate tracking is limited for Scenartband Scenarid, as in Figure 5(8
Reference angular rate for lkikand link2 are presented in Figure 5l3and 5.2,
respectively.The angular rate control in the Scendis marginally stabldoecause
of the existence of the sensor subsystemaddition, Scenarid is limited to track the

angular rate reference input.
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25 Theta system in Scenario-5 1 B
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Figure5.25 Euler Pitch AngleReference Input and System Response for Peafoce Index Analysis in
Scenarie4 and Scenari®
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Figure5.26 Link-1 Angular PositiorReference Input and System Response for Performance Index Analysis in

Scenarie4 and Scenari®b
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Figure5.27 Link-2 Angular PositiorReference Input and System Response for Performance Index Analysis in

Scenarie4 and Scenari®b

Linear velocity reference input tracking performances of the controllers are presented

in Figure5.28 and Figure 29.
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4 and Scenari®

150 T T T T
825 | === Theta1dot reference input

== =Theta1dot system in Scenario-4
gOO i Theta1dot system in Scenario-5

3}
075

Y di
&)
)
-1

N
(=N |

N

i b hi l
5 ﬂ 'l!i
h!: I:' ﬁi "Illl I!’I

a
o

~
(6]

~link-1 Angular Velocity in

o
o

o
-

time [s]

Figure5.31 Link-1 Angular VelocityReference Input and System Response for Performance Index Analysis in
Scenarie4 and Scenari®
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Figure5.32 Link-2 Angular VelocityReference Input and System Response for Performance Index Analysis in
Scenarie4 and Scenari®

5.2.2.2.3 Analysis Performed for the Energy Consumption and Trajectory of
the Ball in Performance Limits

Same steps in Chagy 5.2.2.13 are followed for thereergy consumptionomparison

analysis.

Achieved total energy consuyation according to theesults obtained iBcenarie4 as.

O P P PIG
0O o op 1T J
O T
0O P P B

Achieved total energy consyation according to the results obtained in Scenaras.
O P wpJg

0O P& Yap 1T J
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