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Chapter 1

Introduction

In recent years, research and development into Micro Aerial Vehicles (MAVs) from the research
community and industry alike has flourished. This is exemplified by the number of articles
published related to the topic of MAVs as shown Figure 1-1.
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Figure 1-1: Number of published articles containing the keywords ‘UAV' or ‘MAV’ or their full
forms from 2002 to 2017 (Data obtained from Scopus on February 16, 2018)

The MAYV is a disruptive technology that can bring about operational cost savings, enhanced
functionality and outperform classical approaches to tasks including payload transportation
(The Economist, 2012). The relatively small size, agility, ease of operation and low costs of
mass-produced MAVs has led to their ubiquity in society as a consumer electronic. Those
same qualities that make M AVs valuable are now being exploited for payload transport known
as MAV Payload (MAVP) systems. These systems have the potential to be rapidly deployable
and operable in situations where items need to be brought to areas that are inaccessible or
dangerous for humans and conventional (aerial) vehicles. Current applications have seen
MAVPs being used in search and rescue (Ryan & Hedrick, 2005), package/cargo delivery and
even construction (T. Lee, 2018). A few exemplary situations where MAVPs could be useful
include;

e delivering first-aid in flooded cities where ground vehicles can no longer operate,
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e hoisting material up to the construction level of a structure,
e transporting small or even bulky items locally.

Till now most applications of MAVPs have been limited to wide, open spaces where the system
is unhindered or has its own workspace. Operation of MAVPs in urban settings presents itself
with notable challenges given the intricacies of the environment. See Figure 1-2 showing how
a rural and urban setting compare exemplifying the complexities for urban MAVP operation.

(a) Rural scene (Credit: Llee Wu 1) (b) Urban scene

Figure 1-2: Comparison of a open rural space and a moderately dense urban setting showing the
differences in scene complexity. With urban settings there are moving and uncertain obstacles and
the operating space is confined. Obstacle avoidance and proper planning is necessary in urban
settings as the margins of error are much smaller.

Given the dynamic and uncertain nature of urban scenes, it is necessary to perform planning
and control adaptively to account for unforeseen events in the surroundings. Current approa-
ches to MAVP operation have mostly focused on pre-generating (agile) trajectories and then
tracking them (the relevant article have been cited in the literature survey in Chapter 4).
The main limitation of this approach is the reliance on the task-specific full motion planning
making the behaviour inherently non-adaptive at run-time thus precluding the handling of
uncertain, dynamic obstacles. Furthermore, generating lengthy trajectories with a priori kno-
wledge requires considerable computational resources and is only tractable and amendable to
demonstrative purposes in well defined spaces over relatively short durations. Therefore, the
practicality of pre-generating trajectories for MAVPs in real-world applications is questiona-
ble.

To facilitate urban operation of MAVP systems while maintaining the ease of use and rapid
deployability synonymous with MAVs, it is practical to integrate the planning aspect into the
controller design to increase the system’s level of autonomy. With this approach the human
only needs to provide high-level planning objectives, such as the desired goal coordinates,
and the MAVP is able to plan and execute the motion autonomously without requiring a
pre-generated reference trajectory. Traditionally, the higher level of autonomy is achieved
by extending the system’s control design by an outer loop that uses a planning algorithm
to regulate inner loops. In contrast, in this thesis the planning and control is unified in a
Non-linear Model Predictive Control (NMPC) formulation that is able to predict a locally
optimal system trajectory over a fixed time horizon, and in parallel generate control actions
to realise the plan. Furthermore, the algorithm integrates feedback data in closed-loop form

'Llee Wu. “British rural scenery”. Accessed 26 February, 2018. https://flic.kr/p/cWA5Ys
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1-1 Thesis Content and Organisation 3

to facilitate online re-planning and control in dynamic environments. This approach results
in a local motion planner and controller able to achieve trajectory re-planning in real-time
amendable to autonomous operability. The thesis outlines the NMPC based unified planning
and control approach, and shows with demonstration that it works in practice.

1-1 Thesis Content and Organisation

The study addresses the modelling, planning and control of a MAVP system in dynamic
environments. The purpose of this thesis is captured in the following research objective;

‘Demonstrate online, closed-loop, collision-free trajectory generation and control
of a MAV-Payload (MAVP) system in dynamic environments using Non-Linear
Model Predictive Control (NMPC)’

The document has been divided into three parts reflecting the different stages of the study
performed.

In Part I, the Scientific Article is presented outlining the main findings from the thesis
in a succinct manner. The article contains a synopsis of the literature survey performed,
the research contributions made, an outline of the trajectory planning and control algorithm,
simulation and experimental results, and recommendations for future work. The thesis report
supplements the article to elaborate on further studies conducted in support of the outcomes
presented in the article. The scientific article is written in the IEEE TRANSACTIONS style.

In Part II, the Preliminary Study is presented with supporting material required to develop
the NMPC algorithm explained in the article. It was imperative that the physical model
were accurate as NMPC’s performance is model dependent, therefore, the preliminary study
mainly addresses the derivation and testing of these models. The preliminary study is divided
up into the following chapters;

e Chapter 2 - an introduction to the thesis topic and its relevance,

e Chapter 3 - the research outline presenting the research objective, aim and questions
and putting the preliminary study into the context of the entire thesis project,

e Chapter 4 - a literature survey of the state-of-the-art approaches pertaining to MAVP
system modelling, trajectory planning and control,

e Chapters 5, 6 and 7 - derivation of the physical models, and its verification and validation
using simulated and experimental studies.

The conclusions from the preliminary study are presented in Chapter 9. An executive sum-
mary and abridged literature overview are presented in Appendix A and B.

In Part I1I, supplementary material to the scientific article is presented. This material provides
a more in-depth analysis and the rationale behind the algorithms and methods used. The
content contained within Part III include;

e Chapter 10 - the configuration of the Non-Linear Model Predictive Controller (NMPC)
and a discussion on optimality and stability,
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e Chapter 11 - the Cascaded Kalman Filter state estimator design, tuning and simulation
based verification which were necessary to perform experimental trials,

e Chapter 12 - an outline of the software framework developed to perform the simulated
and experimental studies during this research.

The appendices contain additional information, technical data and results that are referred
to in the preliminary study and supplementary material. Appendix J is notable as it presents
the primal-dual interior-point algorithm used to solve the optimisation problem for trajectory
generation and control as implemented in the NMPC algorithm. It is advisable to read the
Scientific Article first and then refer to the thesis report when clarification is required.

1-2 People Involved

The study was performed under the supervision of Dr. ir. G.C.H.E. de Croon (MAVLab de-
partment, Faculty of Aerospace Engineering), and Dr. J. Alonso-Mora (Cognitive Robotics
department, Faculty of Mechanical, Maritime and Materials Engineering) at Delft University
of Technology, Delft, The Netherlands.
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Online Trajectory Planning and Control of a MAV Payload System in
Dynamic Environments using Non-Linear Model Predictive Contol

Nikhil D. Potdat, Guido C.H.E. de Crocghand Javier Alonso-Mora

Abstract— Micro Aerial Vehicles (MAVs) are increasingly necessary to generate the desired swing motions to avoid
being used for aerial transportation in remote and urban potential collisions. Failing to acknowledge the system’s
spaces where portability can be exploited to reach previously ,+,re response when performing agile flight could result in
inaccessible and inhospitable spaces. Current approaches to. . - . .
MAV swung payload system path planning have primarily mewtablg collisions as by the tlme an obstacle is detected
focused on pre-generating (agile) collision-free, or conservatv  the MAV is unable to divert the swinging payload away. Wor-
minimal-swing trajectories in static environments. However, king around the problem, one may pre-generate trajectories
these approaches have failed to address the prospect of online with fully defined environments or actively minimise swing
re-planning in uncertain and dynamic environments which is a to reduce the system’s dynamic response, however, as we will

prerequisite for real-world deployability. This article describes . -
a novel Non-Linear Model Predictive Controller (NMPC) for demonstrate, these undermine the real-world practicafity

online, agile and closed-loop local trajectory planning and the approaches in dynamic environments.
control addressing the limitations mentioned of contemporary
approaches. We integrate the controller ina fgll system fra_me- A. Contributions
work and demonstrate the algorithm’s effectiveness in simu-

lation and experimental studies. Results show the scalability =~ Our main contribution is an online local motion planner
and adaptability of our method to various dynamic setups and controller for safe, agile and collision-free flight of
with repeatable performance over several complex tasks which 5 \mavp system in dynamic environments. We base our
include flying through a narrow opening and avoiding moving - Lo - . .
humans. approach on constrained optimisation using a finite-harizo
Non-linear Model Predictive Control (NMPC) algorithm. A
full system framework is outlined integrating the NMPC con-
troller in a combined hardware and software based control
loop. The proposed framework is used in simulated and expe-
I. INTRODUCTION rimental studies where we showcase our method’s scajabilit
adaptability and performance over various complex tasks
in static and dynamic environments. We compare against
gpntemporary algorithms and emphasise our method’s merits

r?:gld limitations.

Index Terms— Autonomous Vehicle Navigation, Collision
Avoidance, Optimization and Optimal Control.

The small size, agility and low upfront costs of Micro
Aerial Vehicles (MAVS) could instigate their widespreadeus
and quick deployment for payload transport in areas th
are inaccessible or dangerous for humans and conventio
(aerial) vehicles. Current applications for MAVs with stun
payloads the MAVP systejrinclude search and rescue [1], B. Related Work
package/cargo delivery and construction [2] primarily in Historically, studies of aerial vehicle control with suspe
large, rural, obstacle-free spaces. ded payloads involved helicopter systems with application

Operation of MAVPs in urban settings presents itselfo load transportation [3] but with the advent of MAVS,
with notable challenges given the complex and dynamiesearch into MAVP systems has gained traction. This paper
environment within which it would operate. While preservingaddresses MAVP motion planning for collision-avoidance
the benefits synonymous with MAVs over traditional aerialvhich we broadly classify into two types, namely open-
vehicles, we require a system able to quickly, safely anidop planning with feedback control, and unified closedsloo
autonomously navigate an obstacle-ridden space and adpfinning and control; our method contributes to the latter.
to different situations with no arduous system configuratio 1) Open-Loop MAVP Trajectory Plannindflost contem-
Carriage of a swinging payload vastly increases the systengorary approaches to collision-free trajectory planniog f
spatial footprint making operation in restrictive spachale MAVP systems have addressed the tracking of pre-generated,
lenging. With no direct swing control and the system’s chusaossibly agile, trajectories in static workspaces. Werrife
nature, pre-emptive MAV trajectory planning and control igshese as offline, open-loop planning approaches as there is

no online (in-the-loop) dynamic re-planning of trajecéi

Paper created February 27, 2018 involved.

INikhil D. Potdar (Student Aerospace Eng.) and Javier Alekisoa

are with Cognitive Robotics, Delft University of Technolog2628 Us?ng pre-generatgd tr?‘jeCtorieS- planar and spatial
CD Delft, The Netherlandsni khi | . potdar94@nmai |l .com  tracking of MAVP trajectories has successfully been de-

j.alonsomora@udel ft.nl _ _ _ monstrated through accurate modelling and stabilisatifon o
2Guido C.H.E. de Croon is with the Micro Aerial Vehicle Lab,

Delft University of Technology, 2629 HS Delft, The Netheris the vehicle [4], [5] sometimes utilising swing minimisatio
G C. H. E. deCroon@udel ft. nl [6]-[8] to mitigate coupling disturbance effects. The éatt



approach is energetically inefficient and over-consergati tracking pre-generated trajectories. In contrast, ourhotét
as the vehicle appropriates considerable control effort tanifies online planning and control, and not just tracking of
reduce swing resulting in a sluggish system. To accomplish pre-defined plan thus making it a higher level approach.
desirable yet feasible MAV and payload responses, the Traditionally, (N)MPC algorithms for unified motion plan-
pre-generated trajectories are computed taking the MAVIRIng and control of MAVs have seldom been studied as the
system model into account. Algorithms to achieve this haveequired real-time re-planning was computationally ictra
included, amongst others, optimisation and Reinforcemetdble [21]. With today’s improved computing capabilities,
Learning (RL) techniques. In the former, optimal trajesdsr applications have been demonstrated for a MAV without
are computed as a cost minimisation problem subject to tilsevung payload [21], [22]. Building on the approach, in this
task objectives and the MAVP model, and encoded as fullork we demonstrate the viability of NMPC based unified
state evolutions [9], [10], or a reduced dimension statagisi motion planning and control for MAVPs.
differential-flatness [11], [12]. In RL, as used in [13]-]15

feasible action policies (the trajectory) are generatest thc. paper Organisation

enforce the MAVP model on state transitions. We introduce preliminaries in Sectif Il with notations and

_ The main limitation of preTgeneratlng_ MAVP traJeCtO”.esour system models. In Sectibnllll we describe our method for
is the reliance on task-specific full motion planning which

: . . : online and closed-loop unified motion planning and control
is consequently inherently non-adaptive at run-time thes p . . : .

. ) . ) with NMPC. For the simulated and experimental studies
cluding handling of uncertain, dynamic obstacles. Themfo

. . : . erformed, we outline our system setup and framework in
in the aforementioned studies mentioned only fully know ection[TV. In Section§V anf V| we present and discuss
environments with static obstacles were considered. : P

2) Closed-Loop MAVP Dynamic Trajectory Planning: our findings followed by concluding remarks in Section]VII.

Motion planning in dynamic environments requires re-
planning at run-time to accommodate the changing environ- _
ment. Closed-loop re-planning of full motion trajectorms A. Notation
a global level is intractable for a high-dimensional system The following notations are observed; scalars vec-
such as that of a MAVP, thus necessitating the use of locars/matricesz, sets.X’ and reference frame$X}. Time
planners with finite time-horizons [16]. derivatives use dot accenting. Position vectors are ddnote
In [17], an agile and collision-free local trajectory ge-by p € R3. Unless otherwise stated, vectors are expressed
nerator and controller method was demonstrated in simin the East-North-Up (ENU) inertial fram@/}. For vector
lated and experimental setups with static obstacles usiag ¢ R™ and positive semi-definitesxn matrix Q, the
iterative Linear Quadratic Gaussian (iLQG) control. ThQ/veighted squared norm igBHQ 2 x " Qx. Rotations from
optimal control iLQG method relies on a cost function thag g me {A} to {B} are denoted by matrisRZcS0(3) and

is minimised at every control step such that user-defingghsic axial rotations around by R,eS0(3)
planning objectives are met; the result is a local trajgctor

satisfying the objectives and system dynamics. The iLQG
iterative algorithm is exploited to generate locally omim
linear feedback controls to achieve the real-time, closed- The system is composed of a quadrotor of magsand
loop performance. Impressive manoeuvres including flighit Suspended point mass; attached by & length cable
through a narrow opening as in [11] were demonstratedfom the quadrotor centroid. Leb,, p; be the quadrotor,
However, dynamic environments were not considered al@@d position andry, = p; — p,. All reference frames
system inputs would saturate at run-time as the controiter d@re defined in Fig[l1. The load suspension andlgs,
not consider physical constraints. In contrast, our apgroa
takes into account model constraints to ensure the physical
feasibility of generated trajectories.

3) Non-Linear Model Predictive Control and Unified
Planning and Control of MAV(P)s:Early studies have
successfully demonstrated the use of (N)MPC for real-time
MAV [18], [19] and MAVP [8], [20] simple trajectory
tracking. Focussing on the latter, in [8] NMPC for MAVP
trajectory tracking control was addressed with a compariso
to LQR control. The results showed NMPC's superior physi-
cal constraint handling for feasibility guarantees, andda
attainable MAVP flight envelope from the non-linear MAVP z {1}
model description. Overall NMPC outperformed LQR inFig. 1: Quadrotor-Payload system with the following referes frames;

simulated tasks involving swing minimisation and agile{/} inertial ENU, {E} vehicle-carried ENU{B} vehicle body frame,
In 1201. studies f 8 tended t 6\%)S} is {E'} rotated by180° about the{E} z-axis and{L} load frame
manoeuvres. In [ ]' studies from [ ] were extended to ith z-axis directed away from the cable’s suspension point. @uadand

experimental setup validating the results. However, @nlikioad positions and relative suspensions angles indicEalér angles,, 6,
in [17], both studies only addressed the control aspect @frametrise framg¢B} to {E}; constant yaw assumed.
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parametrise the orientation of.} to {S}. Intermediary 2) Aerodynamic Drag EffectsiVe derive the drag induced
frame {S} is used to avoid the singularity for a downwardforces on the MAVP system. As in [23], assuming relatively
equilibrium load position when computing a rotation fromlow quadrotor velocitieg,, we model a proportional linear
{L} to {E} directly. Then let the MAVP configuration and drag force on the quadrotor with drag constapt, giving

its time derivative be given by variables

- o R5 FDq - qupq . (4)
4= [P, " ¢>z] < Also as in [23], for the payload we only consider the rota-
q= %q = [qu, 0;, @} eR’, tional load motion relative to the quadrotor, hence, itsgdra

) . force is assumed to always be perpendicular to the moment
and letd,, ¢, be the true quadrotor pitch and roll with 51 (the rigid cable). This simplifies the model complexity
yaw constant. The following additional model assumptlongnab"ng us to model quadratic drag as an induced moment

are adopted; on the load suspension angles. Additionally, followingnfro
« rigid, massless cable with free suspension points,  our free suspension point assumption, there are no payload
« quadrotor centre of gravity and centroid coincide,  drag induced reactive forces or moments on the quadrotor.
« no aerodynamic drag effects on the cable. Under these simplifications, the load’s signed quadratigydr
We first describe the quadrotor’s input handling and théorce, with drag constantp,, is given by
aerodynamic drag model. We then complete the model by o b = ko[22 5
derivation of the coupled quadrotor-load dynamics. DL = RDIV T = FDLE W ] ®)
1) Quadrotor Inputs: As in [23], we abstract quadrotor wherev = wl for circular motion withv, w the linear, angular
motor inputs and assume fast attitude and motor control su@dad velocities and the cable length. Substituting in (5)
that by actuating the quadrotor’s pitch and roll, and sgtéin by the load’s suspension angular rates and computing the
desired vertical velocity, we produce an inertial cont@t® induced moment at the suspension point we obtain
F,, in any desired direction for realising translational motio
Therefore, let the inputs be a desired quadrotor pitch aradl (70, 76] = kpil® [wgﬁa W;ﬁ%} (6)

vertical velocity defined i E} giving . .
wherewy = 6}, wg = ¢, andry, 74 are the load’s drag force

u= 1[0, ¢ Wy €R®. induced moments affecting suspension angdlesg;. With

This input choice is consistent with our chosen Parrot Be@) and (), the total exogenous system drag term is

bop & quadrotor that internally controls motors based on D(q) = [F;W To, T¢}T ) @)

inputsu to achieve full spatial flight; the internal controller
is schematised in Appendix] A. 3) System Kinematics and DynamicEhe MAVP Equa-

As the hardware-specific internal controller dynamicss ~ tions of Motion (EOMs) are derived in framiel } according
F, are not documented, we empirically model the functionto Lagrangian mechanics. With frame transformations

The quadrotor’s trqe pitch, roll response and' thg vertl.cal RS — R, (6)) R (0)) @)
control force resulting from the vertical velocity input is e
given by R5 = R.(7) , 9)

B4y Gar Fyl = [ha(0y), hy(dg), hr(iy)] (1) andl=[0, 0, 11" the rigid cable vector i{L}, we define
the load position as
where, using the method presented in [24], hy, hr are

identified for the fast dynamics and decoupled as threerinea P =Dy +7q =D+ REREL. (10)
second-order black-box models with model states and stajg payload velocity is then given by
transition .
P =4p=p,+RER]L. (11)
@) The L_agrgngian in terms of the system kinetic and potential
energies is

T = [To,1, To2, Tg1, To2, T, T € RO
T = felxe,u) .

Note that withhr we modelw, — F, directly as the in- T . .
ternal vertical velocity stabiliser controls the verticaintrol L= 0~5H [Pq> P1] H —g(mepges +miples)  (12)
E
force (in {E'}) generated by the motors (See Apperdix A). —
Then similar to [22], using outputs froni](1) and based on
equilibrium relations, the input control force is given by ~ where E = diag(m(1 x3), m(1x3)) andes = [0,0, 1]T.
[ tan(6y) 3 Using Lagrange’s equations according to D’Alembert’s
F, = |:mcos(¢q)g’ — mtan(¢,)g, Fy +mg] cR* (3) principle, the non-linear EOMs describing the MAVP dy-
namics in compacted form are given by

kinetic energy potential energy

wherem = m, +m; and g=9.81 m/s’.
The full-form of (1) identified for the Parrot Bebop 2 i=M"'(q)(F—-D(4) —C(q,q) — G(q) (13)

uadrotor is provided in Appendix]B.
a P PP with force F = [F,, 0, 0] € R®, and massM, drag

lparrot/nt t p: /7 devel oper . par r ot . conl docs/ SDK3/ D from (@), Coriolis C and gravitationalG matrix terms.
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Equation [(IB) in full form is presented in [23]. Usirlg{13),
the system state and state transition is given by

mq = [q7 (j] € RIO
&, =14, 4] = fo(zq, Fu) - (14)

4) Full MAVP Model: Combining the quadrotor input and

ig. 2: Cuboid obstacleldft) with fixed positionp, or dynamic (human)
system model fronﬂZ) anMA)’ we denote the full MAVFi;bstacle iight) with constant velocityv, each modelled by boundin§,

state and state transition by and expanded, ellipsoid with dimensional buffers.

x = [x., x,] € R
T =[x, 4 = fx,u) . (15) D. MAVP-Obstacle Collision Avoidance Requirements

Important MAVP model related variables and parameters Imperative to collision avoidance is ensur_ing separation
that we often refer to are summarised in Table |. between the MAVP and obstacles. By quantifying the qua-
drotor, load and cable’s proximity to an obstacle, we presen

mathematical requirements to guarantee a collision-fyee s
C. Obstacle Model stem.

Obstacles, with each positiop,, are user-specified as 1) Point to Ellipsoid Distance:The point to an ellipsoid
cuboids and subsequently modelled by enclosing ellipsoidsigned distance is approximated as the true value cannot be
Human obstacles are also specified as a cuboid of similgkpressed in closed form [25]. For a generic ellipsgidith
size. Ellipsoids create smooth convex bounding volumduffered dimensionga, + 3,b, + 3,¢, + 3) and position
for (non-convex) obstacles making them appropriate faP.. the approximate signed distance to a pginbased on
representing objects including trees, humans and pilfts. the ellipsoid equation is

d|t|ona_lly, c.:o,mputatu_)nally efficient coI.I|S|on checks agst do(p,S) = P — Pollq — 1 (16)
the ellipsoid’s quadric exist [25] and is thus favourable fo _
real-time applications. whereQ = diag(1/(ao + 8)*,1/(bo + 8)*,1/(co + B)?).

1) Obstacle Ellipsoid DefinitionsLet the ellipsoid semi- ~ Whenp is inside or onS, d, < 0, and asp is further

principal axes(a,, b,,c,) be proportional to the specified away froms5, d,, increases from 0 to infinity.
cuboid dimensions(u,, v,,w,) such that there is surface 2) Quadrotor and Payload Proximity:We model the

contact at all cuboid corners, hence quadrotor and payload each by a bounding sphere with an
/3 associated radius,.. Without loss of generality, we assume
(a0, b0, ¢o) = 52 (to, Vo, wo) an equalr, for the quadrotor and payload. Consider the

guadrotor; using the obstacle’s bounding ellipséigd and
X o . . ; setting 8, > r. and p = p,, then using [(I6) we can
1) the bounding ellipsoid S, with dimensions g arantee the quadrotor does not collide with the cuboid
(ao + Bo, bo'+ Bo, Co + B,) models the obstacle shaped obstacle provided
against which collisions are checked,

We define two ellipsoids with buffer§ as shown in Fig12;

2) the expanded ellipsoid S. with dimensions do(pq, So) >0 . (17)
(a0 + Be,bo + Be,co+ Be)  represents  a padding similarly, considering the payload associated bounding sp
used for planning safer trajectories. here and position; gives

Note by setting3, a minimum cuboid to ellipsoid separa-
tion of 5 is warranted. Buffers,, 8. are used for collision- do(p1, So) > 0. (18)
avoidance purposes as will become clear later. 3) Rigid Cable Proximity: Modelling the cable as a

2) Obstacle Motion PredictionStatic obstacle positions mobile finite line segment, we identify the cable’s Closest
are assumed to be readily available for planning. As in [22Roint of Approach (CPA) taS, denoted byp?; this is the
we assume a constant velocity model for dynamic obstacleable’s most critical point for collisions. Given the cable
and predict their future positions based on a velocity estitm cross-section dimensions are negligible, no buffer isirequ
produced by a linear Kalman Filter using measured obstacs® 3, = 0. Using [18),p? is computed by
position data.

pi = argmin (d,(pe, So)) (19)
Pe

TABLE I: MAVP system variables and parameters with p. € {p|p=p,+s(pi—pg),s €[0,1]}. Appen-
Notation Definiton dix. _shows [(ID) is analytica_ll;_/ solvable._ Using §(19) the
mg,my; g € R Mass of quadrotor, load; Gravitational acceleratipn cable is guaranteed to be collision-free with respect to the
l;0;,¢1 € R Cable length; Payload suspension angles cuboid obstacle provided,
pg, P € R3 Position of quadrotor, payload it/ }
q,4 €RS MAVP configuration, and its time derivative do(pk, So)>0. (20)
u € R3 Quadrotor input commands ] o )
F, F, cR" General, control input force ifiI} Requirementd (A7-18,20) must be satisfied with respect to
T, g, ® € R™ | Quad. input, system and full MAVP model state | gach obstacle to guarantee a collision-free MAVP system.




[1l. ONLINE AND CLOSED-LOOP MAVP goal, slacks etc.) that we denote by The terminal cost is
TRAJECTORY GENERATION given by

A. Method Overview ey = c(Tn, *N) (25)

The planning and control objective is to navigate the ) , ) ,
MAVP system from an initial positionpsar to a user- Where functionc, is evaluated on variables of the terminal

definable goal positiopges in a safe, agile and collision- stage. 'I_'e_rminal_costs are used to achieve closed-loogitstabi

free manner. To accommodate the dynamic environmedt! the finite-horizon planner [26].

we perform dynamic and closed-loop local motion planning We then quantify the full trajectory’s performance by the

using NMPC which is a receding finite-horizon controller. Objective functiordefined as

1) Receding Horizon Dynamic Planning®enote byAt N

the time-step, byk the stage index, and by the finite J = Zkio Ck - (26)

planning horizon (number of stages). At every sampling

instancet, we generate a local trajectory of duratiofAt  Constraints are introduced to limit the solution space lier t

encoded as a sequenceldfi 1 states that includes the initial trajectory encoded irc and u thus providing (feasibility)

statex, the transition states; and a terminal state y and guarantees for the computed trajectory. To make sure the

is denoted by optimiser always returns a solution at run-time, we may-tole
Z :=[zo,...,TN] . (21) rate minor constraint violations by introducing non-néegat

slack variables thagoftenthe constraint [27]. Then the slack

For state realisation, the associated input sequence WIgto {ariables associated to the trajectory are encoded in
terminal state is denoted by

= [ug,...,un_1] . (22) §:=[s0,---,sn] - @7)

Following execution ofug, the planning is receded it A planning violationoccurs when the optimiser produces

to t + At. At the next sampling instance, the new obstaclgositive entries of. A physical violationonly occurs when

positions and a new initial state estimatgis obtained. Then the real system breaches constraints; i.e., the curreck sia

a local trajectory is re-generated by initialising the solv of 5 is positive. By associating a high slack related cost in the

with a time-shifted version of the previous solution. Thisoptimisation objective function, we avoid positive ergrief

approach results in computationally efficient and closexpl § and accordingly any planning and physical violations [27].

performance with robustness to model uncertainties [22]. W

illustrate the process in Figl] 3. During optimal trajectory generation we minimide_(26)
2) Local Trajectory Generation:At every sampling in- respecting the constraints resulting inVaAt length locally

stance we solve a constrained optimisation problem. The di@asible trajectory. In subsequent sections we introdbee t

signer encodes the desired planning objectives iokgective  costs and constraints after which we formalise the optimisa

function using coststo quantify the generated trajectory’stion algorithm in Sectior_1I[-D.

performance. The costs are designed to lower with an in-

creasing satisfaction of the objective. For every trajgcto

stagek, we evaluate an associated scalar cost giving a cast Costs

sequence &= [co en] 23) We introduce cost terms derived from our planning ob-
: T : jectives presented in Sectién IllA. We use our weighted
Within (23), the trajectorystagecosts are given by square norm definition from Sectidn IIFA with an x n
identity matrix denoted by,, to make all cost terms scalar
Ckp = Cg (:vk,'u,k, *k)7 ke [0, N — 1] (24) and positive.

where functionc, is evaluated on the predicted state, input 1) Point-to-Point Navigation:For navigation, we mini-

and any additional variables (obstacle positions, naidgat Mise the displacement between the quadrotor position and
goal pyoa. Let psian be the start position, then we normalise

the cost to treat all start to goal distances equally. Thé cos
NMPC Planned NMPC Planned

Time tl x‘ﬁLooa/ Trajectory Time t2 Le” Q ‘7 Local Trajectory| term is given by
, P == 00p,
7 . / . ||pgoal—pq||13

b, D D, Cnav = . (28)
goal goal ||p |I— P ||
v goal start
v / K 'p o fs

Ptart *Hlp, Pyt Making (28) a stage cost would mean the shortest path
(straight line) is always preferred, this may result in dead
Fig. 3: System moves towardsoa with 2 > 11 planned local trajectory locks when it is necessary to go arounq an obtrusive obsta}cle
(grey) at current timeléft) that isoijpdated in a future timeight) with the Therefore, we usé (28) only as a terminal cost thus allowing
new state and obstacle data. Schematic projected top vidwilustrative ~ curved paths to be generated such that locally and terminall
obstacle ellipsoids shown. the system reaches a more favourable position.




2) Potential Field based Obstacle Separatidror obsta- 5) Payload Suspension Angles Regulatiorhe suspen-
cle separation, we employ a MAVP to obstacle proximitysion angle associated cost is given by
related cost analogous to a reactive potential field [28]. T
We combine this with constraints to guarantee collisicrefr Cswing = H[é’u %] I
trajectories as will be presented in Secfion IlAC.3. TM®t 4 o agile manoeuvres, we weight this cost low. Associ-
layered approach, similar to [22], enhances the operalionging 4 high cost will minimise the swing angles if desired.
safety by pro-actively reducing the collision risk, espdyi
for unmodelled system and obstacle dynamics. :

Let p be the (i/uadrotor, load or cagle’s CPA [sée] (19)?' Constr_amts ) .
position; for each we compute a cost. lpetbe the obstacle's ~ YWe derive constraints from our system and setup limits,
predicted position, then the potential cost term activaiesn  2nd planning objectives. L
pis in the obstacle’s expanded ellipscd; i.e., using [IB), _1) MAVP D)_/nar_nlcs:'l_'he process model state tran_smon
d,(p, S.) < 0. We choose the, associated buffef, such given by [15) is dlscrgtlsed and enforped on thg trajectory
that 5, > f3,. Observing thatid,(p, S.)| increases from state evolution by an inter-stage equality constraint
zero to one as poinp moves from the ellipsoid surface el = f(Tn, ur) (34)
towards its centre, by penalisingpamore towards the centre,
we naturally discouragp from getting closer to the smaller
bounding ellipsoidS,. Given S, models the actual obstacle,
using this method we promote obstacle separation. With th
insight, and using[(16), the cost is formalised as

_ Hd()(pa Se)“Il ’ If d()(pa SE) < 07
pf = { 0 , otherwise (29)

(33)

2

wherek is the stage index.
2) State and Input LimitsThe state and input values are
und to the system allowable ranges. Pgtin, Xtmax and
min» Umax denote the state and input range limits, then the
following inequalities must be satisfied

Xmin < & < Xnax (35)

3) Goal Directed Assistive Steeringdptionally we can Unin < < Umax - (36)
augment collision-free trajectory generation for low plmy  We specify the hardware-specific limits in Section V.
horizons using assistive steering; the idea is inspirechfro  3) Collision-Free Planning: Collision-free trajectory
Vector Field Histograms [29]. The quadrotor position anglanning is guaranteed by constraining the allowable sy-
obstacle ellipsoids are projected onto the world horiZontatem’s spatial states. Lgt be the quadrotor, load or cable’s

plane P by the transformatiof : R* — R* whereTp = CPA [see [(ID)] position; for each we define a constraint.
diag(1,1,0). On P, we define a set of; candidate angular Adopting the requirements (I{7418.120) for a collision-free
directions for steering MAVP system as presented in Sectlon 1I-D, and using (16),
D {ﬂ Y= ii—:,z’ €{l,....na} C N} the associated constraint is formalised as
do(p,So) +8.>0 (37)

originating from our projected quadrotor positidfipp,,.
Checking ally € D, we determineDyee C D which are all  with the non-negative scalar slask.
the non-obstructed (free) directions i up to a maximum  4) Workspace Limits:For confined (indoor) operation,
omnidirectional range fronTpp,. With yga the heading the quadrotor and load position is limited to the workspace
of the goal position from the quadrotor position, the stegri limits. Assume a cuboid workspace, then 8tnin, Wnax
direction is chosen to minimise the angular offset to the go&lenote the minimum and maximum workspace coordinates
as given by in frame{ I}, and between which the cuboid’s space diagonal
is defined, then the following inequalities must be satisfied

Pq + 135q > Whin and Dq — 135q < Winax (38)
With /Tpp, the quadrotor's heading, the cost is evaluated 5, 4 155, > Wiin  and p; — 1351 < Winax  (39)
as its deviation fromy* by

v* = argmin |y — Ygoall ;¥ € Diree - (30)
v

L. with 15 = [1,1,1]" and the non-negative scalar slacks
csteer= || £TPPg — 7 ”Il : (1) s;-When a constraint violation occurs, the slacks assume the
In our results we demonstrate the utility of steering onhhighest value required to satisfy the associated workspace
when using low planning horizons. As thR? steering inequalities. Under workspace convexity, we also guaeante
method is only amendable to planar obstacle avoidance, fie rigid cable remains insidg). Note that the inequalities
R3 spatial avoidance we disable steering. ExtensioiRto are written in short form, however, for implementation each

could be done analogously. vector dimension would each have an individually defined
4) Input Magnitude Regulation:The input magnitude inequality.
associated cost is given by 5) Scalability to Large Obstacle Rich Workspaceake
T set a maximum omnidirectional obstacle detection range
Cin = H“ HIs : (32) originating from the quadrotor position whereby we disre-

For our agile manoeuvres, we weight this cost low. Associagard any obstacles beyond the range for planning purposes.
ting a high cost will improve the system’s energy-efficiencylherefore, the previously introduced obstacle relatedscos
by the conservative use of large inputs. and constraints are dynamically implemented.



D. Optimisation Algorithm the planned trajectory converges to any local optima in the

Local trajectory generation is formulated as a constrainesf!ution space.
optimisation problem subject to the following costs and Planning feasibility is warranted over the ful' stages
constraint definitions: when all optimised slacks are zero. When full planning
1) Costs: We define the stage and terminal cost functionf&asibility is not realised, provided that at least the entr
based on the cost term definitiorS1(Z829[31[30-33). LS{ack s is zero, the current system state and inputs will be
w denote a user-definable weighting used to assign relatif@2sible. Re-planning at a future instance can re-estefulls

importance to costs and their associated objective, then tRianning feasibility. , o .
stage cost function is given by A comprehensive overview of the optimality and stability

of (N)MPC algorithms is available in [26].
Cs = WinCin ‘|'wswinngwing+wsteeﬁsteeH"w;Cpf""w;acks (40)

wherewyr andcpr are vectors of weights and costs equal in IV. SYSTEM SETUP AND FRAMEWORK
size to the number of obstacles, and, s all the slacks ~ We outline our particular implementation of the system
associated cost. The terminal cost function is given by ~ model and NMPC controller for simulated and experimental
studies. For the latter, we also present a state estimator.
Ct = WnavCnav t+ WinCin + WswingCswing T Wsteefsteer

(41)
+w[;; Cpf + w;lracks .

A. System Properties and Hardware

2) Constraints: We impose the system dynamics, and The MAVP system properties used for all studies are given
state/input constraints, as introduced in Sedfion II-€tee  in Table[Tl. The MAVP hardware is shown in Figl 4.
optimiser. By functiong we denote all additional inequality
constraints defined in[{H7-B9). The constraint associat

slackss = [s., 54, 5] € R® must be non-negative. %. workspace

We perform studies in a simulated and real workspace
Combining our previously introduced trajectory variablegneasuring6.0 x 3.0 x 2.6m (LxWxH). The real ind-

(ZI122[27), we denote the optimisation variable by oor workspace has a OptiTr&Wotion Capturing System
_ (MCS) that can track markers for obtaining rigid-body pose
Z=l[xg,..., TN, U0, UN-1,80;---,SN] (42) measurements i E(3) at around 120 Hz.
=[z,a,s] .

With the estimated initial state;;, we optimisez such C. Programmed Control System Framework

that the objective function[(26) is minimised resulting in The control framework is schematised in Fig. 5; in Ap-
a locally optimal and feasible trajectory. With costs angendixA the on-board control component is expanded upon.
constraints stacked together over all stages and obstéutes The off-board components run on an Intel i7 Quad Core
optimisation problem that is solved at every planning tim@.3GHz processor PC, and is programmed in MATLAB with
instancet is formally defined as an efficient C language solver FORCEBdPperforming the
online NMPC computations [30]. All studies are performed
on the same computer with at maximum one core being

min  J = ¢ (xN, *N +ZN:7105 T, Uk, ¥k . .
z i R ) utilised by FORCES Ro at run-time. The on-board com-

st xo=x(t) (Initial Estimated State) ponents run on the MAVP hardware; for simulated studies
xri1 = f(xr,ur) (Discretised Dynamics) we replicate this with our system model. In experiments,
g(r, up,#x) >0 (Inequality Constraints) (43) communication between hardware is performed over a ROS
T e X (State Constraints) 2OptiTrack Prime 17Wht t p: /7 ww. opti t r ack. com
up €U (Input Constraints)
s >0 (Slack Constraints). ‘f,,!’,ayv"’??" A

L axMarkers |
E. Theoretical Analysis e
1) Problem Dimensionality:Variable z is optimised at
every planning time instance encoding the optimised local
trajectory in its solution. As given by _(#2% comprises a
sequence ofV + 1 statesz € R!6, N inputsu € R® and

N +1 slackss € R3, hencez € R?2N+19,

e 2 5
© 4xMarkers =~ .
BN

Fig. 4: Parrot Bebop 2 quadrotor with cable suspended loadattached
tracking markers.

2) Optimality and Feasibility: We use a fast non-linear TABLE II: MAVP system properties as used for study
programming based optlmlser, namely FORCE®HR30], Quad_ Mass 500 G| Quad, Drag Conskip, 028
on our non-convex optimal control problem. Consequently, ' gad Mass 119 | Load Drag Constkp;  1.77x10-3
the computed trajectories are only locally optimal over the Cable Length 0.77m Max. |0g|, |¢q| Input ~ 15°
planning horizonN with the possibility of deadlocks when | Detection Range  3.5m| Max. [t4| Input 1m/s
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{objectives| NMPC u' Quadrotor | F’ w MAVP ! 9{ (D( > Linear 1’,\/’,9,8?[{,?‘,1,(11—) Unscented | )
> Controller > CInpufl > Plant [ ]! L:,f:,,,l; ! Kalman 0 o F F Kalman T
» ‘ontroller 0. @ w. ] Filter % Filter
MAVP Model ] éOn-Board TM ! q Inpgts q: [ Control Force Transform f
ionBoard T . i __Inputs __; >
T Cascaded Tots . . . . .
::;t(ce( < ] Gq ®q Motion Fig. 6: Cascaded state estimation using Linear and Unsceffednd
] sti B : q Capturing |« measured MCS data. Linear KF estimatesbased on the quadrotor input
! off Boarg | EStimator ; Sensors : : ‘
model, measured true pitch, roll and inputs. Unscented KRnastisx
q

based on MAVP model, measured MAVP configuratgpand control force

Fig. 5: Control system framework with the off-board NMPC cotier and inputs computed by13) using the Linear KE outputs.

state estimator sharing a MAVP model, and the on-board MAVResys
Quadrotor input controller performs closed-loop low-legehtrol. External
motion capturing produces measurements necessary for stambatem.

used; let the systemdistance-to-goabe defined as

based network. For simulation and controller design, Runge dgoat = |Pg — Pgoal (44)
Kutta 2" order discretisation of the system model is usethen thetime-to-goalis the elapsed run-time such théjoa
resulting in sufficient run-time stability and performantee  strictly remains below 0.2 m.

implemented NMPC cost weights are given in Tdblé Il1.

A. Scalability of The Optimisation Problem

D. Cascaded Kalman Filter State Estimator 1) Scaling with Number of Planning Stage$he qua-
drotor, with a randomised initial swing;, ¢; <10°, starts

Kalman Filtering (KF) based state estimation ®f is -~ : :
performed using the system process model, and MCS basatd( 20,00, 1.1) with the dynamic obstacle 42.0,0.0).

sub-millimetre measurements of the quadrotor and loa r% coliinear position swap is performed with the obstacle
o . oving at 0.5 m/s such that the head-on paths criticallystest
pose in SE(3) [31]. As the Parrot Bebop’s standard in- g P »

terface lacks a high frequency output of internal sens the predictive planning behaviour. The number of planning

I o .
X f 1 4 to 26. =0.
measures to off-board clients, they were unusable for OEFagesN 's increased from 10 by 4 to 26. Usily =0.05s,

o ) . efault cost weights and with assistive steering enabled or
state estimation routine. The MAVP system for which Wejicobled (with g pre-defined steering directio?ig) we
present process models in Sectibn JI-B comprises (i) Serform 16 runs per case '
guadrotor specific input controller, and (ii) the generahno R S X .

) o AR esults in Fi a show the scaling of the NMPC solve
linear MAVP system. We distribute the state estimation ovef 9L7 9

Wo KF tting individual treat t of th bsvst me with N using no assistive steering. It shows an in-
Wo RIS permitling Individual treatment ot the subsys em%reasing trend which is expected as every additional stage
and maintaining modularity.

. ; . results in an increase of the optimisation variable given by
A Linear KF is used to estimate state of the quadrotor -

. ; Z € R22N+19 increasing the problem dimension. The major
input model (7). T_he MCS provides measures of real P@‘Ph drawback of a lowN are physical violations as the system
and roll ¢, for estimating statesy, , zg,, ¢, , £4,. Lacking

¢ th ical |t is too late to respond to the incoming obstacle, leading to a
necessary measurements o .t € vgrtlca contro .oﬂg,‘,e collision. The late response means the attempted aggeessiv
stateszr 1, zr2 are only predicted without performing the

KE d Simil 39 i evasive behaviour causes the system to move far off-track,
measuremgnt update stgp. imilar to [32], a non- N€Yometimes leading to workspace limit violations, and dVera
Unscented KF is used to estimate the MAVP staig®f the

i . increasing the time-to-goal. With a highaf, collisions are
system mode({14). Measures for state variaptere directly averted with a quicker task completion by a smooth agile

reconstructed from MCS data using the kinematic relations, i)\ as depicted in Fig—Ba. However, witi=26, the
Stroducet(jj |I:FS_ectlo.m_i]3. Us(;ng the p.rgcess. mod((ajl, th me-to-goal increases as the planner increases the MAVP
nscente IS primarily tuned to provide noise reducegt, ,qi4cle separation lowering the potential field assedia

ﬁ?'?atej of the ttr:me de:_lvatlves gflr:aacq. Tgle Unscenter:: (i%st resulting in a more optimal route according to the
Irectly uses the non-iinear and observable process mo jective function definition; this behaviour is tunable by

for state _predlctlon w_|thout performing linear approximas & .o weights to achieve a different behaviour.
as traditionally required by the Extended KF thus usually To address the underperformance with a Idw assistive

improving the. prediction_ accuracy [33]_' Th? fu!l C""S‘wdegteering is used to guide the MAVP towards obstacle-free
KF based estimator design is schematised in[Fig. 6. regions without compromising on run-time performance. As
shown in Fig.[7b, the NMPC solve times are minimally

V. SIMULATION STUDY affected by enabling steering. Referring to Higl 8b for the

We showcase our method’s scalability, robustness ar{g:lo case, observe how the steering assisted trajectory

performance in simulated studies. The following metrics ar> guided away ffom the obstacle re_sultl_ng n a CO"'S'O.n'
free task completion. In general, application of the stegri

command over the entire planning length makes the path

TABLE IIl: Implemented default cost term weights more conservative thus increasing the time-to-goal eapigeci
Navigationwnay 1.0 TNpULS Wiy 001 for the higherV- when compared to no steering. The benefits
Potential Fieldwps 1.2 Swing Angleswsying  0.001 of steering are greater for low stagév) counts where
Steeringwsteer 0.05 Slackswsiack 10000 the guidance is used to improve local planning. A oW
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Fig. 7: Simulated NMPC solve time, time-to-goal and physicalations (collisions or breach of workspace limits) per ruthvincreasing planning stages,
assistive steering enabled or disabled, and 16 runs per case
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(a) N =26 and no assistive steering; the long horizon pre-emptivelgeguthe system away from the incoming obstacle’s path.
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(b) N =10 and with assistive steering; quadrotor’s planned headirgigered towards obstacle free direction for avoidance.

Fig. 8: Point-to-point navigation with collinear dynamicstacle; showing planned and executed trajectory and dugreadrotor position. Top down view.

with steering is a viable method to maintain a reasonabw

o8l * +
run-time frequency and collision-free performance. In OLE s
simulation, we always used default cost weights, howeve“’ 005 % % %

N
o
[}

4
o
S

by fine-tuning the weights to accommodate a shorter/long"’ 0.04
prediction length, better performance may be realised. %0-02

— = @ é

Based on the results and qualitative observatidns; 18 T ) s

was used for all subsequent studies as it balances run-ti.. Numb‘lef of ;bstacles | § Numbefl of Ob;tacles

Flg 9: Simulated NMPC solve time and time-to-goal with inciegs

and_ p-Iannlng Perfqrm,an,ce' AS mentloned_m Section ]il- Br'lumber of dynamic obstacles using = 18 and 16 runs per case. No

assistive steering is limited to planar motion, therefdee, violations/coliisions occurred. Outlier for time-to-goat 6 obstacles is for
maintain the applicability of our results to spatial motiea  a run that temporarily entered deadlock resulting in a lomgeh.

have disabled steering for all subsequent studies.

2) Scaling with Number of Dynamic ObstaclesVe
perform a navigation task from(—2.5,—1.0,1.0) to
(2.5,1.0,1.0) amongstn, randomly placed obstacles with

randomised velocities<1 m/s. We increase, from 2 by  amongst 8 dynamic obstacles. The outlier at six obstacles is
2 to 8 with At = 0.05s, N=18, default cost weights, N0 the result of a temporary deadlock situation that is resblve
steering, and perform 16 runs per case. by a lengthier planned route. As mentioned, NMPC is locally

Results in Fig[® indicate a positive trend in MPC solveoptimal, therefore, the deadlock situation arises fromcallo
time with n, resulting from the additional cost and con-minimum of the objective function that occurs when several
straints introduced into the optimisation problem per &ddi obstacles corner or obstruct the MAVP’s path. In those gases
onal obstacle. The time-to-goal shows an increasing spretite planning may not be able to detour around the obstruction
with n, as the obstacles are more likely to obstruct thas the objective function over the planning length may only
system’s path resulting in a lengthier route. In Higl 10 wdave a positive gradient. This local optimality is a limibat
show one run demonstrating the MAVP’s agile responseharacteristic to local planning algorithms [34].
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Fig. 10: Point-to-point navigation usiny=18 amongst 8 randomised dynamic obstacles moving atm/s. The dynamically planned and agile executed
trajectories of the quadrotor and payload are shown withctireent quadrotor position indicated. Top down view.
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(a) NMPC; Simple task (b) Pre-Generated; Simple task (c) Minimal Swing; Simple task
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(d) NMPC; Difficult task (e) Pre-Generated; Difficult task () Minimal Swing; Difficult task

Fig. 11: Comparison of executed trajectories for manoeuvairggind an obstacle (simple) and completing a slalom courfecidt) using NMPC with

N=18, pre-generated and minimal swing planning and controke®fe that pre-generation leads to the smoothest, most oppiatial resulting from
the global planning scope. NMPC response resembles preagiemeand only initially reacts later to the presence oftatles due to local planning.
Minimal-swing response is sluggish as the turning motionsnamee suited for agile behaviour. Top down view with > t2 > t; > to shown.

TABLE IV: Comparison of NMPC to pre-generated and minimal swing
salpproach for mean off-line computation, trajectory executtime-to-goal)

. . and total task completion time over 4 repeated runs.

We compare the total task completion time for three

B. Performance Comparison to Contemporary Approache

methods; (i) our NMPC (i) pre-generated and (iii) minimal é:ﬁqor:;hgsk | Off-ine [s[ | Time-to-goal [s] | Tofal [s]
swing trajectory planning and control. A navigation task is NMSC N/A 565 565
performed for a simple static obstacle and a difficult slalomPre-Generated 2.91 2.25 5.16
setup. For (i) we uséV=18 and default cost weights, for | Minimal Swing N/A 7.10 7.10
(i) we use our optimiser withV=200 for sufficient stages Bﬂ';g" task T a— a—
to pre-plan the entire trajectory and then simply tracknt @ [pre-Generated 1054 785 1539
for (iii) we use N=18 with a high swing costvswing = 1. Minimal Swing N/A 18.55 18.55

We useAt=0.05, no steering and perform 4 repeated runs.

Table[IM shows a comparison of the total task completion. . . .
times (off-line computation and trajectory execution)dan sizeable65% reduction compared to pre-generation. Unlike

Fig. [I1 depicts the executed trajectories using the thrége-generation where a task-specific trajector_y is geedrat
approaches. As expected, the pre-generated trajectory NMPC method adapts to both tasks without any re-
the shortest time-to-goal for both tasks due to its highlyonflguratlon. With increasing task complexity and dunatio

optimised planning which requires large off-line compiatat greater reductions can be realised making NMPC'’s sgalabi-
times. The minimal swing approach results in sharp turddy unparalleled. Furthermore, our NMPC method applies to

as the system accelerates and decelerates at the turnfiyj@mic scenarios.

points making the motion slow and space inefficient as . ]

substantial effort is required to maintain a low swing angl&- Robustness to Change in Control Time Step and Lags

through the turns. The NMPC based trajectory is marginally We demonstrate the robustness of our method by (i)
slower and less optimal than pre-generation, howeverctdireincreasing At from 0.05s to 0.20s to simulate a slower

deployability means the simple task is completed withiNMPC controller (on a less-powerful computer), and (ii)

2.65s, a18% reduction, and the difficult task within 5.35 s, aartificially adding a 0.1 s lag between NMPC generated input
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Fig. 12: Distance-to-goal for a simple point-to-point natign task, load suspension angles and NMPC generated guittholl inputs withV =18 and

an increased NMPC time-step froth¢t=0.05s to 0.20s and control to execution time lag of 0.10 sb)ndbserve that NMPC compensates for the long
time-step over which inputs are executed by reducing thetinpagnitudes resulting in a stable yet slower, less agile mot@omparing (a) and (c),
observe that even with a high time lag, the MAVP responds irablstand agile manner.

commands and actually executing them. We use the simpfe Agile Acrobatic Manoeuvres
task from Sectiomn V-B for analysis an=18, default cost
weights and no steering. Two complex agile manoeuvres are performed; (i) the

Comparing Figl12a ar{d 1Pb with the different, notice MAVP must fly over a high bar at 0.95m with a virtual
that NMPC automatically adjusts and reduces the computégiling of 1.8m, and (ii) similar to [11] and [17], the
input magnitudes for the longer time step resulting in #MAVP must fly through a narrovo.7 x 0.7m opening. For
slower, less agile system; this is apparent from the distancboth manoeuvres, three passes over/through the obstacle ar
to-goal and load angles plots. Witht=0.20's, agile manoeu- performed in a rapid, successive and bidirectional manner.
vres are inconceivable as large inputs over the long timghe tasks are impossible to execute without reducing the
step would result in excessive accelerations with detrtaden system’s total vertical dimension (0.9m when stationary)
consequences on overall performance. Using the procedd swinging the load. The NMPC uses the real time-step,
model, NMPC is able to appropriately adapt its planning and/ = 18, default cost weights and no steering. For the narrow
control to the time-step size to realise the desired motion.opening, the maximum pitch/roll input is increased2fs .

With a 0.10s lag, notice in Fid._IPc that the system’s In Fig.[I3 the two agile manoeuvres and the obstacle to
distance-to-goal and load angles are similar to those with 'MAVP clearance over all passes is shown. As the planning
lag in Fig.[12&. Due to our method’s closed-loop setup, theust excite the load’s swing over a relatively short diséanc
true system behaviour is continually used to re-initiatise  large rapid inputs are commanded. Following the manoeuvre,
planning instance thus modelling errors do not accumulatéthe controller is able to stabilise the system at the goal
If pre-generated trajectories were used, any unaccouated Iposition. As we do all computations online, and perform
would result in significant deviations of the real systermfro the passes in rapid succession, the clearances over tlge thre
the planned path due to model mismatch. NMPC is therefoggasses differ while maintaining acceptable separatiomeo t
more robust to small modelling inaccuracies making it arsaf@bstacle(s). For both manoeuvres, the entire system sgtup i
and more practical method for real-world applications.  identical with only the obstacles changed exemplifying our

IncreasingAt further to 0.25s and lag to 0.15s destabili-method’s adaptability to different tasks.
ses the NMPC controller in simulation. We attribute this to of the 48 tests performed over both tasks, 77% were
several causes; first large time-steps used in combinatibbn Wsuccessfully executed. In cases where the manoeuvre was
NMPC'’s discretised process model can result in predictioqt successful, the MAVP would either end up in a deadlock
error divergence. Second, unmodelled time lags resultén th, front of the obstacle or make momentary contact with
prolonged execution of the large magnitude inputs requirgfle opstacle. Flight was recoverable following the contact
for agile flight resulting in excessive, destab_ilising decati-  \yith only four tests where this was not the case. The likely
ons; for short lags, the closed-loop control is able to pmeve cy|prits for the unsuccessful tests are the local plannjng a
this from occurring. By acknowledging the presence of a longrgach, and inaccuracies in the model resulting in a sub-par
time-step and/or lag in the controller design, the methodgregiction that leads to a discrepancy between the observed
prediction accuracy can be improved,; this is future work. 5nq planned motion. In a deadlock, the planning horizon is

insufficient to plan a successful agile motion over/throtigh
VI. EXPERIMENTAL STUDY obstacle, however, increasing the horizon could rectifg. th

We showcase complex, agile behaviour in static and@he obstacle contact was only observed when flying through
dynamic experimental setups. The same distance/timéle opening as the margins of error were small, so prediction
to-goal definitions as introduced in Section] V ardhaccuracies have a noticeable effect on task performance.
used. Videos of the experiments performed are at The setup was extended to the case of a moving high bar
https://youtu. be/ 2Vt Y] S3_6Gs. manoeuvre for agile dynamic obstacle avoidance (see video)
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(a) Flight over high bar with virtual ceiling (orange line) (b) Flight through narrow).7 x 0.7 m opening

Fig. 13: MAVP’s agile acrobatic manoeuvre over a high bar amdugh a narrow opening. Snapshot of one pass shawagf. The quadrotor and
payload clearance to obstacles (grey with pink enclosifigseid) at the vertical obstacle plang=0 m) over three successive passei®t] is shown and
numbered 1,2,3 and' ,2’,3’ for each pass. Observe the agile motion and that sufficieataikee is maintained over all passes.
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(a) Perpendicular path crossing (Human mean speed 1.0 m/s) (b) Diagonal path crossing (Human mean speed 1.2 m/s)

Fig. 14: One planning instancéeft) and full executed trajectoryright) with t3 > to> > t1 > to for a perpendicular and diagonal MAVP-human path
crossing. Smooth and agile planned and executed trajestorééntain a safe separation to the moving human obstacle (shywhe bounding ellipsoid).
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(a) Snapshot from experiment (b) Schematic of MAVP, human ob- (c) Separation between MAVP and ellip- (d) Framework loop time includes
stacles and plan soids representing humans the NMPC solve times

Fig. 15: MAVP follows an elliptical path avoiding two randoynivalking human obstacles modelled as ellipsoids moving at a riéam/s with max.
1.2m/s. As shown in (c), the 0.2m buffered collision avoidatimit is never violated. The system only intermittently eat¢he larger potential field
ellipsoids with a 1.0 m buffer. In (d), observe the steadyplaimes for the full framework (mean 66 ms) which includes the NM&Dtroller (mean
44 ms); brief spiking arises from situations where signific@aplanning was required.

B. MAVP Human Obstacle Avoidance vertical space around the obstacle (video shows this glearl

Obstacle avoidance performance is demonstrated amon PC's predictive capabil_ity means Ioaq is actively swung
dynamic human obstacles with (i) test cases involving ingway from the human's direction of motion to avoid a po-

tersecting MAVP-human paths, and (ii) random motion in éentlal I(_)ad-human coII|S|on._The minimum MAVP to hl_Jman
shared MAVP-human space. The humans are represented arations for the perpendicular and diagonal crosssig ta
ellipsoids with buffers3,=0.2m, 5.=1.0m, and are tracked wére 0.45m and 0.61m.

to estimate their velocities for planning. The NMPC uses the 2) Two Humans Walking Randomlyffwo humans walk
real time-step, default cost weight¥,=18 and no steering. for 150s in random directions crossing the MAVP’s path.
Note that we define the MAVP’s closest approach to théhe MAVP autonomously follows a goal position moving
human’s associated ellipsoid as the smallest value of reithanti-clockwise with a 8's period along an ellipse with semi-
the quadrotor to ellipsoid, or load to ellipsoid distance.  principal axes(1.6, 0.4) m and a constant 1.4 m height.

1) One Human with Crossing Path# human walks per- In Fig. I3 we show a snapshot from our experiment
pendicularly and diagonally on a path crossing the MAV peralongside the system’s closest approach to the humans and
forming a navigation task frorf—1.5,0,1.9) to (1.5,0,1.9).  the framework/NMPC loop time. As shown in Fig._15c, a

In Fig. 14 we show a snapshot and the full executedafe distance is maintained by the MAVP from the humans
trajectory for both cases. Observe the MAVP's smooth, safgith no collisions over the entire run; the minimum observed
and agile execution of the task which includes the use afeparation was 0.35m from to the human’s collision avoi-
full spatial avoidance exploiting the available horizdrgad dance limit. Observe from Fig._1bd that the NMPC solve
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time resembles the statistics obtained from the simulatday the fast attitude controller resulting in longitudinaida
study with 2 dynamic obstacles as shown in Hi§. 9, thdateral control forcesF,, F,. From our observations, the
refore, the NMPC computation performance is preservearrot Bebop quadrotor can perform level flight under a
going from a simulation to the experimental setup. Agitch/roll tilt suggesting the absence of an additionatieat
the optimiser is initialised using the time-shifted prexdo force component. The quadrotor vertical velocity is siabd
solution, a roughly constant solve time is achieved. Sgikinby a controller based on reference inpaj resulting in
occurs when the optimiser’s iterative solver requires moreertical control forceF, trimmed for weight. All forcesF’
time to computed solutions which primarily occurs wherare in the world East-North-Up inertial frame.
considerable re-planning is required. Examples where we

observed spikes included situations where the humans would APPENDIXB

inhibit the NMPC planner from feasibly planning a path to IDENTIFIED PARROT BEBOP2 INPUT MODEL

go to the goal position, or the MAVP would be trapped. The quadrotor pitct,, roll ¢, and vertical control force

The spikes only lasted one to two time-steps so observatioqx% response to inputs pitch,, roll ¢, and vertical velocity
showed the overall performance was not degraded. Specifi¢ are identified using the MATLAB system identification
to experiments is a mean 22ms overhead (on top of NMPfgo|pox. The linear second-order, state-space, blackAiox
solve time) associated with the framework’s state estonati dels, which we denote byy, /4, hp, are given by equations
communication and data parsing. The low overhead Meagss) (46) and[(47) respectively;
controller’s performance is not severely affected.

Thanks to its online and receding-horizon nature, our met- ) 4301 —92.877 —0.6893] -
hod can execute continuous manoeuvres and avoid dynamic %6 = | 1992 —10.37| %° [_16,32 04 (45)
obstacles. To the best of our knowledge, the experimentally 9, = [1.763 4.586 x 107%] o + [0] O,
demonstrated agile and safe MAVP manoeuvrability amongst
humans in proximity is unprecedented. Our method is ex- Ty =
tendable to larger spaces with more humans/obstacles as we o
have already demonstrated in simulation with eight obstacl

—2.789 —4.978]  [-541] 5
9.302 —13.72| ¢ T |-18.04| ¥ (46)
1.996  0.4657] ¢ + [0] ¢q

q

&p = |676T —6546] - [38.75] o
VIl. CONCLUSION Fo=13.031 0311 | FF T |1.841| "¢ (47)
F, =00310 2.03x107*]xzp + [-0.121] @, .

In this paper, we presented a novel optimisation based
unified motion planner and controller to accomplish online, The statescg = [z4.1,Tg 2], Ty = [T,1,T42] ANdTp =
closed-loop and agile flight of a Micro Aerial Vehicle slung[zr,1, zF2] are combined ag. = [xg, T4, TF).
payload system. We aptly formulated the optimisation ob- For system identification, we experimentally collected two
jective function and constraints to achieve safe and doflis datasets (estimation and validation) of the Parrot Bebop 2
free flight in dynamic environments over various complexesponse on a°5amplitude 0.5Hz square wave pitch/roll
tasks including flying through a narrow opening and avoidingnput over 15s, and a 1 m/s pulse of width 1 s for the vertical
moving humans. With simulation and experimental studiesontrol force. Tabld_}/ shows the quadrotor input model’s
we demonstrate the method’s (i) scalability with the planfit. We use NRMSE (MATLAB’s definition) to facilitate
ning stages and the number of obstacles, (ii) robustness aomparison; a 100% NRMSE means a perfect fit.
different controller time-step durations and input examut
lags, (i) adaptability and repeatability over variouswgaex TN

N — Quadrotor Input

tasks, and (iv) fast online performance in experimente 047 Attitude | ¢ | Motor |Fy  Controller MAVP
H Controller Controller : System

conditions. For future studies we recommend the method ¢, +%- By State

. .. . . H : Variables
extension to non-rigid cables, improving the model's rea Twe pich 0y (o (H/" Ll s P
. . .. H uadrotor u MAVP —>
lism, accuracy and consequentially the NMPC predictio Tuerol ®q [Pich/Rolll R e L

: Input

performance. Furthermore, a study involving variations ¢ Dynamics ~4q

the model parameters would showcase the generality of t __ Vel | o [ moror | B |0 e
h to diff t t d t Al d t Wq=rQ—> Velocity 7| Controller Vertical .
approach to different systems and setups. Also, due to eur 1 "I+ | couoler erteal .

liance on off-board NMPC control and motion capturing we L -
limited our experiments to indoor spaces, however, with th&ig. 16: On-board quadrotor input controller showing inmtitude and

: 3 : vertical velocity stabiliser loops. Motor inputsare generated by controllers,
controller frequency achieved off-board, we believe oafdo resulting in forcesF and momentsM. Internally stabilised quadrotor

computations would be feasible with hardware availablgtitude is perturbed bys; control force F;, affects MAVP dynamics.
today. Combining our method with contemporary obstacle

detection, localisation and state estimation techniquegdc TAELEI,gi tNOVZ\atliseC: fRoot Mean “ngaret_cli Edrrlpr (NRMSE)dto estigmt
. . and valigation dataset tor empirically identifie inear@ed-order quadro-
make urban MAVP operation a reality. tor input control model.

APPENDIX A System l\E/IO('jEI fit astRMSE sAul]_d -
QUADROTOR ON-BOARD CONTROLLER - i
Figure 16 shows an expanded schematic of the quadrotgr&oll 91.09 89.09
on-board controller. The pitch, roll inpd,, ¢, are tracked [ Vertical Control Force | 91.38 91.56

13



APPENDIXC

DERIVATION OF THE CLOSESTPOINT OF APPROACH
(CPA)OF A FINITE LINE SEGMENT TOAN ELLIPSOID

Consider an ellipsoid of dimensionéa,b,c), at po-

sition p, and a parametrised finite line segmefit =
{plp=pg+s(pi —py),s €[0,1]} wherep, and p, are

the end-points. Lefu, v, w]

Pq-

vectors intox, y, z components, we approximate the signed16]

= Pi — Dq andrqo = Po —
Substituting£ in the ellipsoid equation and expanding

line to ellipsoid distance function by

d(s) =

(zqo + Su)2 (yqo + SU)Z (Zqo + Sw)
a? + b2 + c?

2
—1. (48)

Minimising (48) with respect ta, we get the closest point
to the ellipsoid along the infinite expansion of lide

§ =argmind(s) =

Then on the finite line segment we obtain the Closest Poif#°]

2.2 2,2 232
Tqoubc® 4 Ygova“c® + zgowab

u2b2¢2 + v2a2c2 + w2a2b?

S€R
(49)

of Approach (CPA)

Dy = [Tq+ s U,y + s v, 2 + s*w]T

wheres* = min{max{5s,0},1}.
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Chapter 2

Introduction to the Preliminary Study

In recent years, there has been growing interest from the research community and industry
alike in the Unmanned Aerial Vehicles (UAVSs) potential of carrying payload/cargo. UAVs
are a disruptive technology that can bring operational cost savings, enhanced functionality
and outperform classical approaches to certain tasks including payload transportation (The
Economist, 2012). UAV’s relatively small form factor, agility and low upfront costs could
result in widespread and simple deployment of UAVs for payload transport in areas that are
inaccessible or dangerous for humans and/or conventional (aerial) vehicles. Current applica~
tions have seen UAVs being used in search and rescue (Ryan & Hedrick, 2005), package/cargo
delivery (Jain, 2015) and construction (T. Lee, 2018). However, most applications have been
limited to wide, open-spaces where the UAV is unhindered or confined to its own space.

Enabling UAVs to carry payloads in cluttered uncertain dynamic environments, such as a
city, presents itself with many challenges. There are four high-level tasks that must occur
to enable autonomous motion, namely Perception, to locate oneself, Planning, to have an
objective, Control, to perform actions, and Coordination, to realise the objective (Pendleton
et al., 2017). The focus of this entire research project will be to address the challenges related
to path planning and control for collision/obstacle avoidance of UAV-swung Payload (UAVP)
systems. Briefly stated, this thesis addresses the design of a closed-loop trajectory generation
control architecture for a UAVP system through dynamic uncertain environments quickly
and safely without complete environmental knowledge and with modelling imperfections. To
achieve this final outcome, it is reasonable to start with a preliminary study of the UAVP
dynamics as to understand the physical system characteristics and its physics. During this
preliminary study, a thorough investigation of the UAVP system and its modelling was perfor-
med to garner insights about the system behaviour and fill knowledge gaps with simulation
and experimental studies where necessary. The outcome of this study is a comprehensive
system model and foundational framework to perform future simulation and experimental
studies. The knowledge gained from preparing, setting up and experimenting with the har-
dware also provided insights into the possibilities and limitations of experimental studies as
will be presented in this report. Summarising, the system modelling theory, simulation and
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24 Introduction to the Preliminary Study

experimental setup, and results presented in this study establish the necessary groundwork
for subsequent studies for the control of UAVP systems for collision/obstacle avoidance.

Chapter 3 introduces the preliminary study’s content in detail, puts it into the context of the
entire research project and presents the subsequent steps for completing the study. Chapter
4 provides an overview of literature relevant to the preliminary study performed. Chapter 5
presents the derivation of the UAVP system kinematics and dynamics using first-principles.
Chapter 6 outlines the simulation and experimental methodology for verifying and validating
the UAVP model. Additionally, details of the hardware and software used is presented for
future duplicability. A discussion of the relevant results is presented in Chapter 7 with the
intent of fully identifying, verifying and validating the UAVP dynamics model. Chapter 8
provides an overview of the research planning with an outlook for the remainder of the research
project. Chapter 9 concludes and highlights the main research outcomes of the preliminary
study.
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Chapter 3

Research QOutline

To put the research project into context, an overview of the research objective, questions and
hypothesis is provided in Section 3-1. From this the main research themes are discussed in
Section 3-2 identifying the research questions that are addressed in this preliminary study. In
Section 3-3 an update of the latest research objective is provided.

3-1 Research Objective, Aim and Questions
The objective of the research thesis project is to:

‘Demonstrate closed-loop collision-free planning, for an imperfectly modelled
UAV-payload system, through dynamic uncertain environments by using Model
Predictive Control (MPC) combined with Learning Based System Identification
(LBSI)’

To address and steer the thesis towards the research objective, several (sub-) research ques-
tions (RQ) are formulated that provide an indication of the knowledge required.

1. Can MPC be used for the closed-loop collision-free trajectory generation for a UAV-
payload system?

(a) Which theories are available for modelling the UAV-payload system dynamics while
considering the limitation and assumptions made?

(b) Which reactive collision avoidance methods have been researched in dynamic en-
vironments?

(¢) How should the MPC be setup such that the controlled system’s motion is collision-
free?

(d) To what extent does simulation verify MPC’s capability of closed-loop collision-free
motion?
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26 Research Outline

(e) To what extent do the simulation results translate to real-life experiments for
validation?

2. Does the MPC with LBSI model show improved collision-avoidance performance in
comparison to using the EOMs?

(a) Which previous studies have explored the use of LBSI in the context of UAV-
payload systems?

(b) Which LBSI method is most suitable given the MPC control structure used?

(¢c) How should the LBSI be trained such that it remains representative of the physical
system?

(d) To what extent do experimental results show collision-avoidance performance im-
provements made using LBSI?

The relevance of these research questions to the study are addressed in Section 3-2. The
purpose of this research is to prove the following hypothesis. The research questions are used
to guide the research towards addressing the hypothesis presented.

‘The use of Model Predictive Control (MPC) combined with Learning Based Sy-
stem Identification (LBSI) enables closed-loop collision-free trajectory generation
under system modelling uncertainties for UAV-Payload systems’

3-2 Preliminary Study within Research Context

Three areas of knowledge are derived from this research objective where each will be progres-
sively addressed during the studies conducted.

e UAV-Payload (UAVP) system dynamics modelling

e Model Predictive Control (MPC) for closed-loop collision-free planning and control

e Learning Based System Identification (LBSI) to learn for imperfectly modelled UAVP
systems

This preliminary study contributes to the first area of knowledge; namely UAVP system
dynamics modelling. This research will be necessary for the second knowledge area concerning
the design of a model-based MPC controller. The performance of a model-based controller is
dependent on the model’s accuracy as control computations are derived from how the system
is expected to respond based on predictions made using the model. The reason of deriving
an accurate model becomes clear from understanding how MPC works.

Model Predictive Control (MPC) also referred to as Receding Horizon Control (RHC) is an
optimal control theory in which system control inputs are optimised, with respect to costs
and constraints, and executed in discrete time (Olsder, Woude, Maks, & Jeltsema, 2011).
The cost function (usually quadratic) and constraints are carefully designed to promote a
certain type of system behaviour that is feasible (constrained by physical limits). In MPC
a constrained open-loop Optimal Control Problem (OCP) is solved over a set time horizon
that generates a set of system inputs to achieve a locally optimal predicted system response.
Only the first action from the generated optimal control sequence is performed after which
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3-3 Final Research Objective 27

the entire time horizon is shifted by one time-step (recessed) and the process is repeated
(J. H. Lee, 2011; Olsder et al., 2011). Due to this ‘receding horizon’ principle, closed-loop
control is achieved as feedback is implicitly introduced by solving the OCP every time-step.
For a more thorough explanation of MPC, refer to Appendix D.

Two time horizons are defined in MPC, the control horizon which is how far into the future the
control inputs are to be optimised such that the predicted system response over the prediction
horizon length, using the model, deviates the least from the reference response (J. H. Lee,
2011). The prediction horizon length drives the required model accuracy over sustained time
periods as it require a model to predict the future UAVP states given only the actual measured
initial state. It is expected that over longer time horizons, the predicted system response will
increasingly deviate from the true response due to accumulation of errors. As the prediction
horizon is generally in the order of 10~! to 10" seconds, the model only needs to capture the
system’s local behaviour accurately and over short time periods.

Having shown the relevance of this preliminary study for MPC, returning to the global research
scope, this report addresses two research questions that were initially identified in the research
planning. The first question requests the ways in which to identify and define the UAVP model
while the second requests how to verify and validate the model.

e RQla 'Which theories are available for modelling the UAV-Payload system dynamics
while considering the limitation and assumptions made?’

e RQ1b "To what extent do the simulation results translate to real-life experiments for
validation?’

To identify, verify and validate the UAVP system dynamics model, a preliminary study was
performed using simulation and experiments results. The simulation was used to verify the
derived system dynamics model and build a framework to perform simulated studies using
the MPC high-level controller in subsequent stages of the research. Experimental data was
collected for identification of unknown system dynamics and validation of the simulated re-
sponses. The multifaceted approach ensured that the obtained UAVP model was fully iden-
tified, verified and validated such that it would provide sufficient predictive performance for
implementation in the model-based MPC.

3-3 Final Research Objective

Throughout the thesis, the research objective became clearer and focused. Following the
preliminary study, it became apparent that adding the Learning Based System Identification
on top of the closed-loop collision-free trajectory planning would be infeasible in the time
available. Also, by concentrating on one aspect and evaluating the planning and control, a
thorough and well-developed contribution could be made. Therefore, the research objective
was reworded as follows;

‘Demonstrate online, closed-loop, collision-free trajectory generation and control

of a MAV-Payload (MAVP) system in dynamic environments using Non-Linear
Model Predictive Control (NMPC)’
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Chapter 4

Literature Survey

The literature survey presents the state-of-the-art in concepts and techniques in the field of
collision-avoidance for UAV control and planning combined with insights into modelling the
Unmanned Aerial Vehicle - Payload (UAVP) dynamics. Within this scope, core concepts
from trajectory planning, and UAVP system modelling and control are treated with reference
to classical and contemporary techniques from literature and scholarly articles. The sections
are structured to provide the readers with a core understanding of concepts diving into more
detail, later on, to help substantiate the reason why the research proposed in this thesis is
relevant. Note that to the best of the writer’s knowledge, this is the state-of-the-art at the
time of writing of August 2017. A condensed overview of this literature survey is presented
in Appendix B.

Section 4-1 discusses the contemporary approaches to modelling the UAVP system highlig-
hting the complexity and limitations of models that are necessary to design effective control
techniques. Section 4-2 introduces core concepts from collision avoidance and highlights the
difference between open- and closed-loop collision avoidance. Section 4-3 discusses contem-
porary control techniques for UAVP system with an extended treatment of Model Predictive
Control (MPC) due to its relevance to this research’s topic. Section 4-2 elaborates on colli-
sion avoidance algorithms as used for UAVP system with their implementation and results in
empirical studies. Finally, Section 4-5 expands on adaptive control techniques by introducing

learning based system identification schemes that support parametric uncertainties in the
UAVP model.

4-1 UAV-Payload System Modelling

The modelling and control of aerial vehicles carrying suspended payloads was originally trea-
ted for helicopters (Cicolani & Kanning, 1992).The NASA Technical Paper from 1992 covered
the Equations of Motion (EOMs) of slung-load systems including multi-lift systems (multiple
vehicles) with different single/multiple suspension points with the intention of helicopter-
like vehicles being the suspension point(s). The study helped in the understanding of aerial
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vehicle assisted payload carriage and the disturbance effects that slung-payloads introduce
to the carrying vehicle. However, the theory of helicopter-payload dynamics do not directly
translate to UAVP dynamic systems; UAVs have fast, non-linear, unstable dynamics that are
only complicated by introducing a swung payload resulting in external disturbances (Palunko,
Fierro, & Cruz, 2012).

4-1-1 Types of Payload Attachment

When considering aerial vehicles such as a UAV with payload, there are two ways by which
payload can be carried. The stand-alone UAV is the combination of all the components
necessary for the UAV to fly independently; this includes the basic airframe and necessary
battery resulting in the vehicle’s Operating Empty Weight (OEW). The payload is defined as
any additional, non-essential mass that is internally /externally attached to the UAV that does
not serve any functional purpose related to flying the UAV. For the purpose of this research
only externally attached payloads will be considered given that small-size UAVs will be used.
An important assumption is that the payload can not directly contribute to additional thrust
forces on the system will complicate the system dynamics significantly.

In literature, two problems for UAVP are studied namely, grasped loads whereby the payload
is rigidly attached to the airframe (Palunko, Cruz, & Fierro, 2012) and more often suspended
loads whereby the payload is (freely) swung under the vehicle (Feng, Rabbath, & Su, 2014).
In the external grasping case, the payload can be seen as a protruding extension of the vehicle
body itself that alters the vehicle’s inertial and physical properties. Provided the payload is a
rigid body, the grasped payload’s position relative to the vehicle is unchanged during all flight
manoeuvres (Palunko, Cruz, & Fierro, 2012). In the suspension case for a point load, the
payload moves in R? relative to the suspension point on the vehicle significantly increasing
the complexity of modelling the dynamics.

With regards to this thesis’ research, the first case of grasping a payload is not interesting as
for the trajectory generation, the planning must only account for an expanded UAV shape
with an altered dynamics model. In the suspended payload case, the trajectory generation
problem will have to account for the UAV and relative payload dynamics which is more
interesting.

4-1-2 Types of UAVs

Modelling the system dynamics involves understanding the carrier vehicle dynamics, therefore,
a short introduction to UAVs is given highlighting the motivation for choosing the quadrotor
type UAV. The Unmanned Aerial Vehicle (UAV) is a category of aerial vehicles that are piloted
remotely or (semi-) autonomously with the absence of a human operator on-board. Within the
UAV category, there are two main types of vehicles; commercially popular single/multi-rotor
systems (e.g. helicopter, quadrotor/quadcopters, hexacopter, octocopters) and fixed-wing
systems (e.g. General Atomics MQ-9 Predator (General Atomics Aeronautical, 2017)). More
niche types of vehicles include the flapping-wing systems e.g. DelFly (De Croon et al., 2012),
or hybrids of such systems (e.g. the ATMOS UAV Marlyn that combines a conventional
quadrotor setup for take-off/landing with a fixed-wing flight mode (ATMOS UAV, 2017)).

Nikhil D. Potdar Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments



4-1 UAV-Payload System Modelling 31

This literature study will focus on modelling the UAV as a multi-rotor system and specifically
a quadrotor.

A quadrotor is a four rotor Vertical Take-off and Landing (VTOL) vehicle. Quadrotors are
able to perform stationary hovering which is in contrast to fixed-wing UAVs that require a
continuous motion to generate lift which is not desirable especially in indoor conditions where
space is limited. Consequently, a quadrotor is able to perform agile motions in confined
spaces as it has the ability to fly without forward motion. The quadrotor is an under-
actuated system (non-holonomic) as it has six Degrees of Freedom (DOF) and only four
degrees of control/actuation (four rotors) (De Crousaz, Farshidian, & Buchli, 2014). Adding
a suspended payload to the system increases the system’s DOF by two (pendulum’s polar
coordinates in vehicle reference frame) and including a flexible rope by a further one (De
Crousaz et al., 2014).

4-1-3 UAV-Payload Setup

The UAVP systems that have been treated in literature are either a single UAV or multiple
UAVs cooperatively carrying a suspended payload. Both modelling cases will be addressed
in this section.

Single UAV-Payload Setup

The basic UAVP setup consists of a single UAV with one suspended point payload. This
problem is usually broken down into a two rigid-body problem where the bodies are coupled
through interaction forces. The two body approach allows the UAV and payload dynamics
to be treated separately coupling them through the interaction tensile force as shown in
the left of Figure 4-1. Subsequently, cascaded control systems may be designed whereby
the payload dynamics drive the quadrotor dynamics and vice versa as is done frequently in
research (Gonzalez et al., 2015; Jain, 2015; Palunko, Cruz, & Fierro, 2012; Pizetta, Brandao,
& Sarcinelli-Filho, 2015, 2016; Trachte, Gonzalez, & McFadyen, 2014). The single UAVP
setup has been studied for both planar (R?) and Three Dimensional(3D) (R?) motion cases.
The point load pendulum dynamics are analogous to a simple (in the case of planar motion)
or spherical (three-dimensional case) pendulum attached to a moving suspension point. The
Equations of Motion (EOM) are derived using the Newton-Euler or more often the Euler-
Lagrange formulation due to more straightforward computation and resulting complexity of
the EOMs.

T/ 1T

Figure 4-1: The UAVP configuration for single UAV - point load (left), multiple UAV - point
(centre) and rigid (right) load.
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Planar UAVP motion in the XZ plane studies the motion of a quadrotor with a cable suspen-
ded load (always in tension) where the system state/configuration will evolve in SE(2) x S;
for the 3D case, the state evolves in SE(3) x S? (Sreenath, Michael, & Kumar, 2013). In
(Pizetta et al., 2015), a dynamics model for the planar UAV-point payload model is derived
using the Euler-Lagrange equations whereby the payload’s effect on the vehicle is considered
as external disturbances. The paper proposes the non-linear modelling and control strategy
for the system through feedback linearisation for performing trajectory tracking. In the study
the aim was not to make the payload follow a specific trajectory, but rather for a controller to
be designed that allows the vehicle to counteract disturbances introduced by the pendulum
such that the vehicle could perform trajectory tracking.

In (Feng et al., 2014), and in (Palunko, Cruz, & Fierro, 2012) the planar UAVP case is genera-
lised to the 3D case for achieving perfect UAV trajectory tracking under payload disturbances
as in (Pizetta et al., 2015). The EOMs are derived using the Euler-Lagrange formulation. In
(Feng et al., 2014), the quadrotor UAV dynamics are also derived and interested readers can
follow-up on the article. In (Feng et al., 2014), simulation studies were performed to show the
UAVs tracking performance under the payload disturbance while (Palunko, Cruz, & Fierro,
2012) shows experimental studies with the inclusion of achieving swing-free payload motion.
The studies demonstrate the model’s validity by successfully being able to reject the payload
disturbance forces and effectively control the vehicle.

In (Sreenath et al., 2013), a planning approach is proposed where the purpose was to design
trajectories for the payload, rather than the vehicle, and then to control the vehicle (UAV)
such that the payload would track its trajectory. This is in contrast to the works (Pizetta et al.,
2015) and (Feng et al., 2014) where the payload was not actively controlled to follow a certain
trajectory. Designing a payload trajectory is challenging as the pendulum dynamics are
coupled to the vehicle dynamics and is only controlled through the UAV’s inputs. Considering
the planar X Z case, (Sreenath et al., 2013) establishes that the system is a differentially flat
hybrid system. The approach in (Sreenath et al., 2013) enables the pendulum swing to be
exploited for dynamic agile motions rather than just suppressing the disturbances introduced
by the swing. Using this approach, the differential flatness property is used to generate a
UAV trajectory that must be precisely tracked such that the payload follows the arbitrarily
designed trajectory. The hybrid characteristic is required to address the case of wire slackening
(coupling forces becoming zero) where the system dynamics switch; this will be explained in
detail in Section 4-1-4. In (Sreenath et al., 2013), using the differentiable flatness property, it
was successfully demonstrated that agile payload trajectory tracking is possible in the planar
and 3D case.

The single UAVP system has been treated in (Trachte et al., 2014; Trachte, Toro, & McFadyen,
2015; Feng et al., 2014; Palunko, Cruz, & Fierro, 2012) and follows the same two rigid
body approach to modelling the UAVP system arriving at same or similar models. The
contributions of these papers relate more to the control aspect which will be discussed later.
Later in Chapter 5, a complete derivation of the 3D UAV suspended point payload dynamics
is provided based on the models presented in literature as referenced in this section.

Nikhil D. Potdar Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments



4-1 UAV-Payload System Modelling 33

Multiple UAV-Payload Setup

The payload suspension problem has also been extended to multiple UAVs cooperatively
carrying a single payload. In this case, the problem is broken down into a n + 1 rigid body
problem where n is the number of vehicles carrying the payload. For two UAVs carrying one
payload, the configuration is similar to the schematic representation in Figure 4-1.

Extending from the single UAVP planar models, two UAVs cooperatively carrying a suspended
point load was proposed in (Pizetta et al., 2016). As in their previous work (Pizetta et
al., 2015), the purpose was to only design and track trajectories for the UAVs and reject
all disturbances introduced by the payload. The tensile disturbance force on each UAV is
computed by considering the payload suspension angle with respect to the UAV and the
payload weight. In (Pizetta et al., 2016) also acknowledge the switching dynamics introduced
by slackening cables and possible rope stretching. They also consider the suspension cable
to be elastic and introduce a hybrid system model to account for the case when the cables
become slack.

The idea of differential flatness for payload trajectory generation in (Sreenath et al., 2013)
was extended to multiple UAVs cooperatively carrying a point or rigid body payload in
(Sreenath & Kumar, 2013). In this case, instead of one UAV being affected by the tensile
force induced by the suspended payload, it is split over the n vehicles depending on the
current system configuration. The case of a rigid body payload suspended by n UAVs is also
considered where the payload is suspended at n points on its body as in the right of Figure
4-1. Simulation and experimental studies showed that given the UAVs can precisely track
their generated trajectories, the suspended payload will track its designed trajectory.

In (Bisgaard, 2008) and the publication (Bisgaard, Bendtsen, & Cour-Harbo, 2009), a compre-
hensive overview of modelling the single and multi-UAV payload system with full derivations
of the dynamic EOMs and approaches for including wire slackening and drag effects is pro-
vided. For the purpose of this thesis’ research, the concepts introduced in this section and
the derivation provided in Appendix 5 for the single UAVP problem is sufficient for an initial
literature study and further research can be performed should the scope of the research be
expanded to the multi-UAVP problem.

4-1-4 Wire Slackening and Rigidity

As previously mentioned, the studies (Sreenath et al., 2013; Sreenath & Kumar, 2013) and
(Pizetta et al., 2016) considered the switching dynamics introduced by wire slackening re-
sulting in a hybrid system dynamics model. Initial studies of single UAVP systems including
the work (Palunko, Cruz, & Fierro, 2012), (Feng et al., 2014) and others (Pizetta et al., 2015;
Jain, 2015; Trachte et al., 2014) considered an always non-zero tensile force. For that mo-
delling assumption to be true, the cable must always be taut (fully stretched) so the rope is
comparable to a rigid link. Rope slackening fundamentally alters the system dynamics as the
two bodies (UAV and payload) become independent in their motion as there is no coupling
force, therefore, the uncontrolled payload enters a free-fall under gravity while the UAV is
controllable. Consequently, the system EOMs are defined by a hybrid system model where
the system EOMs switch between two equation sets; the non-zero and zero coupling tensile
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force case. When considering slackening of the rope, the 3D dynamics no longer evolve in
SE(3) x S? but rather SE(3) x R3 as the rope length becomes one DOF.

Alternative modelling approaches that do not require hybrid system models also exist. In
(Dai, Lee, & Bernstein, 2014), a binary state of slack or taut is not used, but rather models
the catenary curve formed by the rope going from taut to slack. This allows the EOMs to
describe the continuous transition to a slack state eliminating the need for a hybrid system
model. To achieve this, they model the suspension wire as a series of rigid mass links with an
associated state ¢; where each link’s dynamics is modelled by an EOM. Combining the EOM
for each link gives the system of EOMs describing the full wire’s motion. This method is
computationally expensive as the set of EOMs grows with increasing granularity in modelling
the wire. Therefore, considering real-time motion planning, this method can more accurately
capture the wire’s behaviour at the high cost of increased computation.

4-1-5 Aerodynamic Drag

Besides wire slackening, aerodynamic drag has a prominent effect on the UAVP dynamics.
Studies into UAVP motion have generally addressed only low-speed experiments such that
the relative effect of aerodynamic drag when compared to the most significant external force,
gravity, is negligible. However, when considering rigid body loads (large surface areas) and/or
high-speed motions the drag force is significant as the force is proportional to the surface area
perpendicular to the velocity vector and quadratically increases with the velocity magnitude
(Bisgaard et al., 2009).

In (Bisgaard et al., 2009), the quadratic form of aerodynamic drag with velocity in R? for
the slung payload EOMs is considered. The quadratic form of drag for one axis is given by
Eq. 4-1 where Fp, is the drag force along axis z, Cp is the aerodynamic drag coefficient
corresponding to the object’s shape, p the air density, S, is the surface area perpendicular to
the velocity vector V.

Fp, = Cp, -0.5pS,V;} (4-1)

In (Klausen, Fossen, & Johansen, 2015), aerodynamic drag is also considered, however, due
to the relatively slow motion of the system (even at what is considered high speed in indoor
cases; around ||V|| < 2m/s), the quadratic function of V' in this range can be estimated by
the linear V' function. Therefore, the drag force along axis x can be written in the form given
in Eq. 4-2 where D, is a combined drag coefficient that depends on the object’s shape, the
air density and surface area. As velocity, and not velocity squared, is usually a system state,
the drag force equation can be directly included in the system EOMs using the kinematic
relation (as provided in Appendix 5) that describes the payload position in polar coordinates
with respect to the vehicle rather than Cartesian coordinates.

Fp, =D, -V, (4-2)
4-2 Collision Avoidance Techniques

This section covers collision avoidance techniques for robotic systems in static, dynamic and
uncertain (shared) workspace discussing the merits and drawbacks of different approaches to
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collision avoidance. First, an introduction to generic motion planning is given followed by
a discussion of global and local planning approaches which is further expanded upon with
deliberative and reactive techniques.

4-2-1 Configuration Space

Enabling autonomous motion in obstacle rich environments requires collision-free path plan-
ning as the traversable space must be shared with other objects including vehicles. The con-
cept of configuration space (C-space) is fundamental to understanding robot motion planning,
it involves encoding the robot’s configuration in a configuration vector ¢ (Pan & Manocha,
2015). The C-space is the set of all attainable robot configurations; for example, for a 3D
rigid-body robot with position and orientation encoded into q, C-space is the special Eucli-
dean group SE(3). For the 3D UAVP system with wire slackening, the configuration space is
SE(3) x R3 as previously discussed. Two subspaces can be identified in the C-space namely;

® Cfree Free space - All configurations ¢ that are not occupied by other object(s) in the
C-space

o C,ps Obstacle Space - All configurations causing the robot to occupy the same configu-
rations as another object/obstacle which is the C'tc. complement

The purpose of path planning is to compute a feasible, possibly optimal continuous curve in
Cfree from an initial ¢ to goal gg configuration as shown in Figure 4-2 (LaValle, 2006). Plan-
ning algorithms generally fall under two main approaches that use a discrete representation
of the C-space connectivity (Pan & Manocha, 2015);

o Combinatorial Planning - “constructs structures in the C-space that discretely and
completely capture all information needed to perform planning.” (LaValle, 2006)

o Sampling-based Planning - “uses collision detection algorithms to probe and incremen-
tally search the C-space for a solution, rather than completely characterizing all of the
Cfree structure.” (LaValle, 2006)

For a comprehensive explanation of both concepts including examples refer to Appendix C.

4-2-2 Global and Local Planning

The purpose of this thesis is to perform closed-loop collision-free flight with a UAVP system
and to achieve this it is imperative that the collision-free path planning is done in real-time.
Path planning for real-time systems is generally performed using a hierarchical approach
consisting of a global and local planner that perform planning at different frequencies to
achieve real-time performance (Burgard, Stachniss, Bennewitz, & Arras, 2011).

e Global planner - Low frequency - “computes paths ignoring the kinematic and dynamic
vehicle constraints” (Burgard et al., 2011)
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Figure 4-2: (C-space showing obstacle free C'y,... and obstructed C,5 configurations and collision
free path from g; to ¢ (LaValle, 2006)

e Local planner - High frequency - “accounts for the constraints and generates (sets of)
feasible local trajectories (collision avoidance) ” (Burgard et al., 2011)

The global planner uses a planning method, as introduced in Section 4-2-1, to generate an
‘optimal’ path from g7 to ¢g. The path optimality is with respect to one or many user-defined
objectives against which the resulting path is evaluated (LaValle, 2006). Depending on the
objective(s) the path should satisty, the global planner requires global information from the
C-space to be able to produce a solution. Global information for a collision avoidance planner
will generally include complete information of Cys (Pan & Manocha, 2015). As the global
planner must consider the global scope, the computational cost is high and any changes to
the C' — Space usually requires a full re-computation of the global path (LaValle, 2011). This
makes global planning impractical for highly dynamic environments as the computational
resources required for (re-)planning means the algorithm can only run at low frequencies.
Therefore, an off-line initial trajectory plan is pre-computed considering a static environment
after which that is used as a reference for a local planner resulting in the hierarchical approach
(Burgard et al., 2011).

A local planner is only concerned with a small subspace of the C-space that is locally relevant
to the system’s current configuration ¢;. The local planner generates a path to get from ¢;
to @11 driven by the system dynamic constraints and pre-computed global path. As local
planning only addresses a small sub-space of C-space, the computational cost is significantly
reduced and the algorithm can run at much higher frequencies enabling its use for real-time
planning (Burgard et al., 2011). As local planners run in-the-loop, any local changes to
the C-space are accounted for in the local planning altering the pre-defined global path to
accommodate any change. This quality is important and necessary for planning in highly
dynamic environments; for avoiding collisions, the system is usually only concerned with
changes in the immediate vicinity and not in the entire environment. Only local planning
without global planning generally does not meet planning objectives as it is usually the case
that the system must get from an initial to goal configuration that is far apart. To account
for both terminal configuration, a global scope for planning is required. In the hierarchical
setup, the local planner can complement the global planner improving the flexibility of the
planning to unforeseen or changing environments.

As will be discussed in Section 4-4, the state-of-the-art for UAVP collision avoidance algo-
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rithms generally leave out the local planner by pre-computing collision-free global paths in
static environments, accounting for the system dynamics, and feeding the generated input
sequence to a simple tracking UAV controller. For the remainder of the literature survey,
an important distinction is made between open-loop and closed-loop collision-free trajectory
generation. Open-loop trajectories are generated off-line (before performing any motion) and
used as a reference trajectory to be precisely tracked by the robot. Closed-loop trajectories
are generated online (while performing motion) and are continuously updated to serve as a
dynamic reference trajectory that the robot must follow. Closed-loop planning is performed
based on the hierarchical planning approach.

4-2-3 Deliberative and Reactive Collision Avoidance Planning

Planning for collision avoidance of robots in shared workspaces (single or multi-agent environ-
ments) has been approached using two approaches, the deliberative paradigm, or the reactive
paradigm (Cép, Gregoire, & Frazzoli, 2016). This section will refer to any robot or moving
object in the workspace by the term agent for consistency with research papers addressing
this field.

e Deliberative - Open-loop planning - Globally coordinated trajectories are pre-computed
for all agents sharing the workspace from their initial to goal configuration. Conse-
quently, the agents must precisely track these trajectories in space and time for the
resulting motion to be collision free (Cap et al., 2016). This problem quickly becomes
intractable with an increasing number of agents and more complex environments.

e Reactive - Closed-loop planning - Locally resolves collisions by an agent observing the
immediate surroundings and re-planning the immediate locally relevant trajectory (Cép
et al., 2016).

Deliberative

Deliberative collision avoidance theories postulate that collision-free motion is achieved given
that trajectory plans are precisely followed in space and time (Cép et al., 2016). Additionally,
to pre-compute the globally coordinated trajectories the intended initial and goal configura-
tions for all agents, their dynamics and full environmental knowledge must be known a priori
which is impractical in many cases. For example, only considering homogeneous agents, all
agent dynamics are equal, however, for non-homogeneous agents, the problem complexity can
become intractable. To address this, heuristic approaches including prioritised planning are
used whereby the path for agents are planned in decreasing order of priority (Cép, Novak,
Kleiner, & Selecky, 2015). In this approach, an agent with a given priority rank only consi-
ders the paths of all agents ranked higher in its planning. So, the highest priority agent path
is first computed not considering any other agents’ intentions. The second highest priority
agent path is then computed considering the first agent’s path for collision avoidance and so
on. Given that the algorithm is able to compute feasible paths for all agents, the resulting
globally coordinated trajectories are guaranteed to be collision-free.

Including unpredictable agents (such as a human) can make global coordinated planning im-
possible as it cannot be said that the unpredictable agent precisely follows their trajectory as
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assumed in deliberative planning (Cap et al., 2016). The assumption of a precise plan execu-
tion on which deliberative planning is based makes it impractical for real-world applications
with dynamic, uncertain environments.

To handle unforeseen obstructions in deliberative planning, an ALLSTOP method can be used
where the planning must be paused until the obstruction clears. For example, if any event
obstructs an agent from proceeding with their pre-planned trajectory, all agents in the system
must stop (pausing the planning). Once the event has passed, the plan can be resumed, with
the planning still valid yet just shifted in time by the pause. However, if only the obstructed
agent stops, the coordinated plan is no longer valid as each agent has an assigned trajectory
in space and time; this could lead to potential collisions. In (Cép et al., 2016), a strategy is
introduced that is able to scale the planning time component for executing the coordinated
trajectories to account for unpredictable changes in the environment. The strategy involves
discretising the pre-planned collision-free trajectories by time into way-points after which
conflicting way-points in space (not time) are identified. During the plan execution, if one
agent stops, the remaining agent proceed with their trajectories. Once the stationary agent
starts moving again the online planning will stop other agents as necessary such that no
agent ever reaches a conflicting way-point in space. This strategy is a step towards including
uncertainties in the environment, however, initially finding globally coordinated trajectories
remains a computationally expensive and sometimes impossible task.

Reactive

In collision avoidance, acknowledging that the agents with which the workspace is shared are
also decision-making, and therefore unpredictable, changes the required collision avoidance
approach. If an agent A considers all other moving agents simply as moving obstacles, the
collision avoidance scheme of A does not consider that the other agent will also re-plan based
on A’s motion. This can result in oscillatory behaviour and deadlock situations as agents
wait for each-other (Berg, Guy, Lin, & Manocha, 2009). Therefore, the theory postulates
that agents must be reactive to each-other in order to perform mutual collision avoidance.

A popular and widely used reactive collision avoidance method for multi-agent environments
utilises the concept of Velocity Obstacles (VO) introduced in (Fiorini & Shiller, 1998). In VO,
the complete set of feasible and physically attainable robot velocity inputs for each robot is
partitioned into a subset that will result in a collision and its complement valid for a given
time horizon. The complement is identified by considering the velocities of all objects and
agent that are or will be reachable in the specified time frame for which the VO is computed.
This VO is continuously re-computed to enable dynamic collision avoidance (Fiorini & Shiller,
1998). The limitation of VO is that collision-free motion is only guaranteed under specific
conditions. For example, the VO space may become too restrictive for certain vehicles such
as cars that are not as agile as a UAV resulting in no possible velocities that can be executed.
In (Berg et al., 2009), the VO idea is extended to Optimal Reciprocal Collision Avoidance
(ORCA) that includes optimal reciprocity that can always guarantee collision-free navigation
even in highly dense environments. The agent is able to independently (without inter-agent
communication) compute an optimal velocity to avoid collisions with all relevant agents over
a fixed planning time frame (Berg et al., 2009). This property is very useful for collision-free
navigation in multi-agent and obstacle rich environments where all the agents themselves are
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also decision-making. Reciprocity also shares the collision avoidance task making the VO
space less restrictive on an individual vehicle. However, reactive collision avoidance methods
such as ORCA are prone to deadlocks where two or more agents wait for each other resulting
in no conflict resolution (Cap, Vokinek, & Kleiner, 2015).

Artificial potential fields (APF) as introduced in (Khatib, 1986) are another popular approach
to reactive collision avoidance due to their conceptual simplicity and favourable characteristics
for collision avoidance in continuous space. Each agent/obstacle in the environment genera-
tes a virtual repulsive force that drives agents away from each other and any static/moving
obstacles (Shim, Kim, & Sastry, 2003). The closer two objects are, the stronger the virtual
repulsive force for both objects so indirectly there is reciprocity in the collision avoidance be-
haviour similar to ORCA (Shim et al., 2003). Following from the superposition principle, the
effect of all APFs originating from all objects in C-space are superimposed to give a resultant
APF that causes the agent to move away from all other objects. However, APF approaches
are prone to local minima, live-lock and deadlock situations when troughs (local-minima) are
formed in the virtual potential fields (Shim et al., 2003). For example, consider two agent
approaching and trying to pass each other in a narrow corridor; they will hinder each-others
progress due to the repulsive force resulting in a deadlock situation. Also, no hard guarantees
of a collision-free motion is provided by APF as the virtual repulsive force simply guides the
agent’s desired velocity unlike in ORCA where a set of guaranteed collision-free velocities
are generated. To counteract such a situation, In (Kamel, Alonso-Mora, Siegwart, & Nieto,
2017), a hard constraint is introduced for the planned trajectories that guarantees no collision
can occur by including a required minimum separation between objects. This approach has
been successfully demonstrated in experiments performed in the work (Kamel et al., 2017)
with two drones performing inter-collision avoidance. In (Naegeli, Alonso-Mora, Domahidi,
Rus, & Hilliges, 2017) a collision avoidance involving a single/multiple drones with moving
human obstacles is successfully demonstrated. In both studies, an optimal controller was
used in combination with the APF collision technique to successfully demonstrate collision-
free motion for UAVs provided that the position and velocity data from the agents/obstacles
are available.

The discussion on deliberative and reactive collision avoidance approaches makes it clear that
for performing collision avoidance in highly dynamic and uncertain environments, reactive
methods are more suitable and tractable. The book (LaValle, 2006) provides an excellent
overview of many other approaches to planning and collision avoidance, however, for brevity
only the ideas that will be relevant to this thesis are presented.

4-3 Control Techniques for UAV-Payload Systems

The previous section covered the modelling of UAVP dynamics and introduced collision avoi-
dance techniques. Control techniques that have been tested in simulation and experiments as
presented in the literature are discussed in this section. A brief introduction to the UAV low-
level system is given followed by a discussion of commonly used control techniques for UAVP
systems. Control techniques to handle the UAVP hybrid system model and modelling un-
certainties are also treated followed by a discussion of interesting vision-based techniques for
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payload state estimations. Finally, a discussion on high-level control approaches for collision
avoidance of UAVP systems is introduced.

4-3-1 UAV Low-Level Control

As low-level attitude control is not the primary objective of UAVP control design, it is gene-
rally assumed that there is low-level UAV control system available onboard. The high-level
planning based controller generates system inputs u for the low-level controller as to achieve a
certain objective such as trajectory tracking (Palunko, Fierro, & Cruz, 2012; Sreenath et al.,
2013; Klausen et al., 2015; T. Lee, 2018). Figure 4-3 shows a simple schematic of the division
of high and low-level control as presented in literature (Gonzalez et al., 2015; Trachte et al.,
2014). The control inputs given to the quadrotor are generally the required thrust (to move
position) and torques (to change orientation) in order to move the vehicle in SE(3) space
(Mahony, Kumar, & Corke, 2012).

UAV-Payload System
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: System 4 :
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State Feedback

Figure 4-3: Schematic control architecture for UAV-payload system control

The research presented in this thesis treats only the design of the high-level controller. The-
refore, the controllers discussed in the following sections discuss trajectory controllers rather
than low-level attitude controllers for the UAV. For modelling the lower level systems (for
simulation), simplified models are available and interested readers can refer to Mahony et al.
work on multi-rotor aerial vehicle modelling, estimation and control in (Mahony et al., 2012).

4-3-2 Proportional-Integral-Derivative (PID) Control

Proportional-Integral-Derivative (PID) control is a classical feedback control technique for
continuous dynamic systems where the objective is error minimisation with respect to a set-
point/reference. PID control techniques have been around for many years and their simplicity
enables high frequency computations for real-time applications. PID control has been used in
UAVP systems to achieve trajectory tracking tasks provided a collision-free reference trajec-
tory is pre-computed (Trachte et al., 2014; Dai et al., 2014; Pounds, Bersak, & Dollar, 2012).
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PID control is conceptually simple and able to accurately perform tracking tasks even under
(mild) disturbances. However, PID control must be carefully tuned and re-tuned every time
the system changes to maintain/guarantee robustness and stability. PID tuning is a time
intensive and difficult process requiring multiple design iterations before acceptable perfor-
mance is achieved. Additionally, PID has no inherent constraint handling so control signals
to the UAV system may get saturated resulting in subpar tracking performance. As high-
lighted in (Trachte et al., 2014) regarding UAVP systems, “significant feedback forces may
be induced on the vehicle [UAV] during certain flight manoeuvres ...constant variation in
the reference operating point, induced by the slung load, causes conventional controllers to
demand increased control effort”.

4-3-3 Linear Quadratic Gaussian (LQG) Control

Linear Quadratic Gaussian (LQG) control is an optimal control technique for linear time-
(in)variant (LTV/LTT) systems that combine a Linear-Quadratic Estimator (LQE), such as
a Kalman Filter (KF), as state observer and Linear-Quadratic Regulator (LQR) for control
allocation. LQR can also be used in the absence of an LQE when the full state information
is available as feedback.

LQR control has been successfully used for controlling the UAVP system by linearising the
system dynamics about a nominal UAVP state, usually hover with the pendulum at the
downward equilibrium position. The obtained LTT system is then used to design and tune
the KF and LQR such that the control system is able to perform tracking tasks for the
UAVP system. Studies demonstrating the use of LQG/LQR control for the UAVP system in
simulation and experiments have been performed in several studies (De Crousaz et al., 2014;
Omar, 2009; Bisgaard, 2008; Feng et al., 2014).

As LQG control relies on an LTI model, the controller is able to be run in real-time on systems
with limited computational capabilities such as embedded micro-controllers. However, due
to the reliance on linearised system dynamics, fast, agile manoeuvres far beyond the lineari-
sation nominal state are not modelled accurately which affects the controller robustness and
possible stability (Trachte et al., 2014). In comparison to PID control where gain tuning is
necessary, LQG requires tuning of optimal control parameters that include the cost matrices.
Cost matrices are more intuitive to tune compared to PID gains as they associate relative
importance to different desired control objectives. However, just like PID control, LQG has
no inherent constraint handling, therefore, the commanded systems inputs from LQG may
not be attainable by the UAV leading to input saturation and consequent sub-par tracking
performance.

4-3-4 Model Predictive Control (MPC)

Historically, MPC has been very popular in industrial process engineering due to the relati-
vely slow process dynamics involved (conventional MPC solvers are computationally costly)
and requirement to handle system constraints and non-linearities (Pendleton et al., 2017).
However, with the advent of smaller, efficient and powerful micro-controllers, MPC is beco-
ming more viable for controlling fast, non-linear, smaller systems such as quadrotors (Tzes,
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Nikolakopoulos, & Alexis, 2012; Kunz, Huck, & Summers, 2013; Kamel et al., 2017; Trachte
et al., 2015).

Model Predictive Control (MPC) also referred to as Receding Horizon Control (RHC) is an
optimal control theory in which control is performed in discrete time (Olsder et al., 2011).
Optimisation is performed with respect to a cost function (usually quadratic) that is carefully
designed to promote a certain type of system behaviour. In MPC a constrained open-loop
Optimal Control Problem (OCP) is solved over a set time horizon that generates a set of
system inputs to achieve a locally optimal predicted system response. Only the first action
from the generated optimal control sequence is performed after which the entire time horizon
is shifted by one time-step (recessed) and the process is repeated (J. H. Lee, 2011; Olsder et
al., 2011). Due to this ‘receding horizon’ principle, closed-loop control is achieved as feedback

is implicitly introduced by solving the OCP every time-step. For a more thorough explanation
of MPC, refer to Appendix D.

As LQR and MPC control are both optimal control schemes, comparative studies have been
performed in (Gonzalez et al., 2015; Trachte et al., 2014, 2015). In (Trachte et al., 2014) the
control performance of non-linear MPC to LQR is compared and improved performance for
MPC was found “over a larger flight envelope, including aggressive manoeuvres and large slung
load displacements”. The simulation studies performed showed tests using MPC and LQR
control for wind disturbance rejection, step responses and slung load damping. The study
concluded that LQR is sufficient for small displacements from the equilibrium from which
the LTI model is derived and provides a simpler and faster solution than MPC. However,
MPC outperforms LQR for high load displacements at increased computational cost as the
non-linear dynamics are considered. In (Gonzalez et al., 2015) and (Trachte et al., 2015)
which build on the work of (Trachte et al., 2014), the importance of considering the non-linear
system dynamics and constraints as done in MPC is highlighted demonstrating the robustness
of MPC for time varying references and aggressive control. The studies demonstrate a clear
improvement in tracking performance when using MPC rather than LQR in those cases.

The continuous optimisation in MPC makes it a relatively computationally expensive control
method, especially when the system dynamics are complex and (highly) non-linear (Trachte et
al., 2015). In contrast to PID and LQG control, the optimisation in MPC handles input and
state constraints so that the generated control inputs and trajectories are also guaranteed
to be physically feasible (Gonzalez et al., 2015). MPC is attractive due to its predictive
nature enabling proactive control design and inherent constraint handling which is necessary
for systems with limited control inputs.

4-3-5 Accounting for Cable Slackening using Switching Mode Control (SMC)

Asintroduced in Section 4-1-4, cable slackening results in a hybrid system model description of
the UAVP dynamics. As the control techniques are model based, a hybrid system model also
necessitates a Switching Mode Control (SMC) framework. In SMC two separate controllers
are derived, one for each EOM set and the switching is performed by an algorithm that
detects the wire slackening. An SMC formulation has been used by in (Sreenath et al., 2013)
for the single UAVP case, and for the multi-UAVP case in (Sreenath & Kumar, 2013) and
for performing aggressive control using LQG in (De Crousaz et al., 2014).
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As introduced in Section 4-1-4, recent UAVP modelling techniques consider the continuous
transition from taut to slack in one model thus eliminating the need for SMC. In (Foehn, Fa-
langa, Kuppuswamy, Tedrake, & Scaramuzza, 2017) a novel approach to handling the hybrid
system dynamics of the UAVP system is presented considering a Linear Complementarity
Problem (LCP) in their optimal trajectory generation algorithm. The LCP approach is made
possible by using constraints on the OCP which is possible also in MPC. Using LCP, hybrid
models are avoided by considering a non-penetration/contact force that activates when two
rigid bodies are in contact. The optimisation constraints are defined such that the contact
force only becomes non-zero when a certain non-penetration constraint ¢(q) (a function of
configuration q) becomes zero. In the case of UAVP systems, the tensile force is analogous
to the contact force for LCP and is non-zero only when the suspension rope is taut. For an
in-depth explanation of the LCP formulation for general rigid-body dynamics refer to (Posa
& Tedrake, 2013).

4-3-6 Adaptive Control Techniques for Parametric Uncertainties

Many control techniques including MPC are model-based techniques meaning their control
performance is governed by the model accuracy. As presented in Section 4-1, for practical
purposes simplified system dynamic models are derived. With simplified models, it is implied
that the model complexity is limited to the significant physical phenomenon relevant to the
swinging payload problem to make the dynamics simulation tractable. The majority of state-
of-the-art literature on UAVP systems address the fundamental that include the inter-body
kinematics and in some cases the rope slackening problem.

Adaptive control is any technique that account for parametric uncertainties in the model.
Adaptive techniques for the following uncertainties have been addressed; a misplaced suspen-
sion point (Palunko, Cruz, & Fierro, 2012), changes in the system centre of gravity (Palunko,
Cruz, & Fierro, 2012), unknown pendulum length (Bisgaard, Cour-Harbo, & Dimon Bendt-
sen, 2010) and unknown payload mass (Dai et al., 2014; Min, Hong, & Matson, 2011). System
identification and parameter estimation techniques including the Kalman Filter (KF) have
been used to identify the uncertain parameters in the model. In Section 4-5, learning based
approaches to UAVP parametric uncertainties will be discussed as the state-of-the-art UAVP
literature has not addressed this.

4-3-7 Vision Based State Estimation for Slung-Load

The state of the slung load is generally described relative to the UAV reference frame by
two angular displacements in 3D and possibly a linear displacement when cable slackening is
included. See also Appendix 5 for a derivation of the UAVP model. Most studies use external
motion capturing systems to obtain the 3D Cartesian location of the payload which can be
transformed into polar coordinates used in the state definition. Even though state estimation
of the slung load is not the primary focus of this thesis, for interested readers vision based
slung payload state estimators have been formulated.

In (Bisgaard et al., 2010) a downward facing pinhole camera on the UAV is used to esti-
mate the load position by identifying the marked payload in the image. Using the payload
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kinematics with respect to the UAV and the 2D positional information gathered from the
image, the 3D payload position can be derived assuming the cable does not slack. In (Ziirn
et al., 2016), similar experimental studies were performed showing a mean error of only ~ 3°
in the suspension angle when comparing the vision based method to external tracking for a
60cm pendulum . Both studies demonstrate that vision based state estimation is a promising
method when compared to information gathered from an external motion capture system as
long as the cable remains taut (as this is necessary to perform 3D state estimation).

4-4 Control Techniques for Collision Avoidance of UAV-Payload
Systems

The high-level collision avoidance control techniques introduced in literature are of particular
interest for the research to be performed in this thesis. It will be shown that for UAVP
systems, the research has focussed on globally planning collision-free trajectories (open-loop)
and utilising the control techniques presented for performing accurate trajectory tracking.
This has been practical for the experiments researchers have performed in static environments
and demonstrated impressive manoeuvres including 3D path following and flying through
openings. However, as discussed before global planning only works when the environment is
static or highly predictable enabling the use of deliberative planning techniques. In the case
of uncertain, dynamic environments a reactive collision avoidance approach must be used for
closed-loop trajectory generation. The following section will discuss the current approaches
to open-loop collision-free trajectory generation of UAVP systems followed by the state-of-
the-art in closed-loop collision-free trajectory generation. For completeness, some references
to works made in previous sections of the literature study are repeated.

4-4-1 Open-loop Collision-free Trajectory Generation

In the open-loop case, reference trajectories are generated in Cy... space given a known
environment. UAVP system controllers have generally been designed to achieve swing-free
manoeuvres with the intention of stabilising the payload under motion such that a reference
trajectory is precisely followed (Trachte et al., 2015). Reference trajectories are pre-computed
using methods which have included dynamic programming approach for swing and collision-
free trajectories in (Palunko, Fierro, & Cruz, 2012; Palunko, Cruz, & Fierro, 2012) and
reinforcement-learning approach for swing-free motion in (Faust, Palunko, Cruz, Fierro, &
Tapia, 2013). These reference trajectories are then followed using tracking controller that
minimise tracking error such as a PID (Palunko, Cruz, & Fierro, 2012). In (Trachte et al.,
2015) the use of non-linear MPC and LQR for swing minimisation and trajectory tracking is
demonstrated. Swing minimisation research has tackled the collision-free motion problem by
combining accurate tracking controllers with algorithmically generated open-loop collision-
free trajectories. In these studies, minimising swing is the main control objective so the
overall UAVP motion is gradual as high-speed motion causes the payload to lag behind the
vehicle or perform an aggressive motion.

Recent research has also looked at performing aggressive payload manoeuvres utilising, rat-
her than suppressing, swing. As mentioned, the work (Sreenath et al., 2013) successfully
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demonstrated in simulation and experiments a motion controller that accurately tracks the
generated reference trajectories even under high swing loads. The motion controller and dif-
ferential flatness property were also derived for the case of multi-UAV payload systems in
(Sreenath et al., 2013).

The work (Foehn et al., 2017) demonstrates in simulation and experiments a fast trajectory
optimisation for agile manoeuvres using UAVP systems. In their work, an optimal control
formulation using LCP (as explained in Section 4-3-5 ) is formulated to generate an open-loop
collision-free trajectory offline for multiple tasks including collision avoidance with a static
obstacle. The UAVP system state encodes the UAV and payload’s pose in 3D space so the
generated trajectory includes a trajectory for both the UAV and payload. The generated
UAV trajectory consists of a sequence of desired positions, velocities and accelerations that
must be executed by the vehicle using a position controller that translates the trajectory data
to UAV attitude and thrust inputs. However, this method still relies on an off-line trajectory
generation that takes around 30s using 50 nodes for a single obstacle avoidance task(Foehn
et al., 2017).

As highlighted in the preceding discussion and sections, the majority of UAVP research has
focussed on pre-computing open-loop collision-free trajectories and building accurate motion
tracking controllers. The main limitation is the absence of a feedback mechanism so any
changes during runtime to the C-space are not considered for planning or control. For UAVP
operation outside of a confined experimental setup, the C-space is dynamics and always chan-
ging which would render the pre-generated open-loop trajectory invalid causing a potential
UAV collision. This highlights the necessity for closed-loop collision-free control of the UAVP
system.

4-4-2 Towards Closed-loop Collision-free Control

Research involving only UAVs have already tackled the closed-loop collision-free control pro-
blem using various approaches, however, most have not been applied to a UAVP system.
Collision avoidance in the presence of uncertain environments has been performed using a
group of reactive collision avoidance techniques enabling trajectories to be shaped/modified
on a local scale to perform quick avoidance manoeuvres (Cap et al., 2016; Alonso-Mora,
Naegeli, Siegwart, & Beardsley, 2015). In (Fiorini & Shiller, 1998) the concept of Velocity
Obstacles (VO) space for performing reactive collision avoidance was introduced. In (Alonso-
Mora et al., 2015), the VO idea has been extended to demonstrate, in simulation, collision-free
motion for multiple agents sharing a workspace by using a potential function that discourages
vehicles getting too close to each other. Recently in (Naegeli et al., 2017), a similar approach
is demonstrated using potential functions to perform real-time collision avoidance for static
and dynamic obstacles on a single quadrotor using MPC control. The UAV is driven away
from collision by including an MPC cost term that increases based on the UAV’s proximity
to obstacles. Also in (Naegeli et al., 2017), position and velocity of moving obstacles are
used to forward simulate obstacle motion allowing changes in C,... to be accounted for in
the trajectory generation. Even though only an unaltered UAV system was considered, the
research done shows promising applications for a UAVP system as proposed in this thesis.
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Similar to this thesis proposal, the work (De Crousaz et al., 2014) has tackled the closed-loop
UAVP trajectory generation and control optimisation using an iterative Linear Quadratic
Gaussian (iILQG) optimal controller that adapts the system dynamics model for parametric
uncertainty using Kalman Filtering . Adaptation is performed using a sampling based learning
algorithm which works in parallel with the iLQG controller. The iterative aspect of iLQG
allows it to “return locally optimal linear feedback controller able to work with arbitrary non-
linear cost functions” (De Crousaz et al., 2014) as to optimise a sequence of control inputs
accounting for changing system dynamics thus enabling more aggressive control beyond the
nominal linearisation point. An SMC formulation must be used as they use a hybrid system
model description for the UAVP system. Successful demonstration of trajectory generation
and flight through a narrow opening with the UAV and payload was achieved by designing the
iLQG cost function. As mentioned previously, this was also demoed in (Mellinger, Michael,
& Kumar, 2012), however, in that case, the trajectory was designed beforehand rather than
performing the generation online. In (De Crousaz et al., 2014) a high-cost term was associated
with UAV configurations that would be in Cs thus guiding the algorithm to collision-free
trajectories. However, the study did not consider dynamic obstacles, which could have been
an extension, and it must be noted that iLQG does not explicitly consider system input
constraints so there were cases in their experimental study where the required UAV input
was saturated so the response was not as expected. Input saturation is generally not a
problem with MPC as it readily handles system constraints making it more robust, however,
this makes MPC more computationally expensive. Also, it is important to remember that
constraining the MCP too aggressively may result in frequent infeasible solutions. Compared
to iLQG, the benefit of MPC is that it is predictive which enables collision-avoidance planning
to be proactive; the predicted trajectory can be collision-checked over the set time-horizon so
that evasive manoeuvres are performed as a contingent before the obstacle gets too close.

Summarising, similar to (Foehn et al., 2017) for open-loop and (De Crousaz et al., 2014;
Naegeli et al., 2017) for closed-loop collision avoidance, the purpose of this thesis is to de-
monstrate MPC based control for active real-time collision-free control of a UAVP system in
environments with uncertain/unknown static and dynamic obstacles. Contrary to the study
(Foehn et al., 2017), the collision avoidance trajectory generation will also be done in closed-
loop (real-time). Contrary to both (Foehn et al., 2017) and (De Crousaz et al., 2014), however
as addressed by (Naegeli et al., 2017), dynamic obstacles for the UAVP system will be con-
sidered using an MPC control formulation using the MPC s predictive nature and constraint
handling.

4-5 Learning Based System Identification

As mentioned in Section 4-3-6, researchers have looked at adaptive control techniques that
involve a parameter estimation scheme to addresses parametric uncertainties in the system
dynamical model. This section discusses learning techniques for handling parametric uncer-
tainties using a Learning Based System Identification (LBSI) scheme.
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4-5-1 Types of Learning

Three high-level approaches to learning are identified in literature with the possibility of
sub-classifications for specific algorithms(Du & Swamy, 2013);

o Supervised learning - Given a set of inputs (independent variables) and associated out-
puts (dependent variables), the algorithm captures the functional mapping between the
inputs and outputs

o Unsupervised learning - Given only the set of inputs, the algorithm attempts to auto-
associate the information to find significant patterns or features

o Reinforcement learning - Generates a policy to perform certain actions sequentially to
maximise a total expected reward. It is a form of supervised learning, due to the reward
process, where the desired output is unknown

Supervised Learning is commonly used when a certain input-output data relation exists, ho-
wever, the functional mapping must be identified. During learning, the algorithm’s primary
goal is to minimise the residual error between the predicted (learnt) and actual output given a
certain input taken from the entire input set (Du & Swamy, 2013). Examples of supervised le-
arning algorithms include regression analysis and neural network non-linear fitting/regression.
Supervised learning is useful for identifying system dynamics models provided input-output
data is obtainable from empirical studies.

Unsupervised Learning is used when a data set does not have an inherent relational construct
(with an output) is available. The goal is to identify patterns and features in the data set
that can result in data dimensionality reduction or reduce the total data to be processed
(Du & Swamy, 2013). Examples of unsupervised learning algorithms include clustering using
k-means and neural network based classification.

Reinforcement Learning (RL) is neither a supervised or unsupervised learning method, rather
it uses a ‘learning by interaction’ approach. RL involves having a ‘learner’ that performs
actions and observes rewards as to determine a sequence of actions to maximise the cumulative
expected reward. As explained in (Sutton & Barto, 1998), different from supervised learning
there is no example data set (input-output data) to be reproduced so the learner must explore
uncharted territory to gain knowledge. Also, it is not unsupervised learning as there is a
reward system associated with being in every state and performing a certain action which is
guiding the learner’s decision. RL generally involves a trial-and-error approach to identifying
a policy (sequence of actions) resulting in the highest cumulative reward (Sutton & Barto,
1998). The trial-and-error nature means learning RL learning is generally performed online
for slowly evolving systems or completely offline.

4-5-2 Learning for Parametric Uncertainties

The modelling of system dynamics involves knowledge of the model structures and parameters.
System modelling categories are identified based on the information available and occurs on a
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Figure 4-4: Model classification based on prior information available (Horvath, 2003)

spectrum and ranging from black-boz to white-box modelling as shown in Figure 4-4 (Horvéath,
2003). A model generally lies between the two extremes and is known as a grey-box model.

Non-parametric models (black-box models) are derived when no definite model structure can
be obtained, however, considering the UAVP system, it was shown in Section 4-1 that the
fundamental structure based on first-principles is derivable. It was shown that the model has
a parametric dependency on the UAV and payload mass, and wire length. The full model
is derived in Appendix 5. The UAVP modelling is generally white-box as it is assumed that
all parameters are known or measurable. However, to include some modelling adaptability
a grey-box approach is more appropriate. To address the uncertain parameters, a common
parametric identifier that relies on the system structure is used which includes the (extended)
Kalman Filter (Qin, Su, & McAvoy, 1992).

If there are system dynamics for which the model structure cannot be derived or is too com-
plex, a black-box approach is generally appropriate. As shown in Section 4-1, the UAVP
model is applicable on the basis of assumptions being valid which is necessary to limit the
model’s complexity. However, these assumptions only remain valid under certain UAVP sy-
stem setups, for example, when the payload becomes a large flat plate, the point load and
negligible drag assumptions become invalid. Also, if the payload contains a fluid substance,
the dynamics modelling becomes complicated and mathematically complex. In these cases,
a data rather than a physics driven model is more appropriate for which black-box model-
ling is required (Horvath, 2003; Qin et al., 1992). With data driven modelling, the system’s
input-output data is collected empirically and the functional mapping must be captured by
the model. Among many black-box system identification approaches, Neural Networks (NN)
have seen considerable application from the research community due to their “simple ar-
chitecture [and] their universal approximation capability” (Horvéath, 2003; Qin et al., 1992).
Neural networks are “distributed information processing systems made up of a greater number
of highly interconnected identical or similar simple processing units” (Horvath, 2003). Each
‘processing unit’, technically referred to as a neuron, produces an output which is a linear
weighted combination of the neuron inputs processed through an activation function. Various
activations functions exist which include (piece-wise) linear and logistic functions. Combi-
ning many of these neurons (with same/different activation functions) in parallel and series
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and associating each inter-neuron connection with weights results in the NN. The process of
modifying the NN weights enables the network to be configured for representing a functional
mapping. For an in-depth explanation of the NN structure, refer to the work (Horvath, 2003).

4-5-3 Learning Implementation in Control Architectures

Neural networks, specifically for fitting, are data driven models that rely on supervised lear-
ning to recreate the input-output mapping observed from a dynamical system that takes the
form of a non-linear function given by Equation 4-3 where y is the output, x is the state and
u the input. Note that both the state and input vectors are inputs to the NN that models f.

y = f(X, u) (4'3)

NNs demonstrate adaptability through learning which is a process by which the network
weights are modified (Horvath, 2003). A global output error function is defined, usually in
the form of a least squares error over the entire data set, that quantifies the model’s accuracy
with respect to the observed system dynamics (the training set). The error is computed using
the difference between the network and actual output for a given input. The global error is
then back-propagated to compute the error contribution of every neuron and recompute the
inter-neuron weights iteratively (see (Qin et al., 1992) for details). After many iterations,
the global error value will converge and the network will accurately, to a certain extent,
reproduce the training set provided the network size is sufficient. In (Cybenko, 1989) the
universal approximation theory is formulated stating that given a finite number of neurons in
a feed-forward NN, the network can approximate any continuous function under certain mild
conditions imposed on the activation functions. This is an important theorem as it proves
that provided the network size is sufficient, the continuous modelling function, as given by
Equation 4-3, can be accurately reproduced by the NN. This allows NNs to be used as a
replacement for the system dynamics model required by model-based controllers. However, a
commonly cited drawback of NN is its black-box nature, thus not exposing the structure and
parameters, which prevents further analysis and hard guarantees of its stability and accuracy
(Akesson & Toivonen, 2006). Also, over-fitting must be checked which occurs when the
network perfectly reproduces the training set, but given new ‘unseen’ input data, the output
is poorly predicted. To ensure the model generalises to the full range of input data, over-
fitting and validation checks are commonly performed by checking the network performance
with new empirically collected data (Akesson & Toivonen, 2006).

The NN identified model can be used in combination with a model-based control technique, as
introduced in Section 4-3, to perform high-level UAVP control. This approach enables UAVP
control when there are parametric uncertainties in the model and/or modelling the UAVP
dynamics becomes too complicated due to the introduction of complex physical phenomenon.
An NN model is able to adapt online using the back-propagation learning method whereby new
data collected during runtime can be to adjust the network weights incrementally achieving
adaptability to changing system dynamics. Figure 4-5 shows an expanded form of the UAVP
control schematic, originally introduced Figure 4-3, with an NN identified UAVP system
model. The schematic shows how the UAVP system output is used to compute an error
and back-propagate that for learning the NN weights. The NN identified model is then used
to update the controller’s internal model to achieve adaptive control. The system state, as
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obtained from sensors, and input generated by the controller is used by the NN model to
compute a predicted model output yn -
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Figure 4-5: Schematic control architecture for UAV-Payload system with Neural Network iden-
tified model used for enabling adaptation
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Chapter 5

Derivation of UAV-Payload System
Kinematics and Dynamics

This chapter describes the derivation of the UAV-Payload (UAVP) model in detail. The
derived model is not specific to the hardware used during the experiment so it generalises to
other setups provided the assumptions remain valid. This model is derived from literature
presented in published articles as introduced in Chapter 4.

Section 5-1 introduces the UAVP system and the reference frames used in the derivation.
Section 5-2 introduces the relevant kinematic relations while Section 5-3 treats the deri-
vations of the system dynamic equations. Section 5-4 then looks at extending the UAVP
model with the inclusion of aerodynamic drag on the UAV and payload. Note that a general
parametric model is derived; the actual parameter values are provided in Section 6-1 that
discusses the experimental hardware used. Please note that the following subscripts are used
interchangeably throughout the report; for quadrotor ) and ¢ and for payload L and [.

5-1 System Model and Reference Frames

The UAVP system studied comprises a Vertical Take-off and Landing (VTOL) quadrotor
UAV with a suspended point mass payload attached using a rigid massless link (the cable).
The payload, modelled as a point mass, is attached to the cable’s end with the other end
being the suspension point attached at the quadrotor’s center of mass. As presented later in
this preliminary study, slackening behaviour of the cable was studied over the full range of
manoeuvres and it was determined that the cable remains taut throughout the flight. Should
slackening of the cable be observed in future experimental studies, the behaviour can be
implemented in the model at a later stage. To limit the complexity of the derived UAVP
model, the following assumptions are adopted;

e Payload is a point mass
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Quadrotor center of gravity and centroid coincide

e Suspension cable is a rigid massless link attached on a free suspension/pivot point
coincident with the quadrotor’s center of mass (origin of Vehicle carried normal Earth
reference frame {E})

e No aerodynamic drag effects on the suspension cable / rigid link due to massless as-
sumption

e Standard sea level conditions for atmospheric and gravitational effects

The Equations Of Motions (EOMs) are derived in the three-dimensional inertial frame {I},
as shown in Figure 5-1, using Lagrangian mechanics theory. The generalised coordinates q,
is defined as

a=[rq yo zq Or ¢r]" (5-1)
The time derivative is given by,

. . T
q= [55@ Yo 2 UL 91 (5-2)

Then the system state is denoted by,

Xq = g, 4] (5-3)

The load position p1, = [z yr zL]T is fully described by the Quadrotor position pq =
[z Yo zo]' in combination with the suspension angles 6 (z-axis {S} frame) and ¢, (y-
axis {S} frame) defined in the Quadrotor attached {S} frame as shown in Figure 5-1. The
specific choice of coordinate frames, specifically the {S} frame, ensures there is no singularity
in the derived EOMs for the pendulum’s equilibrium position (Jain, 2015). The derivation
of the EOMs also closely follows that of Jain in (Jain, 2015; Klausen et al., 2015) with some
modifications and extensions to include aerodynamic drag.

i {E}

D Yaw ( lI/q )
{B} Y
zZ |y 0
’f Pitch (6, )

Figure 5-1: Schematic of UAV-Payload system and quadrotor showing reference frames and
payload suspension angles
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This system is modelled as a spherical pendulum under aerodynamic drag disturbance at-
tached to a mobile pivot point on a three-dimensionally translatable vehicle. Inputs to the
system are three forces f, = [F,, F, F.]" defined in {E} and acting directly on the quadro-
tor center. Reference frames are defined and presented in Figure 5-1 are itemised with an
explanation;

e {I} - Inertial East, North, Up (ENU) reference frame taken on Earth surface

e {E} - Vehicle carried ENU reference frame; origin coinciding with the Quadrotor centre
of gravity and x orientated with vehicle’s front facing camera axis

{S} - The {E} frame rotated by 180° degrees about the {E'} z-axis

{B} - The vehicle body frame which is the { £} frame rotated by the yaw (1), pitch (6)
and roll (¢) Euler angles in that specific order.

{L} - Payload reference frame; origin coinciding with payload’s position, z-axis aligned
away from link’s suspension point. In equilibrium the z and y axes are parallel to the
x and y axes of frame {S}.

The Euler angles expressing the UAV’s orientation (frame {B}) in frame {E} is given in
Figure 5-1 which shows the definition of yaw, pitch, roll. The ZYX rotation convention, i.e.
first yaw, then pitch, then roll, is followed to describe the orientation of { B} with respect to
{E}. The transformation is mathematically expressed in terms of rotation matrix given by
Eq. 5-4 where the rotation axis is sub-scripted.

RE = Rx(¢)Ry (0)Ra(v) (5-4)

5-2 Kinematic Relations

The load position in absolute coordinates ({/} frame) and as a function of the generalised
coordinates ¢ is given by Eq. 5-5. Vector pq is the UAV’s position and vector [0 0 Z]T is the
cable link vector of length [ defined in frame {L}.

0
pL = pq + RERS (¢1)RE (0L) | 0 (5-5)
l

The rotation matrices as used in Eq. 5-5 are given below. Note that the body attached frame
{E} has the same orientation as frame {I}, therefore no rotation transformation is necessary.
The intermediary {S’} frame is necessary to perform the payload suspension angle based
transformation.

1 0 0
Ry (0)=| 0 cosf, —sinfy (5-6)
0 sinf; cosfy
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cos¢r 0 singp
RS (¢1) = 0 1 0 (5-7)
—singr, 0 cos¢p,

1 0 0
RE=]0 -1 0 (5-8)
0 0 -1

The load velocity, given by Eq. 5-9, is derived by taking the time derivative of Eq. 5-5 for xp,.

0 0

. o d / d ’

pL =Pq + RS(m) - — R (61) R (01) | 0 | +RS(m) - RS(6r) - - RE (01) | 0 | (59)
l l

5-3 System Dynamics

The payload suspension cable is assumed to be a massless rigid link. Under this assumption,
the attachment is a three-dimensional free pivot so there is no torque transfer from the payload
to the quadrotor and vice versa. To derive the EOMs using Lagrangian mechanics, the total
system kinetic and potential energy is derived from which the Lagrangian L can be computed.

The kinetic energy K of the system is given by Eq. 5-10 where diag(m, 3) denotes a diagonal
matrix of dimension 3 x 3 with entries m. Variables mg and mj are the UAV and payload
mass, respectively.

diag(mg, 3) 0

1, . . . T

The potential energy P of the system, given by Eq. 5-11, includes only the UAV and payload’s
gravitational potential energy.

P =mggzg +mrgzr, (5-11)

The Lagrangian L is given by Eq. 5-12 from which the EOMs are derived by the Euler-
Lagrange equations in terms of the generalised coordinates.

L=K-P (5-12)

Equation 5-13 is constructed for every generalised coordinate g; of vector q. f; represents a ge-
neralised conservative external force or torque defined on the generalised coordinate directions

q;.
d (0L oL
ol Bl B S 1
a (aq) ea (5-13)
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Let the general external input force vector be denoted by f given by Equation 5-14. No direct
external force/torque affects the 6, or ¢, angles, therefore, those entries in f are zero.

f=[f, 0 0]'=[F, F, F, 0 0]' (5-14)

The resulting system of equations gives the EOMs and are in the form given by Eq. 5-15
which is rearranged to solve for § in Eq. 5-16. M represents the Mass matrix, C the Coriolis
matrix and G the gravitational matrix.

f=M(q)d + C(q,9) + G(q) (5-15)

4 =M""(q)(f — C(q,4) — G(q)) (5-16)

The resulting EOMs are lengthy, therefore, they have not been included in this report in the
expanded form. See (Klausen et al., 2015) for the full form. The EOMs have been derived
using the symbolic manipulation toolbox in MATLAB following the derivation steps outlined
in this report. The code and resulting computed EOMs are available digitally in MATLAB
code form.

5-4 Drag Inclusion in Dynamics

Drag effects on the UAV and payload are included in the EOMs and this section outlines the
theory and implementation procedure. The drag force on the UAV with velocities pq is given
by the linear drag form Eq. 5-17. The drag force fp ¢ is given by the multiplication of drag
constant kp g, and pq, the UAV’s velocity. Assuming the UAV moves relatively slow, the
linear drag formulation should sufficiently capture the drag dynamics on the vehicle (Klausen
et al., 2015).

fpo = %kD,QI')Q (5-17)

5-4-1 Payload Drag in Quadratic Form

Payload drag for the preliminary study is computed using quadratic drag theory as the payload
moves at higher velocities due to the combined translational and rotational velocity. The drag
force always acts in the —py, direction and will be estimated using the drag Equation 5-18
where Cp r, is the drag coefficient, S the payload drag affected reference area and p the sea-
level air density of 1.225kg/m?. Simplifying the notation, all constant terms in Equation 5-18
are denoted by drag constant kp p,.

£.0 = 2CopS(BLpL) - o = —kp L (PLBL) - L2 (5-18)

2 b L

As the payload drag always acts perpendicular to r (the link vector), no component of fp 1,
acts radially, therefore, the force is purely tangential. The payload drag is included in the
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EOM as an external torque 7 such that it acts on the system’s states 8y, and ¢r; the computed
torque value is given by Eq. 5-19.
T = I'QL X fD,L (5—19)

Vector r is the moment arm from the suspension point pq to the payload pr, and is given by
Eq. 5-20.
rqQL = PL — PQ (5-20)

As the angles 6, and ¢, are defined in the {S} frame it is necessary to transform the com-
puted torques from the {E} frame to the {S} frame using the transformation RE given by
equation 5-8.

S =RE'r (5-21)

5-4-2 Payload Drag Induced Moment

An alternative method is to describe the payload drag induced moment on the payload sus-
pension angles. In the previous section, the quadratic drag was translated into a torque,
however, using the linear to angular velocity relation, the torque, given by Equation 5-19 can
be directly computed by Equation 5-22.

-
(72, 7) " = kpLl® [9%\321 ¢%zid (5-22)
This is a simplification as only the rotational dynamics of the payload relative to the quadro-
tor are considered and not the translational. Therefore, this approach is only valid for agile
motions where the payload rotational dynamics are more prominent. If the entire system
translates for sustained periods of time in one direction, the payload would lift up behind
the quadrotor due to drag, this cannot be modelled using this approach. The benefit of this
approach is that 6;, and <z5 1, are part of g making the drag implementation in the EOMs com-
putationally simple. For the quadratic drag implementation, the term py, must be computed
by Equation 5-9 from q, ¢ making the EOMs more computationally expensive.

5-4-3 Drag Implementation in Equations of Motion

The external aerodynamic drag induced torque acting on the payload is divided into its
components 75 = [Te Ty Tz]T which are then included in the EOMs. The torque 7, acts
on 0 and 7, on ¢r. Note that 7. has been ignored as it is generally a very small torque
component. In general 7, is an order of magnitude smaller than 7, or 7,, therefore, it is
assumed to have minimal effect on the motion. Therefore, 7, is insignificant for the derived
UAVP model. An appropriate way to include this in the dynamics may be considered in a
future study.

The total system drag is abbreviated by the drag term D(q) as defined below. The complete
EOMs with drag is given by Equation 5-24.

D) =[fpg ™ 7] (5-23)
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g =M""(q)(f - D(q) — C(q,q) — G(a)) (5-24)
Having defined the EOMs, the subsequent step involved verifying and validating the model

through simulation and experimental studies. The necessary method and steps to achieve
this will be outlined in Chapter 6.
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Chapter 6

Simulation and Experimental Setup
and Methodology

To verify and validate the UAVP model, both simulation and experimental data was collected
to ensure the model is representative of observed UAVP behaviour. Section 6-1 describes
the experimental hardware used throughout the study. Section 6-2 describes the simulation
environment coded for the study while Section 6-3 explains the indoor workspace environment.
Section 6-4 describes the experimental procedure in detail with the necessary theoretical
content. Finally, Section 6-5 outlines how experimental data was collected and post-processed
for performing the study.

6-1 Experimental Hardware and Control System

The hardware described in this section will be used throughout the study for both simulation
and experiments. The methodology and setup described generalises to other hardware, with
possibly some minor modifications, provided the interfaces between the hardware components
is comparable.

6-1-1 Quadrotor with Suspended Payload

A Parrot Bebop 2 quad-rotor! with a suspended spherical payload was used with the physical
characteristics outlined in Table 6-1. The only modifications made to the Bebop 2 hardware
was the attachment of four light-weight rotor guards and four retro-reflective markers. Fi-
gure 6-1 shows the quadrotor and payload with the attached markers necessary for tracking
the their pose using external motion capturing.

The quadrotor’s drag constant was taken to be that of a blunt bullet head cylindrical object
(Bebop’s body is of similar shape) (Scott, Jeff, 2005) and increased to account for the rotors

!Parrot. Bebop 2. Accessed September 26 2017. https://www.parrot.com/us/drones/parrot-bebop-2
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Figure 6-1: Photo of Parrot Bebop 2 and suspended payload with motion capturing retro-
reflective marker locations indicated

and guards. The payload’s drag constant is computed assuming a spherical object with a
contact surface of 0.025 m? (cross-section dimension). The quadrotor’s mass is taken from
the published technical specifications and the payload mass was measured on a digital scale
with a precision of 0.1 grams.

Table 6-1: Physical characteristics of Parrot Bebop 2 quadrotor and attached payload

System Characteristic Value
Mass 500 g
Parrot Bebop 2 Quadrotor Drag constant ip o 098
Mass 111 g
Pavload Massless Cable Length | 0.77 m
Y Drag constant kp, 1, 1.77 x1073

The Parrot Bebop 2 runs on a proprietary Operating System (OS) and interfaces with other
hardware over a Wi-Fi based network. The OS handles all low-level control and regulation
tasks while accepting high-level commands sent to it processed through the Parrot Bebop’s
Software Development Kit (SDK). The SDK is the only available interface with the UAV,
therefore, the user can only internally reconfigure the UAV to the extent the SDK allows
it. The piloting functions included in the SDK allow a user to execute pitch 6, roll ¢, and
vertical velocity Z, commands,
u = [0y, du, zu]T
Note: In the paper, the entries of u are denoted by equivalent notation [éq, q_ﬁq, wq].

Yaw commands may also be executed, however, the quadrotor is able to move in R3 wit-
hout yaw so it help constant and not considered for control. For a comprehensive list of all
configurable variables, functions and commands, refer to the Parrot SDK 2.

2Parrot. “ARDroneSDK3”. Accessed September 26, 2017. http://developer.parrot.com/docs/bebop/
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6-1-2 Full Control System Design

! Mission ; :
iplannmgi NMPC : W ¢ | Quadrotor f .| UAvVP
: ,| Controller 7 7| Controller "I Plant
1 3 H
System ] O Board f Internal Feedback ]
1 + Un-boar r
Model ; B ——
<
L State
Estimator | Sensor 1€
iOff—Board

Figure 6-2: High-level schematic control architecture system showing division into subsystems,
namely high-level (NMPC) controller, Quadrotor Controller, the UAVP plant and State Estimator

The full control system design is divided into four subsystems namely,

1. High-Level Controller - Non-linear Model Predictive Controller (NMPC) that generates
commands u for the quadrotor that are sent via the SDK to the Parrot Bebop 2

2. Quadrotor (Inputs) Controller - accepts u commands that can then be transformed to
control input force commands f acting on the UAVP system

3. UAV-Payload (UAVP) System - accepts control input force commands f that then are
used to model the UAVP dynamics resulting in the UAVP state; g and its derivative.

4. State Estimator - using u and the state feedback from the system through the Motion
Capturing System, a filtered/estimated state estimate @ is computed

See Figure 6-2 schematising the control system.

The High-Level Controller generates the piloting command w. The generation is based on
optimising the predicted system response according to the mission planning and system model;
this will be part of the subsequent study. The Quadrotor Controller generates motor inputs
derived from commanded high-level inputs u such that a control force input f is generated
acting on the UAVP system. The UAVP system’s dynamic response to f is given by the
system’s state which is subsequently used as feedback to the high-level controller closing the
loop. The off-board state estimator design was part of the subsequent study and is discussed
in Chapter 11. Note that the internal low-level quadrotor controller generally runs at a
very high frequency (order 10! to 10? Hz) allowing the high-level controller to run at lower
frequencies as it only generates reference input commands without directly controlling the

UAV rotors.

The quadrotor controller as implemented on the Parrot Bebop 2 has not been documented by
the manufacturer, however, to be able to predict the UAVP system response it was necessary
to derive a model for these internal dynamics. In the subsequent section the Parrot Bebop 2
specific controller model is briefly introduced. In the remainder of the preliminary study, the
identification, verification and validation of the quadrotor and UAVP model from empirical
data is discussed. Using the derived models, the subsequent study will discuss the high-level
NMPC controller design.
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6-1-3 Quadrotor (Inputs) Controller

In the most primitive form, a quadrotor may be modelled as four individually controlled thrust
and torque inputs that transform to the quadrotor dynamics evolving in SE(3). Readers
interested in modelling with motor inputs can refer to (Mahony et al., 2012) for the quadrotor
model. As mentioned, the quadrotor does not require any yaw commands to perform full R?
translational motion, hence it is set to a constant and assumed to be zero degrees.

Parrot Bebop 2 Internal Control Design

Considering only the quadrotor (no payload), this section describes a model for the internal
controller adopted by the Parrot Bebop 2. This is the best guess of what the actual dynamics
are considering there is no documentation available. Similar to (Chen & Wang, 2013), the
model considers the attitude (pitch/roll) dynamics to be decoupled from the translational
dynamics as the executed pitch/roll angles are relatively small and over short time periods.
All inputs are trimmed to the equilibrium hover condition which is a zero pitch, roll and
vertical velocity. Similar to (Klausen et al., 2015), assuming fast attitude dynamics, the UAV
is controllable by roll, pitch and a vertical velocity commands in w such that a resulting
control input force,

fu: [FIIHFyaFZ]T (6—1)
defined in the inertial world axes is generated for performing translational motion.

In Figure 6-3 the quadrotor’s internal control design is shown. With the input pitch and
roll commands 6,, and ¢,,, motor commands c are generated that result in a moment M and
forces F, and F, on the quadrotor. As observed from the system response in trials, the
quadrotor maintains altitude when executing a pitch and/or roll command hence there is
no contribution to F,. The quadrotor’s true pitch 6, and roll ¢, response to moment M is
internally used as feedback to compute the error signal sent to the attitude controller. With
the input vertical velocity command 2, motor commands c are generated that results in a force
F, defined on the inertial z axis. As observed from the system response in trials, the system
only ascends and descends, even under a pitch/roll angle, when Z,, is non-zero. Therefore, this
input only affects the quadrotor translational dynamics in the inertial z axis. The quadrotor’s
true vertical velocity response %, to the generated F, input is internally used as feedback to
compute the error signal sent to the vertical velocity controller. The combined forces F,
F, and F. are the control input forces by which the quadrotor translational dynamics evolve
giving the system velocities p, and accelerations p,.

All internal feedback is derived from the Parrot Bebop’s built-in sensors (Full list of sensors
available in (PaparazziUAV, 2017)). As Parrot does not officially release the Bebop 2’s internal
controller design, this is the best guess of what the actual system looks like. To be able to
perform predictions of the system response, it was necessary to identify the relation u — f,
which is discussed in the next section.

Derivation of Input Commands to Control Input Force Transformation

As observed from flying the Parrot Bebop 2, the quadrotor is able to perform horizontal
manoeuvres while maintaining altitude, hence the total vertical thrust component must be
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Figure 6-3: Parrot Bebop 2 specific internal control system design showing the handling of
inputs w and the transformation to control input forces f, resulting in the MAV(P) dynamics.
The internal inner-loop quadrotor attitude controller with feedback is shown and is used to stabilise
the quadrotor pitch and roll to the commanded inputs. Internal feedback of vertical velocity is
used to stabilise the system’s vertical velocity to the commanded input.

sufficient to counteract gravity. With the system mass m, transforming the thrust vector
T = [0, O,T]T by the quadrotor attitude given by RE gives Equation 6-2 for the horizontal
thrust components. Let the following notations for true pitch and roll be equivalent, 0§ = 0,

and ¢ = ¢,

Fo | Bry sin(0)
[ F, } = diag(1,1,0)(RgT) =T — cos(6) sin() (6-2)
Additionally, Equation 6-3 must be satisfied for maintaining altitude.
(RET)"[0,0,1]" —mg =0 (6-3)
Solving for T" in Equation 6-3,
r=— "9 _ (6-4)
cos(¢)cos(0)

Substituting T in Equation 6-2, the horizontal force components are given in terms of the
quadrotor’s true roll ¢ and pitch 6 angle.

[ F, } =g [ tan()/ cos(¢) } (6.5)

Ey — tan(¢)

For determining F,, the commanded vertical velocity 2, results in the true system vertical
velocity response which when differentiated gives the system’s acceleration input response Z,.
Equation 6-6 then describes the UAV’s vertical input force in terms of the resulting vertical
acceleration input Z, and system mass m.

Fo=m(2,+9) = F;+myg (6-6)
where F; = mZz,. When there is no Z, input, F, = mg to counteract the gravitational force.

Using the Egs. 6-5 and 6-6 to define f as given by Eq. 5-14, the quadrotor controller model’s
output is defined. For the UAVP system considered m = m¢g + my, which is the sum of the
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quadrotor and payload mass. This approach to modelling the inputs to force transformation
was previously used in (Tobias, Alonso-mora, Domahidi, Rus, & Hilliges, 2017) for research
also conducted using a Parrot Bebop 2 quadrotor.

Note that Eqgs. 6-5 and 6-6 are in terms of the actual quadrotor pitch, roll and vertical
acceleration. To transform the commanded inputs to the quadrotor’s true response, the
Parrot Bebop 2 specific quadrotor dynamics were identified as Linear Time Invariant (LTT)
models denoted by Egs. 6-7, 6-8 and 6-9. The states of the LTI models is denoted by x.. The
specific LTT model state definition and structure as well as the black-box identification from
empirical data collected using a Parrot Bebop 2 will be a major part of the preliminary study
and is discussed in Section 6-4-1.

The attitude dynamic response for pitch and roll is given by Egs. 6-7 and 6-8 (as mentioned
before, yaw is not considered). The quadrotor’s resultant vertical acceleration input Z, is
modelled as a LTT system with input 2, as defined by Eq. 6-9.

0 h@(au) '7)
= h¢>(¢u) '8)
Zu — hz(zu) —9)

Substituting the quadrotor dynamics given by Egs. 6-7 to 6-9 in Eqgs. 6-5 and 6-6, the relation
u — f is obtained,

Ey, tan(hG(QU))/COS(hQS(Cbu))
f=|F., F,,F.,0,0]' where | F, | =mg — tan(hy(du)) (6-10)
F, m(hz(2,) + g)

Note that for this study it is assumed that the definition of f given by Equation 6-10 is always
substituted in the EOMs given by Equation 5-24. Unless otherwise stated when referring to
the UAVP system model it is assumed to refer to both the quadrotor input controller model
and UAVP system model.

6-2 Simulation Environment and Model Discretisation

Simulation studies of the UAVP dynamics were performed to verify the model for use in
the model-based MPC that follows after this preliminary study. A simulated environment
is built in MATLAB that is used to perform desk-based research using the derived model
from Chapter 5. The simulation environment enables rapid development and testing of new
concepts before they are implemented on a real-life setup as performing multiple runs and
iterations in experimental setups is time consuming, costly and not always tractable. Also
having a simulation setup allows comparative studies to be performed with experiments as to
quantify how realistic a simulated model is.

To discretise the continuous-time dynamics, given by Equation 5-24, numerical integration
is used. The next system state is explicitly solved using the forward Euler method. More
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accurate methods such as Runge-Kutta are not used as they require multiple function evalu-
ations of & per simulation cycle while forward Euler only requires one. The drawback is that
the first-order numerical procedure, such as forward Euler, start deviating from the actual
solution quickly with a global error proportional to the step size used for simulation. Ho-
wever, considering the future application of the UAVP model in MPC, where the prediction
horizon is generally in order of 1 second, the global error over the full horizon should be
acceptable. Other integrator methods may be easily implemented with higher order Taylor
expansions should the explicit Euler method not suffice in later studies. Equation 6-11 defines
the forward Euler based computation of the next state x;11 and derivative in discrete form
where At is the simulation step size (set at 0.05 seconds to match the experimental control
frequency).

Xi+1 = X; + x; At (6—11)

The simulation may be initialised at any desired state vector x. For most cases, the quadrotor
position states xg4,%q, 24 are pre-defined for the user with all other states zero to be in an
equilibrium condition.

6-3 Experimental Environment and Workspace

Experimental studies were performed in the an indoor specially built environment with equip-
ment used for commanding, controlling and communicating between different hardware. The
experiments took place at the Network Embedded Robotics Laboratory at TU Delft.

6-3-1 Physical Space and Motion Capturing System

The indoor setup comprises a 3.0 x 6.0 x 2.6m (width x length x height) usable workspace
contained within an outer perimeter netting wall for safety. Figure 6-4 shows a schematic of
the workspace dimensions and layout of the Motion Capture System (MCS) cameras. The
MCS system comprises of 10 Optitrack Prime 17W? infrared based optical motion tracking
cameras positioned overhead along the outer perimeter of the workspace. The maximum
usable workspace is determined by all physical locations that can at least be captured by four
cameras. This was determined by taking a retro-reflective marker and collecting a point cloud
of tracked marker locations. Markers are tracked when at least three cameras have it in sight
with the fourth camera necessary for redundancy. Figure 6-4 also shows the orientation and
positioning of the inertial reference frame {I} which is defined at the ground-level centroid of
the usable workspace. The MCS provides rigid-body information in SE(3) of the quadrotor,
payload and any tracked obstacles. Prior to performing experiments the MCS was tuned and
calibrated. The calibration results and error margins are presented in Appendix E.

6-3-2 Command, Control and Communication Architecture

To perform experiments a command, control and communication architecture was established
enabling execution of controlled experiments and collection of data. The following section
outlines some characteristics of the hardware and software used.

3Optitrack. “Prime 17W”. Accessed September 19 2017. http://optitrack.com/products/prime-17w/
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Figure 6-4: Schematic showing indoor usable workspace dimensions with inertial frame {I}
marked in center and the Motion Capture System cameras (orange triangles) laid out

Central Computer Hardware and Software

All commands, control computations and communications during the experiments were per-
formed on a central host computer with the hardware and software itemised below;

e Hardware: Laptop with Intel Core i7-3610QM Quad-core at 2.30 GHz (3.30 GHz max),
8 GB RAM and 2.4/5 GHz capable Wi-Fi card
e Operating System and Software: Ubuntu 16.04, ROS Kinetic Kame, MATLAB R2017a

In addition to the software outlined above, several MATLAB toolboxes and ROS packages are
required which have been itemised in Appendix F. An additional computer was necessary to
run the Optitrack provided Motive software that controls and communicates with the MCS
cameras to makes its data available on the ROS network.

System Architecture

Referring to Figure 6-5, all communications were hosted on the central computer. The MCS
data outputs 3D rigid-body data which includes the quadrotor’s pose (position and orienta-
tion), and the payload’s position. The central computer was running the ROS master with
packages loaded to enable the MCS rigid-body data to be read, and commands to be sent to
the quadrotor. Control computations were done in real-time using a MATLAB script that
published commands to a ROS topic that interfaced with the Bebop SDK. A physical game-
console controller was used to facilitate manual control and override the MATLAB generated
commands should that be necessary.

6-4 Experimental Procedure
Three experiments were conducted for the complete identification, verification and validation
of the UAVP dynamics. Each experiment and its relevance will be outlined in more detail in

its own section.
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Figure 6-5: Data flow between digital systems in the experimental setup

e Identification of the UAV pitch, roll and vertical velocity dynamics

e Analysis of the cable slackening during manoeuvres

e Validation through comparison of simulated and experimental system dynamics respon-
ses

6-4-1 System ldentification Method for Quadrotor Pitch, Roll and Vertical Velo-
city Dynamics

As mentioned in Section 6-1-3, to complete the model it is necessary to identify the UAV’s
attitude and vertical velocity dynamics as given by Eqgs. 6-7, 6-8 and 6-9. System identification
is performed using the MATLAB System Identification Toolbox that uses recorded input-
output time traces to identify a process model, of arbitrary degree n, in an innovations
state-space form as presented in Eq. 6-12. As the particular model structure implemented
on the on-board controller is not known, a black box modelling approach is used where the
primary model purpose is to fit the data. Therefore, the states of the identified models have
no physical meaning, but rather represent abstract model parameters. The output measure
is denoted by a placeholder notation © € R which in this experiment’s case is either pitch,
roll or vertical velocity. Let u(t) € R be the reference pitch, roll or vertical velocity input.
Input delay may be added to the system by setting a positive non-zero t4. The intermediate
state-space variables are encoded in vector xg € R” for which the size depends on the model
order n. As experimental data is used, a disturbance component is included by signal e(t)
and the disturbance matrix given by Kg capturing dynamics unrelated to the process being
identified.

xe = Aexe(t)+ Beu(t—t;) + Kee(t) (6-12)
© = C@X@(f) + B@u(t - td) + e(t)
The pitch, roll and vertical velocity models were identified individually using the same process.
Two runs of the same experiment were selected to create a estimation and validation dataset.
The former dataset is used by the toolbox to identify a (delayed) first, second and third
order state-space model. The validation dataset is used to measure the fit/performance of
the generated model through simulation of the model response to the recorded inputs in the
dataset. The toolbox was configured to estimate the state-space models using Prediction
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Error Minimisation (PEM) with a focus on simulation and zero initial state. Note that
achieving a constant perfectly zero initial state is impossible due to the experimental nature
of the data.

Only linear, low order models were identified as the resulting model accuracy was found to
be sufficient while keeping the computational demand low for real-time implementation. A
discrete state-space model would be more appropriate for simulation and control purposes due
to the use of digital computers for performing both tasks, however, this requires the model
sample time to be constant. This is achievable in simulation, however, for implementation
purpose in a real-time system, the sample time constantly varies. Therefore, a continuous time
model is identified which can then be forward simulated using numerical integrator methods.

6-4-2 Analysis of Cable Slackening During Manoeuvres

As mentioned in Chapter 5, it is necessary to verify whether cable slackening occurs when the
UAYV undergoes inputs under the full range. For the purpose of modelling the UAVP system,
it is important to know whether the cable always remains taut (in tension) throughout the
motion or there are instances where it becomes slack; if the cable switches between the slack
and taut state, a switching UAVP dynamics model would be necessary. Consequently a
switching-mode controller or modelling of the continuous cable dynamics would be required
for proper modelling and validation of the UAVP dynamics.

It is presumed that a cable never slackens if the vector between its two end-points remains of a
constant known length. From experimentally collected data, the cable length [ is computed by
Eq. 6-13 using the MCS provided payload and UAV positional data pr, and pq respectively.
During experiments it was noted that the MCS collects the quadrotor’s position at the centroid
of the polygon formed by the four markers attached while it is assumed pq is the UAV’s center
of gravity. Also, the cable suspension point is under the UAV’s actual center of gravity as it
is physically impossible to attach the cable at the centre. To account for the offset between
the measured MCS based UAV position and the actual suspension point, Eq. 6-13 is modified
giving Eq. 6-14 where the offset is included in vector rqg.

I =[lpL - pall (6-13)
I =[lpL — (Pq + ron)| (6-14)

Under the premise that a taut cable corresponds to a constant cable length, with some
deviations for measurement errors, the results can show if slackening ever occurs.

6-4-3 Validation Through Comparison of Simulated and Experimental System
Responses using Configuration State Reconstruction

To facilitate validation of the simulated system dynamics, it was necessary to reconstruct
the state vector q = [zg yg 2¢ 0 ¢r]' from experimentally collected measurements. The

first three states of q are the UAV’s position which is directly available from the MCS. The
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remaining states are the suspension angles ¢, and 8, which are computed using Eqgs. 6-15 and
6-16 respectively. The computation of these angles uses the MCS positional data of py, and
pq- The equations are derived by inverting the kinematics describing the payload position
p1. with respect to the UAV position pq as given by Eq. 5-5.

¢r, = tan! <_(ZiL__Z"’;Q)> (6-15)
0, = sin~! (H?) (6-16)
IpL — Pqll

The simulated and experimentally derived states time traces are then compared to identify
whether the responses are consistent and/or whether there are any (significant) deviations.

6-5 Collection and Post-processing of Experimental Data

Data collected during experimentation was post-processed for noise and systematic errors to
be usable for performing the system identification and validation described in the preceding
sections. Both procedures are described in detail hereafter.

6-5-1 Data Collection

As presented in section 6-3-2, all communications lines in the experimental setup either start
or end at the central computer, therefore, logging of all data occurred there. Data logging
was performed during the experiment as part of the MATLAB control algorithm that was
receiving data from ROS topics published by the MCS and quadrotor. As data was logged
in-the-loop, the data sampling frequency was inherently linked to the high-level control loop
frequency. This was not a problem considering the control frequency was consistently 19 Hz.
Future iterations of the code will likely benefit from separating control and logging into two
independent scripts running as two processes.

The type of odometry data and metrics collected included;

Real-time clock samples (MATLAB on host computer)

Quadrotor’s pose which includes position and orientation in Euler angles (MCS)
Payload’s position (MCS)

Quadrotor commanded pitch, roll and vertical velocity inputs (MATLAB on host com-
puter)

Important to note is that commanded inputs are recorded at the time they are generated
by the MATLAB control script running on the host computer. The UAV will execute this
command once it is received and may have earlier commands buffered till then so there is a
time lag component. Additionally, the UAV may skip inputs if they are received at a higher
rate than can be physically executed. Unfortunately, it is currently not possible to obtain the
timed UAV executed inputs due to limitations of the Bebop SDK. Therefore, from here on
forward it is assumed that all inputs sent to the UAV are executed within a reasonable time
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period. Additionally, the quadrotor’s orientation in Euler angles may also be obtained from
the built-in gyroscopes, however, the current transmission rate from the UAV is limited to
5 Hz using the SDK and ROS (Monajjemi, Mani, 2015). This sampling frequency is too low
for reconstructing the continuous system dynamics for system identification purposes (as will
become clear in Chapter 7).

6-5-2 Data Post-processing

Data collected was directly logged into MATLAB arrays that could readily be imported into
the workspace and manipulated in MATLAB. First an analysis was performed to identify any
missing data points or outliers resulting from to the digital nature of recording the metrics.
Any issues were rectified by removing or estimating the missing value through interpolation
using locally relevant data points. This step ensured that erroneous data was not used for
the system identification and validation procedure adversely affecting the results obtained.

The data was then processed using low-pass filtering to remove high-frequency noise com-
ponents. The data was filtered/smoothed using the MATLAB smooth function which is a
simple moving average filter with a span of 5 measurement points. The simple filter was suf-
ficient for the purposes of this study, however, one may explore more advanced low-pass filter
constructions and/or finely tune the moving average span based on the expected frequency
components in the data.

Additional de-trending post-processing was performed on the estimation and validation da-

taset for the UAV pitch and roll system identification. The details of this is outlined in
Appendix G.
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Chapter 7

Results and Discussion

Three sets of experiments were performed as described in Section 6-4. Section 7-1 presents
the system identification results for the pitch, roll and vertical velocity dynamics of the Parrot
Bebop 2 quadrotor. Section 7-2 looks at the results to answer whether cable slackening occurs
for inputs over the allowable range. Lastly, Section 7-3 addresses the comparison of simulation
and experimental studies of the UAVP response dynamics to validate the model.

7-1 Identified Quadrotor Pitch, Roll and Vertical Velocity Models

The identification of the Parrot Bebop UAV pitch, roll and vertical velocity dynamics using
the method outlined in Section 6-4 is described concluding with the derived models. First
the UAV step response is assessed to gain some insights into the system.

7-1-1 Step Response and System Bandwidth

To identify basic time-domain characteristics of the system pitch, roll and vertical velocity
response, experiments involving step inputs were performed to collect system response data.
The following experimental runs were performed:

e Pitch and Roll, 10° and 15° step inputs individually for 1 second duration
e Vertical velocity 1 m/s step input for 1 second duration

Due to limitations imposed by the available indoor workspace, it was not possible to perform
step input experiments at higher pitch and roll angles as there was insufficient translational
space available. Due to the same reasons, it was not possible to lengthen the input duration.

The experimentally derived rise time for the step response is summarised in Table 7-1. The
rise time definition followed is the time taken for the response to go from 10% to 90% of the
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final steady-state value which is set as the commanded input angle. As the quadrotor is not
fully symmetrical along all axes, it is expected that the pitch and roll dynamics are similar
but not equal. The results show that the pitch response rise time is more consistent than
the roll response, however, on average the rise time of both pitch and roll are comparable at
around 0.33s. The roll response is slightly slower which is consistent with the expectation
as the quadrotor is generally designed to be most agile along the body z axis. From the
relatively long pitch and roll rise times, it can be concluded that the pitch and roll inputs are
not instantly tracked by the attitude stabilisation system of the UAV. Therefore, modelling
the pitch and roll dynamics is necessary for developing an accurate UAVP model. The same
conclusions can be drawn for the vertical velocity input response which has an average rise
time of 0.42s which is relatively slow. The vertical velocity response is slow as it requires all
four motors to increase their rotational velocity such that extra thrust is generated.

Table 7-1: Rise time of Parrot Bebop 2 quadrotor’s pitch, roll and vertical velocity response for
multiple runs

Run Step Response Rise Time [s]
Pitch 10° | Pitch 15° | Roll 10° | Roll 15° | Vertical velocity 1m/s
1 0.32 0.33 0.34 0.30 0.42
2 0.34 0.33 0.32 0.40 0.44
3 0.34 0.30 0.46 0.29 0.41
Average 0.33 0.32 0.37 0.33 0.42

The rise times also give insight into the frequency response bandwidth of the pitch and
roll attitude stabilisation system. As a rule of thumb, the step rise time relates to the
system bandwidth BW by Eq. 7-1 (National Instruments, 2007). Therefore, the pitch and
roll system bandwidth is 1.1 Hz (rounded to two significant figures). The bandwidth for the
vertical velocity control system is 0.83 Hz. The bandwidth is important for designing the
system identification input signals and setting the required sampling frequency to recreate
the continuous-time dynamics from sampled data.

0.35
rise time [s]

BW[Hz] = (7-1)
As a continuous-time response is captured by discrete samples, it is also necessary to achieve a
sampling rate greater or equal to the Nyquist rate. According to Nyquist-Shannon’s sampling
theorem, the minimum sampling rate is equal to two times the signal bandwidth, therefore,
sampling must occur at a minimum of 2.2 Hz to capture the continuous time system dynamics.
Given the pitch and roll system bandwidth is higher than for vertical velocity, achieving the
stricter sampling rate automatically guarantees the sampling rate is sufficient for the latter
system. From experimental trials, the minimum observed sampling rate using the workspace
setup as described in Section 6-3 is 19 Hz which is well above the required sampling rate.
Intuitively the sampling rate seems low, however, this rate is achieved as the higher frequency
MCS data is communicated over the ROS network and processed in MATLAB before being
logged into a data file. The in-the-loop processing also converts the external MCS data into
relevant measures including the UAV FEuler angles. Therefore, the control loop speed of
MATLAB restricts the logging /sampling speed. Unfortunately, the high frequency MCS data
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that is sent at around 60 Hz to MATLAB between logging instances is lost. For the purposes
of the experiments performed, the current 19 Hz sampling rate is sufficient. To significantly
increase the attained sampling rate, raw data from the MCS would need to be externally (not
within MATLAB) be logged. The data will then need to be post-processed into the required
measures.

7-1-2 System ldentification of UAV Pitch and Roll Dynamics

Considering the pitch and roll system bandwidth of 1.1 Hz, a square wave input was designed
to excite the system to collect experimental response data. Proper system identification
requires excitation of the system at various input frequencies and a square wave achieves
this as it is composed of multiple sine waves at various frequencies and amplitudes (this
follows from its Fourier series decomposition). Three state-space systems of orders 1 to 3 in
the form of Eq. 6-12 were identified on the estimation dataset using the MATLAB System
Identification Toolbox. The estimation and validation dataset contain the system response
to an input square wave with an amplitude of 5°, frequency of 0.5Hz and duration of 15 s.
The input frequency was selected to be 0.5 Hz as to fall within the system bandwidth of
1.1 Hz. The data has been cut-off at the 15 s mark as to exclude the square wave signal’s
return to the 0° input; reason for this exclusion is that the quadrotor’s attitude controller
not only brings the pitch/roll back to 0°, but also triggers a position hold controller so there
is no remaining translational motion. The position hold is achieved by generating a negative
pitch/roll against the motion and this corrective action involves an extra outer loop to the
attitude controller which is not currently being modelled.

Figures 7-1 and 7-2 show the designed input square wave with the corresponding simulated
and experimental validation data responses. For both pitch and roll, three non-delayed model
of increasing order and a delayed first-order model, with 0.1 s input delay ¢4, were identified.
Table 7-2 shows the quantified overall model fit, as a percentage, with the estimation and
validation dataset. Percentage fit is the agreement between the model generated output and
the experimental data output. The measure used is Normalised Root Mean Square Error
(NRMSE) which is part of the MATLAB goodness0fFit function. Additionally, the model
quality is explored by considering the output residual auto-correlation and cross-correlation
between the input and output residuals as given in Appendix I. Delayed second and third
order state-space models were also identified, however, there was minimal to no improvement
in the model fit as shown in Appendix H so they have been excluded from the results discussed
here. As shown in Table 7-2, the delayed first-order model shows significant improvement in
the model fit compared to the non-delayed version. Analysing Figures 7-1 and 7-2 and the
associated model fits, models of all order are able to capture the system dynamics sufficiently
well with at least a 80% fit. The model fits on pitch dynamics is better than roll which can
be attributed to the more consistent pitch response compared to roll for the square wave’s
repetitive inputs as used for experiments. The same consistency issue with the roll response
was observed in the results of Section 7-1-1. Additionally, note how the UAV’s experimental
pitch and roll response converges to a final value lower than the commanded input value
of £5° (£0.087 rad). This also means the overall gain of the derived models is less than
1. Over the repeated inputs given to the UAV in the square wave form, the UAV does not
consistently converge to the same tilt angle, therefore, there is likely some error in the UAV’s
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internal state observation. Another important conclusion to be drawn is that the model fit
on the estimation and validation data is very similar indicating there is no apparent model
over-fitting to the estimation data.

Further analysis shows that second order model is the most suitable pitch and roll model
order considering the fit and computational load. The conclusions and observations made
are relevant for both the pitch and roll system given how similar the systems respond to
inputs. The residual analysis in Appendix I, shows that the second and third order model’s
quality is good given that the majority of the residuals fall within the 99% confidence intervals
with some peaks beyond the intervals. The first order model performs well, however, it has
a relatively low model fit at around 80-85% when compared to the second and third order
model. Also considering the response shown in Figures 7-1 and 7-2, the first order model
output overshoots the observed experimental response significantly. The delayed first order
model fit is more comparable with the second and third order models, however, it slightly
under-performs in terms of model fit. The improvement in model fit from the second to
third order model is small while the additional order makes the third order model more
computationally demanding. Following from the observations made, the second order pitch
and roll model is selected for which the state-space representation is given by equations 7-2
and 7-3 respectively. The pitch and roll model inputs are given by 6, and ¢, with the
intermediate states encoded in vectors xy and x4. These models address the earlier identified
unknown UAV attitude dynamics functions formulated as Eqgs. 6-7 and 6-8. To improve real-
time performance of the script and simplify the model, the delayed first-order model may be
considered in subsequent studies as it achieves a relatively good fit with the benefit of being
one order lower (less computationally demanding).

% — [ —4.301 —2.877 ] [ Ty 1 ] N [ —0.6893 ] 0. + [ 15.37 ] (1)

10.92  —10.37 | | 25 —16.32 23.75 (7-2)
9 =[1763 4.586 x 1073 | [ ig; } +[0] 0, + e(t)

. [ —2789 —4.978 7 [ x4, —5.41 13.57

* = [ 9.302 —13.72 } [ T2 ] * [ —18.04 ] but [ 1.152 ] () (-3)

¢ =1[1.996 04657 ] [ ij; ] + [0] pu + ()

)

Table 7-3 shows the poles, zero, damping ratio and natural frequency of the resulting second
order state-space systems. Both the pitch and roll models are under-damped with a damping
ratio approaching critical damping, therefore, there is very little oscillatory behaviour in the
response as also seen in Figures 7-1 and 7-2. This can also be deduced from the poles in
the complex left-plane that also confirm the system is stable. The non-minimum phase zero
introduces some undershoot behaviour, however, as it is very far right into the complex plane,
it has minimal effect on the overall system behaviour as it does not cancel any effects from
the more dominant poles (closer to the origin).
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(c) Input signal square wave; amplitude: 5° (0.087 rad), frequency: 0.5 Hz, duration: 15 s

Figure 7-1: First (delayed), second and third order pitch state-space model response comparison
to experimental validation data
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(c) Input signal square wave; amplitude: 5° (0.087 rad), frequency: 0.5 Hz, duration: 15 s

Figure 7-2: First (delayed), second and third order roll state-space model response comparison
to experimental validation data
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Table 7-2: First, second and third order state-space model fit as NRMSE percentage to estimation
(est.) and validation (val.) dataset. First-order input delays are 0.10 s for pitch/roll model, and
0.12 s for vertical velocity.

Dataset fit of identified state-space model [%]
System Order 1 Order 1 delayed | Order 2 Order 3
Est. | Val. | Est. | Val Est. | Val. | Est. | Val
Pitch 84.68 | 84.55 | 91.72 | 91.08 94.59 | 93.81 | 95.93 | 94.96
Roll 82.34 | 81.69 | 89.95 | 88.54 91.09 | 89.08 | 92.76 | 90.17
Vertical Velocity 77.12 | 76.42 | 87.52 | 89.01 91.38 | 91.56 | 91.19 | 92.19

Table 7-3: Poles and zero of identified pitch, roll and vertical velocity second order state-space
system models

System Zero | Pole(s) Damping Ratio [-] | Natural Frequency [Hz]
Pitch 54.1 | -7.34 £4.71i | 0.841 1.39

Roll 32.6 | -8.25 4+ 4.051 | 0.898 1.46

Vertical Velo- | 93.0 | -3.54 £ 3.071 | 0.755 0.74

city

7-1-3 System ldentification of UAV Vertical Velocity Dynamics

Following the same system identification process as for the pitch and roll dynamics model,
the vertical velocity model is also identified. The estimation and validation dataset contain
the system response to a pulse input of width 1s and an amplitude of 1m/s.

Figure 7-3 shows the designed input pulse and the corresponding simulated response using
state-space models of different order. Table 7-2 shows the quantified overall model fit, as a
percentage, with the estimation and validation dataset. A first order delayed model with a
0.13 s input delay t4 is included as there is significant improvement in the fit. As previously
noted in Table 7-1, the vertical velocity system rise time is higher, therefore, it is consistent
that the input delay is longer when compared to the pitch and roll system models. Looking at
Table 7-2, the data fit on the estimation and validation dataset is comparable indicating that
model over-fitting is not an issue. The first order model has a relatively poor fit at around
76-78% when compared to the second and third order models at 91-93%. Including the input
delay in the first order model vastly improves the model fit making it comparable to the second
and third order models. However, as seen in Figure 7-3, the (non-)delayed first order models
show an overall good response amplitude, however, the response shape deviates from the
experimental data. The second and third order models are able to capture the more gradual
damped nature by which the vertical velocity response evolves. The delayed first order model
may be considered to achieve real-time performance at the loss of some accuracy in subsequent
studies as it is computationally less demanding due to the lower order. Comparing the second
and third order model, the model fit is equivalent, therefore, the second order model is the
all round better model. Considering the model quality, as presented in Appendix I, the third
order model is better as the residuals fall more often into the confidence intervals, however,
the second order model is only slightly worse. The second order vertical velocity state-space
model is given by Eq. 7-4 where 2 is the UAV’s actual vertical velocity.
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o _ [ 4875 1848 i1, [ 060207, 21937
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Table 7-3 shows the poles, zero, damping ratio and natural frequency of the resulting second
order state-space system. The vertical velocity response is under-damped while more towards
being critically damped, hence, there is little oscillatory response behaviour as seen in Figure
7-3. As the poles are in the complex left-plane, the system is stable, and the non-minimum
phase zero being very far right in the complex plane has little effect on the behaviour resulting
from the dominant poles.

A peculiar and interesting observation is made from Figure 7-3, the UAV responds to a 0 m/s
vertical velocity input by flying down (negative vertical velocity). When given a 0 m/s vertical
velocity command, the UAV control system controls the altitude rather than maintaining a
zero velocity as it cannot directly sense velocities. Therefore, returning the input to the
nominal state 0 m/s triggers an additional altitude hold control loop which is not accounted
for in the model derived using this system identification scheme. Contrary to the roll and
pitch angle which the UAV can obtain from built-in gyroscopes, sensor fusion and estimation
must be performed to derive the UAV’s current vertical velocity. To achieve this the Parrot
Bebop 2 has a barometer, ultrasound based altimeter and accelerometers (PaparazziUAV,
2017). Therefore, due to the estimation involved, it is expected that the executed vertical
velocity will be inconsistent over repeated input commands of the same magnitude.

7-2 Analysis of Cable Slackening During Manoeuvres

To identify whether the cable slackens during foreseeable manoeuvres, flights were performed
with gradual and aggressive inputs allowing the payload to swing freely. Using Eq. 6-14,
the cable length can be computed over the duration of the experimental flight. From me-
asurements taken from the UAVP system setup, the offset vector was determined to be
rB. = [0 0 —0.04" in meters in the {B} (body) frame. As Eq. 6-14 requires the offset
in the inertial frame {I}, the necessary transformation using the measured attitude Euler
angles was performed to give rog. There was also an offset between the measured payload
position and suspension point on the payload of 0.025 m, therefore, this value was subtracted
from the computed cable length.

Figure 7-4 shows the computed cable length and suspensions angles for a section of flight
recorded with the pitch, roll and vertical velocity inputs given by the third sub-plot. The
flight was performed on level altitude with combined gradual and aggressive pitch and roll
inputs. The maximum pitch/roll angle and vertical velocity amplitude was capped at 20°
(0.35 rad) and 1 m/s respectively. As mentioned in Section 7-1-1, these inputs are a practical
limit considering the limited traversable indoor workspace. This input range will also be used
for constraining the MPC generated high-level commands in the subsequent study. Before
performing the experiment, the UAVP was brought to a nominal hover state such that there
was minimal residual payload swing. Ideally the payload would be stationary, however, this
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Figure 7-3: First (delayed), second and third order vertical velocity state-space model response
comparison to experimental validation data

is not practically achievable. As seen in Figure 7-4, the cable length varies during the run,
however, it only varies about 1 c¢cm from an average value of 0.755 cm, or about 1.3% of
the nominal value. Also note that the measured cable length is 0.77 c¢m, as given in Table
6-1, however, here the cable on average appears to be shorter. The discrepancy likely results
from the cable shortening after attaching the string with a knot on the UAV and payload
suspension point. Also the offset vector measurement is not very accurate, so there is error
introduced through that measure.

It cannot be conclusively said that the cable never becomes slack during the experiment, ho-
wever, the variations in computed cable length is only around 1.3%, so that may be attributed
to random errors, and biases introduced by the offsets. If there was significant slackening of
the cable, the measured length between the UAV and payload would have more dramatically
been affected, however, this was not the case. Therefore, assuming the cable remains taut is
sufficient for the UAV command input ranges considered in this study. Slackening is generally
observed when the payload swings aggressively (high suspension angles) combined with rapid
acceleration of the vehicle to which the payload is attached. In this case, the motion of the
two rigid bodies decouple causing the cable to slack. This sort of behaviour was not observed
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Figure 7-4: Payload suspension cable length, suspension angles and UAV commanded input pitch
0,, and roll ¢, angles, and vertical velocity z, for gradual and aggressive manoeuvres

during the experiments performed as the vehicle is unable to perform such agile behaviour
under the limited input range. Future studies can look at the slackening behaviour in more
detail by measuring the actual tensile force in the cable which clearly indicates the cable be-
comes slack when there is zero force. Due to unavailability of such measurement capabilities,
this study was not performed for this research.

7-3 Validation of UAV-Payload Model under Experimental Trials

Using results from the system identification of the pitch, roll and vertical velocity dynamics
and the newly gained insights about the cable taut/slack dynamics, the final step involved
validation of the obtained UAVP model using experimental data.

7-3-1 Quadrotor Input Control Model Implementation

The identified state-space models relating the commanded input to actual UAV state pitch,
roll and vertical velocity were implemented in the simulation environment. As outlined in
Section 6-2, the UAV’s true pitch @, roll ¢ and vertical acceleration input Z, relate to the
control forces f acting on the UAV system by Eq. 6-10. The true 6 and ¢ states can now be
modelled from the input 8, and ¢, by Eqgs. 7-2 and 7-3 respectively provided the initial UAV
0 and ¢ state is known. The remaining equation is a relation between the vertical velocity
Z, and acceleration Z, inputs. Equation 7-4 currently models the vertical velocity dynamics
provided the input and initial condition. To obtain the vertical acceleration input as output,
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the differential output of Eq. 7-4 must be taken resulting in the state-space model as given
by Eq. 7-5.
[ —6.767 —6.546 ] [ T34 ] [ 38.75 ] :

27| 3031 0311 || @9 1.841 (75
2,=[0.620 4.07x 1072 ] il } + [~0.241] 2,
2,2

Note that by substituting the output %, in Eq 6-6, the vertical control force F, = mz, with
UAVP mass m can also be defined as the output of model Eq. 7-5. This model addresses the
earlier identified unknown vertical acceleration input relation given by Eq. 6-9. The resulting
system zero is at s = 93.04 and poles are at s = —3.54 £ 3.071 with damping ratio 0.755 and
natural frequency of 0.74 Hz, therefore, it is an under-damped and stable system.

The three previously mentioned unknown functions given by Eqs. 6-7, 6-8 and 6-9 are now
defined completing the Quadrotor Controller model. The three state-space models, Eqs. 7-2,
7-3 and 7-5 were implemented in simulation and the response simulated numerically using
an (explicit) forward Euler algorithm to keep the computational complexity low. A Runge-
Kutta numerical method has been implemented in code, however, it has not been used for
the simulations performed and the results presented in this preliminary report. During trials
it was determined that in experiments the loop step-size averaged around 0.05 s which was
small enough that the forward Euler method did not deviate significantly from the actual
continuous function value.

7-3-2 Comparison of Simulated to Experimental UAVP Response

The complete simulation with the identified UAV dynamics included was used to perform
studies comparing the experimental and simulated UAVP response. As the payload motion is
inherently linked to the UAV motion and vice versa, the improved UAV model should reflect
in an improved modelling of the payload dynamics. To study this, simulated and experimental
step response data was collected to study how the payload suspension angle evolves when the
identified UAV dynamics are included and excluded in the simulated response.

For simulation purposes, the payload was assumed to be in a nominal equilibrium state (zero
suspension angles) with the UAV stationary and hovering. These idealised conditions are not
realisable in experimental conditions, however, effort was taken to bring the system as close
to nominal as possible. Being a causal system, all the residual undesirable motion has an
effect on the obtained results to a certain degree. Multiple runs were performed so that at
least one run could be selected where the system was close to a nominal state.

The first experiment involved a step 10° (0.175 rad) pitch input on the UAV at 4 s resulting
in the response seen in Figure 7-5. The simulated to experimental response fit is computed
as the NRMSE starting from 4 s till the end of the run. The UAV only moves in the {I}
inertial frame’s positive x direction so the payload ideally only responds with a ¢y, angle. The
experimentally measured 6, angle remained below 2.3° (0.04 rad) throughout the experiment
which is acceptable and has negligible effect on the ¢ response. The simulated responses
presented in Figure 7-5a includes the identified UAV dynamics while in 7-5b they are excluded.
Figure 7-5b shows how exclusion of the dynamics results in an immediate payload response to
the input while in reality there is a slight delay before the payload responds which is captured

Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments Nikhil D. Potdar



82 Results and Discussion

by including the damped dynamics as seen in Figure 7-5a. Overall the simulated response
frequency is equivalent to experimental data with the response in Figure 7-ba showing a
much better fit at 70.9% compared to 21.7%. As seen in Figure 7-5a, the simulated response
is approximately a shifted version of the experimental response, this may be attributed to the
residual oscillatory energy in the experimental system at the 4s mark when the step input is
executed. Given the response appears shifted and does not oscillate about a zero value, there
is likely a bias in the measurement which could be identified and removed. It cannot be said
for certain if this is the case, therefore, the results are presented as-is without removing a
bias.
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Figure 7-5: Experiment (exp) and simulation (sim) payload suspension angle for UAV pitch step
input 6, = 10°

Similar to the first experiment, the second experiment involved a step 10° (0.175 rad) roll
input on the UAV at 4 s resulting in the response seen in Figure 7-6. The same NRMSE fit was
computed in this case. The UAV only moves in the {I} inertial frame’s positive y direction so
the payload ideally only responds with a 6, angle. The measured ¢, angle remained below 5.8°
(0.1 rad) throughout the experiment which is acceptable. The simulated responses presented
in Figure 7-6a includes the identified UAV dynamics while in 7-6b they are excluded. Again,
Figure 7-6b shows how exclusion of the dynamics results in an immediate payload response to
the input while in reality there is a slight delay before the payload responds which is captured
by including the dynamics as seen in Figure 7-6a. Again, the simulated response frequency is
equivalent to experimental data with Figure 7-6a showing a much better fit at 72.3% compared
to 31.5%. As there was less residual oscillatory energy, the experimental amplitude response
is more comparable. The simulation shown in Figure 7-6a shows a slightly weaker amplitude
response while being less damped. This could be as the real UAV accelerates faster and the
payload experiences more drag than modelled in simulation.

The experiments that have been discussed till now have tested the simulated response to
discrete and simple step pitch or roll inputs. Figure 7-7 shows the simulation and experimen-
tal response of the UAVP to combined gradual and aggressive, roll and pitch inputs. The
experimental data has previously been presented in Figure 7-4 which also shows the input
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Figure 7-6: Experiment (exp) and simulation (sim) payload suspension angle for UAV roll step
input ¢, = 10°

commands. Again care was taken to bring the system to a nominal state before initiating the
experiment as the simulation assumes a nominal initial state. Before analysis of the results, it
is important to note that due to causality and the dead-reckoning UAVP dynamics simulation
process, the simulated response is subject to cumulative errors. Given the experiment elapsed
for 56 seconds, there is a large span over which accumulation of errors occurs.

Observing Figure 7-7, the initial impression is that the overall fit is decent with the simulation
showing a comparably shaped simulation and experimental response. As also noted in the
step response data, the response amplitudes do not always agree which is also the case here.
On the other hand, the oscillatory frequency is equivalent. The simulated end experimental
responses deviate the most from each other when there is minimal input to system such that
the suspension angles are low (< 6° or < 0.1 rad) which occurs for ¢, from 0 to 5 s, and for
¢r, and 0, from 50 to 56 s. This interesting observation indicates that the model is able to
more accurately capture the UAVP motion when the inter UAV-Payload dynamics become
dominant, i.e. when the UAV accelerates/decelerates significantly resulting in large payload
swinging motions. When the UAV is idle or undergoing very small inputs, the model and
actual response deviate which is expected. Taking the measurements from 0 to 5 s, looking
back at Figure 7-4, notice how the roll input is significantly larger than the pitch input, this
translates to larger 67 angles than ¢;. Therefore, the simulation is able to capture the 6y,
response much better than the ¢, response. When there are very small accelerations in a given
direction, other unmodelled phenomenon become more dominant factors affecting the UAVP
dynamics, consequently, there is greater disparity between the simulated and experimental
response.

Given this observed behaviour, an experiment was set-up to perform flight under dominantly
UAV pitch inputs with significantly smaller roll inputs. Figure 7-8 shows the simulation and
experimental response of the UAVP to inputs of that nature. As the postulate states, it is
expected that the experimental ¢, response will be captured by the simulation while there is
more disparity in the 6 response. This expected behaviour is also clearly observable in the
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Figure 7-7: Payload suspension angles in experiment and simulation for combined pitch and roll
UAV inputs, simulated ¢, fit of 41.0%, 0, fit of 31.1%

collected response data in Figure 7-8. Note how the 6 is almost always < 6° or < 0.1 rad
which are very small suspension angles. Compare this to ¢y, which reaches angles around 35°
(0.5 rad) showing that the inputs have a dominant effect on the UAVP dynamics observed
here. Also the simulated response fit on ¢y, is 28.9% while for 6, it is —12.3%.

7-3-3 Completed Model and Outlook

Having identified the Quadrotor Controller Model, summarising, the derived model’s state
x. combining the states of the identified second-order state space systems given by Eqs. 7-2,
7-3 and 7-5 is formally defined as,

T, = [$9,$¢,$5]T (7-6)

Forward-looking, the model disparity to the real response for different UAV inputs should
be considered when using it for predicting the future UAVP motion in MPC. With lower
magnitude, gradual inputs the model is less accurate so there is more output uncertainty,
while for larger inputs, the model is more accurate with less output uncertainty. The MPC
controller can be made more robust by dynamically adjusting for the modelling uncertainty
depending on whether the inputs result in the UAV’s gradual or aggressive motions. It should
also be noted that unmodelled dynamics have an affect on the UAVP response, for example,
the rotor wake usually causes the payload to swing even when the UAV is hovering. This
effect is difficult to isolate and avoid as the payload is always suspended under the UAV.
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Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments Nikhil D. Potdar



86 Results and Discussion

Nikhil D. Potdar Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments



Chapter 8

Future Research Plan

As mentioned in Chapter 3, the identified, verified and validated UAVP model resulting from
this preliminary study will be used to perform MPC control on the UAV. Having addressed
research questions la and le as shown in Section 3-2, the remainder of this thesis will be
concerned with the MPC control algorithm implementation. Section 8-1 outlines the necessary
steps to be taken for the controller design and implementation in experiments. Section 8-2
then outlines the future extension with learning capabilities for controller adaptability.

8-1 Controller Design and Implementation

The implementation of MPC for closed-loop UAVP system control requires a definition of
the MPC control properties, a verification of the expected collision-avoidance behaviour and
finally validation of the results. These are the steps required to address the remaining research
questions 1b, 1c and 1d from RQI1. The steps to be undertaken to achieve the research
objective include the following with the estimated time for completion indicated;

1. Implementation of identified UAVP system model from preliminary study within MPC
framework for simulation (1 month)

(a) Definition of MPC objective and constraints to achieve closed-loop collision avoi-
dance flight with dynamic obstacles in simulated and experimental environments

(b) Develop simulation environment where MPC controller based on FORCES PRO
solver can be utilised to generate control commands

(c) Achieve capability to simulate the UAVP system under the derived dynamics,
defined objective and constraints for multiple test case scenarios

2. Verification of the simulated MPC controlled UAVP response (1 month)
(a) Use scenario test cases to demonstrate closed-loop collision avoidance in simulation

(b) Evaluate run-time performance of controller to determine applicability on physical
setup
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(¢) Tune controller to achieve desired objective while performing under future required
run-time considerations for physical experiments

(d) Identify potential merits and limitations of implemented system to show the sce-
narios in which the MPC controller does (not) offer improved performance over
current control techniques of UAVP systems in obstacle rich dynamic environ-
ments

3. Implementation of MPC controller in experimental setup (1 month)

(a) Programming intensive phase involving the deployment of the controller within the
hardware control framework as introduced in this preliminary study

(b) Addressing issues arising from usage of real world data including noise, uncertain-
ties and state estimation using, for example, Kalman Filtering

4. Testing and validation of MPC scheme in experimental setup to achieve real-time closed-
loop collision-free flight (1-2 month)

(a) Demonstrate that the simulated behaviour translates to the real-world under ex-
perimental conditions using the scenarios used during simulation

(b) Identify limitations or performance affecting factors that are attributed to using
the MPC controller in real-world scenarios

(c) Evaluate the merits and limitations of the system demonstrating how the obtained
control scheme compares to current UAVP control implementation in obstacle rich
dynamic environments

The first and primary contribution of the research will be the demonstration of real-time
closed-loop collision-free flight in dynamic uncertain environments which has not been ad-
dressed in research. As presented in the literature study in Chapter 4, collision-free UAVP
flight has only been performed using off-line generated collision-free trajectories that are pre-
cisely tracked by the UAV controller. Demonstrating a real-time online generator enables
the possibility for the UAVP system to account for unforeseen changes in the environment
in real-time. This is important for dynamic and uncertain real world applications where it
is intractable and impractical to pre-compute trajectories for extended periods of time and
distance. As the desired implementation still relies on knowing the obstacle positions, there
is a need for future research to look into combining the obstacle detection methods with the
controller to be designed in this research.

8-2 Learning Extension

The second contribution that also addresses a practical aspect of UAVP system is the LBSI for
model uncertainties that could include, amongst others, adaptation to unknown or roughly es-
timated payload mass and suspension cable length. This contribution is incremental in nature
and only makes the obtained MPC framework robust to additional modelling uncertainties
that are not already addressed by the model derived in this preliminary study.

As the primary contribution of this research project already requires a significant amount of
time, the extension of using Learning Based System Identification (LBSI) for improving the
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performance is conditional to the time planning. Planning of this stage will be performed
should all steps from Section 8-1 be completed in time and a significant need for the learning
extension is recognised. The research questions from RQ2 provides guidance on defining these
steps. The possible avenues for improving the system dynamics modelling using learning is
addressed in the Literature Survey presented in Appendix 4.
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Chapter 9

Preliminary Conclusion

The preliminary study as presented in this report has outlined the derivation of the UAV-
Payload (UAVP) system dynamics model followed up with a thorough simulation and experi-
mental based verification and validation process. Chapter 3 presented an introduction to the
preliminary study and its relevance in the scope of this research project. It was shown that
understanding the system dynamics is imperative to be able to design a model based controller
which is the topic of subsequent studies during this research. Chapter 4 gave an overview of
relevant literature regarding UAVP modelling from which the model used for this preliminary
study was derived. The remaining chapters presented outcomes of the preliminary study.

In Chapter 5, the full UAVP kinematics and dynamics were derived from first-principles
using the Euler-Lagrange formulation for derivation of the Equations of Motion (EOMs).
Building upon models presented in literature, the aerodynamically disturbed UAVP dynamics
with a rigid suspension cable was derived. Chapter 6 outlined the research methodology
with extensive detail of the MATLAB simulation environmental and experimental setup to
enable duplicability of the results obtained. Inverse kinematic equations to obtain the system
state from raw Motion Capturing Systems (MCS) were presented to facilitate comparison
of simulation and experimental results. A detailed account of the data collection and post-
processing procedures is provided as experimental results are extensively used throughout the
preliminary study and such procedures are necessary for collecting valid, systematic error-free
data.

Following the groundwork presented in preceding chapters, a discussion of the main results
was presented in Chapter 9. System identification using experimentally obtained data was
performed to identify the pitch, roll and vertical velocity dynamics of the Parrot Bebop 2 qua-
drotor. It was determined that three second-order state-space models, one for the pitch, roll
and vertical velocity dynamics, was able to capture the quadrotor’s real dynamics adequately.
The models had a model fit of 94.59%, 91.09% and 91.38% (NRMSE) on the estimation da-
taset respectively and were of a decent quality according to the residual analysis. The models
were determined to be stable with relatively high damping ratios in the range of 0.75-0.90
explaining the limited oscillatory response behaviour. As observed from experimental data,
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the models generally converge to a steady-state value less than the commanded input value.
The experimental response data also shows how the quadrotor does not consistently reach
a particular steady-state value over repetitive commanded inputs so the internal measured
angles likely suffer from an error range. Therefore, the overall gain of the response was less
than 1.

The identified UAV dynamics completed the UAVP model after which a comparison of the
simulated and experimental responses was performed. Short single step input runs as well
as longer runs with combined inputs were performed to perform a comparison. For short
step inputs of one second, the simulated and experimental suspended payload frequency and
amplitude response was equivalent with an overall good fit of greater than 70% when the iden-
tified dynamics are included. Excluding the identified UAV dynamics showed a considerably
degraded performance with a fit in the range of 20 — 30%. Undoubtedly there were dis-
crepancies between simulation and experimental response data due to unmodelled dynamics
and imperfectly estimated effects such as drag. During the longer experimental runs lasting
around 50 seconds, it was observed that the simulated and experimental dynamics agreed
the most when significant energy was introduced in a certain swing direction. For example,
if the UAV pitched forward, the simulated and experimental ¢, angle would be equivalent.
For swing directions where there was very minimal or no input energy introduced, the swing
angle would remain relatively low (< 0.1rad or < 6°) and the model and observed behaviour
diverge. This is expected as the residual and/or low amplitude oscillations are not driven
by the main UAVP dynamics, but additional phenomenon not implemented in the currently
derived UAVP model. An important effect is that of the rotor wake on the payload directly
in it. Therefore, the current UAVP model works well when the UAV motion has a dominant
effect on the payload dynamics such that significant swinging motion is observed. When the
UAV is just hovering (no inputs) or moving very slowly, the payload motion is driven by
unaccounted effects.

Finally, an analysis of the cable taut and slack state was performed on experimental runs
involving gradual and aggressive inputs to identify whether switching UAVP dynamics was a
prevalent phenomenon. The results showed a minimal change in the suspension cable length
pointing to no switching in the cable state, however, it could not conclusively be said whether
the cable never becomes slack due to lack of accurate cable measurements. Future studies
can potentially measure the cable tensile force which will clearly indicate the slack state when
the tensile force becomes zero.

The preliminary study highlights the merits and limitations of the derived UAVP model ena-
bling its future implementation in the model based MPC. Given the scope of this research
study, limitations which hinder the use of the model for the remaining project have been
addressed. Limitations requiring further investigation have been noted and could be poten-
tially addressed in future in-depth studies where it may be necessary to have more accurate
models.
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Chapter 10

Configuring the Non-Linear Model
Predictive Controller

As a supplement to the paper, this chapter provides additional details regarding the Non-
Linear Model Predictive Control (NMPC) algorithm. Section 10-1 provides an explanation
of the NMPC concept with details regarding stability and optimality. Section 10-2 explains
the rationale behind the chosen NMPC cost weightings.

10-1 NMPC Algorithm for Closed-Loop, Collision-Free Trajectory
Generation

NMPC is a multi-stage optimal control strategy where control sequences are generated that
respect a user-defined control objective function and possible constraints. In the Literature
Survey of the preliminary study, Chapter 4, the theoretical foundations of MPC and the state-
of-the-art applications pertaining to UAVP system has been extensively discussed. Also, the
merits and limitations to other classical and optimisation based techniques including PID,
LQR and iLQR were presented. Recapitulating, some major advantages of Non-Linear MPC
specifically is the ability to use non-linear system dynamics descriptions and provide guaran-
tees through constraint handling (Mayne, Rawlings, Rao, & Scokaert, 2000). In Appendix D,
the algorithm is described in detail.

10-1-1 Costs and Constraints

The optimisation problem associated costs and constraints and their relevance are discussed.

Costs

Cost terms of the NMPC objective function are used to promote or discourage certain qualities
of the generated trajectories. The main objectives of the planning problem addressed in this
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study are;

e Perform point-to-point navigation from a start to goal position in three dimensional
space

e Agility of the system’s response in terms of payload swing and the commanded inputs

e Collision-free guarantees for the trajectories with respect to all obstacles

e Safe navigation amongst dynamic obstacles that includes humans

To achieve the objectives, relevant costs terms have been introduced and described in the
scientific article.

Equality Constraints for System Dynamics

The NMPC generated trajectory is feasible with respect to the system dynamics through
enforcement of the discretised state transition as an equality constraint xx1 = f(xg, uk).
The EOMs are non-linear ordinary differential equations, as presented in the preliminary
study, Chapter 5, and are continuous-time functions. For implementation in NMPC which
is a discrete-time controller, the EOMs are discretised using the Runge-Kutta approach such
that a discrete time state transition function is derived. Requiring real-time performance and
online implementation of the controller, only explicit discretisation was considered and after
some mostly qualitative data analysis, the 2"9 order Runge-Kutta method was determined
to provide a balance of speed, accuracy and stability. The simple explicit Euler method,
though very fast, quickly becomes unstable for non-linear systems when the real sample time
is relatively large (Burden & Faires, 2011). Higher order Runge-Kutta methods are slower but
more stable, especially if the dynamics are highly non-linear, however, under experimental
conditions that were performed, no loss of stability was qualitatively observed for the 274
order formulation. The benefit of the lower order is the higher control frequency.

A future comparative study of different discretisation methods on the real-time performance of
NMPC would help quantitatively evaluate the discretisation’s effects on control performance.
This is currently beyond the scope of this research.

Inequality Constraints

Additional (inequality) constraints are defined to ensure practical feasibility of the obtained
solution. They are also used to guarantee collision-free trajectories and compliance to phy-
sical workspace limits. For real-world deployability, it is generally favourable to allow minor
violations of some uncritical constraints as to maintain run-time feasibility of the optimisa-
tion problem. This is achieved by softening the hard constraint whereby slack variables s are
introduced to the (inequality) constraint that ‘capture’ the minor violations while keeping the
(inequality) constraint valid (Mayne et al., 2000). For example, given a function g(z) > 0,
the slack variable is introduced as,
g(x)+s5>0

In this case if g(x) = —0.1, then given s > 0.1 the inequality will remain valid. To make
sure slacks are not abused by excessive use, a very high slack variable associated cost is
included in the objective function. The cost discourages the optimiser from using slacks to
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achieve constraint satisfaction. Under this cost, the soft-constraint becomes similar to hard-
constraints while maintaining run-time feasibility (Zheng & Morari, 1995). Slack variables
must be non-negative by definition as allowing full range of values would make the constraints
redundant.

10-1-2 Optimality and Stability

The algorithm that solves the NMPC optimisation problem is discussed as well as a note on
the solution optimality and the controller’s closed-loop stability.

Real-Time Convex Optimisation Algorithms

The NMPC non-convex planning optimisation problem is solved using a constrained, convex
optimiser. Traditionally, MPC type control was reserved for slowly evolving processes due to
the relatively high computational load (Mayne et al., 2000), however, advances in the realm
of hardware and software have greatly improved the controller’s run-time frequency. In this
study, an efficient state-of-the-art non-linear programming based solver FORCES PRO is used
that is able to deliver real-time computations for optimisation problems (Zanelli, Domahidi,
Jerez, & Morari, 2017). The solver uses a Primal-Dual Interior Point Constrained Optimiser
to solve the optimisation problem at high frequencies of order 10' to 10> Hz depending on
the problem complexity. In Appendix J the optimisation algorithm is fully outlined providing
the reader a basic introduction to the optimiser used in this study.

Optimality of the Obtained Solution

Using convex programming on a non-convex problem means that the solution obtained is
only locally optimal. Realising that NMPC uses a finite-horizon, hence only local planning
is performed, there is a significant risk that the optimised trajectory will converge to a local
optimum. Convergence to a local optimum may result in a deadlock situation where the
system gets ‘stuck’ or trapped during its manoeuvre from the start to goal position. This
is generally less of an issue for global trajectory planners as the optimisation algorithm is
able to probe the entire optimisation space resulting in a global optimum as solution. To
mitigate the effects of local optima convergence, it is necessary to carefully design the objective
function and constraints. Additionally, as in reinforcement learning an exploration type step
can be built in to allow temporary non-locally optimum solutions such that terminally a
more favourable (global) optimum is reached (Sutton & Barto, 1998). This exploratory type
behaviour is recommended for a future study.

Closed-Loop Stability of the NMPC Controller

NMPC is a finite-horizon controller that predicts the system’s trajectory in open-loop and
achieves closed-loop performance through the receding-horizon principle. However, the closed-
loop performance is not necessarily stable and depends on the chosen horizon N and cost
tuning (Mayne et al., 2000); it is possible that a tuned controller works in one situation
but fails in others. (Re-)tuning the controller for every minor system change can be tedious,
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therefore, approaches for closed-loop stability have been developed; methods include, amongst
others, a terminal (in)equality constraint or cost, or both and the survey (Mayne et al., 2000)
provides an excellent overview on stability issues surrounding MPC control.

10-1-3 Extra: Additional NMPC Stability Results

Extending the results in the Scientific Article, Appendix K provides an overview of the effects
of control time-step size and lags on NMPC’s closed-loop stability and performance.

10-2 Controller Implementation and Cost Weight Tuning

The primary approach to weight tuning was trialling different values in simulation, obser-
ving the system response and verifying whether the planning objectives as mentioned in
Section 10-1-1 were fulfilled. The tuned weights for the costs introduced in the scientific arti-
cle are presented in Table 10-1. A brief rationale is provided explaining the reasoning behind
the chosen cost weighting.

Table 10-1: Tuned NMPC objective function cost associated weights as implemented for simu-
lation and experimental studies

Cost Term Value Description

Navigation (Terminal) | wpay = 1.0 High weight to guide towards, and stabilise the
system at the goal position.

Obstacle Separation wpr = 1.2 High cost guides generated trajectories away
from the obstacle for safer planning.

Inputs wip, = 0.01 Low cost to only use large inputs when neces-
sary without compromising on system agility.

Payload Swing Wswing = 0.001 Very low cost promotes swing minimisation

only when the system reaches the goal position.
At the goal position, the swing associated cost
is the only non-zero cost (assuming no obstacle
is close by). As the cost is low, system agility
is not compromised.

Assistive Steering Weteer = 0.05 Steering for low-horizon planning is promoted
to be assistive rather than driving the trajec-
tory generation. By keeping a low weight, the
navigation and collision avoidance costs are gi-
ven more importance. Steering is beneficial
when the MPC uses a low horizon length such
that the system has short foresight; including
steering guides the system to obstacle free zo-
nes improving collision avoidance performance.

Each slack variable Wglack = 1 x 10° | Ensures the slack variables are only used to
maintain MPC run-time feasibility without
making the constraints fully redundant.
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Chapter 11

Online State Estimation and Filtering
using Cascaded Kalman Filters

As a supplement to the paper, the rationale behind developing the Cascaded Kalman Filter is
discussed with the theoretical background and details regarding the filter tuning. Section 11-1
explains the theoretical methodology of the chosen state estimation approach. Section 11-2
describes the implementation and tuning of the Cascaded Kalman Filter setup. Finally,
Section 11-3 presents an evaluation of the state estimator’s performance. Note that some
notation from this report may differ from the scientific article.

11-1 State Estimation Scheme

Referencing back to the control system design presented in Section 6-1-2, the system is di-
vided into three subsystems (excluding the state estimator) namely 1) the high-level NMPC
controller, 2) the Quadrotor (Input) Controller and 3) the UAVP system. For NMPC to
predict the next system states, it must initialise the problem based on the current estimated
state @y which includes the quadrotor controller model and UAVP model states. As the
quadrotor controller is specific to the Parrot Bebop 2 while the UAVP model is general, with
the intention of keeping the state estimation scheme as modular as possible, the estimator for
both subsystems is separated in a cascaded setup.

Two estimators are combined to construct the cascaded estimator;

1. The quadrotor controller estimator uses the linear model description of the Parrot Bebop
2 dynamics to estimate the state x. = [xg, g, xz] (See Section 7-3-3 for the state
definition; in the paper xr = mx;)

2. The UAVP system estimator uses the non-linear model description of the UAVP system
to estimate the state ¢, = [g, ¢] (See Section 5-1 for the state definition)
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Each estimator is treated individually in the subsequent sections after which the combined
estimator is discussed. This division of the estimation algorithm is possible as the dynamics
associated to the x. and x, states are assumed to be decoupled as discussed in Section 6-1-2.
The Kalman Filter (KF) formulation is used for both estimators. Other methods and their
performance comparison to the Kalman filtering approach are beyond the study’s scope and
may be explored in future studies.

11-1-1 Linear Kalman Filter

The Linear KF is used to estimate state x. for the quadrotor input controller model which
is defined in terms of three linear second-order state-space systems by Egs. 7-2, 7-3 and
7-5. Using the state estimates, the model’s filtered outputs are computed. As previously
introduced, the output of the linear models give the quadrotor’s real pitch, roll angles and
vertical control acceleration input.

The continuous time dynamics are discretised using zero-order hold with the time step At.
With abuse of notation, the standard discrete-time linear system description for use with a
Linear KF is given by Eq. 11-1 (Kalman, 1960).

xp = Frxp_1 + Brug + wg (11-1)
z = Hyxp, + v,

With time index k, state xp, input wg, measurement z, discrete state matrix F}, discrete
input matrix By, discrete observation matrix Hy and process and observation noise random
variables wy, ~ N (0, Q) and vg ~ N (0, Ri) with covariances Q; and Ry respectively.

11-1-2 Unscented Kalman Filter

The Unscented KF is used to estimate the state &, with variables g and ¢ using the non-linear
dynamics given by the EOMs in Equation 5-24. The transformation from the quadrotor pitch,
roll and vertical control acceleration to f, given by Eq. 6-10, is included in the non-linear
dynamics model.

As KFs work on discrete-time models, the UAVP dynamic model is discretised using the
explicit Euler method as given by Eq. 6-11. With abuse of notation, the standard discrete-
time non-linear system description for use with a Non-Linear KF is given by Eq. 11-2 (Wan
& Van Der Merwe, 2000).

T = Fk(wk—l,uk) + wg (11—2)
ZE = Hk(wk) + Vi

With time index k, state xp, input ug, measurement zj, discrete non-linear state transition
function F}, discrete non-linear observation function Hj and process and observation noise

random variables wy, ~ N (0, Q) and vg ~ N (0, Ry) with covariances Q and Ry, respectively.
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Rationale for choosing the Unscented Kalman Filter

The Unscented KF, as introduced in (Julier & Uhlmann, 1997), is chosen over the more
traditional Extended KF for non-linear systems due to their same order of computational
complexity with Unscented KF’s benefit and ability to handle non-linearities in dynamics
directly (Wan & Van Der Merwe, 2000). The Extended KF is a familiar non-linear state
estimator that shares many similarities with the standard linear KF. In Extended KF, the
non-linear state and observation equations are linearised at run-time by computing their asso-
ciated Jacobians so that the state and observation transition function in discrete form can be
obtained. The system is usually linearised around a nominal value of the state and input after
which the state prediction is propagated giving a new state distribution. However, for highly
non-linear systems using the linearised dynamics for state propagation can result in large
errors in the estimated state distribution (Wan & Van Der Merwe, 2000). Additionally, the
computations of the Jacobians is usually very expensive and not always possible if derivatives
of the state and observation function are not available and/or computable. The Unscented
KF is able to address these shortcomings by using a sampling based approach to propagating
the state distribution as will be explained in the subsequent section. In (Bisgaard, 2008) an
Unscented KF was also used for state estimation in the case of a traditional helicopter with
a slung load system; similarly, the Unscented KF is used for this study.

The Unscented Kalman Filter Algorithm

A qualitative overview of the Unscented KF method is presented; for a comprehensive ex-
planation of Unscented Kalman Filtering, the equations and algorithm please refer to (Julier
& Uhlmann, 1997; Wan & Van Der Merwe, 2000). Figure 11-1 is included to visualise the
algorithm’s process supporting the explanation provided. Given the current true state dis-
tribution, shown by the blue dots in the top-left of Figure 11-1, there is an associated true
mean and covariance. The Unscented KF algorithm captures this distribution by carefully
selecting sigma points X that are representative of the distribution; this process is known as
the unscented transform of the distribution. For a system of n state variables, there are 2n+1
sigma points of which one is always at the mean state value. For the real system following
application of a non-linear function f(x) the resulting true state distribution has a new true
mean and covariance. The Unscented KF algorithm applies the same non-linear function to
the sigma points such that,
Y = f(x)

The transformed sigma points Y are then used to reconstruct the new predicted sample mean
and covariance. Measurement data is subsequently used to further refine the prediction to
a state estimate by computing a Kalman gain based on the prediction and measurement
statistics. This is analogous to a standard Kalman filter measurement update. The result of

this process is a state estimation with an associated distribution encoded in the covariance.
See (Wan & Van Der Merwe, 2000) for the full algorithm.

11-1-3 Cascaded Kalman Filter and Data Measurement

The Linear and Unscented KF are combined in a Cascaded KF setup as schematised in
Figure 11-2. The filtered states of the Linear KF are used to compute the true pitch, roll and
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Figure 11-1: The unscented transform and propagation of a state distribution, shown by blue
dots, for the Unscented KF algorithm
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Figure 11-2: Cascaded Kalman Filtering setup for state estimation and filtering of the quadrotor
controller model and UAVP system model states

vertical control acceleration. Then by Eq. 6-10, the control input forces f, are computed as
inputs for the UAVP model.

The Parrot Bebop 2 quadrotor that is used for experiments only transmits internal sensor
data to external clients in the order of 10° Hz !, this is too slow for state estimation of the
highly dynamic UAVP system. As the designed Cascaded KF estimators runs off-board, it
was ineffective to use any transmitted on-board sensor data for state estimation. Therefore,
to perform the state estimation, measurement data was collected exclusively from the ex-
ternal Motion Capturing System (MCS); the MCS obtainable measurement data is given in
Table 11-1.

As the high-fidelity MCS provides sub-millimetre accurate measurements of the quadrotor
and payload’s pose in SE(3)?, the system configuration q = [:wq,yq,zq,ﬁl,@]—r can readily
be measured very accurately with low noise levels (See Appendix E showing the MCS cali-
bration results). The time derivative of g, namely ¢ is not directly measurable as the MCS
cannot provide this type of data, therefore, the KF is primarily designed to produce low noise
estimates of this.

Also note that within the quadrotor controller model there is the vertical control acceleration
output, however, there are no measurements available for this. Therefore, for the vertical
velocity to vertical control acceleration model state estimation, the Linear KF only performs
the model prediction skipping the measurement update. As the study predominantly involved

!Mani Monajjemi.  “bebop_autonomy”.  Accessed February 01, 2018. http://bebop —autonomy .
readthedocs.io/en/latest/reading

2Natural Point. “OptiTrack Motive”. Accessed January 18, 2018. http://optitrack.com/products/
motive/

Nikhil D. Potdar Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments


http://bebop-autonomy.readthedocs.io/en/latest/reading
http://bebop-autonomy.readthedocs.io/en/latest/reading
http://optitrack.com/products/motive/
http://optitrack.com/products/motive/

11-2 Kalman Filter Implementation and Tuning 103

Table 11-1: Measurable system variables from Motion Capturing System data for use in state
estimation scheme

Measurement Notation | Notes

Quadrotor Pitch 04 Directly obtained from MCS

Quadrotor Roll oq Directly obtained from MCS

Quadrotor Position Tqs Yq» Zq Directly obtained from MCS

Payload Suspension Angles | 6;, ¢; Computed with Equations 6-15 and 6-16 using
MCS positional data of the quadrotor and pay-
load

navigation in the horizontal plane, using only the state prediction did not result in any
qualitatively observable detrimental effects.

11-2 Kalman Filter Implementation and Tuning

The observability of the system models were verified to ensure the KF's would converge to an
estimation when implemented. Additionally, the filters have been tuned to produce system
state estimates provided the noise levels in the MCS data available (See Appendix E showing
the MCS calibration results).

11-2-1 System Model Observability

Using the methods outlined in (Hermann & Krener, 1977), observability of the quadrotor
controller model and UAVP system model are verified to satisfy the necessary criteria for
having a convergent Kalman Filter. Only an overview of the procedure and results is provided;
the state observability was verified using the Symbolic toolbox of MATLAB.

Quadrotor Controller Model and Linear Observability

The observability rank criterion based on the linear observability matrix, as defined by
Eq. 11-3, is used to verify the quadrotor controller model observability (Olsder et al., 2011).

N (11-3)

Olinear = [C,CA,CA?,... CA™

The criterion states that given a system with n states, the rank of Ojjpear = 1 for the system
to be fully observable. The variable A and C are the discrete-time model state and output
matrix, respectively.

Combining the quadrotor controller linear systems given by Eqs. 7-2, 7-3 and 7-5 into one
linear state-space formulation, the resulting state state is &, € RS, and A, C matrices are
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given below and are zero everywhere except where indicated.

[ —4.301 —2.877 0
10.92 —10.37
—2.789 —4.978
A(6><6),continuous = 0.302 —13.72
: —6.767 —6.546
0 3.031 0311 |
1.763 4.586 x 102 0
CY(3><6),discrete = : 1.996 0.4657 :
0 —0.620 4.070 x 1072

For digital implementation, the matrices are discretised with At = 0.05 s (experimentally
measured average control period). The discrete form of A is given by Eq. 11-4 using the
zero-order hold method. The continuous and discrete form of C' is equivalent.

A con inuousAt
A(6><6)7discrete = g"'(6x6),cont (11'4)

The resulting discretised matrices A and C' are time and state invariant.

Substituting the discretised A and C in Eq. 11-3 with n = 6, then rank(Ojjpear) = 6 so the
system is fully observable.

UAVP System Dynamics and Non-Linear Observability

The observability rank criterion based on the system Lie derivatives is used to verify the
non-linear system observability. For the Unscented KF, the system state is x, € R9 so
the numbers of states n = 10, then when the rank of the observability matrix given as
rank(Opon-linear) = 10 the system is observable (Hermann & Krener, 1977). For more details
about definitions of non-linear observability refer to (Hermann & Krener, 1977). The state

transition function is f(x4,u) = [4, q]T, where ¢ is defined by Eq. 5-24. The estimator’s
observation function h(x,) = diag(1,1,1,1,1,0,0,0,0,0)x, = q.

The observability matrix definition requires the use of Lie derivatives based on the method
presented in (Hermann & Krener, 1977). The Lie derivative of the observation function h
with respect to the state dynamics f and its subsequent derivatives is given by,

L¢h =0.h - f (11-5)
LiL¢h =0,(L¢h) - f (11-6)
The non-linear observability matrix is defined by,
-
Onon-linear = | Ozh, Ox(Lth), Ox(LyLsh), ..., Ox(Ly...Lsh) (11-7)
—_———

n—1

Replacing f and h by the definitions presented in the preceding text, for the UAVP non-linear
model rank(Oyponlinear) = 10 hence the system is observable.
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Table 11-2: Linear and Unscented Kalman Filter noise covariance matrices as implemented in
controller framework

Kalman Filter | Tuned Process and Observation Noise Covariance Matrices

. Qukr = diag | 0.01,0.01,0.01,0.01, 0,0
Linear ———
Hq bq Zu
RLKF = diag 0.01, 0.01
0(1 q
Unscented Qukr = diag | 0.1,0.1,1,0.1,0.1, 10,10, 1,0.1,0.1
q q
Rukr =diag [ 1 x107,1x 10741 x 1074, 1 x 107%,1 x 107*

q

11-2-2 Kalman Filters Tuning

The definition and tuning of the KFs is performed using the noise statistics of the MCS
provided data and user-defined values.

Linear Kalman Filter

The tuned process and observation noise covariances are given in Table 11-2. The Qrkr and
R1kr matrix entries are chosen such that the Linear KF equally relies on the model prediction
and measurement data to produce the best estimate. As discussed in Chapter 7, the linear
second-order model fits are very good (See Appendix H for model fit) so the KF can use
the prediction for aggressively removing noise from the measured data. As the high-fidelity
MCS provides very accurate measures of ¢, and ¢4, their associated covariances in Rpkp
are relatively low. The Qrkr entries of §, and ¢, are not set to higher values as this lets
more noise pass through to the output of the KF. As mentioned, there are no measures of
%, and only the prediction step of the Linear KF is performed to obtain the associated state
estimates.

Unscented Kalman Filter

Tuning of the Unscented KF was performed to obtain accurate estimates of ¢ using measu-
rements of g without excessive noise amplification. The tuned process and observation noise
covariances are given in Table 11-2 with the variables to which the covariance are associated.

The Qukr and Rykp matrix entries are chosen such that the Unscented KF relies more on
the high-fidelity MCS measurements to produce good estimates of ¢. As the full g vector is
directly measured, all associated entries in Rykr have very low covariances. The q related
entries in Qukr have relatively low covariances to still allow the predicted q values to be used
for noise reduction in the state estimate. For entries in Qukr associated to @4, 7, and Z,
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(first three elements of ), the covariance is high as the model predicted values are likely to
be less accurate due to unaccounted dynamics. For the payload suspension angular rates 6,
and qﬁl, the Qukr covariance is relatively low as there is no direct measure of the angular rates
and it needs to be predicted using the UAVP model. The reliance on the process model to
obtain ¢ means noise will inevitably be amplified when using only the available g measures.
However, the Unscented KF filtering reduces the noise amplification to acceptable values as
will be shown in the subsequent section.

11-3 Evaluation of State Estimation Performance

The state estimator was evaluated in a simulated setup with artificial noise introduced to the
process model and measurements. Experimental evaluation of the state estimator is beyond
the study’s scope and is recommended for future studies.

The standard deviation of the MCS based measurements is chosen to be approximately
3 x 1072 m and 3 x 1073 degrees. As no process noise statistical information was directly
available, a value of 0.01 for the standard deviation was used to approximate some process
noise. A comprehensive study of the process and its noise statistical properties is outside the
scope of this study and is recommended for future studies; this may improve the estimation
performance of the designed KF's.

The UAVP system response was simulated for 15 s with a simulation step size of At = 0.05 s.
The UAVP system was initialised with the quadrotor positioned at (3, —3, 2) m and the
suspensions angles §; = 20° and ¢; = 20°. The Linear and Unscented KF state variables were
each initialised from the zero-mean Gaussian distribution A(0,0.2). The input signals are
given below with time ¢

0, 0.175sin (27 - 0.2 - £)
u(t)=1| ¢y, | = | 0.175cos (27 - 0.2 ¢)
f 0.5sin (27 - 0.2 - ¢)

The inputs 0, and ¢, are 0.2 Hz sinusoidal signals with an amplitude of 0.175 rad (= 10°).
The input 2, is a 0.2 Hz sinusoidal signal with an amplitude of 0.5 m/s.

The resulting trajectory of the UAVP system is shown in Figure 11-3.

The estimator’s performance is evaluated using the Root Mean Squared Error (RMSE) and
Normalised Root Mean Squared Error (NRSME) of the true to estimated/filtered KF output
as presented in Table 11-3. Within first 20 data points (1 second) the KFs estimates are
still converging to the true signal, so to not affect the fit statistics they have been omitted
in the fit calculation. The NRMSE facilitates the comparison of the estimator’s performance
on the different scales of the data produced; the MATLAB definition of NRSME is used for
normalisation 3. The subsequent sections discuss the performance of the Cascaded KF.

SMATLAB. “goodnessOfFit”. Accessed 10 January, 2018. https://nl.mathworks.com/help/ident/ref/
goodnessoffit.html
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y [m] -5\/ ) 2 x [m]

—e— Quadrotor —O— Payload

Figure 11-3: Simulated 20 s UAVP flight trajectory of initially non-equillibrium system with
sinusoidal inputs u

Table 11-3: Fit as (N)RMSE for estimated variables is using Linear and Unscented Kalman Filter
for simulated UAVP system flight

Esimtated variables Linear Kalman Filter RMSE NRMSE [%]
0, 2.30 x 107 rad | 98.0
bq 2.40 x 107 rad | 97.8
Estimated variables Unscented KF RMSE NRMSE [%]
g 2.90 X 107° m 99.6
Yq 2.90 x 107° m 99.6
Zq 1.07x10° m 98.9
9, 2.90 x 1073 rad | 98.2
& 2.90 x 1073 rad | 98.5
iq 552x10? m/s | 93.7
U 550 x 1072 m/s | 93.2
%q 220 x 10 m/s | 87.4
6, 1.91 x 107! rad/s | 53.1
& 1.21 x 107! rad/s | 79.0

11-3-1 Linear Kalman Filter

The true to estimated/filtered output of the Linear KF is shown in Figure 11-4. The estima-
tor’s fit to true data as (N)RMSE is given in Table 11-3.

Figures 11-4a and 11-4b indicate that due to the availability of very accurate measurements
of 6, and ¢, (which would be directly obtainable from the low-noise MCS measurements in
experimental conditions) the fit is very good, with an NRMSE greater than 97%, with very
low noise. The KF has also been tuned to rely heavily on the measurements with the process
model used to reduce the noise. The fit for the %, is not shown as the value is computed
using only the model prediction skipping the measurement update of the KF. Therefore, the
fit is as good as the model, and as the model is used for the simulated study, computing a fit
is meaningless.

Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments Nikhil D. Potdar



108 Online State Estimation and Filtering using Cascaded Kalman Filters

. 02
g s
£ £
< <
g g
2 g
E E
= =
O’ L L O> L

0 5 10 15 0 5 10 15

Time [s] Time [s]
\ True Filtered \ \ True Filtered \
(a) Quadrotor pitch angle (b) Quadrotor roll angle

Figure 11-4: Comparison of true to the estimated quadrotor pitch and roll for the simulated
UAVP flight with At=0.05s

11-3-2 Unscented Kalman Filter

The true to estimated/filtered states of the Unscented KF is shown in Figures 11-5 and 11-6.
The estimator’s fit to true data as (N)RMSE is given in Table 11-3. The estimation error,
specifically for the ¢ estimations, is shown in Figure 11-7 for the first 4.0 s of simulation.

From Figure 11-5, it is again apparent that the low noise measurements already produces
accurate measures of q. Therefore, as shown in Table 11-3, the fit for the estimated variables
in q is very good with a NRMSE of at least 98%. One of the main reason for using the
Unscented KF was to produce good estimates of ¢. As shown in Figure 11-6 there is more
discrepancy between the estimated/filtered and the true value which is expected given there
are no direct measures available for any variables in ¢. Therefore, the reliance on the UAVP
process model to obtain the time derivatives results in some noise propagation from the g
measures which are then differentiated (hence amplified) in the KF prediction step. However,
using the filtering process the noise amplification is acceptable and a good fit is obtained.

The estimation of &, and g, as shown in Figures 11-6a and 11-6b is very good with the NRMSE
of 93.7% and 93.2% respectively. As shown in Figures 11-7a and 11-7b the estimator converges
within two time steps to the true value. For Z,, the estimation as shown in Figure 11-6¢ is
good with an NRMSE of 87.4%. The error convergence for the 2, estimate as shown 11-7c is
comparable to that of &, and y,.

Estimation of the suspension angles rates 6, and qﬁl have the lowest fit compared to all other
estimated states as they are highly coupled to other UAVP system dynamics through the
EOMs. Therefore, the process noise introduced on the state transition in simulation signi-
ficantly affects the model predicted suspension angle rates. Given that no measurements of
the suspension angle rates are available, then as with other g states, the KF must rely on the
predictions to produce the estimates. From Figures 11-7d and 11-7Te the error convergence,
especially for él is fast, however, it is markedly slower than the estimation convergence for
Zq, Yqg and Z,. Overall the true and estimated response shapes as shown in Figures 11-6d and
11-6e are comparable with differences in amplitude being the significant discrepancy.

Concluding, the limitation of the currently implemented Cascaded KF is the high reliance on
accurate MCS data for feeding measurements to the Linear and Unscented KF. Additionally,
due to lack of availability of any time rate variable measurements, which include the entries
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of q, the KFs rely heavily on the process models for predicting these values. The KFs
have only been verified in simulation, however, experimental validation can permit a more
comprehensive analysis of the KF's performance. This is currently beyond the scope of this
research and it is recommended that future studies follow up on this.

Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments Nikhil D. Potdar



and Filtering using Cascaded Kalman Filters

110 Online State Estimation
8 -1
El El
56 =
g g
o Q
S 4 5
< <
= =
o 3
2 ‘ ‘ 5 | ‘
0 5 10 15 0 5 10 15
Time [s] Time [s]
True — Filtered \ \ True — Filtered \
(a) Quadrotor position x (b) Quadrotor position y
3 0.5
E =
£
W25¢ | =
= <
=
2 i 8
< 2 2
2 5.
= <
e [}
15 : : -0.5 : :
0 5 10 15 0 5 10 15
Time [s] Time [s]
True Filtered ‘ True Filtered ‘
(c) Quadrotor position z (d) Payload 6; suspension angle
0.5
k<)
]
=S
<
- 0
®
<
5
o
-0.5 : :
0 5 10 15
Time [s]
\ True Filtered \

(e) Quadrotor ¢; suspension angle

Figure 11-5: Comparison of true to the estimated UAVP model g states for a simulated UAVP

system flight with At=0.05 s

Nikhil D. Potdar

Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments



11-3 Evaluation of State Estimation Performance

111

— 2
<
N
.&@
8 0 o4
-
o
<t
S -
=
c 2 ‘
0 5 10 15
Time [s]
True Filtered \
(a) Quadrotor velocity &
2

=

'
[any

1
N

Quadrotor z, [m/s]

10

o
(&)

Time 3]

Filtered ‘

True

(c) Quadrotor velocity 2

15

Quadrotor g, [m/s]

Payload 6, [rad/s]

2
2 ‘
0 5 10 15
Time [s]
True Filtered \
(b) Quadrotor velocity g
2
2 s ‘
0 5 10 15
Time [s]
True Filtered ‘

(d) Payload suspension angular rate 6,

2

[N

Payload ¢; [rad/s]
)

'
N

10 15

Time [s]

True

Filtered ‘

(e) Quadrotor suspension angular rate by

Figure 11-6: Comparison of true to the estimated UAVP model ¢ states for a simulated UAVP

system flight with A¢t=0.05 s

Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments

Nikhil D. Potdar



112 Online State Estimation and Filtering using Cascaded Kalman Filters

[N
=

o
o
‘

o
o1
‘

Quadrotor &, [m/s]
o
Quadrotor g, [m/s
o

AN
o
[SN
N
w
N
\
[
o
[SS
w
N

2
Time [s] Time [s]

Estimation Error \

Estimation Error \

(a) Quadrotor velocity & (b) Quadrotor velocity y

— 1
= =z
=) 2 05
> ~

’N _N‘

— )

£ ) 0
: :

< -05 1 & 05
5 &
S : -1

0 1 2 3 4 0

Time [s] Time [s]

Estimation Error\

Estimation Error \

(c) Quadrotor velocity # (d) Payload suspension angular rate 6,
1
n
~
3
2
=S
&

e
&

2
&
¥

Time [s]

Estimation Error ‘

(e) Quadrotor ¢, suspension angular rate

Figure 11-7: Convergence of estimation error within first 4.0 s for the UAVP model q states for
a simulated UAVP system flight with At=0.05 s

Nikhil D. Potdar Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments



Chapter 12

Real-Time Software based Control
System Framework

As a supplement to the paper, the simulation and experimental framework is further des-
cribed in detail. A custom real-time control software and framework was developed as part
of this thesis to enable the fully autonomous operation of an Unmanned Aerial Vehicle with
suspended Payload (UAV(P)). This framework took a significant amount of programming,
testing, verification and validation effort over multiple months and is planned to be used by
other students in their research and theses. In Section 12-1, the programmed real-time con-
troller is outlined with technical details. Sections 12-2 describe the operation of the software
framework, and Section 12-3 presents contributions and extensions.

12-1 Real-Time Control System Software Architecture

The framework has been written to allow both simulated and experimental studies in one
integrated package. This full stack allows simulation trials to readily and quickly be deployed
for experimental trials with no recoding work. The discussion of this software package picks
up where the preliminary framework in Sections 6-2 and 6-3 left off outlining the physical
workspace and hardware used. Readers are advised to familiarise themselves with those
sections before proceeding with this chapter.

12-1-1 Software Overview

The MATLAB based software is split up in two main scripts that run in parallel on possibly
a multi-computer setup,

e run_main.m - Controller that handles all commands generated and sent to the quadrotor
(simulated or real) and performs all inter-hardware communication
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Figure 12-1: Hardware and software data connections and interface enabled through ROS based
communication network. ROS network is hosted on the controller computer. The GUI may either
run locally on the controller computer, or any external client on the ROS enabled local area
network.

o run_visual.m - (Optional) Graphical User Interface (GUI) for user interaction, UAVP
system and trajectory visualisation

A ROS network is used to interface to all physical hardware which includes the OptiTrack
Motion Capture System (MCS), the Parrot Bebop 2 quadrotor !, the manual gaming joys-
tick and potentially any client computers on which the GUI is running. This network is
schematised in Figure 12-1

Even though this software has been designed with the Parrot Software Development Kit
(SDK)? to interface with the quadrotor, it is general enough to exchange out for other SDKs
for other quadrotor hardware. For a list of ancillary software packages, refer to Appendix F.

12-1-2 System and Scenario Initialisation

The system definition and workspace is initialised in a file initialise.m containing variables
that are user configurable before run-time. These variables include, amongst others, the
quadrotor and payload mass, the suspension cable length, drag coefficients and workspace
limits. A scenario file then defines the initial start and goal point of the quadrotor and the
dimensions of any virtual or real obstacles in the workspace.

Obstacles in the workspace may either be virtual or real, and static or dynamic. For real
obstacles in the experimental mode the MCS can capture real-time obstacle positions and
relay those to the controller for dynamic trajectory planning. Additionally, to enable studies
with static and dynamic obstacles in simulation, or when physical objects are not available,
virtual obstacles may be introduced into the experimental workspace. Summarising, the
following scenarios are possible with the framework;

e Simulation mode: virtual static or dynamic obstacles

Parrot. “Parrot Bebop 2”. Accessed January 18, 2018. https://www.parrot .com/global/drones/
parrot-bebop-2
2Parrot. “ARDroneSDK3”. Accessed September 26 2017. http://developer.parrot.com/docs/bebop/
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Figure 12-2: Graphical User Interface (GUI) in MATLAB used to dynamically interact with the
real-time controller framework

e Experimental mode: virtual static or dynamic obstacles, or, real static or dynamic
obstacles

12-1-3 Interacting with the Graphical User Interface

The Graphical User Interface (GUI) allows users to interact with the controller and see a real-
time visualisation of the UAVP system response in simulation or experiments. Figure 12-2
shows the GUI with the various features labelled. Most importantly, the GUI allows the user
to set the UAV goal position (set-point) to interactively command the controller to execute the
trajectory planning to the new goal. For debugging purposes, values of several key variables
including the estimated and filtered UAVP system configuration and time derivatives are
displayed.

The GUI runs on a parallel MATLAB script to the controller; the division is necessary such
that the graphic processing does not affect the more critical real-time controller performance.
The communication with parallelisation is achieved through ROS based asynchronous bi-
directional message exchanges allowing the two scripts to run independently.

12-1-4 Logging Data for Post-Processing and Replay

Post-processing and replay of the simulation/experiment is possible from data that is logged
in-the-loop to a MATLAB log data file and a ROS rosbag file. These two logging approaches
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provides the data to re-visualise the entire simulation/experiment in the GUI as well as use
the run-time data to perform post-processing to gather statistics and generate plots.

12-1-5 Controller Computational Performance on Standard Computers

The scientific article presents NMPC solve times results and as these are entirely computer
hardware dependent, for clarification, additional details of the computer used are provided.
The MATLAB based controller script runs on a laptop® with an Intel Core i7-3610QM
Quad-Core processor running at 2.30 GHz (with a maximum 3.30 GHz); the processor fre-
quency is dynamically adjusted according to demand. Additionally, the laptop had 8 GB
of random access memory and Quadro K1000m graphics processing unit. As introduced in
Section 10-1-2, the optimisation problem is solved using a C based solver FORCES Pro
(Domahidi & Jerez, 2014) that is called from MATLAB as a MEX file. When running the
controller, the MATLAB instance utilises at maximum 25% of the processor effectively only
using one out of four processing cores. This makes the controller amendable to small micro-
controllers that increasingly have very powerful processors such as an ODROID*. The graphics
processing unit is not used in the optimisation computations. As the control framework is
divided over two scripts running on independent MATLAB instances, it is advisable to use a
dual core processor at the minimum so each MATLAB instance has sufficient resources.

12-2 Operation of the Framework

When used for experiments, the framework has two main modes of operation, namely manual
and autonomous (NMPC based) control. Following take-off, the two modes can be switched
according to the finite state machine schematic as shown in Figure 12-3.

Running Running

2 3
Manual _ MPC - ®
Land

Figure 12-3: Finite State Machine for quadrotor operation in experimental studies from take-off
to a landing with toggling between manual and MPC control.

The standard procedure for performing a flight is as follows; first the quadrotor takes-off after
which it enters the manual control mode. The MPC control mode is enabled by the user
through the joystick and may be terminated at any point to switch back into manual mode.

3Hewlett Packard. “HP EliteBook 8570w Mobile Workstation”. Accessed 12 January, 2018. https://
support.hp.com/us-en/product/hp-elitebook-8570w-mobile-workstation/5257502/
4Hardkernel. “ODROID”. Accessed 22 January, 2018. http://www.hardkernel.com/
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Figure 12-4: Schematic of Logitech F710 joystick controller showing manual control commands
and mode switching buttons. The two rockers allow the continuous range of inputs for pitch,
roll, vertical velocity (velz) and yaw rate (disabled for this study) to be sent. Buttons are used to
enable modes of operations.

The MPC mode continues running indefinitely with the following exceptions, 1) the optimiser
encounters an infeasibility in the problem, or 2) the quadrotor battery simply runs out. When
this occurs, for safety reasons, the quadrotor is commanded to land on-the-spot.

12-2-1 Manual Control Mode

When performing manually controlled flight, the human operator replaces the MPC controller
in the control loop. Manual control actions are commanded through the joystick® after which
the commands are sent through MATLAB which acts as a bridge. The wireless transmissions
and signal processing results in some lag, however, in experimental trials it was found that
these lags are sufficiently small to not be noticeable to the user. The commands that can be
sent from the joystick are displayed in Figure 12-4

12-2-2 NMPC Autonomous Control Mode

For NMPC based autonomous control, the human is removed from the control loop and only
provides high level objectives through desired goal positions. The user may define a navigation
goal that the GUI will verify to be within the workspace before execution. It is possible that
by providing a list of navigation points in successive order, trajectories can be followed in a
set-point tracking manner.

In the unlikely event that the NMPC controller or quadrotor destabilises, manual control
can be reclaimed or a high-priority emergency command to land the quadrotor can be sent
through the GUI or joystick.

12-3 Code Acknowledgments and Extensions

Considerable time and effort was put into programming this complete software framework,
then testing and debugging it. The software uses snippets of code from a framework written

SLogitech. “F710 Wireless Gamepad”. Accessed January 18, 2018. https://www.logitechg.com/en-us/
product/f710-wireless-gamepad
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by Tobias Naegeli at ETH Ziirich and released as part of an article (Naegeli et al., 2017).
The snippets used pertain to ROS functions for communicating with the Parrot Bebop 2,
obtaining OptiTrack data and general communication over ROS. The developed framework
is written with object-oriented programming methods resulting in a modular code enabling
its use in various studies involving (multiple) UAVs including the UAVP system.

Nikhil D. Potdar Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments



Part IV

Appendices

Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments Nikhil D. Potdar






Appendix A

Executive Summary of the Preliminary
Study

A synopsis of the literature study highlights the state-of-the-art approaches to UAV and
Payload (UAVP) system dynamic modelling, collision avoidance techniques, controller design
and learning for model adaptability to structural/parametric uncertainties. It is shown that
current implementations of UAVP controller design is limited to open-loop trajectory design
and precise tracking with seldom any approaches that account for planning under uncertainty
in closed-loop. This has often led to inefficient, slow and conservative UAVP planning in
largely static environments with full environment knowledge. In the pursuit of addressing
this standing issues, this preliminary study is concerned with the identification, verification
and validation of the Unmanned Aerial Vehicle (UAV) and swung payload dynamics to enable
its implementation in a model based Model Predictive Controller (MPC) in the subsequent
study.

The Equation of Motion (EOMs), a set of non-linear Ordinary Differential Equations (ODEs),
are derived from first-principles using the Lagrangian mechanics approach. Assumptions are
made which include the treatment of the suspension cable as a rigid link and the payload as a
point mass simplifying the system definition and mechanics. To enable studies on the model,
a MATLAB simulation environment and physical indoor experimental workspace was esta-
blished. Experimentation was performed on a Parrot Bebop 2 quadrotor that was attached
with a light suspended payload. All inter-hardware communications was performed over a
ROS based communication network and external real-time UAV and payload pose data was
acquired from an optical Motion Capturing System (MCS).

To enable the identification, verification and validation of the model, three experiments were
performed. The first experiment involved the identification of the functional relation between
the commanded pitch, roll and vertical velocity commands and the actual observed UAV
response. It was determined that assuming immediate and exact execution of input commands
by the UAV is unrealistic and that a (delayed) response model would need to be identified to
complete the UAVP model. Experimental runs were performed from which three second-order
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state-space models, one for each input command, were acquired that were able to adequately
capture the quadrotor’s attitude and vertical velocity dynamics. The models demonstrated an
exceptional fit of 94.59%, 91.09% and 91.38% (NRMSE) on the estimation dataset respectively
and were of an acceptable quality according to a residual analysis performed. The dynamic
response resulting from the models is stable with relatively high damping ratio in the range
of 0.75-0.90. Additionally, observations showed that the UAV pitch and roll dynamics did not
consistently converge to a fixed steady state value over repeated runs due to the internal state
feedback nature by which the Parrot Bebop executes attitude commands. The state feedback
is used to perform attitude stabilisation, and due to possible errors in this, the response is
not consistent. Additionally, the overall UAV attitude response gain is not one resulting in
an inexact input execution.

During definition of the UAVP model, it was assumed that the suspension cable was rigid. To
validate the assumption, a cable slackness test was performed using a UAV with suspended
payload. The second experiment involved flying the UAV using gradual and aggressive inputs
over the UAV’s allowable input ranges as to observe whether the cable ever became slack. The
cable would never slacken under the presumption that the suspension cable length remains
constant (fully stretched) throughout the experiment. The results showed minimal change
in the suspension cable length pointing to no switching in the cable state, however, it can
not conclusively be said whether the cable never becomes slack. This is partly due to a lack
of accurate cable measurements and future studies can potentially measure the cable tensile
force which will clearly indicate the slack state when the tensile force becomes zero.

The final experiment involved validating the full UAVP model. Short single step input runs
as well as longer runs with combined inputs were performed to perform a comparison. For
the short step inputs of about 1 second, the simulated and experimental suspended payload
frequency and amplitude response was equivalent with a good overall fit exceeding 70% when
the identified dynamics are included. Excluding the identified UAV dynamics in the model
resulted in a poor performance with a fit in the range of 20 — 30%. Undoubtedly there were
discrepancies between the simulated and experimental responses due to un-modelled dynamics
and imperfectly estimated effects such as drag. During the longer experimental runs lasting
around 50 seconds it was observed that the simulated and experimental dynamics agreed
the most when significant energy was introduced in a certain swing direction. For swing
directions where there was very minimal or no input energy introduced, the swing angle
would remain relatively low (< 0.lrad or < 6°) and the model and observed behaviour
diverged significantly. This is expected as the residual and/or low amplitude oscillations in
that direction are not driven by the main UAVP dynamics, but additional phenomenon not
implemented in the currently derived UAVP model. A possible significant contribution to
these residual oscillations is the generated rotor wake that encapsulates the payload hanging
under the UAV. Therefore, the current UAVP model works well when the UAV motion has a
dominant effect on the payload dynamics such that significant swinging motion is observed.
Over short simulation periods, the model fit is good and as expected the accumulation of
errors causes the long term response to deviate significantly from what is actually observed.

The preliminary study highlights the merits and limitations of the derived UAVP model
enabling its future implementation in the model based MPC. The simulation and experimen-
tal study provides sufficient evidence to show that the obtained model performs sufficiently
well and is able to replicate the actual UAVP system response under the assumptions and
conditions presented. Steps for further research to be conducted are discussed.
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Appendix B

Literature Overview

This literature overview is an abridged version of the comprehensive Literature Survey presen-
ted in Chapter 4. Note that to the best of the writer’s knowledge, this is the state-of-the-art
at the time of writing of August 2017.

The modelling and control of aerial vehicles carrying suspended payloads was originally tre-
ated for helicopters (Cicolani & Kanning, 1992). Cicolani et al. published a comprehensive
NASA Technical Paper in 1992 covering the Equations of Motion (EOMs) of slung-load sy-
stems including multi-lift systems (multiple vehicles) with different single/multiple suspen-
sion points with the intention of helicopter-like vehicles being the suspension point(s). The
study helped in the understanding of aerial vehicle assisted payload carriage and the dis-
turbance effects that slung-payloads introduce to the carrying vehicle. However, the theory
of helicopter-payload dynamics do not directly translate to UAVP dynamic systems; UAVs
have fast, non-linear, unstable dynamics that are only complicated by introducing a swung
payload resulting in external disturbances (Palunko, Fierro, & Cruz, 2012). Therefore, this
literature overview provides a brief summary of state-of-the-art UAV-Payload (UAVP) system
modelling techniques.

Section B-1 discusses the types of UAVs currently found on the market and their applicability
for payload carriage. Section B-2 gives an overview of approaches to payload attachment on
UAVs. Section B-3 discusses the UAVP problem and the main ideas in literature regarding
its modelling. Finally Section B-4 and B-5 provide more details regarding cable slackening
and aerodynamic effects on the system.

B-1 Types of Unmanned Aerial Vehicles (UAVs)

Modelling the UAVP system dynamics involves understanding the carrier vehicle dynamics,
therefore, a short introduction to UAVs is given highlighting the motivation for choosing the
quadrotor type UAV. The Unmanned Aerial Vehicle (UAV) is a category of aerial vehicles
that are piloted remotely or (semi-) autonomously with the absence of a human operator
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on-board. Within the UAV category, there are two main types of vehicles; commercially
popular single/multi-rotor systems (e.g. helicopter, quadrotor/quadcopters, hexacopter, oc-
tocopters) and fixed-wing systems (e.g. General Atomics MQ-9 Predator (General Atomics
Aeronautical, 2017)). More niche types of vehicles include the flapping-wing systems (e.g.
DelFly Micro/Explorer (Micro Aerial Vehicles Laboratory TU Delft, 2017)) or hybrids of
such systems (e.g. the ATMOS UAV Marlyn that combines a conventional quadrotor setup
for take-off/landing with a fixed-wing flight mode (ATMOS UAV, 2017)). This literature
study will focus on modelling the UAV as a multi-rotor system and specifically a quadrotor.

A quadrotor is a four rotor Vertical Take-off and Landing (VTOL) vehicle. Quadrotors are
able to perform stationary hovering which is in contrast to fixed-wing UAVs that require a
continuous motion to generate lift which is not desirable especially in indoor conditions where
space is limited. Consequently, a quadrotor is able to perform agile motions in confined spaces
as it has the ability to fly without forward motion. The quadrotor is an under-actuated
system (non-holonomic) as it has six Degrees of Freedom (DOF) and only four degrees of
control/actuation (four rotors) (De Crousaz et al., 2014). Adding a suspended payload to the
system increases the system’s DOF by two (pendulum’s polar coordinates in vehicle reference
frame) and including a flexible rope by a further one (De Crousaz et al., 2014). In literature,
a quadrotor’s pose dynamics (position and orientation) is usually derived in terms of the
body’s inertial properties with four rotational velocity inputs, one for each rotor attached
motor (Mahony et al., 2012).

B-2 Approaches to Payload Attachment

The UAV is the combination of all the components necessary for the vehicle to fly inde-
pendently; this includes the basic airframe and necessary battery resulting in the vehicle’s
Operating Empty Weight. The payload definition adhered to during this research is as any
additional, non-essential mass that is externally attached to the UAV that does not serve
any functional purpose related to the flying and/or structure of the UAV. The payload does
not directly contribute to additional thrust forces on the system; this would complicate the
system dynamics significantly.

When considering aerial vehicles such as a UAV with payload, there are two ways by which
payload can be carried, grasped loads whereby the payload is rigidly attached to the airframe
(Palunko, Cruz, & Fierro, 2012) and more often suspended loads whereby the payload is
(freely) swung under the vehicle (Feng et al., 2014). In the external grasping case, the
payload can be seen as a protruding extension of the vehicle body itself that alters the vehicle’s
inertial and physical properties. Provided the payload is a rigid body, the grasped payload’s
position relative to the vehicle is unchanged during all flight manoeuvres (Palunko, Cruz, &
Fierro, 2012). In the suspension case for a point load, the payload moves in R? relative to
the suspension point on the vehicle significantly increasing the complexity of modelling the
dynamics.

With regards to this thesis’ research, the first case of grasping a payload is not interesting as
for the trajectory generation, the planning must only account for an expanded UAV shape
with an altered dynamics model. In the suspended payload case, the trajectory generation
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problem will have to account for the UAV and relative payload dynamics which is more
interesting.

B-3 UAV-Payload Setup and Modelling

The UAVP systems that have been treated in literature are either a single UAV or multi-
ple UAVs cooperatively carrying a suspended payload. Only the single UAV case will be
considered for this preliminary study.

The basic UAVP setup consists of a single UAV with one suspended point payload. This
problem is usually broken down into a two rigid-body problem where the bodies are coupled
through interaction forces. The two body approach allows the UAV and payload dynamics
to be treated separately coupling them through the interaction tensile force. Subsequently,
cascaded control systems may be designed whereby the payload dynamics drive the quadrotor
dynamics and vice versa as is done frequently in research (Gonzalez et al., 2015; Jain, 2015;
Palunko, Cruz, & Fierro, 2012; Pizetta et al., 2015, 2016; Trachte et al., 2014). The single
UAVP setup has been studied for both planar (R?) and Three Dimensional (3D) (R3) motion
cases. The point load pendulum dynamics are analogous to a simple (in the case of planar
motion) or spherical (three-dimensional case) pendulum attached to a moving suspension
point. The Equations of Motion (EOM) are derived using the Newton-Euler approach, or
more often the Euler-Lagrange formulation due to more straightforward computation and
resulting complexity of the EOMs.

Planar UAVP motion in the XZ plane studies the motion of a quadrotor with a cable suspen-
ded load (always in tension) where the system state/configuration will evolve in SE(2) x S;
for the 3D case, the state evolves in SE(3) x S? (Sreenath et al., 2013). In (Pizetta et al.,
2015), Pizetta et al. derive a dynamics model for the planar UAV-point payload model using
the Euler-Lagrange equations whereby the payload’s effect on the vehicle is considered as
external disturbances. The paper proposes the non-linear modelling and control strategy for
the system through feedback linearisation for performing trajectory tracking. In the study
the aim was not to make the payload follow a specific trajectory, but rather for a controller to
be designed that allows the vehicle to counteract disturbances introduced by the pendulum
such that the vehicle could perform trajectory tracking.

Feng et al. in (Feng et al., 2014), and Palunko et al. in (Palunko, Cruz, & Fierro, 2012)
generalises the planar UAVP case to the 3D case for achieving perfect UAV trajectory tracking
under payload disturbances as in Pizetta et al. work. The EOMs are derived using the Euler-
Lagrange formulation. In (Feng et al., 2014), the quadrotor UAV dynamics are also derived
and interested readers can follow-up on the article. In (Feng et al., 2014), simulation studies
were performed to show the UAVs tracking performance under the payload disturbance while
(Palunko, Cruz, & Fierro, 2012) shows experimental studies with the inclusion of achieving
swing-free payload motion. The studies demonstrate the model’s validity by successfully being
able to reject the payload disturbance forces and effectively control the vehicle.

Sreenath et al. in (Sreenath et al., 2013) proposed a planning approach where the purpose was
to design trajectories for the payload, rather than the vehicle, and then to control the vehicle

Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments Nikhil D. Potdar



126 Literature Overview

(UAV) such that the payload would track its trajectory. This is in contrast to the work of
Pizetta et al. and Feng et al. where the payload was not actively controlled to follow a certain
trajectory. Designing a payload trajectory is challenging as the pendulum dynamics are
coupled to the vehicle dynamics and is only controlled through the UAV’s inputs. Considering
the planar X Z case, Sreenath et al. establishes that the system is a differentially flat hybrid
system. Sreenath et al. approach enables the pendulum swing to be exploited for dynamic
agile motions rather than just suppressing the disturbances introduced by the swing. Using
this approach, the differential flatness property is used to generate a UAV trajectory that
must be precisely tracked such that the payload follows the arbitrarily designed trajectory.
The hybrid characteristic is required to address the case of cable slackening (coupling forces
becoming zero) where the system dynamics switch. Using the differentiable flatness property,
it was successfully demonstrated in (Sreenath et al., 2013) that payload trajectory tracking
is possible in the planar and 3D case.

The single UAVP system has been treated in (Trachte et al., 2014, 2015; Feng et al., 2014;
Palunko, Cruz, & Fierro, 2012) and follows the same two rigid body approach to modelling
the UAVP system arriving at same or similar models. The contributions of these papers relate
more to the control aspect which will be discussed later.

Bisgaard’s PhD thesis (Bisgaard, 2008) and the publication (Bisgaard et al., 2009) by Bis-
gaard et al. provide a comprehensive overview for modelling the single and multi-UAV payload
system with full derivations of the dynamic EOMs and approaches for including cable slac-
kening and drag effects. Further research can be performed should the scope of the research
be expanded to the multi-UAVP problem.

B-4 Cable Slackening of Payload Suspension Link

As previously mentioned, studies by Sreenath et al. (Sreenath et al., 2013; Sreenath & Kumar,
2013) and Pizetta et al. (Pizetta et al., 2016) considered the switching dynamics introduced by
cable slackening resulting in a hybrid system dynamics model. Initial studies of single UAVP
systems including the work of Palunko et al. (Palunko, Cruz, & Fierro, 2012) and Feng et al.
(Feng et al., 2014) and others (Pizetta et al., 2015; Jain, 2015; Trachte et al., 2014) considered
an always non-zero tensile force. For that modelling assumption to be true, the cable must
always be taut (fully stretched) so the rope is comparable to a rigid link. Rope slackening
fundamentally alters the system dynamics as the two bodies (UAV and payload) become
independent in their motion as there is no coupling force, therefore, the uncontrolled payload
enters a free-fall under gravity while the UAV is controllable. Consequently, the system EOMs
are defined by a hybrid system model where the system EOMs switch between two equation
sets; the non-zero and zero coupling tensile force case. When considering slackening of the
rope, the 3D dynamics no longer evolve in SE(3) x S? but rather SE(3) x R? as the rope
length becomes one DOF.

Alternative modelling approaches that do not require hybrid system models also exist. In
(Dai et al., 2014), Dai et al. do not consider a binary state of slack or taut, but rather models
the catenary curve formed by the rope going from taut to slack. This allows the EOMs to
describe the continuous transition to a slack state eliminating the need for a hybrid system
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model. To achieve this, Dai et al. model the suspension cable as a series of rigid mass links
with an associated state where each link’s dynamics is modelled by an EOM. Combining the
EOM for each link gives the system of EOMs describing the full wire’s motion. This method is
computationally expensive as the set of EOMs grows with increasing granularity in modelling
the cable. Therefore, this method can more accurately capture the cable’s behaviour at the
expensive of the high cost associated with increased computation. This is not ideal when
real-time execution is of high concern in the to be designed algorithm.

B-5 Aerodynamic Drag on UAV and Payload

Besides cable slackening, aerodynamic drag has a prominent effect on the UAVP dynamics.
Studies into UAVP motion have generally addressed only low-speed experiments such that
the relative effect of aerodynamic drag when compared to the most significant external force,
gravity, is negligible. However, when considering rigid body loads (large surface areas) and/or
high-speed motions the drag force is significant as the force is proportional to the surface area
perpendicular to the velocity vector and quadratically increases with the velocity magnitude
(Bisgaard et al., 2009).

In (Bisgaard et al., 2009), Bisgaard et al. consider the quadratic form of aerodynamic drag
with velocity in R? for the slung payload EOMs. In this case, the drag force is proportional
to the velocity squared which is the classical formulation of the simple drag force equation.
Klausen et al. also considers aerodynamic drag on a UAVP system in (Klausen et al., 2015),
however, due to the relatively slow motion of the system (even at what is considered high
speed in indoor cases; around ||V| < 2m/s), the function V? in this range can be roughly
estimated by the linear V function. The benefit of this that the drag force equation becomes
linear and can be directly implemented into a linear formulation of the EOMs.

A summarised literature was presented in this chapter showcasing the state-of-the-art in the
field of UAVP modelling.

Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments Nikhil D. Potdar



128 Literature Overview

Nikhil D. Potdar Online Trajectory Planning and Control of a MAV Payload System in Dynamic Environments



Appendix C

Combinatorial and Sampling-based
Planning

In Combinatorial Planning a road map or graph is produced in Cp.. with each vertex re-
presenting a configuration ¢ € Cf.. With each edge between vertices also being collision free
(contained fully within Cfye). Under combinatorial planning there are many approaches,
for example, a common approach known as wvisibility graphs is presented (Pan & Manocha,
2015). In the wvisibility graph approach the vertices of the Cys space are identified after which
straight links are formed between all vertices for which the link is contained fully within C'fyec
as shown in Figure C-la. Once the graph is generated, an optimisation algorithm is imple-
mented to find the shortest route between ¢ and qg on the graph. Combinatorial planning
techniques are computationally expensive and scale badly with the dimension of ¢ as it uses
the full configuration space knowledge for computing trajectories (Pan & Manocha, 2015).

In Sampling-based Planning instead of fully capturing the C-space, it is probed/sampled
using various different methods to construct a C-space approximation. The probing identifies
samples which include ¢ € Cyps and g € Cypee wWhich are then used as vertices to generate
graphs similar to combinatorial planning. A popular example of this approach is LaValle’s
Rapidly exploring Random Trees (RRTs) that probes the C-space by expanding incrementally
from an initial configuration ¢; forming a graph structure (LaValle, 1998). The visibility
graph method can also be used here, as shown in Figure C-1b, whereby mutually visible
sample points in C'tye. are joined and the shortest route is found. This method is quicker as
an approximation of the C-space is used for planning, however, due to the sampling nature,
some obstacles might not be captured and like combinatorial planning, it scales badly with
the dimension of the C-space as more samples are required. Also with increasing scarcity of
vertices, the computed trajectory becomes more jagged which is not favourable for smooth
robot motions. Important is that sampling-based planning is probabilistically complete such
that if there exists a solution, it will be found within infinite time (LaValle, 2006).
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(a) Combinatorial planning using way-points defi-  (b) Sampling-based planning using randomly iden-
ned by midpoints of vertical partitions on obstacle  tified way-points in C¢,.. and visibility graph ap-
vertices (LaValle, 2011). proach (Pan & Manocha, 2015)

Figure C-1: Example of combinatorial and sampling-based planning algorithm with the shortest
route between g; and gg shown solid with other routes given as dashed
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Appendix D

Model Predictive Control Theory

Model Predictive Control (MPC) solves an Optimal Control Problem (OCP) whereby the
objective is to minimise an objective/cost function subject to the constraints (Trachte et al.,
2015). To perform MPC control, the following information must be available;

e Mission planning objective(s) to define and tune the cost terms of the objective function
that is optimised

e System model to perform the state prediction

e Control and process constraints to limit the range of feasible states and inputs

e Measurements from the system to set the initial condition using the actual system
response

The OCP time horizon is discretised in N steps indexed by k with At being the time sample
step size. The initial system state at & = 0 is encoded in xy. The stage cost function cg
is defined over the interval K = 0 — N — 1 while ¢; is a terminal cost function related to
being at state xz with input uy at time N. The cost functions are constructed to achieve
several control objectives, examples include amongst others minimising the tracking error
to a reference trajectory or discouraging extreme control inputs (Kamel et al., 2017). The
system dynamics are encoded in the discretised (non-)linear function f which is enforced
through an equality constraint. State and inputs are constrained to feasible values which are
derived from physical/mechanical space limitations denoted by X and motor/actuator limits
by U. Slack variables s may be introduced for soft-constraining the problem to facilitate
run-time feasibility by allowing minor constraint violations (Neunert et al., 2016). A high
cost is associated with slack variables being non-zero to make their use the last resort option
to maintain feasibility of the optimisation problem.

The OCP is optimised with respect to the trajectory & = [xy, ..., xy] with associated inputs
u = [ug,...,un—1] and slack variables § = [s¢,...,sy]|. Together these are the optimi-
sation variable Z = [Z, 4, §] that are to be optimised. The mathematical definition of the
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Model Predictive Control Theory

optimisation problem is given by Eq. D-1.

lejn J = Ct(wN,UN) + EIZCV:_OI Cs(mkauka*k)

st. xo=x(t)

Tp1 = [Tk, up)
g(wkauk’a *k) Z 0

xp € X
up €U
SkZO

(Initial Estimated State)

(Discretised Dynamics)
(Inequality Constraints) (D-1)

)

)

(State Constraints
(Input Constraints
(Slack Constraints)

where * represents all additional variables (obstacle positions, slacks etc.) used for cost and
constraint definitions. From the optimised Z only the first input wg is executed and the time-
horizon is receded by At (one time step) to a new planning instance repeating the process.
Closed-loop performance is achieved as a result of this receding-horizon approach.

Figure D-1 provides a graphical representation of the MPC algorithm demonstrating the

concept.

PAST FUTURE
«— A —

-

—e— Reference Trajectory
—e— Predicted Output
Measured Output
Predicted Control Input
—— Past Control Input

—t—t—+—>

+“—>
Sample Time

i+k ... i+N

Figure D-1: Model Predictive Control algorithm for trajectory tracking showing the computation
performed for one OCP (Adapted from (M. Behrendt, 2009)). The future predicted trajectory
and control input is based on the current measured system response/output.

The OCP is solved using an optimisation method that falls into either of two classes, namely
shooting or direct methods. In (Posa & Tedrake, 2013) these two approaches are described; “In
shooting methods, the non-linear optimization searches over (a finite parametrization of) u(t),
using a forward simulation from z(0) to evaluate the cost of every candidate input trajectory.
In direct methods, the non-linear optimization simultaneously searches over parametrizations
of u(t) and z(t); here no simulation is required and instead the dynamics are imposed as a
set of optimization constraints, typically evaluated at a selection of collocation points”.
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Appendix E

Motion Capture System Calibration

The Optitrack optical infrared Motion Capture System (MCS) was calibrated prior to perfor-
ming experiments using the Motive calibration software provided by the vendor. The itemised
details below are from the calibration report showing the error in tracked two and three di-
mensional (2D/3D) position readings obtained from the MCS. To understand the provided
report, please refer to the OptiTrack documentation!.

All experimental data collected for the preliminary study was performed under the following
MCS calibration;

e Overall Re-projection Mean 3D Error: 0.326 mm, Mean 2D Error: 0.086 pixels (Ex-

ceptional)

e Worst Camera Mean 3D Error 0.407 mm, Mean 2D Error 0.108 pixels (Excep-
tional)

e Triangulation Recommended: 2.7 mm, Residual Mean Error: 0.3 mm

e Overall Wand Error ~ Mean Error: 0.220 mm (Exceptional)

e Ray length Suggested Max: 11.0 m

Experimental data collected for the scientific article and supplements was performed under
the following MCS calibration;

e Overall Re-projection Mean 3D Error: 0.323 mm, Mean 2D Error: 0.080 pixels (Ex-

ceptional)

e Worst Camera Mean 3D Error 0.357 mm, Mean 2D Error 0.108 pixels (Excep-
tional)

e Triangulation Recommended: 2.7 mm, Residual Mean Error: 0.3 mm

e Overall Wand Error ~ Mean Error: 0.284 mm (Exceptional)

e Ray length Suggested Max: 11.5 m

!'NaturalPoint. “OptiTrack Calibration”. Accessed 22 February 2018. https://v20.wiki.optitrack.com/
index.php?title=Calibration
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Appendix F

Framework’s MATLAB and ROS
Dependencies

To use the programmed control framework, the following software, MATLAB toolboxes and
ROS packages are required;

MATLAB R2017a Linux 64-bit version®
e ROS Kinetic Kame?
MATLAB Toolboxes

— Control System Toolbox (10.2)
— Image Processing Toolbox (10.0)
— Curve Fitting Toolbox (3.5.5)

— Aerospace Toolbox (2.19)

— Robotics System Toolbox (1.4)

ROS Packages

— bebop_autonomy (0.7.0)3
— mocap_optitrack (GitHub latest master 23 May 2016)*

To perform the Model Predictive Control computations the FORCES PRO® package is re-
quired. An academic license is available upon request. Note: This package was not required
for the preliminary study.

'MathWorks. “MATLAB”. Accessed September 20 2017 https://mathworks.com/products/matlab

2ROS. “ROS Kinetic Kame”. Accessed September 26 2017. http://wiki.ros.org/kinetic

3Mani Monajjemi. “bebop_autonomy”. Accessed September 26 2017. http://bebop -autonomy .
readthedocs.io/en/latest/

“Kathrin Grive and Alex Bencz. “mocap_optitrack”. Accessed September 20 2017. http://wiki.ros.
org/mocap_optitrack

Sembotech. “FORCES PRO”. Accessed September 20 2017. https://www.embotech.com/FORCES-Pro
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Appendix G

Quadrotor Model ldentification
Experimental Data Post-Processing
Details

The estimation and validation dataset for the UAV pitch and roll step response used for
system identification had to be de-trended to account for a bias in the recorded response data
during the run. The offset value is subtracted from the recorded output signal in the dataset
resulting in a de-trended dataset. The output signals are measured in radians and considering
the offsets are in the 1072 order, the actual bias is very small. The required offset is computed
by comparing the positive and negative peak responses and adjusting for the average value
such that it is zero (undisturbed UAV state).

e Pitch dataset de-trending:

— Estimation dataset, output signal: -0.0090;
— Validation dataset, output signal: -0.0063;

e Roll dataset de-trending:

— Estimation dataset, output signal: -0.0061;
— Validation dataset, output signal: -0.0059;
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Appendix H

Identified Quadrotor Model Fit
Accuracy

In addition to the first (delayed), second and third order Parrot Bebop 2 quadrotor state-space
models identified and presented in the report, input delayed models of the second and third
order were also identified. As the delayed second and third order state space models under-
performed or showed minimal improvement with respect to their non-delayed counterparts,
they were not considered for implementation in the UAVP model. The input delays were
determined by trial-and-error through selection of various input delays in the range 0 to 0.2
seconds. The chosen input delay resulted in the best fitting model. Inputs delays longer than
0.2 seconds showed severe degradation of model fit indicating excessive input delay.

The delays in the first, second and third order models are presented in Table H-1. The
Normalised Root Mean Square Error (NRMSE) fit of the model response when compared to
the experimentally obtained estimation and validation dataset is provided in Table H-2. The
estimation dataset included the recorded data used to identify the model while the validation
dataset is a repeated experimental run used for checking over-fitting and generalisation.

Table H-1: First, second and third order delayed identified quadrotor state-space model input
delays

Input delay [s]

State-space model

Order 1 | Order 2 | Order 3
Pitch 0.10 0.10 0.10
Roll 0.10 0.10 0.10
Vertical Velocity 0.12 0.10 0.14
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Table H-2: First, second and third order (delayed) identified quadrotor state-space model fit as NRMSE percentage to estimation (est.) and

validation (val.) dataset.

Dataset fit of the identified state-space model [%)]

System Order 1 Order 1 delayed | Order 2 Order 2 delayed | Order 3 Order 3 delayed
Est. | Val. | Est. | Val. Est. | Val. | Est. | Val. Est. | Val. | Est. | Val.

Pitch 84.68 | 84.55 | 91.72 | 91.08 94.59 | 93.81 | 94.21 | 93.52 95.93 | 94.96 | 94.27 | 93.57

Roll 82.34 | 81.69 | 89.95 | 88.54 91.09 | 89.08 | 91.19 | 90.05 92.76 | 90.17 | 92.19 | 90.22

Vertical Velocity 77.12 | 76.42 | 87.52 | 89.01 91.38 | 91.56 | 91.25 | 91.48 91.19 | 92.19 | 91.39 | 90.43
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Appendix |

Identified Quadrotor Model Residual
Analysis for Fit Quality

Residual analysis is performed on the identified Parrot Bebop 2 quadrotor state-space models
to evaluate their quality. “Residuals are differences between the one-step-predicted output
from the model and the measured output from the validation data set” (MathWorks, 2017).
The report only mentions the model fit, however, a residual analysis is necessary to explore
the portion of the validation data that cannot be explained by the identified model. Figure
I-1 shows the autocorrelations of output residuals (whiteness test) and cross-correlation of
input with output residuals (independence test) for the different order state-space models.
For a high quality model, the residual function should fall within the 99% confidence interval
identified by the dotted line which matches the colour of the model order. Please refer back
to the report for a discussion of the model quality. A more thorough residual analysis is
necessary to understand the quality of the obtained models, however, this is currently beyond
the scope of this research so future studies can perform such an analysis.
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Figure I-1: Identified pitch, roll and vertical velocity model residuals with 99% confidence in-
tervals marked with corresponding coloured dash line; Top: Autocorrelation of output residuals,

Bottom: cross-correlation of input with output residuals
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Appendix J

Primal-Dual Interior-Point Constrained
Optimisation Algorithm Overview

The Model Predictive Controller (MPC) algorithm is a receding and finite-horizon, constrai-
ned optimisation problem that solves for quasi-optimal solutions. The inclusion of ‘quasi-’
follows from the fact that only a guaranteed global optimum is found for convex problems
under specific conditions. For non-convex problems, the optimiser cannot be guaranteed to
converge to the global optimum but rather any minima/maxima, local or global.

A Newton-type, optimisation scheme is implemented in the software package FORCES ProO
that is used to achieve real-time computational performance (Domahidi & Jerez, 2014). The
specific algorithm is called Barrier Interior-Point Optimisation for which a short theoretical
exposition is provided based on the derivation provided in (Vanderbei, 2012). The notation
convention may differ from the main report and is made clear from the context or by explicit
definition in this appendix.

J-1 Optimisation Problem Definition

Take the cost function minimisation optimisation problem with total cost J, and with f :
R™ — R subject to p inequality and ¢ — p equality constraints as defined by Eq. J-1.

J = min f(x)

gi(k) >b; for i=1,...,peN (J-1)
gi(x) =b; for i=p+1,...qeN
Rewrite an equivalent problem using slack variables s; to convert the inequality constraints
to equality constraints.

J = min f(z)

ci(xys) =0 for i=1,...,¢g€N (J-2)
s; >0 for i=1,...,peN
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c(x,8) = [gi(®) —bi — i ,..., gp(a:) — b — sp, ng(a:) —Op+1 5.y gq(m) - bq]T

The non-negativity constraint on the slack variables is rewritten as a logarithmic barrier
function cost term giving Eq. J-3 which gives the equivalent barrier problem.

xR

B = min f(x) — In(s;)
: Z; (J-3)

ci(xy8) =0 for i=1,...,g €N

A small positive barrier parameter p is introduced such that for lin% min B = min J, the new
n—

optimisation problem is equivalent to the original. By definition, the natural logarithmic is
undefined for s; < 0 thereby implicitly satisfying the inequality s; > 0. Finally, incorporate
the equality constraints into the objective function using Lagrange multipliers A giving the
Lagrange function Eq. J-4. The primal variable is  with the dual variable A € RY.

L(z,s,A) = f(z) — c(z,8) A —p > In(s;) (J-4)
=1

J-2 Newton-Raphson lterative Root Finding Search

The optimisation problem is solved iteratively with a Newton-Raphson gradient based search
direction algorithm. The gradients of Eq. J-4 is defined by Egs. J-5 to J-7 which are set to
equal zero. These three necessary conditions constrained optimisation problems are referred
to as the Karush-Kuhn-Tucker (KKT) conditions (Kuhn, 2014).

VoL = Vuf(x) = Vecl (z,5)A =0 (J-5)
Vb= —puSle+YA=0 (J-6)
ViL= ¢(x,8)=0 (J-7)
S1 0
with S = [0 ) ] ) Y = [I(pxp) O(qup)]

Rewriting, we get the set of Eqgs. J-8 to J-10.

Vof(x) — Vee(z,s) "X =0 (J-8)
ASe =pe (J-9)
c(zx,s) =0 (J-10)
A1 0
with A:diag(Y)\):[ _ ] ) e=[1,...,1]]eN
0 A
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Applying the Newton-Raphson method for root-finding to the set of Eqs. J-8 to J-10, the
system of equations, as given by Eq. J-11, is obtained with the A search steps. The left
matrix is the Jacobian to the set of Egs. J-8 to J-10.

w 0 —Vye(z,s)' Az Vof(x) — Ve (z,8)A
0 A S As | =— ASe — pe (J-11)
V.e(x,s) —Z 0 AX c(z,s)
. [ pxp) O
with 2 = 0 o O(q-pxg—p)

W =V2 L(z,s,\)

Computing the search direction given by the vector of A is the most computationally expensive
step of the algorithm (Domahidi, Zgraggen, Zeilinger, Morari, & Jones, 2012). In practice this
is achieved through various methods, however, this is beyond the scope of this explanation.

Then the variables @, s, A are iteratively found by taking step of size a in the search directions
identified in Eq. J-11 resulting in the update Eq. J-12. The step-size is regulated to achieve
a converging line-search.

T x Az
s =1 s +ag) | As (J-12)
Ay LA AX T

J-3 Algorithm Convergence and Extensions

As the Newton-Raphson method is iterative in nature, the KKT conditions defined by Eqgs. J-8
to J-10 are set to be satisfied when a certain tolerance € is satisfied.

max |V, f(x) — Vec(z, s) T | <e

max |[ASe — pe| <ep

max |c(x, 8)| <es

As the Hessian W is not analytically defined in FORCES PRro, an approximation method
is used resulting in a quasi-Newton method known as the Broyden-Fletcher-Goldfarb-Shanno
algorithm (Domahidi & Jerez, 2014); the specific’s of which are beyond the scope of this report.
The standard Newton method as presented in this appendix is sufficient to understand the
general method utilised to solve the constrained optimisation problem.

Note in (Karmarkar, 1984), Karmarkar first showed that interior-point methods are polyno-
mial time algorithms hence the number of algorithmic steps is O(n*) for a non-negative k and
n size input. Furthermore, for interested readers, the article (Forsgren, Gill, & Wright, 2002)
provides a comprehensive overview of interior-point methods for non-linear optimisation.
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Appendix K

NMPC Robustness to Time-Step Size
and Execution Lag

The effects of various controller time-step size and command execution lags on the NMPC per-
formance are presented. The results in this appendix expand on the results already presented
in the scientific article.

The UAVP system performs a point-to-point navigation tak starting from (-1.5,0,1) to a goal
(1.5,0,1) position in meters with a small obstacle positioned at (0,0,0) with an infinite height.
As the obstacle is in the direct path from the start to the goal point, the planning must be
executed with a curvature as shown in Figure K-1. For all cases the planning stages N = 18
and default cost definitions and weights are used with assistive steering disabled. In Fi-
gure K-2 the effects of different NMPC planning and control time-steps (controller frequency)
on the generated inputs and manoeuvres is presented. In Figure K-3, the NMPC controller
uses a fixed At=0.05 s planning time-step to generate the predicted trajectory, however, the
execution of commands is delayed by 0 to 0.15 seconds to artificially model lag. The lag
demonstrates the effects on performance generally seen in real-world controller deployment.

1.5

-3.0 -1.5 0.0 1.5 3.0

Figure K-1: Example executed point-to-point navigation task that is performed using the NMPC
controller with N = 18
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In Figure K-2 notice how as the At becomes longer, the controller compensates for the lower
control frequency by making the manoeuvre less agile i.e. smaller suspension angles. Hence,
the systems takes longer to reach the goal with a longer At. The magnitude of generated
input commands is also reduced with increasing At to ensure system stability with larger
time-steps. These characteristics are all achieved without any re-tuning of the NMPC and
is an inherent feature of the NMPC closed-loop planning approach. There is a limit to how
large At can be which is determined by the discretisation of the non-linear dynamics used. In
this study, a Runge-Kutta 2°4 order method is used, so if At becomes too large the linearised
dynamics may result in error divergence and eventually controller instability. With At=0.25 s
(4 Hz), the controller destabilises, however, this is already a very low controller frequency.

In Figure K-3, notice how the delay has a minimal effect on the executed trajectory which
was performed under the control inputs generated by the NMPC using a time-step At=0.05 s.
Note that the controller is set up such that it will continue executing the last received com-
mand until a new command is received. Therefore, as the NMPC generates commands that
should be executed for 0.05 s, in reality they are executed for 0.20 s due to the time delay
(lag). Therefore, notice how for the 0.15 s delay case, the payload suspension angles start
amplifying and eventually the entire system destabilises. This occurs as the controller tries
to reduce the suspension angles when the goal is reached, however, those inputs have the
adverse resonating effect when executed over the longer real time-step. In simulation, the
total time lag under which the system remains stable is also affected by the discretisation
method used for the simulated system model. The Runge-Kutta 2°4 order method is used by
both the NMPC controller and to simulate the UAVP dynamics and higher-order methods
may be more stable for larger time-steps and lags. In experimental setups, the total allowable
lag may be greater, however, this study falls beyond the scope of this research.
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Figure K-2: Comparison of distance-to-goal, payload suspension angles and NMPC generated
inputs for different control time-steps
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