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In this paper, a novel model reference adaptive control (MRAC) architecture for nonlinear,
time-varying, hybrid dynamical systems is applied for the first time to design the control system
of a multi-rotor unmanned aerial vehicle (UAV). The proposed control system is specifically
designed to address problems of practical interests involving autonomous UAVs transporting
unknown, unsteady payloads and subject to instantaneous variations both in their state and in
their dynamics. These variations can be due, for instance, to the payload’s dynamics, impacts
between the payload and its casing, and sudden payload dropping and pickup. The proposed

E hybrid MRAC architecture improves the UAV’s trajectory tracking performance over classical
§' MRAC also in the presence of motor failures. The applicability of the proposed framework is
§ validated numerically through the first use of the high-fidelity simulation environment PyChrono
B for autonomous UAV control system testing.
o
—
3
= Essential Nomenclature
o
8
g LI = Inertial and body reference frames
3 ;) = Inverse of the Jacobian matrix
£ (C] = Unknown matrix capturing parametric uncertainties
% D(-), D(-) = Regressor vector and extended regressor vector
< #(-),0(-), ¥ () = Roll, pitch, and yaw angles in a 3-2-1 sequence
- X, 0 = Mode set and mode index
E w(+) = Angular velocity of the UAV
§ Wemd () = Angular velocity needed to follow the reference attitude
£ Wref(*) = Angular velocity of the reference model
§ CD,o = Drag coefficient
8 e(-) = Trajectory tracking error
:‘% I, 70 = Inertia matrix and estimated inertia matrix of the UAV, including payload
g M = Mixer matrix
B m, m = Mass and estimated mass of the UAV
< P = Solution of a Lyapunov equation
8 r(-) = Reference command input
ra(-) = Position of the UAV’s reference point A
Soy Soref = Sets of resetting events in the plant model and the reference mode, respectively
So = Generic element of a convergent series
T(-) = Vector of the propellers’ thrust forces
t = Time variable
trer () = Resetting time of the reference model
va(+) = Translational velocity of the UAV’s reference point
x(+) = Generic state vector and UAV state vector
Xref (+) = State of a generic reference model
Xtran,ref () = State of the reference model for the translational dynamics

*Graduate Student, Department of Mechanical Engineering.
Graduate Student, Department of Mechanical Engineering.
¥ Associate Professor, Grado Department of Industrial and Systems Engineering, ATAA Senior Member.

Copyright © 2024 by Andrea L'Afflitto. Published by the American Institute of Aeronautics and Astronautics, Inc., with permission.



Downloaded by Andrea L'Afflitto on January 16, 2024 | http://arc.aiaa.org | DOI: 10.2514/6.2024-0755

I. Introduction

This paper presents the first application of a novel model reference adaptive control (MRAC) system for hybrid
plants affected by parametric and matched uncertainties [1]] to the design of a control system for autonomous multi-rotor
unmanned aerial vehicles (UAVs). The use of multi-rotor UAVs in industrial problems of practical interest, such as
the transportation of large and unknown goods as well as the interaction with objects, obstacles, and human operators,
pose several challenges to traditional autopilots. Indeed, these applications require that the UAV’s control systems are
robust to uncertainties in the vehicle’s and the payload’s dynamical model, impulsive forces and moments, and sudden
changes in the state vector capturing the vehicle’s position, attitude, translational velocity, and angular velocity. For
instance, dropping some large and heavy payload implies sudden changes in the UAV’s inertial properties. Furthermore,
by Newton’s third law, the vehicle experiences a sudden change in its state vector due to the reaction forces. This
problem becomes particularly significant when the sequence of discontinuities in the vehicle’s dynamics is rapid and
large. Commercial-off-the-shelf autopilots for UAVs are based on relatively simple control laws, which are not robust to
large parametric uncertainties, and existing control systems for UAVs, including the vast majority of research-grade
ones, are designed assuming that the differential equations modeling the vehicle’s dynamics are at least continuous and
that their solutions do not experience discontinuities of any kind.

Recently, the authors proposed the first extension of the LaSalle-Yoshizawa theorem to nonlinear, time-varying,
hybrid dynamical systems, that is, to dynamical systems that experience instantaneous variations both in their dynamical
model and their state. This result applies to Krasovskii solutions of hybrid dynamical systems, which are either complete
or non-complete solutions, that is, which can be defined on the semi-infinite time horizon or not. This unique result has
enabled the design of the first MRAC system for nonlinear, time-varying, hybrid dynamical plants affected by matched
and parametric uncertainties as well as uncertainties in the uncontrolled plant’s discontinuities [[1].

In this paper, we apply this MRAC architecture for nonlinear, time-varying, hybrid dynamical plants to design both
the inner loop and the outer loop of an X8-copter, that is, a UAV equipped with four pairs of propellers placed at the
extremities of the frame of a classical quadcopter. The usefulness of these UAVs lays in their ability to produce more
thrust than classical quadcopters of the same size and their enhanced compactness compared to octocopers able to
produce an equivalent thrust. Furthermore, multiple motors and propellers guarantee enhanced robustness to failures
compared to classical quadcopters.

The X8-copters considered in this paper are tasked with challenging missions such as, for instance, transporting
some unknown payloads, whose mass is as large as half of the overall vehicle’s mass, which are free to move in the
payload’s compartment and, hence, collide with one another and the walls of the payload compartment, and are dropped
at unknown points in time over the course of the mission. Due to the unknown inertial properties of the payload, the
impulsive nature of the payload-to-payload and payload-to-UAV interactions as well as of the payload dropping, and
the instantaneous changes in the UAV’s state, an MRAC system able to guarantee tracking of a user-defined reference
trajectory is highly preferable over classical control architectures.

To verify the applicability of the proposed control system in realistic scenarios and show its improved performance
over the proportional-integral-derivative (PID) control law, which underlies the majority of commercial-off-the-shelf
autopilots, and a classical MRAC system [2, Ch. 9], we present the results of model-in-the-loop numerical simulations
involving an X8-copter following a user-defined reference trajectory, experiencing the failure of one motor and a
significant fault in an additional motor, and the dropping of large and heavy payloads at unknown time instants. The
physics engine used to perform these simulations is provided by PyChrono [3 4]]. Initially developed for multi-body
simulations involving a large number of bodies, specifically for terramechanics and off-road vehicles, Chrono and its
Python-wrapped version PyChrono have undergone significant enhancements in recent years, making them suitable
for simulating complex robotic systems. This software package supports rigid and flexible body dynamics, such as
nonlinear finite element analysis (FEA), friction and contact handling, deformable terrain simulation, modules for
fluid-solid interaction based on Navier—Stokes equations with smoothed-particle hydrodynamics (SPH), and granular
dynamics [S]. To the authors’ knowledge, Chrono has not been utilized by researchers for simulating multi-copters or
other aerial vehicles. The only publicly disclosed example of the use of Chrono on aerial systems is the demo model
provided called the LittleHexy copter [6]. While this model serves as a useful starting point, it lacks the necessary
customization and flexibility required by control algorithm researchers, and has never been used as a testbed for control
systems. An actual X8-copter has been designed and realized and a high-fidelity CAD model of this vehicle has been
produced, imported in PyChrono, and employed for the numerical simulations. These numerical simulations show how
the MRAC system for hybrid, time-varying, nonlinear dynamical plants outperforms both the classical MRAC system
and the classical PID controller in trajectory tracking error, control effort, and frequency of oscillations in the required
motors’ thrust. The results of the numerical simulations are shown in the YouTube video [[7].



Downloaded by Andrea L'Afflitto on January 16, 2024 | http://arc.aiaa.org | DOI: 10.2514/6.2024-0755

This paper is organized as follows. Section[[I] details the mathematical notation and Section[[Il] recalls key elements
of hybrid systems theory. Section[[V]presents an MRAC architecture for hybrid, time-varying, nonlinear dynamical
systems. Section[V]recalls the equations of motion of a multi-rotor UAV equipped with an unsteady payload and able to
drop or pickup some payload, and Section[VI]discusses the proposed control architecture. Finally, Section [VII| presents
the results of numerical simulations in both nominal and off-nominal scenarios, and Section draws conclusions for
this work and outlines future work directions.

I1. Notation

Let N denote the ser of positive integers, N denote the set of nonnegative integers, R the set of real numbers, R" the
set of n X 1 real column vectors, and R™ the set of n X m real matrices. The boundary of D c R" is denoted by 4D,
and the closure of D is denoted by D.

The open ball of radius p > 0 centered at x € R" is denoted by B,,(x). Given p > 0 and the bounded set A c R",
let B, (A) = UxeaB,(x) denote the union of all open balls of radius p centered at the points of A.

The Lebesgue measure of the set D is denoted by u(D). A property B is verified almost everywhere with respect
to the Lebesgue measure u(-) on a set X C R”" if there exists N C X such that u(N) = 0 and P is verified by all
x € X\ N. In this case, we write ““P is verified for x € X a.e..” The indicator function of the set A C R" is denoted by
xa : A — {0, 1} and is defined so that if x € A, then y#(x) = 1, and if x ¢ A, then y #(x) = 0. Integrals are always
meant in the sense of Lebesgue. The transpose of B € R™™ is denoted by BT.

The zero vector in R" is denoted by 0,,, the zero n X m matrix in R is denoted by 0,,x,,, and the identity matrix in
R™" is denoted by 1,,. We write || - || for the Euclidean vector norm and the corresponding equi-induced matrix norm
[8, Def. 9.4.1]. The distance between x € R” and the set A C R" is defined as ||x||# £ infycxa ||x — a]| [9) Def. 3.5].

II1. Fundamentals of Hybrid Systems Theory
In this paper, we consider nonlinear, time-varying, hybrid dynamical systems, that is, nonlinear time-varying
dynamical system that experience instantaneous changes both in their trajectory and in their dynamics whenever resetting
events occur. Such systems are captured by a set of differential and difference equations in the form

x(1) = fe(t,x(0), (6, x(1)) ¢ D, (1
x(t+) = gd(t’x(t))’ (t’x(t)) €D, (2)

with x(29) = xo. The initial time is denoted by #( € [0, o). The open set, where the solutions 7 — x(¢) of (I)) and ()
are defined, is denoted by S C R”, and we assume that 0,, € S. The vector field f. : [tg, o) X S — R is Lebesgue
integrable, locally bounded, and such that f.(¢,0,) = 0, for all t € [¢g, c0). The switching law, also known as the jump
map, gq : [tg, ) X & — R is continuous in its arguments and locally bounded. The set of resetting events is denoted
by D C [tg, ) X (S \ {0}).

The flow of solutions of (I)) and (@) is denoted by s¢ : [f9, ) X [fg, 00) X & — S. Furthermore, the reserting

A

time before t > tg is defined iteratively as t; = min{t > ty : (¢,5.(¢,t0,x0)) ¢ D} and tx = min{t > 41 :

(#, 5c(t, tk—1,xk-1)) & D} forall k € N\ {1}. We assume that the system (I)) and (2)) is left-continuous, that is, the
following three conditions are verified:

TILH}*X(T) =x(1), t € (tg, ); 3)

if (t0,x0) ¢ D, then, for all 7 € [tp, ) \ Uren{?«}. it holds that

lim x(1) = x(2), “4)
Tott
and, for all £k € N, it holds that
x(fy) = lth1+x(T) = gd(fk, Xk); (5)
T r

and if (79, x0) € D, then @) is verified for all 7 € (fg, ) \ Uren{tx} and (3) is verified for all k € N. In the remainder
of this paper, for brevity, we assume that (7o, xg) ¢ D; the case whereby (t9, xg) € D is not addressed explicitly and can
be deduced from the arguments provided.
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Next, we introduce the notion of Krasovskii solution of @ and @), which is derived from [10]]. For the statement of
this definition, let 7 C [¢(, o) be connected and such thatty € 7 and 7 = (L X S) \ D.

Definition IIL.1 Assume that x : I — 8 is piecewise absolutely continuous, has a finite number of discontinuities on
any compact subinterval of I, and is such that if (t,x(t)) € T, then

x(1) € K[fel (1, x(1)), (6)
and if (t,x(1)) € D, then
x(1%) € K[gal(z,x(2)), (7
where
KLl = (o[£ |Bs || )mfr)), (tx) €T, (8)
5>0 X
K[gd](t7x) = ﬂ 8d g& ; ) QD)’ (t’x) € 5’ (9)
6>0

denote the Krasovskii regularizations of (1) and (@), respectively, and co(-) denotes the convex closure of its argument.
Then, x(-) is a Krasovskii solution of (1) and ). If there do not exist a connected set J C [tg, o) and a Krasovskii
solutionx : J — S of (1) and @) such that I ¢ J andX(t) =x(t), t € I, thenx : I — 8 is a maximal Krasovskii
solution of (1) and @). If I = [to, o), then a Krasovskii solution x : I — S of (1)) and @) is complete.

We assume that the points of discontinuities of Krasovskii solutions of (T) and ) occur at the resetting times only.
The existence and uniqueness of Krasovskii solutions of hybrid dynamical systems is discussed in [10]. In this paper,
solutions of hybrid systems are always meant in the sense of Krasovskii. In the reminder of this work, the following
assumption is made on solutions of (I)) and (2).

Assumption ITL1 If (¢,x(1)) € D\ D, then there exists € > 0 such that, Jorall 6 € (0,¢), sc(t+6,t,x(t)) ¢ D.
Furthermore, if (tx,x(tr)) € 0D N D, then there exists £ > 0 such that, for all § € (0, &), sc(tx + 0, tx,x(t})) ¢ D.

Assumption[[II.T| guarantees that if a trajectory of (T)) and (2) reaches the closure of D at a point that does not belong
to D, then the trajectory must move away from 9. Furthermire, Assumption guarantees that if a trajectory reaches
the boundary of D at a point that belongs to D, then the trajectory moves away from any resetting event, and, hence, the
continuous dynamics takes over for a non-trivial time interval. Thus, since piecewise absolutely continuous solutions of
(1) and () are considered and Krasovskii solutions of (T]) and (Z)) are discontinuous at resetting times only, Assumption
[T 1] implies that the solutions of (I)) and (2)) can not enter the interior of 9. This assumption is targeted at the scopes
of this work, namely, the design model reference adaptive control laws for plants, whose trajectory and dynamics
experience instantaneous variations, and whose continuous-time dynamics resumes immediately after a resetting event.

IV. A Model Reference Adaptive Control Law for Hybrid Plants
In this section, we recall the first MRAC system for nonlinear, time-varying, hybrid plants affected by matched and
parametric uncertainties. This system was originally developed in [1]]. This adaptive control system allows regulating
uncertain, time-varying dynamical systems, whose trajectory tracking error dynamics are captured by

é(l)— _ Aret,o(ne(t) + Bo() Ao (1) [M(f) - G)Tr(t)q)a(t)(t’x(t))] e(to) _|eo
(1) 0 ’ o(to)| |oo|’
((£,x(1) € Sor)) A ((1, Xref (1)) & Sref, (1)) (10)
[:_((tﬁ)) = gd,o (1) (1, (1)), ((6,x(1)) € Sor()) V (1, X1t (1)) € Stet, (1)) » (11)

where e : [tg, 00) — R denotes the trajectory tracking error, the index o : [tg, 00) — X tracks changes in the system’s
dynamics, ¥ C N is bounded and, hence, without loss of generality, comprises the first oy, positive integers, the
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piecewise continuous function u : [fg, ) — R denotes the control input, Aret,» € R is user-defined and Hurwitz,
By € R™ is such that (Aref, o, BoAg) is controllable, A, € R™ is diagonal, positive-definite, unknown, and the
mapping o — A, is unknown, ®, € RVo>X" is unknown and the mapping o — @, is unknown, the regressor vector
®,, : [tg, 00) x R" — RNe is Lipschitz continuous and captures matched uncertainties, A denotes the conjunction logic
operator and, V denotes the disjunction logic operator or, x(t) = e(t)+xr(2) denotes the plant state, x.et : [tg, 0) — R”
denotes the reference model’s trajectory and verifies the reference model

Aref (1) Aref, o (1)Xref (1) + Bret, o (1)1 (1) Xref (20) Xref.0
= ’ | = P, xe () € S, , 12
[ ('T(l) 0 0'([0) oo ( ref( )) ref, o (1) ( )
Xret (1F)
[ () l = Saret.on (B e). (1 Xwer(1) € St n)s (13)
in the sense of Krasovskii, Brer,- € R"™™ is user-defined and such that
Brt.o = BoK; (14)

for some K, ,» € R™™ and the user-defined reference command input r : [ty, ) — R™ is bounded and piecewise
continuous. The resetting events {Ss } 5 are unknown and are to be interpreted as the set of resetting events of the
plant to control. Such resetting events are such that if x.f(f) = 0, t > o, then Assumption [[ILI]is verified by (T0)
and (TT)) with any piecewise continuous control input u(-). The definitions of the resetting events {Sref,(,}a s» Which
are considered design variables, and of the associated sequence of resetting times are provided in the following. The
switching law g4, (-, ), o € X, is assumed to be a known, uncontrollable property of the system’s dynamics.

To present adaptive control laws that regulate ([E]) and @]) let ¥i,...,2, € %, p € {1,...,0max}, denote

partitions of %, define @ (7,x) 2 [yz, ()®@](£,x),.... xz, (o-)dDI,(t,x)]T, (0,1,x) € X X [tg, 00) X R", and define
S [@T, R @;]T and N £ Z‘Z:l N In this case, (I0) is equivalent to

o (1)

é(t)
0

Artre(0) + Boy [u(t) = 0T84 ) (ax(r))]l

[6%)] i [eol ’ (.x(1) € Sor1) A (1,51t (1)) € Sretor() - (15)

a(to)| |oo
Thus, we consider the control law
(0, ®,(1,x)) = OT®, (¢, x), (0, 1,x,0) € T X [1p,0) x R" x RN*™, (16)
and the adaptive law
O(t) =TB, (i (1, x())e" (OPrtyBory),  O(t0) =00, 1210, a7

where I' € RV s user-defined, symmetric, and positive-definite, P, € R™", o € X, denotes the symmetric,
positive-definite solution of the algebraic Lyapunov equation

Onxn =A P0'+P0'Aref,o'+Q0', (18)

T

ref, o

and Q, € R™™" is user-defined, symmetric, and positive-definite. Remarkably, if B, 50(-, -), and P, were constant

with o~ € Z, then (16) and (T7)) reduces to the classical control law and adaptive law of MRAC, respectively [2} Ch. 9].
Next, let

W(e) = dmin {Qotoex) lell, e eR™, (19)

where Ain {Qo}yes) = min{dpin (Qo), 0 € £} and Ayin (Qo), 0 € Z, denotes the smallest eigenvalue of Q. We
note that the right-hand side of (I7) is piecewise Lipschitz continuous with points of discontinuity at the resetting times
tx, k € N. Thus, is a switched dynamical system, and we consider Carathéodory solutions of (I7); recall that this
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class of solutions is absolutely continuous on [fg, ). Consequently, any instantaneous variation of V(z, e(1), ©(z)),
t > ty, is due to variations of eT(t)P(T(t)e(t) across resetting events.

We let {tx}ren = {ts,i}ien U (U ien{tret.iy, }WeN), that is, we partition the set of resetting times of (I0) and (TT)) into
the union of the resetting times due to {S } s and the resetting times due to {Sret"o-} oex- The i-th resetting time
of the resetting event S, ,, (i,0) € N X X, is given by ¢ ; = min{t > t ;1 : (t, S¢,0,_, (¢, t5,i-1,%Xi-1)) € So;_, }- The
resetting events of the reference model are defined so that Sref, o, = {tret,i,, } X R", (i, w) € N XN, where

t k-1
Lref iy, = inf {t > maX{ts,iatref,iw—l} : / W(e(T))dT 2 Z [eT(t;)Po.(,;)e(t;f) - eT(tj)P(T(tj)e(tj)] } (20)
]

i=

denotes the w-th resetting time due to the reference model after the i-th resetting event of the plant, k denotes the
index for the generic resetting times, i denotes the index for the resetting times due to {Ss} s, and i,, denotes
the index for the resetting times due to {Sref’o—}o_ s after the i-th resetting time. The switching law gq ref, o (7, €),
(o,t,e) € Z X [tg,o0) X R", is defined so that

T
el (ter,i ,)Pa'(trep )e(trefi ) = Srefiy, 1 1
Xt (£ ) = x(trer i ) — - aid - rp P? e(tweri), (i,w) e NxN,
ref rcf,lw) (et \/ eT(tref,iw)Pcr(tref,iw)e(tref,iw) ot i) O (fretiny) (freti, ) (1> W)

2D

1
where sf;, € (O, eT(tref,iw)P(,(,re“w)e(tref,iw)) is user-defined, 72| 3 _| Sref,i,, iS convergent, and P, € R™",

L1
o € X, is symmetric, positive-definite, and such that P, = P P.. Details on how to construct seer.;,, , (i, w) € N XN,
can be found in [[1].

for any i € N, then tef;,,, w € N, can not be defined. However, the collection of positive-definite matrices {Q o} ,ex 1S
a user-defined parameter, and the smallest eigenvalues of these matrices can be set arbitrarily large for ter;,, w € N, to
be defined. In light of this consideration, in the remainder of this paper, we consider the following assumption verified.

Assumption IV.1 For eachi € N, the set of reference model’s resetting times {trr.i,, }wen is always defined.

The following theorem provides the main result of this section, namely a model reference adaptive control law for
hybrid dynamical models in the same form as (I3)) and (TT).

Theorem IV.1 Consider the trajectory tracking error dynamics (13) and (1), the control law (16), the adaptive law
(T7), and the reference model (12) and (T3). If u(r) = n(O(r), @ (,x(1))), t = to, the matching condition (T4) is
verified, and {Q o} sex are chosen so that Assumption|[IV_|is verified, then both the trajectory tracking error e(-) and
the adaptive gain matrix ©(-) are bounded uniformly in {tk} e and e(t) — 0 ast — oo for all eq € R" uniformly in

{tk}keﬁ'

Theorem [[V.I] proves the effectiveness of the proposed MRAC system by showing that both the trajectory tracking
error and the adaptive gains are bounded, and the trajectory tracking error asymptotically converges to zero, uniformly
in the initial time and the sequence of resetting times. We remark how the adaptive gains are continuous functions of
time. This feature eases the implementation of the proposed system to problems of practical interest.

Equation (20) requires the ability to compute the set of resetting times {#; }, .;7. However, in most problems of practical
interest, it is difficult or impossible to detect the resetting times of the plant dynamics {s;}; g7 € {tx }, 7. Furthermore,
whereas the trajectory tracking error e(-) is assumed to be measurable at any time instant, in problems of practical interest,
the reference trajectory x¢(-) is computed numerically as a solution of and (T3). Thus, in this paper, we employ the
following algorithm to compute |J; ep{tref,i,, }wen. Let {t,,}p N 2 {tx }xenv denote the sequence of points over which
Xref (+) is computed numerically, and let 7, — f,,_; be sufficiently small for all p € N. Given p € N, let Bincreasing € N be

such that if eT(tp)Pg(,p)e(t,,) > eT(t,,_1)Pa-(;p,l)€(tp—1), then p € Bincreasing. Thus, we compute /t;n W(e(t))dr by
means of a quadrature method over {7}y, eqing - a0d We approximate ;‘;11 [eT(t;f)P(,(,;)e(t;f) — e (1j)Posyelt j)]

by Zpé‘liinmasmg [eT(tp)P(,(,p)e(tp) - eT(tp,l)Pa(,pfl)e(tp,l)]. For the rationale of this approximation, see the proof
of Theorem 4 in [[1]].
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V. Equations of Motion of an X8-Copter with Unsteady Payload

In this section, we present the equations of motion of an X8-copter with an unsteady, unknown payload. Recalling
these equations is essential to justify the control system architecture presented in Section [VI below and assess its
underlying assumptions. These results are drawn from [[11]].

Consider the orthonormal, inertial reference frame I = {O; X, Y, Z}, centered in O € R3 and with axes X, Y, Z € R3.
Consider also the orthonormal reference frame J(-) = {A(-);x(-), y(-), z(-)} fixed with the vehicle’s frame, centered at
apoint A : [9, 00) — R3 conveniently chosen, and with axes x, v, z : [9, 00) — R3; in this paper, we refer to J(-) as the
body reference frame. If a vector a € R? is expressed in the reference frame I, then it is denoted by a'; if a vector is
expressed in J(-), then no superscript is used.

The UAV’s mass, including its payload, is denoted by m4 : [ty,0) — R, o € X. The resetting events tracked
by the index o € X include instantaneous changes in the UAV’s mass due to sudden payload dropping or pickup
events. Additional resetting events include instantaneous changes in the vehicle’s translational and angular velocities
due to impacts of the payload with its casing. The position of the reference point A(-) with respect to O is denoted by
rly  [to, ) — R?, and the velocity of A(-) with respect to the reference frame I is denoted by v', : [fg, 00) — R*. The
orientation of J(-) with respect to I is captured by a 3-2-1 sequence of implicit Tait-Bryan angles [[12], Ch.1] such that
¢ : [tg, 0) — [0, 27) denotes the roll angle, 0 : [ty, ) — (—%, %) denotes the pitch angle, and ¥ : [tg, 00) — [0, 27)
denotes the yaw angle.

The UAV’s translational kinematics are captured by

F@) = R(@(0), 00,y (D))va(t),  ry(to) =rle 1210, (22)
where
cosyy —siny Of]|cos® O sind| |l 0 0
R(¢,0,¢) 2 |singy cosy O 0 1 0 [|0 cos¢p —sing]|,
0 0 1/ |—-sinf 0 cos@||0 sing cos¢

(6,6,0) € [0,27) x (—g %) % [0, 271), (23)

denotes the rotation matrix associated to a 3-2-1 rotation sequence of implicit Tait-Bryan angles. Between resetting
events, the vehicle’s translational dynamics are captured by

Fo-(t) (t) + Fg,o—(t) (t, ¢(t)’ 0(2‘)) + Texhaust,o‘(t) (t) + Tthrust(t)
= Moy (1) [Va(1) + 0 (D)va(t) + Fe (1) + 0™ (Dre (1) + 207 (1)ic (1) + 0 (N (Dre ()]

va(to) =va,o, t > to, (24)

where F : [tp, 0) — R3, o € =, denotes the sum of the external forces, such as aerodynamic forces, acting on the
vehicle,

—sind
Foo(t.6.0) 2 mg(t)g |cos@sing |, (1..0) € [t ) X [0,27) X (—g g) , (25)
cos 8 cos ¢

denotes the weight of the UAV, including its payload, g > 0 denotes the gravitational acceleration,
Texhaust, o (1) = / Vexh(t)(sma(t) (1) (26)
(V{T

denotes the force generated according to Newton’s third law for deploying some mass with exhaust velocity vexp :
[0, 0) — R3 from the control volume <V, that encloses the UAV and its payload,

Tthrust(t) = _[Ov O’ul(t)]T7 (27)

uy : [tg,00) = [Umin, Umax] C R denotes the the thrust force produced by the propellers, upmi, > 0 captures the fact that
commercial-off-the-shelf motors for UAVs produce neither negative nor arbitrarily small thrust forces, umax > Umin
captures the saturation in the thrust produced by the motors, and r¢ : [f9, ) — R3 denotes the position of the center
of mass C(+) of the UAYV, including its payload, relative to the reference point A(-), where the reference frame J(-) is
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centered. Additional information about the user-defined bounds i, and upy.y are postponed to Section for clarity
of exposition.
The UAV’s rotational kinematics are captured by

é(1) #(10) b0
0(1) | =T (6(1), 0())w(1), 0(to)| = 60|, 1>10, (28)
¥ (1) ¥ (to) Yo

where
1 singtanf cos¢tanf
I';(¢,0) =0 cos ¢ —sing (29)
0 singsech cos¢psect

denotes the inverse of the Jacobian matrix. Between resetting events, the UAV’s rotational dynamics are given by

M (1) (1) + Mexhaust, o (1) (1) + Miprus (1) = Mq (1) (t)ré(t) [Va(?) + w* (tva(t)] + L5 (Hw(t) + ‘Ux(t)lcr(t) (Hw(t)
+ho ) (1) + O (Dho ) (1) + o) (Dw(1) + L5 (1) (D (1),
w(ty) = wo, t >ty (30)

where M : [tg, o) — R3, o € I, denotes the moment of the external forces,
Mexhaust, o (1) = / r;;A(t)Vexh(t)émO'(t) (1), 3D
(V(r

denotes the moment of Texhaust, o (+)s Minrust © [0, 00) — R3 denotes the moment of the thrust force produced by the
propellers by means of differential thrust and differential drag,

I,(t) £ —/q/ roe (O (0)6m g (1) (1) (32)
denotes the inertia matrix of the UAV and its payload with respect to the reference point A(-),

Jo (1) £ [v rre (1 A ()61 1) (2) (33)
captures the variation in the moment of inertia due to the variation of the vehicle’s unsteady mass over time, and

)2 [ Oma D3m0 () (34)
captures the contribution of moving parts, such as propellers and shifting payload, to the UAV’s angular momentum.
Consistently with the literature on UAV control, in the following, we denote My (1) = [12(2), u3(t), us(r)]".

VI. Control Architecture for X8-Copters

In this section, we present a classical control architecture for coaxial multi-rotor UAVs such as X8-copters. This
classical architecture assumes that the UAV’s reference point A(-) coincides with its center of mass C(-), and the UAV
is a rigid body. The effects of moving components on the UAV dynamics, which have been detailed in Section [V} will
need to be compensated for by the control algorithms implemented in this proposed architecture. These effects, however,
will be accounted for by the simulator employed in Section [VII| below.

We assume that the user provides a piecewise twice continuously differentiable reference trajectory for the UAV’s
reference point, which is denoted by ryger : [70, 0) — R3, and a piecewise twice continuously differentiable reference
yaw angle Yyser : [to, 0) — [0,27). The control architecture presented here involves both an outer loop and an
inner loop. The outer loop determines the thrust force that the propellers should generate Tinryst ideal (+) and, hence,
u1(-). The outer loop also computes both the reference pitch angle ¢q : [to, 00) — [0, 27) and the reference roll angle
04 : [tg,0) — [0,27) so that the direction of the actual thrust produced by the propellers Tinqs(+) is in the same
direction as Tinrust,ideal (). The inner loop computes the moment of the propeller’s thrust force so that the X8 attitude
tracks the reference attitude captured by ¢q(-), 64(+), and ¥yer(-). The set of resetting events in the UAV dynamics
Uges So, Which is not characterized explicitly, comprises events such as payload dropping and pickup, the collisions
between payloads, and the collisions between the payload its casing.
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A. Outer Loop Design: Determination of the Total Thrust Force

In this section, we discuss how to compute the propellers’ thrust force Tinryst,ideal © [f0,0) — R3 that should be
produced by the UAV so that if Tirys(f) = Tirust.ideal (£), ¢ = to, then the reference point A(-) follows the user-defined
trajectory ryser(¢). To this goal, we assume that A(z) = C(¢), t > ty, and, hence, r¢(t) = 0. Under these assumptions,

(22) and (24) reduce to
Mo ()74 (1) = Ffr(t)(t) + Fgﬂ’a_(t)(t) + Ty 00 (D), rly(t0) = rg’o iy (t0) = vfw, t>to, (35)

where
1
Fo(t) = _EPSO'CD,G'”VAU)”VA(I)s (0,1) € Z X [19, ), (36)

p > 0 denotes the air density, which is assumed unknown, S, > 0 denotes the UAV’s cross-section area, which is
assumed unknown, and cp_, € R¥3 is symmetric, positive-definite, and captures the matrix of aerodynamic coefficients.
Replacing Tiysi(+) with Tirygt ideal (+), the continuous-time dynamics of the equations of motion are given by

I
r
Xtran (1) = AXtran (1) + Btran,(er-(t) [Ttlrust,ideal(t) + ®£an,0-(t)(btran,0'(t) (, xtran(t))] > Xeran (0) = [V?’Ol > t 2 1o,

A0
(37)
T 0 1 0
where Xyan () 2 r&T(t),v&T(t)] JA= |0 . Byan, o = >3 Ay =m s,
O3x3  O3x3 13
1 T
®tran,a' = |:_EPSO'CD,O" mcrg13} ) ocEez, (38)
vallR(d(1),0(2), ¥ (1))v
q)tran,(r(t’xtran) = [” A” (¢( )e ( ) ';D( )) Al s (t’xtran) € [t07°°) XR67 (39)
3

and e3 = [0,0,1]T.

T
To apply the MRAC framework, we consider the reference trajectory Xuan ret () = [r]rlé?(t), vf;}(t)] ,t > ty, whose

continuous-time dynamics are given by
Xtran,ref (1) = AXtranref () + Bref tran, o (1) [ﬁa(z)fﬂser(l) — M (1) Kiean, o (1) (V]rlef(l) - rlllser(t))
Mo (1) Kuwan,D, 0 (2) (erf(f) - r'ﬂser(f)) = Mo () Kuan,1,0-(1) /t t (r]rlef(T )= rgser(T)) df] :
0
Xeran,ref (£0) = Xtran,ref 05 (40)

— T — . .
where Bref tran, o = [03><3,m0113] , 0 € X, mg > 0 is user-defined and denotes the estimated mass, and Kiyan p.o»
Kian.1.o» and Kyan.p.o € R are user-defined, symmetric, and positive-definite gain matrices that capture a PID

T
control system to steer Xyan ref () toward the vector [rﬂ’szr(-), fﬂ;{r(-)] . The reference model continuous-time dynamics

(@Q) can be equivalently expressed as

xtran,ref(t) = Aref,tran,(r(t)xtran,ref(t) + Bref,tran,o-(t) rtran(t)s xtran,ref(t()) = Xtran,ref,0» t = to, (41)
N 033 13 . L. .
where Aref tran, o = , o € . Itis apparent how (@T)) could be further simplified by removing
_Ktran,P,cr _Ktran,D,o'

m s from both the definition of Bref ran, o and reference command input for the translational dynamics is given by
A — I — I — .1
rtran(’) = mo‘(l) ruser(t) + m(T(l) Klran,P,o’(l)ruser(I) + m(r(t)Ktran,D,O'(t) ruscr(t)

t
- mu’(t)I{tran,I,U'(t) [ (”Eef(T) - rﬂser(T)) dr, t 2 1. (42)
0
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However, (41) may be preferable for its relative ease of interpretation since each term in the reference command input
captures a force.

The continuous-time reference model (#I)) can be readily reduced to the same form as (I2). Furthermore, defining
the translational trajectory tracking error euan(t) = Xuan(f) — Xtranref (), t = to, the continuous-time translational
trajectory tracking error dynamics can be reduced to the same form as (I0); this passage is omitted for brevity. Thus, the
control input T&lmst’i deat (") €an be determined directly by applying the MRAC system for time-varying hybrid plants
presented in Section[[V]

MRAC systems are usually very aggressive, and, to reduce this effect, it is customary to employ a baseline controller.
This way, the adaptive control input only needs to compensate for the lack of effectiveness of the baseline controller. In

this paper, we let

1 _ gl 1
Tthrust,ideal(t) - nhrust,ideal,baseline(t) + Tthrust,ideal,adaptive(t)’ L 21, (43)

where

Yl]ilrust,ideal,baseline(t) = _mo(t)Ktran,P,o—(t) (r]l(t) - rrﬂef(t)) - mo-(z)Ktran,D,a—(t) (V]I(t) - Vgef(t))

PD baseline

1 —
+§55cr(z)51),a(t) [lva(OIIR($(2),0(1), y(1))valt)

dynamic inversion baseline

—T —T —T — .
+Kxxtran(t) - ®tran,o-(t) q)tran,a'(t) (t’ xtran(t)) + Kr rtran(t) +ma'(t)r£ef(t), (44)

MRAC-like baseline

K. e R%3, K, € R¥3, and Oyan,» € RO are user-defined, p > 0 is user-defined and captures the estimated air density,
So > 0, o € %, is user-defined and captures the estimated UAV’s cross-section area, ¢p,s € R33 is user-defined,
positive-definite, and captures the estimated matrix of aerodynamic coefficients, and T[]I : [t0, 00) — R3.

hrust,ideal,adaptive

Thus, embedding T[]Lmst’i deal,baseline(') in the regressor vector, T‘Ihrust’i deal.a daptive(') can be computed according to the
adaptive control scheme discussed in Section [V}

The baseline control input (@4)) comprises a proportional-derivative (PD) control input , a dynamic inversion control

input, and a control input that is structured in the same form a the MRAC input, but employing constant, user-defined

gains. It is apparent how several terms appear twice in (@4). Although these repetitions are unnecessary, they also

simplify the gain tuning process for the relative ease of interpretation of (@4).

B. Outer Loop Design: Determination of the Reference Roll and Pitch Angles
Having determined Tinrust ideal (+), We let its realization be given by

Tiastigea () = =1 (DR(a(1), 0a(0), Yuser(D)es, 12 10, (45)
where
uy (1) = sat (|| Tinrustidea (D 1], tmins max) » (46)
and
sat(a, Umins ¥max) = Min {@max. Max {@, dmin}}, (@, Umin, ¥max) € RXR X R, 47)

with @min < @max. Expanding (@3)), we note that

_Tthrust,Z (t) tan Od(l) == (Tthrust,X (t) €os 'puser(t) + Tthrust,Y (t) sin lpuser(t)) P t 21, (48)
up (t) sin ¢d(t) == (Tthrust,X (t) sin l»[/user(t) - Tthrust,Y (t) cos d’user([)) s (49)
T
where Tt]%lrust,ideal (1) = [Tthrust,X (1), Tinrust,y (1), Tinrust, z (t)] . Thus, we let

04(t) = atan2| — sat (Tthrust,X(t)’ Tin, X » Tmax,X) COS Yyser () — sat (Tthrust,Y (), Trin,y » Tmax,Y) sin Yryser (1),

10
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- Tthrust,Z(t))a t 2 1o, (50)

¢a(?) = atanZ(‘I(t), V1- %2(t)) (51)

where the signed arc-tangent function is defined as

tan™! (2) ifx >0,
tan~' (X)+7 ifx <Oandy >0,
tan! () —x7 ifx<Oandy<O,
atan2(y,x) & { " (¥) =7 ifx<Oandy (x.y) e RXR, (52)
3 ifx=0andy > 0,
-7 ifx=0andy <0,
undefined ifx=0andy =0,

tan~! (-) denotes the classical arc-tangent function,

sat (Tthrust,X (t)’ Tmin,Xa Tmax,X) sin ';l’user(t) — sat (Tthrust,Y (t), Tmin,Y s Tmax,Y) cos ‘;l’user(t)
uy (1) |

T(t) £ -

T
[Tmin X> Tiin,Y » Tmin,Z] [dex X> Timax,y » Tmax Z] € R? are user-defined and such that [ min, X » Tmin,Y » Tmin,Z] <<

T T T
Thrust ideal (t) << [Tmax,X’ Tmax,Y7 Tmax,Z] 5 [Tmm,X, Tmm,Y, Tmm,Z] << 033 [ max, X » Tmax,Y7 Tmax,Z] >> 03’ the
symbols <<, <<, 2>, and >> denote the component-wise inequalities, and

2 2
Umin = \/ min, X + Tmm Y + Tmm AL (54)

2 2
Umax = \/ max, X + Tmax +Tmax z: (55)

It is worthwhile remarking how both [Tiin,x » Tinin, » Tmin, z] and | Tinax, x> Tmax,v » Tmax,z]T can be tuned to design the
ranges of both ¢4(-) and 64(+).

C. Inner Loop Design: Determination of the Moment of the Thrust Force

In this section, we discuss how to compute the moment of the propellers’ thrust force My : [f0, 0) — R3 that
should be produced by the UAV so that hmt_m lln(t) —n4a(2)|| = O uniformly in £g > 0, where n(¢) = [¢ (1), 6(¢), zp(t)]
1> to, and na(1) £ [¢a(2), 0a(1), Yuser(t)]T. For the statement of this result, firstly, we assume that ¢q(2), ¢ > 1o, 64(1),
ba(t), 4(t) can be computed in real time by a differentiator. Thus, we define command angular velocity

wemd () 2 T71(9(1),0(2)) [114(t) — Kro,p (7(t) —ma(1))] . £ > 1o, (56)

where Ko p € R¥3 is symmetric, positive-definite, and user-defined. This way, if w(f) = wema(), t = to, then

lim; e [|7(2) — 4 (2)]] = 0 uniformly in zy > 0.

Next, we compute Mryst(+) so that lim; . [|7(f) — na(¢)]] = 0 and lim; e ||w(t) — Wemg (1)|| = O uniformly in
to > 0. To this goal, we assume that m (+) is constant for each o= € X, I, () is constant and diagonal, r¢ (¢) = 03,
t > tg, Jo (1) = 03x3, and A (t) = 03. Finally, we assume that

My (1) = 65 Fy (1), (o,1) € T X [tg, ), (57)

where 6, € R? denotes the position of the aerodynamic center relative to the reference point A(-) = C(-). Under these
assumptions, between resetting events, (30) reduces to

Io(ty@(1) = Mg (1) (1) + Miprusi (1) — 0™ (D) (1) (D (1), w(to) = wo, t > to, (58)

which can be equivalently expressed as

(1)([) - IO'(I) [Mthrust(t) + th,g(brol,ﬁ(t’ (1))] > w(to) = wo, t = tO’ (59)

11



Downloaded by Andrea L'Afflitto on January 16, 2024 | http://arc.aiaa.org | DOI: 10.2514/6.2024-0755

Fig.1 CAD model of the X8-copter imported in PyChrono and employed for the numerical simulations. Motors
are a distance /,, from the pitch axis and /, from the roll axis. The motors are labeled as M1, M2, ..., M8. The
yaw-axis points downward. Motors M1, M3, M6, and M8 spin counter-clockwise, and Motors M2, M4, M5, and
M7 spin clockwise

where, for each o € X,

T

. [ 1] . T
G)rot,(r = _EPSO'JXCD,O—, diag ([Izz - Iyy, Lix — I, Iyy - Ixx] ):| s (60)
[1Iva()IIR($(1), 0(2), ¥ (1))va(r)
wyw
(Drot,o‘(ts (L)) é ye s (t7 a)) € [IO’ 00) X R39 (61)
WxWy
WxWy

w= [a)x, Wy, wz]T, I, = diag ([Ixx,a, Ly o IZZ,U]T), and diag : R" — R™" produces a diagonal matrix from its
vector argument.

To apply the MRAC framework, we consider the reference angular velocity wre(-), whose continuous-time dynamics
are given by

d)ref(t) = _KP,wrefwref(t) + rrot(t), xref(tO) = Xref,0 t 2 1o, (62)
where Kp ., € RS is positive-definite and user-defined, and
rrot(t) = KP,wrewamd(t) + d)cmd(t) (63)

denotes the reference command input for the rotational dynamics. The continuous-time reference model (62)) is in the
same form as the continuous-time dynamics in (I2) since —Kp ,,, is Hurwitz.

The rotational trajectory tracking error can be expressed as e (1) = w(t) — wrer(2), t > 19, whose continuous
time-dynamics is omitted for brevity. Thus, the control input M (+) can be either computed directly applying the
framework presented in Section[[V]or as

Mthrust(t) = Mthrust,baseline(t) + Mthrust,adaptive(t)a t 2 1o, (64)

12
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Fig.2 Trajectory tracking errors obtained applying a PID controller, an MRAC controller, and a hybrid MRAC
controller assuming that the UAV’s inertial and aerodynamic properties are known. The three control systems
have been tuned to attain similar performances in terms of maximum overshoots and settling times

where

t
Mthrust,baseline(t) = _IO'(Z) Krot,P,baseline (w(t) - wref(t)) + Krot,l,baseline / (w(T) - (’-)ref(‘r)) dr
fo

PI baseline

_ 1 - —x _
+0* () 5w (1) + 5550(060(,)513,(7(0 va(@IIR(p(2), 0(2), ¥ (£))va(t) +1 o (1) @ret (1), (65)

dynamic inversion baseline

Krot, P baseline> Krot, I baseline € R¥3 are user-defined, symmetric, positive-definite, and capture the gains of a baseline
proportional-integral (PI) control input, I, € R¥3, o € X, is user-defined, diagonal, positive-definite, and captures
the estimated matrix of inertia, 6, € R? is user-defined and captures the estimated position of the aerodynamic
center relative to A(-), and Minryst,adaptive : [f0, 0) — R3. Embedding the baseline controller into the regressor vector,
Mthrust’adaptive(') can be computed employing the MRAC framework for time-varying hybrid plants discussed in Section

D. Thrust Allocation
Having determined the desired total thrust (6) and the desired moment of the trust (64), the thrust produced by
each motors is computed as the solution of the optimization problem

min _||7()|? (66)
T (t)€R8
ui(t)
.t = MT(1), 67
’ [Mthrust(t)l ( ) ( )

13
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Fig. 3 Attitude and reference attitude of the UAV controller by the hybrid MRAC system. The UAV’s attitude
rapidly converges to the reference attitude. The reference roll and pitch angles are determined by the outer loop.
The user-defined yaw angle has three sudden variations in the interval [0, 1.64] s

for each t > t9, where T(¢) £ [T1(¢), Tx(0), ..., Ty ()T, T; : [ty, ) — R denotes the thrust force of the i-th motor,
i=1,...,8,

l
", (68)
_lx lx lx _lx _lx lx lx _lx

—Cr ‘r —Cr ‘T cr  —Cr cr  —Cr

denotes the mixer matrix assuming that the motors are numbered as in Figurem Motors M1, M3, M6, and M8 spin
counter-clockwise, and Motors M2, M4, M5, and M7 spin clockwise, Ix, [, > 0 denote the distance of the motors from
the pitch and roll axes, respectively, and cr > 0 denotes the propellers’ drag coefficient. The analytical solution of this
optimization problem is given by

uy (1)

T(t) =M [Mlhrust(t)

l s t > to, (69)

where
1 1 1 1 1 1 1 1
-1 -1 -1 -1 -1 -1 -1 -1
M2 1 L5 5 =5 =l L5 5 =5 =l e R (70)
8 |-zt ittt -t =it
_c;l C}l _C;l c}l C}l _C}l C}l _C}l
denotes the Moore-Penrose pseudoinverse of M.
Equation (69) does not assure that Z?:l T;(t) € [Umin» Umax] for all ¢ > 7y. This point will be addressed in future
research. In the numerical examples presented in Section [VII] below, the thrust force generated by each motor is

14
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Fig. 4 Sum of the thrust forces exerted by each motor in nominal conditions. The thrust force required
by the three controllers is substantially similar. However, the PID controller requires a larger initial thrust.
Furthermore, the PID controller requires some sudden variations in the thrust force to cope with the three
sudden variations in the user-defined yaw angle shown in Figure E]

computed as
Sat(”Ti(I)”, T; min, Ti,max) (71)

where T; min = 0.6275 N denotes the motor’s minimum realizable thrust force and 7; max = 10.625 N denotes the motor’s
maximum realizable thrust force. Future work directions involve correlating Tinin x> Tmin,y > Tmin,Z> Tmax, x> Tmax,y» and
Timax,z With T; max and 7; min with foreachi =1, ..., 8.

VII. Numerical Simulations

In this section, we present the results of numerical simulations performed using the high-fidelity environment
PyChrono [3}/4]]. Three control systems are tested, namely a system based on the PID controller, a system based on an
MRAC controller [2, Ch. 9], and a system based on the proposed MRAC controller for nonlinear, time-varying hybrid
plants. The PID controller has been chosen because a vast number of commercial-off-the-shelf microcontrollers for
UAVs employ this control technique. The MRAC controller has been chosen because it the most suitable for a fair
comparison with the results in Section|[V]and because MRAC has been extensively applied to control multi-rotor UAVs
in the past decade [13]]. The results of the numerical simulations presented in this section are shown also in the YouTube
video [7]].

A. Actual and Simulated X8-Copter Details

To simulate last-mile delivery missions, we designed and realized a Group 1 UAV [14] equipped with a payload
compartment; see Figure[§] The X8-copter configuration has been chosen for its compactness, redundancy of thrust in
the case of fault or failure of a motor, and higher thrust-to-weight ratio than classical quadcopters. The mass of the UAV
frame is approximately 0.450 kg, and its dimensions are approximately 0.345 m X 0.245 m x 0.300 m. The battery
we employed has an 8000 mAh capacity, 25 C discharge rating, 50 C burst rating, and a 14.8 V nominal voltage. The

15
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Fig. 5 Trajectories of the UAV in off-nominal conditions. The motor failure occurs half-way through the first
rectilinear segment of the stadium. The payloads are dropped while traversing the circular segments. Despite
the knowledge of the payload’s mass, the PID controller is unable to follow the user-defined trajectory. The
two MRAC systems allow considerably better trajectory following. However, as shown in Figures[9and [10} the
adaptive controller for hybrid systems outperforms the classical adaptive controller

motors operate at full load at a maximum current of 37.8 A, maximum angular rotational speed of 28800 rpm, and 620
W of maximum power. The propellers chosen in this research have three blades, a diameter of 124 mm, and a pitch of
109 mm. From acquired data on the configuration of coaxial motors, with two motors and two propellers, we measured
an effective thrust of 1.800 kg. The companion computer is an ODroid XU4 and the microcontroller is a Pixhawk 6C.
In flight, the companion computer will be responsible for executing the control algorithms. The microcontroller will
provide the estimates on the UAV’s state and will interface the companion computer with the propellers through the
ESCs (electronic speed controllers).

As part of the design process of the actual UAV, a CAD (computer aided design) model of the UAV was being
produced through an iterative process. When the X8-copter was completely realized, the CAD model reproduced the
actual features of the UAV in detail. Each part of the CAD model was endowed with the proper material properties so
that the mass of each component matched the mass of the same component in the actual vehicle. Imported in PyChrono,
the CAD model allowed not only to simulate the vehicle’s dynamics, but also to account for collisions between the
payload and its casing. Each motor’s thrust force has been simulated by applying a force vector modeled as (36) at the
hub of each motor. Aerodynamic forces and moments have been simulated by adding a vector force at the vehicle’s
center of mass; future research directions involve the refinement of these assumptions. The UAV’s position is computed
as the position of the microcontroller’s reference point. Remarkably, this point does not coincide with the UAV’s center
of mass, as assumed in Section [V}

B. Simulations in Nominal Conditions

In this section we show how, in nominal conditions, that is, the UAV’s aerodynamic properties are known and no
payload is transported, the X8-copter can follow the user-defined trajectory with similar performances using a PID
controller, a classical MRAC system, and the proposed hybrid MRAC system. The controllers’ tunable parameters have
been tuned to obtain comparable performances in terms of maximum overshoots and settling times in a specific mission.
In this mission, the UAV is tasked with following a circular reference trajectory of radius 3 m at a height of 1 m with a
constant translational velocity of 0.6 m/s. The UAV’s roll axis needs to be tangential to the user-defined trajectory at all
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Fig. 6 X8-copter, whose detailed CAD model, shown in Figure has been employed for high-fidelity simulations.
As in the numerical simulations presented in this paper, two steel balls of 50.8 mm diameter are placed in a
transparent rigid container that serves as payload compartment

times. At take-off, the UAV’s roll axis points in a radial direction relative to the user-defined trajectory.

Figure 2] shows the trajectory tracking error measured as the Euclidean norm of the difference between the UAV’s
position and velocity x(-) and the desired position and velocity xyse;(-) defined by the user. The controllers were tuned
assuming that m = m, = 2.025 kg for all o € Z, and

2.2720- 1072 -6.5570-10"° —1.0035-1073
Iy =1,=]-65570-10"° 2.2020-1072  5.6584-107°|kg-m?; (72)
-1.0035-103  5.6584-107° 1.6147-1072

other tunable parameters are omitted for brevity.

Figure 3] shows the UAV’s attitude and reference attitude obtained by applying the proposed MRAC system for
hybrid plants. It is worthwhile noting that the user-defined reference yaw angle experiences three sudden variations in
the time interval [0, 1.64] s. Figure[d]shows how the thrust forces required by the three controllers are substantially
similar. However, at ¢ = 0, the PID controller requires a stronger initial thrust. Furthermore, because of the three sudden
variations in the user-defined refernece yaw angle over the time interval [0, 1.64] s, the PID controller requires three
sudden variations in the thrust force. Such rapid variations in the thrust force are not required by the adaptive controllers.
In these simulations, the resetting condition @ is not verified, and, hence, the classical MRAC system and the hybrid
MRAC system perform identically.

C. Simulations in Off-Nominal Conditions

In this section, we present the results of numerical simulations obtained by applying the same controllers as in
Section|[VILB]in a challenging mission scenario. The first of these challenges, which are aimed at testing the controllers’
reliability, consist in tasking the X8-copter to follow a trajectory that is shaped like a stadium at an altitude of 1.1
m. The rectilinear segments of the stadium are 7 m long, and the radii of the circular segments are 1 m long, which
is considerably smaller than the radius of the circular trajectory used to tune the three controllers considered herein.
The user-defined translational velocity is 1.2000 m/s, and the UAV’s roll axis is tasked with being tangential to the
reference trajectory at all times. At the junction between the rectilinear and the semi-circular segments, the user-defined
acceleration experiences an instantaneous variation of 1.44 m/s” in the direction of the axis Y of the inertial reference
frame I.
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Fig. 7 Position of the UAV controlled by means of the hybrid MRAC system, reference model’s position, and
user-defined reference position. Multiple resetting events in the reference position, which are captured by (1),
are marked

The second challenge consists in taking off with two steel balls, whose mass is 0.5388 kg each and whose radius is
0.0508 m each. Since the UAV’s payload compartment is 0.2450 m wide and 0.2000 m large, these balls are free to
move throughout the flight, and, hence vary key inertial properties of the overall systems such as position of the center
of mass and inertia matrix, and produce impulses when hitting the walls of the payload compartment. Placing both balls
in the same corner of the payload compartment, the inertia matrix of the UAV and its payload is

1.191-107" 5709 -1073 -2.551-1072
57091073 1.193-107' -1.865-1072| kg - m’. (73)
-2.551-1072 -1.865-10">  3.120-1072

The (2, 2)-induced norm of this matrix is 1.344 - 107! kg- m?, whereas the (2, 2)-induced norm of the inertia matrix
of the UAV without its payload, which is captured by (72), is 0.2286 - 10~ kg- m?. Therefore, the introduction of
the payload may produce a relevant variation in some of the inertial properties of this Group 1 UAV. The two MRAC
controllers employ the same tunable parameter as in Section [VILB] However, setting m = 2.025 kg, the PID controller
is unable to enable take off. Thus, since the mass of a payload can be readily determined, and to enable a comparison
between the MRAC controllers and the popular PID controller, in this section, the PID controller is executed assuming
that m = 3.1026 kg.

The third challenge consists in simulating the failure of motor M3 and a fault in motor M8 at 4 s; for details, see
Figure Specifically, for all t > 4 s, T3(¢) = 0 and T3(#) = 0.573 nominal (), Where T3 nomina1 (-) denotes the thrust the
eight motor should produce. The controllers are unaware of when the motors stop performing as expected. The fourth
challenge consists in dropping the payload at 7 s. The controllers are unaware of when the payload is dropped.

Figure 5| shows the UAV’s trajectories, where the motors fail, and where the payloads are dropped. Despite the
knowledge of the payload’s mass, the PID controller is unable to follow the user-defined trajectory. Figure[7|shows the
position of the UAV as a function of time, the reference model’s position, and the user-defined reference position. Figure
B] shows the velocity of the UAV as a function of time, the reference model’s velocity, and the user-defined reference
velocity. The resetting condition given by is verified on multiple occasions, and the reference model’s position and
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Fig. 8 Velocity of the UAV controlled by means of the hybrid MRAC system, reference model’s velocity, and
user-defined reference velocity. Multiple resetting events in the reference position occur to reduce the error in
tracking the user-defined velocity

velocity experience instantaneous changes captured by (21). As shown in Figures[7]and 8] some of these jumps in the
reference trajectory are substantial, and some others are less relevant. As discussed in the following, these resetting
events in the reference model allow the X8-copter to follow the user-defined position and velocity more closely and with
a smaller effort than the classical MRAC system and the PID-based system. Resetting events of the reference model
appear to be stronger in the velocity tracking problem than in the position tracking problem.

Figure[9]shows the trajectory tracking error measured as the Euclidean norm of the difference between the UAV’s
position and velocity x(-) and the position and velocity xy(-) defined by the user. The MRAC controllers clearly
outperform the PID controller despite the fact that this classical control system is implemented assuming that the
payload’s mass is known, whereas the adaptive controllers are implemented considering the UAV’s mass, without its
payload, to be the system’s actual mass. In general, the hybrid MRAC system performs considerably better than the
classical MRAC system.

Figure|10|shows the sum of the thrust forces exerted by each motor. The hybrid MRAC controller requires smaller
levels of control effort, and lower-frequency oscillations in the total thrust. The PID controller requires sudden variations
in the thrust force despite the fact that the payload’s mass is known since the user-defined reference acceleration is
discontinuous at the junction between the rectilinear and the semi-circular segments of the user-defined reference
trajectory.

VIII. Conclusion
This paper provided the first application of a novel model reference adaptive control architecture for nonlinear,
time-varying, hybrid dynamical systems to the design of control systems for multi-rotor UAVs, such as X8-copters. This
control architecture allows to account for model uncertainties, motor faults and failures, unknown and unsteady payloads,
and instantaneous variations in the vehicle’s state and dynamics due to collisions or the unmodeled dynamics of the
payloads. Numerical simulations performed employing the high-fidelity solver PyChrono illustrate the applicability and
the advantages of the proposed results. This numerical analysis involved comparing the performance of the hybrid
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Fig. 9 Trajectory tracking error applying the hybrid MRAC system, a classical MRAC system, and a PID
control system. The tracking error is measured as the difference between the UAV’s translational position and
velocity x(-) and the user-defined reference position and velocity xg(-). The hybrid MRAC system outperforms
both the classical MRAC system and the PID-based control system

MRAC controller with the performance of a classical MRAC system and a PID controller. The classical MRAC system
has been chosen for a fair comparison, and the PID controller has been chosen for the popularity of this control scheme
in commercial-off-the-shelf microcontrollers for autonomous UAVs. It is apparent how the hybrid MRAC system allows
to recover more rapidly from off-nominal conditions, such as faults and failures of multiple motors, the presence of
heavy, unknown payloads, and the sudden dropping of this payload at unknown times. These improved performances are
attained by applying thrust forces, whose magnitude and oscillations were smaller than those required by the classical
MRAC system and the PID controller.

Future work directions are multiple. Some of these include an experimental validation of the results produced by
PyChrono. Furthermore, PyChrono will be used for extensive computational analyses over large numbers of simulations,
each representing a different mission scenario.
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