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Abstract— This paper analyzes the dynamics of tilt-rotor
quadcopters with H-configuration and synthesizes a control
system for these vehicles. Our analysis is the first to show
a nonlinear effect in the vehicle’s rotational dynamics due
to the fact that not all propellers of a tilt-rotor are aligned
to one of the vehicle’s principal axes. The proposed control
system relies on an original robust model reference adaptive
control law to guarantee user-defined constraints on both the
trajectory tracking error and the adaptive gains at all time
despite parametric, matched, and unmatched uncertainties due
to unknown external disturbances and dangling payloads.

I. INTRODUCTION

In the first part of this paper, we present and analyze
the equations of motion of a tilt-rotor quadcopter with H-
configuration under the assumption that the vehicle’s mass
is known, but both its inertia matrix and the location of its
center of mass are unknown. Our analysis of the rotational
dynamics of a tilt-rotor quadcopter reveals that the presence
of tilting and spinning propellers is captured by three terms,
namely the inertial counter-torque, the gyroscopic effect, and
an additional term that we named tilt-rotor gyroscopic effect.
Both the inertial counter-torque and the gyroscopic effect
characterize also the rotational dynamics of conventional
quadcopters [1], whereas the tilt-rotor gyroscopic effect is not
present in classical multi-rotor UAVs because their propellers
are aligned to one of the vehicle’s principal axes. To the
authors’ best knowledge, the tilt-rotor gyroscopic effect has
not been highlighted in previous publications on tilt-rotors.

In the second part of this paper, we propose a robust model
reference adaptive control (MRAC) law that guarantees user-
defined constraints on the trajectory tracking error and the
adaptive gains at all time despite parametric, matched, and
unmatched uncertainties. Existing robust MRAC laws, such
as the e-modification of MRAC [2], only guarantee uniform
ultimate boundedness of the trajectory tracking error within
bounds that can be estimated, but not imposed a priori. The
proposed robust MRAC law, instead, guarantees user-defined
constraints on the trajectory tracking error at all time.

In the third part of this paper, we design a control system
for tilt-rotor quadcopters with H-configuration. Specifically,
we propose a control strategy, whereby the vehicle’s refer-
ence position, pitch angle, and yaw angle are user-defined
and the reference roll angle is deduced accordingly. Succes-
sively,we apply our MRAC law to regulate the quadcopter’s
dynamics despite external disturbances and poorly mod-
eled, unsteady payloads. A numerical simulation involving
a tilt-rotor quadcopter, which transports an actuated inverted
pendulum of unknown inertial properties and oscillating at
unknown frequency, illustrates our theoretical results.
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II. NOTATION, DEFINITIONS, AND MATHEMATICAL
PRELIMINARIES

In this section, we establish notation, definitions, and
review some basic results. The interior of the set C is
denoted by C. The ith vector of the canonical basis in R"
is denoted by e; ,,, the identity matrix in R"*™ is denoted
by 1, the zero n x m matrix in R™*™ is denoted by 0,, %
or 0. We write || - || both for the Euclidean vector norm
and the corresponding equi-induced matrix norm, and we
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define || B||p,, £ [tr (BLBT)]? as the weighted Frobenius
norm of B € R"*™ where L € R™*™ is symmetric and
positive-definite; if L = I, then we write || B||g. The trace of
A € R™ ™ is denoted by tr(A) and the smallest eigenvalue
of the symmetric matrix @ € R™*™ is denoted by Apin(Q).
The Kronecker product of A € R"*™ and B € RP*? is
denoted by A ® B. Given z,y € R?, we denote the cross-
product of © and y by z*y.

Given a € R, for brevity we denote sin «, cos o, tan
and seca by sa, ca, ta, sca, respectively. The Fréchet
derivative of the continuously differentiable function V :

D — Ratx e DCR"is denoted by V'(z) £ 8‘37(1)' The

Fréchet derivative of the continuously differentiable function
h: X —>Rat X € X CR"™™ is given by [3]

h(X) Oh(X)
X 9X1,m
Mmx) o | . (1)
0X : : : ’
Oh(X) Oh(X)
6X7171 6Xn,7n

where X; ; denotes the element of X on the ith row and jth
column.
Proposition 2.1: If A € R"*"™ and b € R™, then

Ab = MW (b, n)W]\/[ (A), (2)

where

]\4‘}[/(197 ’I’L) (bT ® ]-n) c ]Rnxn’m7 (3)

n

War(A) £ [eim ® (Aejm)] € R™™. 4)

i=1
Proof: The proof of the next result is immediate and
omitted for brevity. |

III. DYNAMICS OF A TILT-ROTOR QUADCOPTER

A. Problem formulation

In this section, we consider a tilt-rotor quadcopter with
H-configuration, such as the one shown in Figure 1. This
aircraft is composed of a frame, which we model as a rigid
body, and four propellers that can be tilted independently.
We also assume that the quadcopter transports some payload
of known mass that is not rigidly connected to the vehicle’s
frame so that variations both in the position of the center
of mass and the inertia matrix of the overall vehicle are
unknown and not negligible.



Fig. 1. Schematic representation of a tilt-rotor quadcopter with H-
configuration.

To identify the position and orientation of the quadcopter’s
frame in space, consider the inertial reference frame I =
{0; X,Y, Z}. The vehicle’s weight is captured by Fg]1 =
—mgZ, where m > 0 denotes the vehicle’s mass and g > 0
denotes the gravitational acceleration. We also consider the
orthonormal reference frame J(-) = {A(-);z(-),y(-),2(-)}
fixed with the vehicle’s frame, centered at a point A
[to,o0) — R3 conveniently chosen on the vehicle’s frame,
and with axes z,y, z : [tg,00) — R3; we refer to J(-) as the
body reference frame. The reference frame J(-) is chosen
so that the propellers’ arms are aligned to the y(-) axis; for
details, see Figure 1. If a vector a € R? is expressed in the
reference frame I, then it is denoted by al; if a vector is
expressed in J(-), then no superscript is used.

The position of the vehicle’s reference point A(-) with
respect to O is denoted by 7% : [tg,00) — R? and the
velocity of A(-) with respect to the reference frame I is
denoted by vy : [tg,00) — R3. Using a 3-2-1 rotation
sequence, the orientation of the reference frame J(-) with
respect to the inertial reference frame I is captured by the roll
angle ¢ : [tg,00) — [0,2m), the pitch angle 0 : [ty,0) —

fg,g), and the yaw angle v : [tg,00) — [0,27) [4,
pp- 11]. The angular position of the ¢th propeller about its
spin axis is denoted by €; : [tp,o0) — R, and the angular
displacement of the ith propeller’s spin axis, ¢ = 1,...,4,
about the y(-) axis and measured from the z(-) axis is
denoted by «; : [tg,00) — R; in this paper, a;(-) is referred
to as the ith propeller’s tilt angle.

B. Equations of motion of a tilt-rotor quadcopter
The vector of independent generalized coordinates

0= [ 0.0.0] 5)

captures the position and orientation of the vehicle’s frame.
The angular velocity of the reference frame J(-) with respect
to I is denoted by w : D x RS — R3, where D £ R3 x
[0,27) x (=%, %) x [0,27), and is such that [4, Th. 1.7]
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T
w(g(t), (1) = D7 () [$0,00. 0] . =10,
(6)
where
1 soth cotd
L(g) 2|0 cp  —s¢ |, q € D;
0 s¢sch copscl

recall that I'(¢), ¢ € D, is invertible [4, pp. 18-19].
It follows from (6) that the kinematic equations of a tilt-
rotor quadcopter are given by

va(t)

Q) = [F<q<t>>w<q<t>,q<t>)] !
T
q(to) = [T&%,%ﬁo,%} )

Proceeding as in [5], one can prove that the dynamic equa-
tions of a tilt-rotor quadcopter are given by

t > to. (7)

(1)
Mt a(t)) L@(ﬁ,q‘(t))}
_ ftran(t7Q(t)a(j(t)) a
= [fmt@,q(t), Q(t))} +Gla)ul?),
0

vl (to)] _ [,
Lj‘(to)}— wd]7 t>1to, (8)

where
T

9)
denotes the control input, us,uy : [tg,00) — R denote the
components of the forces produced by the propellers along
the 2(-) and z(-) axes, respectively, ua, us, uq : [tg,00) = R
denote the moment of the forces about the x(-), y(-), and
z(+) axes, respectively,

u = [ug, U1, ..., us

m13
mré (t)RY (q)

—mR(q)rs(t)
1(t) ’

(t,q) € [to,0) x D, (10)

M(t,q) £

denotes the generalized mass matrix,

firan(t, ,4) & —mR(q) [Fo(t) + 2w (g, §)Tc(t)

+w (g, P (0, @)rc(t)] +[0,0, —mg]™,
(1)

frot (ta q, q) £ _w>< (Q? q)I(t)w(qa q) - I(t)o‘)(qa Q)
4
- Z [Ip, (t)aop, (t) + wp, () Ip, (t)w, (1)]
4
X d) Y I 0er (1) + S0 Fyla),
i=1 (12)

ro ¢ [to,00) — R? denotes the position of the vehicle’s
center of mass with respect to the reference point A(-),

cy —sy 0 cd 0 s6| (1 0 0

Rl@)2 s c 0|0 1 0|0 cp —spl,
0 0 1] |—s60 0 cO| |0 s¢ co
(13)
and
1 0
A R 0 0] O
G(q) = (q) 01 3x3 (14)
O3x2 13

The tiltrotor’s equations of motion are given by (7) and (8).
It follows from (8) and (12) that the effect of
the propellers’ motion is captured by the inertial



counter-torque Z?zl Ip ()wp,(-), the gyroscopic effect
WX () Xy Ip,(Jwr, (), and 0 wi, ()1 p,(Jwp, (). For
conventional quadcopters, Zzl:l wp, () Ip, (twp, (t) = 0,
t > to, since a;(t) = 0,7 =1,...,4, Ip,(-) is a diagonal
matrix, and the propellers’ thrust force is exerted along
the z(-) axis of the reference frame J(-) [5]. For tilt-rotor
quadcopters, wp, (t)Ip, (t)wp, (t) Z 0, t > to, i = 1,...,4,
since «;(t) # 0. To the authors’ best knowledge, existing
results on tilt-rotor quadcopters do not account for any
effect due to the presence of spinning and tilting propellers.
Indeed, the term 2?21 wp, () Ip, (-)wp,(-) is not identified
by a specific name and henceforth, it will be referred to as
the tilt-rotor gyroscopic effect.

IV. CONTROL DESIGN FOR A TILT-ROTOR QUADCOPTER

A. Robust Model Reference Adaptive Control for Con-
strained Dynamical Systems

Consider the unknown dynamical system

i(t) = Az(t) + B [u(t) + 0T @(z(t))] + £(2),
.Z‘(to) = 2o, t 2 t(), (15)

where x(t) € D C R™, t > tp, denotes the system’s
trajectory, u(t) € U C R™ denotes the control input,
A e R BeRY™n © e RVX™ the regressor vector
® : D — RY is Lipschitz continuous, and € : [ty, 00) — R™.
The matrices A and © are unknown and capture parametric
and matched uncertainties, and the continuous function &(+)
is unknown, captures unmatched uncertainties, and is such
that ||€(t)]| < &max,> t > to, Where Epax > 0 is known.
Consider also the reference dynamical model

C.Cref(t) - Arefxref (t) + Brefr(t)v
xref(tO) = Tref,0, t 2 t07 (16)

where xye(t) € R, t > to, r(t) € R™ is bounded and
denotes the command input, A,of € R™*™ is Hurwitz, Bt €
R™*™ and the pair (Ayer, Brer) is controllable. We assume
that there exist (K, K,) € R"*™ x R™*™ such that

At = A+ BK,
Byt = BK.

a7)
(18)

The matching conditions (17) and (18) guarantee that if both
A and © were known and u(t) = Km(t), t > to, where
K £ [K] KT, —©T], then lim_, e(t) = 0 [6, Ch. 8].
Consider the feedback control law
(ZS(W,K) _ IA(TQ (W,K) c Rn+m+N « Rmx(n—&-m—&-N)’
19)
where K : [tg, 00) — Rmx(ntmFN) A design specification
for the adaptive gain matrix K (-) would be that the adaptive
gain’s error AK(t) & K(t) — K, t > to, verifies some
constgi/nts assigned a priori. The matrix K is unknown,
and AK(-) cannot be computed. However, in problems of
practical interest it is possible to find K, € R™*(n+m+N)
that provides an estimate of K, that is, such that |K, —
K||p < &, for some ¢ > 0. In this paper, we provide & (-) so
that both the trajectory tracking error e(+) and the estimated
adaptive gain’s error AK(t) = K(t) — K, t > t, verify
user-defined constraints at all time. In particular, we consider
the compact, connected constraint set

ca {(e,AK) cR" x Rmx(n+m+N) .

h(e"Me, AKT'AKT) > 0}, (20)

where M € R™*™ is symmetric and positive-definite, I' €
R(+mAN)x(ntm+N) j¢ symmetric and positive-definite, and
h:R x R™™ — R is continuously differentiable and such
that ~(0,0) > 0.

Lastly, define

ap B=eT Me
X=AKI 'AKT

he(e¥Me, AKT7'AKT)

)

(e,AK) €C, (21)

_ Oh(B, X)

TMe, AKT'AKY) 2 Z—272
hX(e “ ) 0X B=eTMe ’

X=AKI'AKT
(22)
where % is given by (1), and assume that

he(eXMe, AKIT71AK™T) <0, (23)
hx(e*Me, AKIT7'AK™) <0, (24)

that is, hx (-, -) is symmetric and nonpositive-definite, and

(Ona Om X (n+m+N) )
h(e*Me, AKT'AKT).

= arg max
(e7AK)€R7L xRm X (n+m+N)
(25)

Conditions (23)—(25) are verified, for example, by
h(e"Me, AKT'AK™T)
—e'Me — |AK|F pos,
(e, AK) € R™ x R™*(n+m+N) = (26

= hmax

where hpmax > 0. N
The next theorem provides an adaptive law K (-) for the

feedback control law (19) so that if u(t) = ¢(w(t), K (1)),
t > to, then both the trajectory tracking error e(-) and the
estimated adaptive gain’s error A K (+) verify the user-defined
constraints captured by (20) at all time, despite parametric,
matched, and unmatched uncertainties. For the statement of
this result, note that it follows from (15), (19), and (16) that

é(t) = Awete(t) + BAK ()n(t) +£(1),
e(to) = o — Tret,0, t >ty (27)

In addition, define the positive-definite function

e’ Pe+tr (AKT*AKT)

h(eTMe, AKTTART) (@ AK) G,

(28)

V(e,AK) &

where P € R"*"™ denotes the symmetric, positive-definite
solution of the algebraic Lyapunov equation

0=ALP + PAs +Q,

€

(29)
and @); € R"*™ is symmetric and positive-definite, and let

Sx 2 {(e, AK) € R" x R™*(tmHN) . g (¢ AK) > 0},
(30)
where
Sr(e, AK) = —alle|? — o|e" PB|P|AK ||}

+2 (el + &max) [|1R(e, AK)[[e,  (BD)



peN,o>0 a2 Amin(@1), and
R(e,AK) £ e" [P —V(e,AK)
- he(e"Me, AKT'AKT)M]B. (32)

Lastly, note that the trajectory w,(t), t > to, of (16)
is bounded, since r(t) is bounded and A,.r is Hurwitz,
and if e(t) is bounded, then xz(t) is bounded and there
exists a compact set II C R ™+N gquch that 7(t) =

[#T(t), 7T (1), —(I)T(x(t))]T € II for all t > to. Therefore,
since Sx(-,-) is continuous in 7, it follows from Weierstrass
theorem that

(e, AK) £ argmax, ;S (e, AK),

(e, AK) € R™ x R™*(n+m+N)

, (33)
exists and is finite.

Theorem 4.1: Consider the trajectory tracking error dy-
namics (27), the constraint set (20), and the set Sy given by
(30). Let 79 € R™, 2pef 0 € R, and K € R™*(n+m+N) pe
such that (g — Zrer,0, Ko — Keo) € C\{(0,0)}, and let

K™(t) = —D[r(t)e™ (t)(P - V(e(t), AK(t))
- he(eT () Me(t), AK()T*AK T (t))M)B
+olle"(t)PB|PAK™(t)]
1 = Vie(t), AK(t))
hx (€T () Me(t), AKT P AKT(1)] 7,
K(to) = Ko,  t>1to, (34)

where P € R™*"™ denotes the symmetric, positive-definite
solution of (29), V'(-,-) is given by (28), he(,-) is given
by (21), and hx(-,-) is given by (22). If Sy« C C, where
7*(+,-) is given by (33), then (15) with control law (19) and
adaptive law (34) is such that (e(t), AK(t)) € C, t > to.

Theorem 4.1, whose proof is omitted for brevity, provides
sufficient conditions for the control law (19) and the adaptive
law (34) to steer the trajectory of the dynamical system (15)
and guarantee user-defined levels of performance, which are
captured by the constraint set (20), despite uncertainties in
the dynamical model.

B. Control strategy for tilt-rotor quadcopters

Tilt-rotor quadcopters with H-configuration allow to con-
trol directly both the forces along the z(-) and z(-) axes and
the moment of the forces about the z(-), y(-), and z(-) axes
by regulating the propellers’ tilt angles and angular veloci-
ties. Therefore, the following control strategy is proposed.

The twice continuously differentiable reference trajectory
et [to,00) — R3, the twice continuously differentiable
reference pitch angle Oyt : [to,00) — (—g, g), and
the twice continuously differentiable reference yaw angle
ref  [to,00) — [0,27) are considered as user-defined. The
translational equivalent control input Veran : [to, 00) — R?
and the reference roll angle ¢e(-) are defined as

Utran(t> = R(%"ef(t)) [US(t)7 07 ul(t)]T 3 t 2 th (35)
- )
o () 2 ftanfliljtrang( , 36
Pree(t) ER— (36)
where R(-) is given by (13),
T
Qref £ TE’;{’ ¢ref7 erefa q/}ref:| (37)

denotes the vector of reference generalized coordinates,
tan~!(-) denotes the signed inverse tangent function, and

ﬁtran, 1 (t) Caref (t) 0 *Soref (t)
Vgran,2(t) | = 0 1 0
f}tran,S (t) Seref (t) 0 Ceref (t)
Cwref (t) Sl/}ref (t) 0
_Swref (t) C"/}ref (t) 0 Vtran (t) . (38)
0 0 1

In this case, it follows from (35) that the equations of motion
(7) and (8) are equivalent to

M) [ sy 80
= Jp 2D+ [Gtate) - Gtausten] it
B2 [F1<q<t>>f<2?53w<q<t>,q'<t>>] i)
[ (t0),q"(t0)] " = [ag ago]” = to,
(39)
where the equivalent control input
o(t) 2 [0 (0, ua(0), us(0) s ()T, 40)

is designed so that ¢(-) tracks gee(-) within user-defined
bounds. Finally, u(-) is deduced from (35) and (40).

C. Control laws for tilt-rotor quadcopters

Assuming that both the location of the center of mass
and the inertia matrix of the quadcopter are unknown, we
define the twice continuously differentiable functions 7¢ :
[to,00) — R3 and Arc : [tg,00) — R? so that

rc(t) =To(t) + Ara(t),

The function 7 (-) is considered as known and is deduced
using, for example, analytical models of the vehicle’s con-
figuration, and Arc(+) is unknown. Similarly, we define the
continuously differentiable and symmetric matrix functions
Iquada Ipi, Al [tU,OO) — R3*3 with I() and Ipl()
positive-definite so that

+ZIP

where I yaq(-) is considered as known and is deduced using,
for example, analytical models of the vehicle’s Conﬁguratlon
the ith propeller’s inertia matrix Ip, (), i = 1,...,4, is
known, since each propeller’s mass and geometry is known
each propeller’s location is known, and the tilt angles «; (- ),
t=1,...,4, are known, and AI( ) is unknown.

[q"(t) -

To feedback linearize (39), define e(t) =
t > top, where ¢(-) is given by

. . T
Qo (1), G (1) — g (t)]
(5) and gyef(+) is given by (37), define

t > to. 41)

I(t) = Tquad + AI ) t>tg, (42)

— N ml —mR(q)T5(t)
IR Py S
(t,q) € [to,0) x D, (43)
A 03 —mR(q)Ari(t)
AM(t.q) = {mAré?t)gRT(q) Aql(t) ‘ } (49



so that M(t,q) =
invertible, define

M(t,q) + AM(t,q) and M(-,-) is

?tran (t7 q, Q) £ 7mR(Q) [FC (t) + 2w™ (Qa Q)?C(t)
+w(g,9)w” (g, 9T ()] + [0,0,—mg] ",
(45)
Aftran(tv q, q) £ _mR(q) [ATC( ) + 2w™ ( )ATC( )
+ w*(q, )w™ (q, Arc )], (46)
Frot(ts4,9) = —wx(q,d)l(t) (a,d) — T(t)w(a,d)
“(q.4 ZIP t) + 75 () Fy(q)

4
- Z [IPI (t)d)Pi (t) + w;‘i (t)IPi (t)o‘)Pi (t)] )

- (47)
A frot(t, 4, 4) £ —w* (g, )AL ()w(g, §) — Al (t)w(g, )
+ ArSFy(q), (48)
so that
fuan(t,¢,0) = Foran(t: 4, 9) + Afuran(t, ¢,4),  (49)
frot(t,0,4) = Fron(t: 4, 4) + Afron(t, 4, 9), (50)
and define

ﬁ(taqaqreﬁz&)
i 1 03 T B P
= M) {ogig r (Z)} ("“‘f [r<q>w<q, q)}
- KP [C](t) - Qref(t)] - KD [q - q'ref] + U2>

_ o T
- |:ftT1"an(taQ7Q)af?ot(t7Q7Q):| ) (51)

where vy € R® and the user-defined matrices of control gains
Kp and Kp € R%%6 are symmetric and positive-definite.

If v(t) = B(t,q(t), gres(t), v2(t)), t > to, then (39) is
feedback-linearized and the trajectory tracking error dynam-
ics is given by

é(t) = {26;(?) _?D} e(t) + {Oizes] [v2(2)
+0T®(q(1), 4(t))] + &),
t

[t (t0), qref(to)]T > to,
(52)

e(to) = [q"(to), 4" (to)] " —

)

where v(t) € R® denotes the virtual control input, £(t) =
. T
[le& dfyn(t)} € R,

Ean® = 032, riaii)| T q)< e

+ [Gla(t) = Glaws ()] u(t)

O3x3

13 O3x3 ..
_ AM(tv Q) |: Fil(q(t))] q(t)> ) (53)

@ran .
or = [ (®F..(0.9)

03x30 .
= ) b s =
03 X9 ®rot :l (q Q)

®L,(¢.9)]". (¢.9) € D x R,
Otran = Mw (Tc, 3), (54
Opor = [MW (WM @, 3) ,?é} , (55)
Piran(q, 4) = —mWar(R(Q)w™ (¢, 4)w™ (¢, ), (56)
Broo(a,d) = Wi (©* (¢, ) Mw (@(a.))) . FL(@)]

(57

Tc € R3 and T € R*>3 are unknown, My (-,)
is given by (3), and Wy (-) is given by (4) so
that 9tran(I)tran((Iv q) = _mR(Q)wX (qv q.)wx (qa q-)FC and
@rot‘brot (Q7 Q) = —w* (Q7 Q)IW(% Q) + Fé‘F;%(Q)'

The next theorem applies the adaptive law (34) to regulate
the equations of motion (39) of a tilt-rotor quadcopter, whose
inertial properties are partly unknown, and bound both the
trajectory tracking error e(-) and the estimated adaptive
gains’ error AK(-) within the user-defined constraint set
(20). For the statement of the next result, note that if

wa(t) = AK(t)r(t), > to, (58)

where 7(t) = [q"(£),d" (), 016, — @ (q(t), 4(£)] .
AK(t) = K(t) — Koy K : [tg,00) — RO K, =
— [Kp, Kp,06x6,07], and O, € R¥*6 denotes an esti-
mate of ©, that is, ||©, — O < & with & > 0 arbitrarily
small, then (52) is in the same form as (27) with n = 12,
m =6, N =39, AK(t) = AK(t)+ K. — K, K =
- [KP7KD;06X67®T:|7

2 0
€0=E0+ oo e an)
zy = [q&r : ch,o]T, Aot = [9‘}2 —1I§D]’ and B =
[0326} . Furthermore, the matching conditions (17) and (18)
are verified with A = [822 0226] , Bret = O12x6, K} =

— [KP7KD], and Kr = 06><6-

Theorem 4.2: Consider the equations of motion of
a tilt-rotor quadcopter given by (39) with v(t) =
ﬁ(ta Q(t)v Qref(t)7 UQ(t))’ t > to, where ﬂ(a ERE ) is given by
(51) and wy(-) is given by (58). Furthermore, consider the
the trajectory tracking error dynamics given by (52) and the
constraint set given by (20). If K (-) verifies (34) for some
o > 0 and p € N and the conditions of Theorem 4.1 are
verified, then (e(t), AK(t)) € C, t > t,.

Proof: The result is a direct consequence of Theorem 4.1
applied to the trajectory tracking error dynamics (52) with
va(+) given by (58). [ |

D. Realization of the desired control inputs

The forces and moments needed for ¢(-) to track gres(+)
must be realized by generating the appropriate thrust forces
T;(-), i =1,...,4 and tilting the propellers’ axes by «;(-).
To this goal, we model the ¢th propeller’s thrust force as

Ti(t) = kQ2(t),  i=1,...,4, t>1y,  (60)

where k£ > 0 [1]. We also model the ith propeller’s moment
of the aerodynamic drag as

Di(t) = krT;(1), 1=1,...,4, t>1ty, (61)
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Fig. 2. Trajectory of a tilt-rotor quadcopter following a cylindrical spiral

reference trajectory

where k1 > 0 [1]. Next, assume that adjacent propellers spin
in opposite directions and that the propellers are centered
at Tprop,1 = [Lma Ly7Lz]T’ Tprop,2 = [7Lfl:a Lyv LZ]T7
Tprop,3 = _Lma _LyaLz]T’ and Tprop,4 = [an _LyaLz}T
with respect to the reference point A(-), where L, Ly, L. >
0 and L,L, > 0. In this case, it holds that

u(t) = MT(t), (62)

where T(t) £ [T1c(t),Tis(t), Toc(t), Tos(t), Ts.c(t),

Ts5(t), Tuc(t), Tys(t)]T denotes the vector of thrust forces,

Tio(t) & T;(t) cou(t), i = 1,...,4, Ti5(t) £ T;(t) sy (),
d

t2t07

o 1 o 1 0 1 0 1
1 o 1 0o 1 0 1 0
M2| L, ke L, —kr —L, kr —L, —kr
-L, L. L, L. L, L. —-L, L.
kv —L, —kr —L, kv L, —kr L,
(63)

Since L,L, > 0 and kt > 0, the matrix M given by (63)
is full-rank and the Moore-Penrose inverse of M is given by
M+ = MT [MM™] ™", Thus, given u : [to,00) — R?, we
compute the vector of thrust forces as

T*(t) = MTu(t),  t=to, (64)
and we compute the propellers’ tilt angles as
—1 Tz*s(t) .
a;(t) = tan ’ i=1,...,4, (65)

where tan~!(-) denotes the signed inverse tangent function.

V. ILLUSTRATIVE NUMERICAL EXAMPLE

To illustrate the theoretical results of this paper, we
present a numerical simulation that involves the quadcopter
shown in Figure 1. This vehicle comprises a frame, four
propellers, and an actuated inverted pendulum, which we
consider as a payload oscillating at a frequency of 0.5 Hz
and amplitude of 10 degrees. The length and mass of the
pendulum are 0.308 m and 0.05 kg, respectively. The mass
of the quadcopter, excluding its payload, is 1.667 kg, and its
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Fig. 3. Constraint function

principal moments of inertia along the acg-), y(-), and z(+)
axes are 0.0317, 0.0643, and 0.0319 kg m~, respectively.
Figure 2 shows the result of a numerical simulation,
whereby the vehicle’s reference trajectory is given by
rl(t) = [2cos(0.35(t — 10)),2sin(0.35(¢ — 10)),2 + (t —

ref

4) /3O]T, t > 0, the reference pitch angle is O.¢(t) = 0,
and the reference yaw angle is tf(t) = 0. To verify the
robustness of the robust MRAC law (34), the vehicle was
perturbed by simulating the effect of wind blowing along the
X axis of the reference frame I at a velocity of 10m/s for
all £ > 10s, simulating a failure of the inertial measurement
unit, whereby the measured yaw, pitch, and roll angles are
equal to zero in the time interval [15,20]s, underestimating
the vehicle’s mass and inertia matrix of 10%.

This simulation has been performed capturing constraints
on the trajectory tracking error and the estimated adaptive
gains error by means of (20) and (26) with hp. = 225
and M = 115. The constraint function h(-,-) is plotted in
Figure 3. The root mean square of the path following error
is 12 - 1072 m. The same simulation has been performed
assuming that h(eTMe, AKT71AKT) = 1, (¢,AK) €
R™ x R™*(n+m+N) “and p = 1. In this case, as shown by
Figure 3, the constraint given by (20) and (26) is violated.
A video of this numerical simulation is available at [7].
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