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Abstract— This paper merges for the first time two recent
forms of adaptive control techniques, namely two-layer model
reference adaptive control (MRAC) and funnel control, also
known as tube-based control. Two-layer MRAC allows the user
to set the rate of convergence of the tracking error arbitrarily
high without altering the user-defined reference model or
relying on barrier functions. Funnel control is a technique
whereby the tracking error is constrained within bounds that
can be progressively tighter. The proposed approach merges
the benefits of both techniques and, for the first time in the
literature on funnel control, explicitly regulates the diameter
of the funnel through some user-defined adaptive law. The
proposed results are tested by simulating payload delivery
missions using multi-rotor unmanned aerial vehicles (UAVs)
in the high-fidelity environment PyChrono.

Index Terms— Adaptive control, Funnel control, Multi-rotor
UAVs.

I. INTRODUCTION

This paper presents a novel model reference adaptive
control (MRAC) system, named two-layer adaptive funnel
MRAC. This control system assures asymptotic convergence
of the trajectory tracking error to zero at a user-defined
rate of convergence, despite parametric and matched func-
tional uncertainties, while meeting user-defined bounds on
the tracking error. The bounds on the tracking error are
set as solutions of an adaptive system that meets user-
defined performance criteria. The rate of convergence of
the tracking error is not necessarily enforced by the rate at
which the diameter of the funnel decreases as it occurs in
alternative control systems. Furthermore, the proposed results
are obtained without modifying the user-defined reference
model or reference command input.

MRAC systems allow to steer the trajectories of plants
affected by parametric and matched functional uncertainties
toward the trajectory of a user-defined reference model. One
of the limitations of classical MRAC systems lies in that the
controlled plant trajectory reaches the reference trajectory
after the reference model’s transient has decayed, and, hence,
the closed-loop plant misses some of the desirable properties
of the reference model. Barrier Lyapunov functions have
been employed to impose user-defined constraints on the
trajectory tracking error, and enforce user-defined rates of
convergence [1]. If not carefully tuned, this ingenious ap-
proach, however, may imply large control efforts, especially
in the case of tight bounds. Two-layer model reference
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adaptive control allows imposing the rate of convergence
of the tracking error without employing barrier Lyapunov
functions. Indeed, this result is obtained by introducing an
additional reference model, which is primarily effective in
the transient stage, and by adding a term to the classical
MRAC law, which accounts for the trajectory tracking error.
Additional details on the advantages of two-layer MRAC
over alternative systems to enforce the closed-loop system’s
rate of convergence are discussed in detail in [2]. By itself,
however, two-layer MRAC is unable to enforce user-defined
bounds on the trajectory tracking error.

Funnel control [3], also known as tube control, is a class
of techniques aimed at imposing user-defined bounds on
the trajectory tracking error that are defined according to
some user-defined criteria. Leveraging the notion of goal
adaptation [4], the idea of funnel control has been ported
to the MRAC framework in [5]-[7]. This framework allows
to impose user-defined performance criteria by modifying the
reference command input, that is, the user-defined input to
the reference model. While this approach has been proven
valuable as it allows merging optimal control with MRAC
design, it also limits the user’s freedom in setting the
reference trajectory. Indeed, the reference command input is
to be interpreted as the user’s input to the ideal closed-loop
plant’s model captured by the reference model.

The results presented in this paper advance the state of
the art because they allows setting variable bounds on the
trajectory tracking error, as it occurs in funnel control, and
also allows setting the rate of convergence of the tracking
error without having to impose a rate of convergence on the
diameter of the funnel, wherein the tracking error must lie.
Therefore, in two-layer adaptive funnel MRAC, the role of
the funnel is to certify that some bounds on the tracking
error are met, while the rate of convergence of the tracking
error is enforced by means of the two-layer technology.
This approach allows preventing large control efforts usually
associated with the use of barrier functions. Furthermore,
the proposed approach does not require to modify the user-
defined reference model or reference command input.

A unique feature of the proposed two-layer adaptive funnel
MRAC system 1is that the diameter of the funnel, that is,
the bounds on the trajectory tracking error, can be imposed
either a priori, as it occurs in several current systems [1],
or adaptively. Specifically, the diameter of the funnel can be
automatically regulated to meet some user-defined criteria.
To illustrate this notion, in this paper, we consider the
problem of imposing soft constraint on the saturation of
the control input. In this case, if the norm of the control



input is far from the user-defined saturation bounds, then the
diameter of the funnel decreases. Alternatively, if the norm
of the control input approaches the saturation limit, then the
diameter of the funnel becomes larger, within user-defined
bounds.

The effectiveness of the proposed results are proven
through high-fidelity numerical simulations. In particular,
we consider the problem of regulating the dynamics of an
X8-copter transporting an unknown payload whose mass is
approximately half of the mass of the UAV (unmanned aerial
vehicle) and that is free to move within its casing. An X8-
copter has been considered because it allows to produce
larger thrust than quadcopters of the same dimensions and
equipped with the same motor/propeller combination. Over
the course of its mission, the UAV experiences several chal-
lenges that include the deactivation of one of the motors, the
malfunctioning of an additional motor, and the unexpected
dropping of the payload. These results have been obtained
exploiting the simulation environment PyChrono, wherein
a highly detailed CAD (computer aided design) model of
an actual X8-copter has been imported. It is apparent how
the two-layer adaptive funnel MRAC system outperforms a
classical MRAC architecture and a two-layer MRAC archi-
tecture.

This paper is structured as follows. In Section |II} we for-
mally state the problem pursued in this paper. Successively,
Section recalls the fundamentals of two-layer MRAC.
Section presents the key original result of this paper,
namely two-layer adaptive funnel MRAC system. Sections
details how the proposed adaptive control architecture can be
applied to control UAVs, and Section [VI| presents the results
of high-fidelity numerical simulations obtained by employing
Project Chrono [8] as the physics engine. Finally, Section
draws conclusions on this work.

II. PROBLEM STATEMENT

The problem considered in this paper can be formulated
as follows. Consider the plant model

i(t) = Az(t) + BA [u(t) + T ®(t,z(t))],

x(to) = o, t>tg, (1)

where x : [tg,00) — R™ denotes the plant state, u :
[to,00) — R™ denotes the control input, ® : [tg,00) X
R" — RN denotes the regressor vector, A € R™ " is
unknown, B € R™™ is known and such that the pair
(A, BA) is controllable, A € R™*™ is diagonal, positive-
definite, and unknown, and © € RN*™ is unknown and
such that ©T® (¢, ) captures matched uncertainties for all
(t,x) € [to,00) x R™ Our goal is to design an adaptive
control system such that the plant trajectory x(-) follows the
trajectory of the reference model

jTref(t) = Arefxref(t) + Brefr<t);
Zref (t0) = Tref 0, t>ty, (2)

where Xyt : [to, 00) — R™ denotes the reference trajectory,
r : [tp,00) — R™ is user-defined, continuous, uniformly

bounded, and denotes the reference command input, A,ef €
R™*"™ is user-defined Hurwitz, Byer € R™*™ is user-defined,
and the matching conditions

At = A+ BAKY, B,s = BAKY 3)

are verified by some K, € R"*" and K, € R™"*™. Our first
goal is to find an adaptive law such that lim;_, . e(t) = 0,
where e(t) £ x(t) — z.¢(t) denotes the trajectory tracking
error. Our second goal is to impose that both ¢ — e(t)
and ¢ — K (t) are bounded for all ¢ > t,. Our third goal
is to impose that the tracking error remains within some
user-defined bounds, which adapt themselves according to
some user-defined criteria. As an example, as a performance
criterion, we design bounds on the tracking error to be such
that if the control effort is low, then such bounds on the
tracking error need to become tighter, since this condition
implies that it is possible to enforce tighter constraints.
Alternatively, if the control input approaches or exceeds its
saturation limit, then such bounds on the tracking error must
be relaxed. Finally, our last goal is that the closed-loop plant
trajectory converges to the reference trajectory with a user-
defined rate of convergence.

IIT. Two-LAYER MRAC SYSTEMS

A classical limitation of MRAC is that the closed-loop
plant trajectory reaches the reference trajectory as soon as
or after the transient dynamics of the reference model has
decayed, that is,

ale(+)) £ —Re (Amax (Aref)) 5

where «(-) captures the rate of convergence of its argument
and A\pax(-) denotes the eigenvalues of its argument with
largest real part. Thus, the effort of tuning A,.t, which
captures the transient behavior of the reference model, is
lost for the most part [2], [9, Ch. 13].

Given the plant model (I) and the reference model (2),
two-layer MRAC [2] ensures both uniform boundedness of
the trajectory tracking error and of the adaptive gains and
asymptotic convergence of the tracking error to zero, and
allows to impose the rate of convergence on the tracking
error. This result, which is detailed by the next theorem,
is obtained without employing barrier functions, but by
employing the control law

¢(ﬂ,’f() _ [A(Tﬂ,’ (7T7k) c R2n+m+N ~ R(2n+m+N)><m’
“)
where 7(t) = [WT(t),eT(t)]T, the adaptive gain K
[to, 00) — REGntmEN)xm verifies the adaptive law

K(t)=-Tr(t)e"PB, K(ty) =Ko, t>to, (5)

the adaptive rate matrix I' € R(Zn+m+N)x(2nt+m+N) jq yser-
defined, symmetric, and positive-definite, £(t) = e(t) —
€tran(l), €tran(:) is the solution of the auxiliary reference
model

étran(t) == Atranetran(t)v t Z tOv

(6)

€tran (tO) = €tran,0,



Airan € R™™ is Hurwitz and user-defined, where
Re (Amax (Atran)) < Re (Amin (Aref))s Amin(+) denotes the
eigenvalues of its argument with smallest real part, P €
R™"™ denotes the symmetric, positive-definite solution of
the algebraic Lyapunov equation

7@ AtranP + PAtran7 (7)

and Q € R™™™ is symmetric, positive-definite, and user-
defined.

Theorem 1 ([2]): Consider the plant model (I, the refer-
ence model (2)), the auxiliary model (6), and the adaptive law
@). If u(t) = ¢(n(t), K(t)), t > to, where ¢(-, -) is given by
(@), then both t — e(t) and t — K (t) are uniformly bounded
on [tg, 00), lim;_, e(t) = 0 uniformly in ¢y € [0, o), and

ale(+)) > —Re (Amin (Aref)) - (8)

Equation (8) guarantees that the closed-loop plant trajec-
tory z(-) reaches the reference trajectory x,ef(-) before the
transient dynamics of the reference model (2) has decayed. In
classical MRAGC, it holds that a(e(:)) > —Re (Amin (Aret))-
The smaller is the real part of the eigenvalues of Aypay
compared to the real part of the eigenvalues of A,., that
is, the larger is |Re (Amax (Atran)) — Re (Amin (Aret))|, the
faster is the rate of convergence of the tracking error to zero.

IV. FUNNEL TWO-LAYER MRAC SYSTEMS

In this section, we build upon the two-layer MRAC
architecture and allows to impose user-defined constraints.
To state this result, let . > 0 and 77 € (0, max) be user-
defined. Let the bounds on the trajectory tracking error be
captured by the constraint set

E=2{ecR": H(t,e) >0},  t>to, )
where
H(t,e) 2 Nmax — 17 (t) —eTMe, (t,€) € [tg,00) x R™,
(10)

M € R™™ is user-defined, symmetric, and nonnegative
definite, and 7ax —n2(t) denotes the diameter of the funnel
at time ¢ > to. The function 7 : [tp,00) — R is such that
the adaptive law for the funnel diameter

n(f)f(t),
if eT(t)Qe(t)
>2V(75 (M) (HER) + v,
and n(t) € |0,y/7 —eT(t)Me(t )

0, otherwise

i(t) =

n(to) = 1o, (11)

is verified, where 19 € [0,v/7), & : [to,0) — R is
continuous and user-defined, and v > 0 is user-defined. If
1o = 0, then the diameter of the funnel will be equal to 7y ax
for all ¢ > tg. The barrier function Ve(-,-) in (II) is such
that

tZth

Tpe
(t,e)’

(1>

T o

Ve(t, ) 00) X &,

(t,€) € [to, (12)

where P € R"*" denotes the symmetric, positive-definite
solution of (7) and & = {e € R™ : H(t,&) > 0} denotes the
interior of &;.

It follows from (6)) that lim;_, o €tran (t) = 0, and, hence,
for t > t, sufficiently large, £(¢) converges to e(t). Thus,
the constraint set (9) can be employed to effectively capture
constraints on the tracking error e(-).

An example of function to regulate the diameter of the
funnel is given by

[[u(®)]l

SO = )] = i, A
where Umax > Umin > 0 are user-defined and capture the
upper and lower saturation constraints on the control input,
respectively, and Awuy,;, > 0 is user-defined. Note that the
solution of (TI) is given by

o0 = [ :smdr} -

for all ¢ > tg such that e (£)Qe(t) > 2VL(t,(t))n?(t)E(t) +
v and n(t) < /7 — €T (t)Me(t), and is constant otherwise.
Therefore, (I3) captures the requirement whereby the con-
straints on the trajectory tracking error given by (@) and
become tighter for |lu(t)|| closer to wumin and looser
for ||u(t)|| closer to umayx. Remarkably, allows inverting
the sign of 7(-) in the case ||u(t)|| > umax for some t > to.
Furthermore, the margin Aw,;,, should be chosen sufficiently
small to allow reducing the diameter of the funnel as much
as possible. However, overly small values of Auy,;, may
produce aggressive tightening of the funnel. In general, £(-)
can be designed using any criteria or framework, such as
feedback control theory or optimal control two name two.
Remark 4.1: The constraints captured by are hard
constraints, that is, inviolable constraints enforced by the
control system at all times. The constraints enforceable
through £(-) in (II), such as, for instance, (I3) are soft
constraints, that is, the proposed control system will attempt
to enforce these constraints, which may be violated.
Finally, consider the control law and the adaptive law

(£))m(t)e T(#) [P+ Ve(t, () M] B,

K(to) =Ko,  t>to. (15)

Umax —

t>1o, (13)

(14)

K(t)= —TH \(t,e

Theorem 2: Consider the plant model @, the reference
model (2)), the adaptive law (13), the auxiliary model (6],
and (). If e(to) € &, and u(t) = ¢(x(t), K(t)), t > to,
where ¢(-,-) is given by @), then e(t) € & for all ¢ > ¢,
both ¢ — K (t) and ¢ — 7(t) are uniformly bounded on
[to, 00), and lim; o e(t) = 0 uniformly in ¢, € [0, 00).
Finally, (8) is verified.

Remark 4.2: In the application of Theorem 2] it is recom-
mended to set

—Re ()\max (Atran)) > liminf ——-—

t
d
oo
t—00 t—1t

to assure that the rapid convergence of the tracking error to
zero is due to the auxiliary model and the two-layer MRAC
law and not of the converging funnel.



Fig. 2: CAD model of the X8-copter adopted in the numerical
simulations with the payload

Figure[T] provides a schematic representation of the control
algorithm that underlies Theorem [2}

V. ADAPTIVE CONTROL OF AN X8-COPTER

To design the control architecture for an X8-copter UAYV,
such as the one shown in Figure [2] we recall that its
translational dynamics are captured by

i) =2'(t),  r(to) =71y, t>to, (172)
mq}ﬂ(t) = —R(a(t)) |:U1<t)63
1
n 2pairScD||v<t>||v<t>] + mges,
vl(to) =vg,  (17b)

where 7! : [tg,00) — R? denotes the position of the

vehicle’s center of mass in the inertial reference frame I,
vl [to, 00) — R? denotes the velocity of the vehicle center
of mass in I, v(-) denotes the UAV velocity expressed in the
body reference frame J, m > 0 denotes the mass of the UAV

without payload, a(-) £ [¢(-),0(:),¥(-)]T,

cp —syp 0 cd 0 s6| |1 O 0
R(a)2 |sp cp 0 0 1 0] [0 cp —so],
0 0 1| |—sf@ 0 cO| |0 s¢ co

captures a rotation matrix, ¢ : [tg,00) — [0,27) 6 :
[to,o0) — (=5,5). ¥ : [to,o0) — [0,27) denote the
roll, pitch, and yaw angles of a 3-2-1 rotation sequence,
respectively, u; : [tp,00) — R denotes the total thrust
generated by the propellers, g > 0 denotes the gravitational
acceleration, and e3 £ [0,0, 1}T. The air density pair > 0, the
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Fig. 3: Block diagram of the proposed control system for
X8-copter

UAV’s cross-section area S > 0, and the diagonal, positive-
definite drag coefficient matrix cp € R3*3 are unknown. The
rotational dynamics are given by

a(t) =Ty(o(t),0(t))w(t),
Io(t) = 7(t) — wX () Iw(t),

t > 1o, (18a)
(18b)

Oz(to) = Qp,
W(to) = wo,

where w : [tg, 00) — R3 denotes the angular velocity relative
to an inertial reference frame,

1 sin¢gtanf cos¢ptand
Iy(¢,0) = |0 cos ¢ —sing |, (19)
0 singsecl cos¢psect

I = diag ([I, I, I.]) denotes the diagonal, positive-definite
matrix of inertia with respect to the center of mass, and
7 : [to,00) — R3 denotes the torque applied to the body. In
this paper, if a vector z € R3 is expressed in the reference
frame I, then it is denoted as z!. If z € R? is expressed in
the reference frame J, then it is denoted as z.

A. Outer loop design

To resolve the under-actuation of this UAV and determine
the required total thrust, an outer loop is employed; see
Figure 3] As detailed in [10], given the twice continu-
ously differentiable user-defined reference trajectory ri .. :
[to,0) — R3 and a twice continuously differentiable desired
yaw angle Yyser © [to,00) — [0,27), to design the outer
loop, we introduce the virtual translational control input
' i [to,00) — R3 which can be designed applying an
MRAC system so that the solution of

P =), ) =,
mit (1) = j (1) — & puse SR(a(®)ep (1) (1)

'U]I(to) = Ug’

t > to, (20a)

+ mges, (20b)

follows the user-defined trajectory [rgser(t),r'gser(t)]T

Thus, a realization of the virtual control input is given by

pu(t) = —ur (t) R(ca(t))es, 1)
where aq : [to,00) — [0,27) x (=%, 5) x {0}. The norm

of u(-) determines the total thrust, and the orientation of

tZtO,



() determines the desired roll angle ¢q :
and the desired pitch angle 04 : [to, 00) —
aat) 2 [6a(t), Ba(t), 0]

From (Z1)), it follows that the components of () can be
expressed as

[to, 00) — [0, 27)
(=%, %) so that

px(t) = —ur(t) cos ga(t)sinba(t),  t>to, (22a)
wy (t) = uq(t) sin ¢q (t), (22b)
12(8) = —us (t) cos ga(t) cos ba ). (220)
Hence, it follows from that, for all ¢ > ¢,
ur(t) = /e (8) + B3 () + 13 (0), (230)
04(t) = atan2(—px (t), —uz(t)), (23b)
_ py (1) 1 (t)
@a(t) = atan2 <u1 ok 1-— 200 ) . (23¢)

The signed arc-tangent function allows accounting for the
signs of its arguments and its codomain is (—, 7]. Equation
(23)) represent the output of the outer loop.

B. Inner loop design

The inner loop computes the moment of the thrust
force 7(-) needed to realize the desired _attitude
[ba(t),0a(t), Yuser(®)]", t > to; see Figure Since
the rotational dynamics of a multi-rotor UAV are fully
actuated, we can directly control the roll, pitch, and
yaw angles with the three components of the torque
7(t) = [12(t), 7y (t), 72 ()], t > to. In this work, we let

7(t) = w*(t)Iw(t) + I7(t), t > to. (24)

where I € R3*3 denotes the estimated inertia matrix of the
UAV computed with respect to the center of mass and 7(t) =
[72(t), 7y (t), 7= (¢)] ™. The first term on the right-hand side of
(24) provides a baseline controller designed according to the
dynamic inversion technique, which attempts to cancel the
nonlinear term in (I8B). The second term on the right-hand
side of can be designed employing an MRAC system
so that

lim [la(t) — (t), Yuser ()]

t—o00

[a(t),0a

despite the fact that I # 1.

=0

C. Thrust realization

Having deduced the total thrust ui(-) and the moment
of the thrust 7(-), the final task is to compute how much
thrust each motor of the X8-copter needs to produce. The
relationship between total thrust, moment of the thrust, and
thrust produced by each motor is given by

1 Ly —le —er] " Tu(E)]

1 ly lz cr T>(t)
ul(t) 1 —ly lz —CT Tg(t)
72 () 1 =, -l cr Tu(t)
AT, e er| ||
7 (%) 1 ly le. —cr Ts(t)

1 —ly lz CcT T7(t)

11 —l, —lo —erd L[Ts(t)]

—\IRA(
Two-Layer MRAC
— Two-Layer Funnel MRAC

Y [m]

Fig. 4: Trajectories of the X8-copter in the mission devised
for the numerical simulations. The plot shows where the
UAV was at the time the motor failure and payload dropping
happened, for each type of controller

where [, > 0 denotes the distance between each motor and
the pitch axis, [, > 0 denotes the distance between each
motor and the roll axis, ¢z > 0 denotes the propellers’ drag
coefficient, and T; : [tg,00) — R,i = 1,...,8, denotes the
thrust produced by motor ¢. Thus, we compute each motor’s
thrust force as

T(t) ()",

where M denotes the Moore-Penrose pseudoinverse of the
mixer matrix in 25) and T'(t) £ [Ty (t),... ,Ts(t)]". Figure
[3] shows the relationship between outer loop, inner loop, and
thrust realization for an X8-copter.

= M [uy(t), t > to, (26)

VI. NUMERICAL SIMULATIONS

In this section, we assess the performance of the proposed
funnel two-layer MRAC system through high-fidelity numer-
ical simulations executed in the high-fidelity environment
PyChrono [8]. The UAV is tasked to follow a user-defined
trajectory consisting of a 7 m straight segment, a sharp U-
turn of 1 m radius, and an additional straight segment of 4 m
at a constant altitude of 1.1 m. The user-defined translational
velocity is 1.2 m/s, and it is requested that the UAV’s roll
axis is tangential to the user-defined trajectory at all times. At
the intersection between the rectilinear and the semi-circular
segments, the user-defined acceleration has an instantaneous
variation of 1.44 m/s?. An additional challenge lies in the
fact that the UAV, whose mass is 2.025 kg, is transporting a
payload inside its container, as shown in Figure [2| without
being aware of it. The payload consists of two 0.539 kg
steel balls having a radius of 0.0508 m that are free to
move inside the container, hence the inertia properties of
the vehicle vary substantially during flight. Furthermore, we
consider the failure of two motors by setting 73(¢) = 0 and
Ts(t) = 0.5-T5 nominai (t) for all ¢ > 4 s. The controllers are
unaware of when the motors stop performing as expected.
Additionally, after 7 s from the takeoff, the payload is
unexpectedly dropped.

Figure [ shows the trajectories followed by the X8-copter
employing the results presented in Section [[V] two-layer
MRAC [2], and classical MRAC [9, Ch. 9]. Although all
the control systems allow the UAV to complete its mission,
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Fig. 6: Sum of the thrust forces exerted by each motor

the MRAC controller is the one suffering the most from
the proposed challenges, especially the motor failure. It is
worthwhile remarking that the tuning gains of the two-layer
adaptive funnel MRAC system are the same as its classical
counterpart, for fairness of comparison.

Figure [5] represents the L£o-norm of the trajectory tracking
error. The two-layer adaptive funnel MRAC system allows
the trajectory tracking error to converge faster than any other
techniques, and produces the smallest cumulative error.

Figure [6] shows the sum of the thrust forces generated by
each motor. The thrust required by all control systems are
substantially comparable. Remarkably, the funnel adaptive
controller produce smaller oscillations in the thrust force
than the classical two-layer MRAC system and the classical
MRAC system. From these observations, we deduce that the
two-layer adaptive funnel MRAC system allows improved
trajectory tracking error at an effort that is similar to the
effort required by the other controllers. A video of the
proposed simulations is at [11].

VII. CONCLUSION

This paper presented a novel MRAC system, namely two-
layer adaptive funnel MRAC. This system allows enforcing
adaptive bounds on the trajectory tracking error presented
in the form of a funnel. The diameter of the funnel can be
designed to accommodate user-defined performance criteria.
In this paper, as an example, the funnel was designed to

allow soft constraints on the control effort. A unique feature
of the two-layer adaptive funnel MRAC is that the rate of
convergence of the trajectory tracking error can be enforced
not by reducing the funnel diameter at a user-defined rate, but
by introducing an additional reference model. An advantage
of this approach is that enforcing convergence constraints
by means of the barrier Lyapunov functions usually leads to
more aggressive control inputs.

An extensive example shows the applicability and the
advantages of the two-layer adaptive funnel MRAC. Specif-
ically, we consider the problem of controlling an X8-copter
tasked with transporting an unknown heavy payload along
a user-defined trajectory. Additional challenges follow from
unexpected motor faults, failures, and payload dropping. This
example demonstrates how the proposed adaptive funnel
control systems outperforms its classical counterparts.

Future work directions concern the analysis of multiple
adaptive laws to regulate the funnel diameters. A relevant
application of this work also concerns data-drive version of
MRAC, such as those recently proposed in [12], where the
tighter the region in which closed-loop trajectory is known
to lie, the higher the efficiently of the control algorithm.
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