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Summary

In this paper, a nonlinear hierarchical adaptive control framework is proposed for
the control of a quad tilt-wing unmanned aerial vehicle (UAV). An outer loop model
reference adaptive controller with robustifying terms creates required forces to be
able to move the UAV on a reference trajectory, and an inner loop nonlinear adaptive
controller realizes the required attitude angles to achieve these forces. A rigorous sta-
bility analysis is provided showing the boundedness of all the signals in this cascaded
controller structure. The development and the stability analysis of the controller do
not use any linearizations and use the full nonlinear UAV dynamics. The controller
is implemented on a high-fidelity nonlinear tilt-wing quadrotor model in the pres-
ence of uncertainties, wind disturbances, and measurement noise as well as actuator
and structural failures. In this work, in addition to earlier modeling studies, the effect
of wing-angle variations, actuator failures, and structural failures and their effect
on the center of gravity of the UAV are rigorously and systematically investigated
and reflected in the model. Simulation results showing the performance of the pro-
posed controller and a comparison with the fixed controller used in earlier studies
are presented in the paper.
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1 | INTRODUCTION landing (VTOL) without the assistance of any special infras-

tructure, and they can fly for extended periods with high

Significant progress has been made in the design, modeling,
and control of unmanned aerial vehicles (UAVs) in the last
decade, and much recent work has been devoted to the inves-
tigation of hybrid-wing UAVs. Hybrid-wing UAVs are plat-
forms where the advantages of rotary-wing and fixed-wing
UAVs are combined: They can achieve vertical takeoff and

speed. A subclass under the hybrid-wing UAVs is tilt-rotor
UAVs, which constitute the characteristic of efficient energy
use.? In this subclass, one can find dual tilt-rotor’ and dual
tilt-wing UAVs.* Quad-tilt wing UAVs>® form another cate-
gory, which do not show the disadvantage of cyclic control
requirement that can be seen in its dual tilt-rotor counterparts.

Nomenclature: m, mass, kg; [,, inertia matrix in the body frame, kg- m?; V,, linear velocity in the world frame, m/s; Q,, angular velocity in the body
frame, rad/s; Q,, angular velocity in the world frame, rad/s; F,, net force, N; M,, net moment, N-m; X, Y, Z, coordinates of the center of mass in the world
frame, m; p, g, r, angular velocities in the body frame, rad/s; @, ®, ¥, roll, pitch and yaw angles in the world frame, rad; w;, rotational speed of the i™ rotor,
rad/s; M, inertia matrix; ¢, vector defined as [X,Y,Z,p,q,r]" ; & vector defined as [X, Y, Z, ®, ©, ¥]"; C(¢), Coriolis-centripetal matrix; G, gravity
vector, m- s72; I, I, I.,, moments of inertia around the body axes, kg- m?; 0(,m;), gyroscopic term; E(¢, w‘.z), actuator vector; 6, front wing angle, rad;
k, motor thrust constant, N- s?- rad2; [, rotor distance to center of mass along y axis, m; I, rotor distance to center of mass along x axis, m; A, torque/force
ratio; W(&), wing force vector, N; R, rotation matrix representing the orientation of the body frame w.r.t. world frame; Fp,F;, drag and lift forces, N;
Vi Yy, V., linear velocities in the body frame, m/s; X,Y,Z, linear velocities in the world frame, m/s; vy, variable defined as \/v2 + v?; 6;, wing angle of attack
w.r.t. body x axis, rad; «a;, effective angle of attack of the wing w.r.t. air flow, rad; p, air density, kg m3; A, wing planform area, m?; R(A,—a;), rotation
matrix around body y axis; «,,, vector defined as [®, ®, ¥]”; E(a,,), velocity transformation matrix between from the world frame to the body frame.

Int J Adapt Control Signal Process. 2017;31:1245-1264. wileyonlinelibrary.com/journal/acs Copyright © 2017 John Wiley & Sons, Ltd. | 1245


https://doi.org/10.1002/acs.2759

s | \WILEY

YILDIZ ET AL.

The couplings between the translational and rotary motions,
highly nonlinear multi-input multioutput system dynamics,
uncertainty sources such as unpredictable damages, and actu-
ator malfunctions’ are challenges that make the control of
tilt-wing UAVs a difficult task, which requires advanced con-
trollers if high performance throughout a large flight envelope
is demanded. There exists a rich literature on the closed-loop
control of rotary UAVs offering a variety of controllers to
handle these challenges. Some examples of controllers pro-
posed in the literature are proportional-integral-derivative
(PID)-type controllers,!'" PD2 controllers where a propor-
tional and 2 derivative actions are used,'? linear quadratic
regulator controllers,”'*15 sliding mode observers with feed-
back linearization,'® H,, controllers,!” feedback linearization
approaches,'® nonlinear model predictive control,' dynamic
inversion with u synthesis,” nested nonlinear controllers,?!
backstepping approaches,”*?* and some other nonlinear con-
trol techniques.? There are other control methods proposed in

26-30 with various

the literature that use a hierarchical structure
types of controllers for rotational and translational dynamics.
An excellent comprehensive literature survey about the guid-
ance, navigation, and control of rotary UAVs can be found in
1 study.’!

All the above-mentioned control approaches proved suc-
cessful in simulation and experimental environments for spe-
cific operating conditions. The proposed controller in this
paper is built upon these earlier works by eliminating the
precise plant model requirement for the optimization-based
and classical approaches and by eliminating the conservatism
introduced by the robust control approaches. This is achieved
by using a hierarchical nonlinear adaptive controller where
adaptive controllers are used both for the translational and
rotational motion control and thus providing adaptation in
all 6 degrees of freedom, together with a rigorous stability
analysis for the overall cascaded closed-loop system. There
exist other adaptive control approaches in the literature for the
control of rotary UAVs such as the ones proposed in previ-
ous studies®** and a very recent one in the work of Dydek
et al.” However, the hierarchical adaptive control framework
proposed in this paper is different from them: Unlike in
the work of Johnson and Kannan,* the proposed control
framework does not use any neural networks and therefore

FIGURE 1
figure can be viewed at wileyonlinelibrary.com]

computationally less expensive; unlike this study,* no small
angle or slowly varying parameter assumptions are made;
unlike another study,** no fuzzy approximators are used and
again, computationally cheaper; unlike another study,* uncer-
tainties in both the translational and rotational motion are
addressed, and finally, unlike this study,” no linearization
is conducted on plant dynamics. In addition, none of these
mentioned adaptive control approaches are implemented on a
tilt-wing UAV.

Itis known that the problem of nonlinear controllers, in gen-
eral, is computational complexity.*® The focus of this paper
is the design of a high-performance, practical controller that
is easy to implement with low computational cost but at the
same time theoretically sound that does not need any lin-
earization approximation of the plant dynamics and that has
a rigorous overall stability proof. In addition, the proposed
controller is able to compensate the uncertainties in plant
dynamics, due to online wing-angle variations, damages, and
unexpected component failures. All these features are realized
by using 2 adaptive controllers in cascade: A model refer-
ence adaptive control (MRAC) design for the translational
dynamics and a nonlinear adaptive controller for the rotational
dynamics. Although these approaches are well known, their
cascaded implementation in a hierarchical framework for the
hybrid-wing UAVs has not been shown to result in a stable
closed-loop system before, to the best of authors’ knowledge.
The proof of stability of this overall closed-loop system is
achieved by the help of lumping the inner loop errors as a
disturbance term and using robustifying terms in the adaptive
controller design. Therefore, the implementation of 2 com-
putationally cheap adaptive controllers in a cascaded form
together with a stability proof provides the well-needed con-
trol framework, which is practical, adaptive, and theoretically
sound at the same time.

The proposed control framework is implemented for the
control of a novel quad tilt-wing UAV (SUAVI: Sabanci Uni-
versity Unmanned Aerial Vehicle), shown in Figure 1. The
characteristics that make SUAVI a novel quad tilt-wing UAV
and its advantages over existing designs can be found in 1
study.’” Sabanci University Unmanned Aerial Vehicle was
previously designed, manufactured, and flight tested by Unel
et al, and earlier research results have been published about

Quad tilt-wing unmanned aerial vehicle (Sabanci University Unmanned Aerial Vehicle) with 2 different wing-angle configurations. [Colour
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the aerodynamic and mechanical design, prototyping, con-
trol system design, and flight tests.’”** However, in those
studies, the effects of wing-angle variations, component fail-
ures, and unexpected damages on system uncertainty were
not investigated and the controller was not tested against
these adverse conditions. The designed controller was a fixed
controller without any adaptation capability and thus had lim-
ited capabilities to compensate for uncertainties. In addition,
although showed promising results in flight tests, the overall
closed-loop control system did not have a rigorous stabil-
ity proof and relied on the time-scale separation between
the inner and outer loop controllers. In this paper, SUAVI
is tested, via a high-fidelity simulation model, which was
used during the development of the actual prototype, for
the above-mentioned adverse conditions using a theoretically
sound controller. Especially, the effect of wing-angle vari-
ations on system dynamics is rigorously analyzed and the
uncertainty it produces when combined with possible asym-
metry between the wings and probable failures is quantified.
A systematic study of wing-angle variations for tilt-wing
UAVs and its effect on the adaptive closed loop control sys-
tem was not rigorously investigated before. This is especially
important during the transition phase between the vertical and
the horizontal motions where the wings move from a vertical
position (quadrotor behavior, Figure 1, left picture) to almost
horizontal position (fixed-wing behavior, Figure 1, right pic-
ture). This investigation also proposes a method of transition
from the quadrotor mode to fixed-wing mode. In addition,
energy conservation, compared to conventional quadrotors,
with the help of lift creation with wings during horizontal
flight is quantified.

To summarize, the contributions of this study are the fol-
lowing. On the theory side, a novel nonlinear hierarchical
adaptive controller is proposed where (1) each controller
is computationally cheap, (2) both the overall hierarchical
framework and individual controllers are easy to implement,
(3) no linearization is needed in plant dynamics, and (4) over-
all closed-loop stability proof is provided. To the best of
authors’ knowledge, no such combination of adaptive con-
trollers for a hierarchical control framework is used in earlier
studies, especially with a rigorous stability proof. On the
practical side, the proposed controller is implemented on a
high-fidelity model of a novel quad tilt-wing UAV developed
by the authors, where (1) uncertainties emanating from a com-
bination of wing asymmetry, component failure, and unex-
pected damages are quantified, (2) the effect of wing-angle
variation during the transition phase on plant dynamics is
quantified in a systematic manner, and (3) an approach is
proposed for transition between the quadrotor phase (verti-
cal wing) and the fixed-wing phase (almost horizontal wing).
No earlier study exists about the adaptive control of quad
tilt-wing UAVs that considers all these phenomena at the
same time.

Preliminary simulation results of this study are presented
in 1 study.*! Different from the work of Yildiz et al,*' in this
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study, a rigorous stability analysis, implementation results
with disturbances and noise, and a rigorous quantification
of uncertainties due to wing movements and failures are
presented.

The organization of the paper is as follows: System model
is presented in Section 2. Controller design and stability
investigation are presented in Section 3. Implementation
scenario together with uncertainty quantification and trajec-
tory generation is presented in Section 4. Simulation results
are presented in Section 5, and a summary is given in
Section 6.

2 | SYSTEM MODEL

Equations of motion for the quad tilt-wing UAV are briefly
presented in this section. A more detailed analysis can be
found in 1 study.’” Overall dynamic equations of the system
are given as

3 |- 5]
O3x3  1Ip Qp € X (1) M, |’
where m and [, represent the mass and the diagonal inertia
matrix in the body frame and V,, and Q, represent the linear
and the angular velocities of the vehicle in the world and body
frames, respectively. The net force and the moment applied
on the vehicle are represented by F;, and M,, respectively (see
Figure 2). It should be noted that for tilt-wing quadrotors,
these forces and moments are functions of the rotor trusts and
wing angles.

Using vector-matrix notation, Equation 1 can be rewritten
as follows:

ME+CEE =G+ O0¢, 0) + EE o)+ W(E),  (2)
where,
(=[X.Y.Zp.grl, 3
and

E=[X,Y,Z,®,0,¥], 4)

where X, Y, and Z are the coordinates of the center
of mass with respect to the world frame, p, ¢, and r are the
angular velocities in the body frame, @, ®, and ¥ are the
roll, pitch, and yaw angles of the vehicle expressed in the
world frame, and w;,i = 1,2, 3,4 represents the rotor rota-
tional speeds. M, the inertia matrix, C, Coriolis-centripetal

matrix, and G, the gravity term, are given as
follows:
IEN 03x3
M = .
Oner diag (L Iy L2 | ©)
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000 O 0 0
000 O 0 0
000 O 0 0
CO=1000 0 ILs -Iyq| (6)
000 —-Ir O Iup
000 I,q —I.p O
G = [0’ 09 mg’ Os 09 O]T, (7)

where, I, 1y, and I ; are the moments of inertia around the
body axes. The gyroscopic term, O(¢, w), is given as

O3x1
0(§’wi) =mep %[mgbx Cgi ]wi s (8)
i=1 _Sgi

where, 171534y = 1,—1,—1, 1 and ¢y, and sy, represent cosine
and sine of the wing angles, respectively. When 2 simplifying
assumptions are used, namely, neglecting the aerodynamic
downwash effect of the front wings on the rear wings and
using same angles for the front and rear wings, system actua-
tor vector, E(&, w?), can be given as

(cycocy, — (Cosocy + Sosw)sg, i1
(sycocy, — (CososSy — SoCw)So, i1
(=Secq, — coceoss U1
So,U2 — Co U4
ngbt3
Co, U2 + So,Us

E¢ w}) = .

where 0 represents front wing angle against the UAV body
x-axis. Inputs uy, up, u3, and uy in Equation 9 are given as

uy = k(@? + 3 + 3 + w?), (10)
uy = kls(a)% — w% + a)§ - a)i), (11)
u3 = klj(@? + @3 — @} — a3), (12)
Uy = kMw] — ) — @3 + 3), (13)

Oy / E .
Zh N
i G

E I

where k, [, [;, and A are the motor thrust constant, rotor dis-
tance to center of mass along y-axis, rotor distance to center
of mass along x-axis, and torque/force ratio, respectively.

The wing forces W(&), lift and drag, and the moments they
create on the UAV are given as

FL+F.+F) +F}
Ry, 0

1 2 3 4

W) = FL+F(L)+FL+FL 7 (14)

L (FL+F} —F} - F})
0

where Ry, is the rotation matrix representing the orientation
of the body frame with respect to world frame. The drag and
lift forces, Fi = Fi (07, vy,v:) and F, = F}(0f, vy, v), are
given as

FiD —%CD(a,-)pAvg
0 [=R0O;,—a) 0 ; (15)
Fy ~5cL(@)pAv;

where v, = {/v2 + vf and a; = 0; — (—atan2(v,,v,)). Here,
p is the air density, A is the wing planform area and «; is the
effective angle of attack of the wing with respect to the air
flow, and 6; is the wing angle of attack with respect to the
body x-axis. R(8; — «;) is the rotation matrix around y-axis
that decomposes the forces on the wings on the body axis.
The relationship between the linear velocities in body frame
Vx, Vy, v, and linear velocities in the world frame X, Y,Z is

given as
Vx X
lvy]=wa(<D,®,‘P)lY]. (16)

v, VA

Using Equation 1, the following rotational dynamics, that is,
in a form suitable for attitude controller design, is obtained:

M(aw)gw + C(ay, ,,)Q,, = ETMZ, (17
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where a,, = [©,0,¥]7, Q, = [®,0,¥] and E(a,,) is the
velocity transformation matrix, which is given as

1 0 —5e

E(aw) =10 Co SopCo | . (18)
0 —So CpCo

The relationship between the angular velocity of the UAV in

the body frame, Q;, and in the world frame, €,,, is given as

p

Q=19 | =Ea,)L,. (19)
r

The contents of the modified inertia matrix M(a,,) in

Equation 17 and their derivation can be found in previous

study.*!

3 | CONTROLLER DESIGN

To control the position of the tilt-wing UAV, whose nonlinear
dynamics was provided in Section 2, we used a hierarchi-
cal nonlinear control approach that can adapt its parameters
online. On the upper level, an MRAC is designed that pro-
vides virtual control inputs to control the position of the UAV.
These control inputs are converted to desired attitude angles,
which are then fed to the lower-level attitude controller. A
nonlinear adaptive controller is designed as the attitude con-
troller so that uncertainties can be compensated without the
need for linearization of system dynamics. Closed-loop con-
trol system structure is presented in Figure 3, and upper and
lower level controllers are described below.

3.1 | MRAC design

An MRAC, that resides in the upper level of the hierarchy,
is designed to control the position of the vehicle, assuming
that the system is a simple mass. This controller calculates
the required forces that need to be created, by the lower-level
nonlinear controller, in the X, Y, and Z directions, to make
the UAV follow the desired trajectory. No information is used
about the actual mass of the UAV during the design, and this
uncertainty in the mass is handled by online modification of
control parameters based on the trajectory error. It is noted
that the uncertainties in moment of inertia are handled by the

lower-level attitude controller, which is explained in the next
section.

Consider the following system dynamics, which is obtained
using the translational part of Equation 2 and assuming that it
is possible to implement control forces parallel to the x-axis,
y-axis, and z-axis of the world frame:

X(1) = AX(0) + By Aumrac(t) + D + Wig + 7(2)),

y() = CX(0),
where X = [X,Y,Z,X,Y,X]" € RC is the state vector,
umrac € R3 is the position controller signal (see Figure 3),
Wi = [W,W,W,]T € R? is the lift and drag forces, which
are given in the first 3 rows of Equation 14, z(f) € R’ is a

bounded, time-varying, unknown disturbance, and y € R? is
the plant output.

(20)

_ | O3x3 I3x3
A= [03><3 03><3] ’ @D
— 03x3 i
Bn - I:I3><3 ] mns (22)
A="n, (23)
m
_ | 02
D= [ mg ] , (24)
C= [13><3 03><3] , (25)

where m is the actual mass of the UAV that is assumed to be
unknown, m,, is the nominal mass, g is the gravitational accel-
eration, and A represents the uncertainty in the UAV mass.
It is noted that from now on, time dependence of the param-
eters will not be emphasized unless necessary and therefore
“¢” will be dropped from the expressions.

Remark 1. The model introduced in Equation 20 represents a
simple mass being controlled via virtual control inputs acting
in the direction of 3 axes of the world frame in the presence
of gravity, lift and drag forces, and unknown and bounded
time-varying disturbances. It is noted that this representation
would be accurate if the inner loop controller, which controls
the attitude of the UAV, had infinite bandwidth, which is not
the case. The errors due to the dynamics of the inner loop con-
troller and their effects on the boundedness of the solutions of

Attitude " Nonlinear
UM RAC P, B, b ilt-
Reference Adaptive &;::d Jgtv
Calculation + Controller s

X Y2

¢, 0,¥%

FIGURE 3  Closed-loop control system block diagram. MRAC, model reference adaptive control; UAV, unmanned aerial vehicle. [Colour figure can be

viewed at wileyonlinelibrary.com]
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the overall cascaded closed-loop system are investigated later
in the paper.

Remark 2. The lift and drag coefficients required to compute
the wing forces in Equation 20, Wy, are obtained via nonlin-
ear regression using the real data generated from wind-tunnel
tests (see previous study*®®). In the controller design, these
forces will be cancelled directly, and in the rest of the devel-
opment, it will be assumed that this cancellation is already
performed. The uncertainty occurring due to the computa-
tion of these forces are incorporated into the time-varying
disturbance term 7 (?).

3.1.1 | Reference model design

Consider the following control law, which is to be used for
the nominal system dynamics, where A = 1, D = D, =
[01x2m,g]" and z(f) = O:

u, = KIX +K/'r — D, (26)

where r € R3, K, € R, and K, € R are the ref-
erence input (X,, Y., and Z,), control gain for the states,
and control gain for the reference input, respectively. When
Equation 26 is used for the nominal system, the nominal
closed-loop dynamics is obtained, which is given below:

X =(@A+B,KDX +B,K]r. 27)

In Equation 27, K, can be determined by any linear control
design method, such as pole placement or linear quadratic
regulator. Defining A,, = A + B,K!, nominal plant output is
obtained as

yp = C(sI — A,) " 'B.K!r. (28)

For a constant r, the steady-state plant output can be calcu-
lated as

Yss = _CA;11311Kfr~ (29)
Using K! = —(CA;,'B,)™!, it is obtained that
lim(y, — ) =0, (30)

As a result, the reference model dynamics is determined as

X =AuX +Bur, @31
where
An=A+B,K!, (32)
and
B,, = B,KT (33)
= -B,(CA;'B,) . (34)

3.1.2 | Adaptive controller design

When uncertainties are considered in the system dynam-
ics (Equation 20), the fixed controller gains introduced in

Equation 26 must be replaced with their corresponding adap-
tive estimates:

uprac = KIX + KI'r + D, (35)

with the adaptive laws given below that can be shown to result
in a stable closed-loop system,*>*

K. =-T, (Xe'PB, + o,|lel|K,) , (36)
K, =T, (re'PB, + o,|le|IK,). (37)
AT N

D =-Tp (e"PB, +opllel|D), (38)

where e = X — X, [, € RO, I, € R3S, and I, € R
are adaptive gains, o, 6,, and op are positive scalar gains of
e-modification terms, and P € R*C is the symmetric solution
of the Lyapunov equation

AP+ PA,, = -0, (39)

where Q € RS is a positive definite matrix. However, it
is noted that in this formulation, as mentioned earlier, it is
assumed that the inner loop controller is perfect, and thus,
no additional error terms appear in system dynamics due the
transients of the inner loop. This assumption is violated in
practice, and the attitude error dynamics from the inner loop
will enter as additional disturbances to the dynamics provided
in Equation 20. In the overall stability analysis of the cascaded
control framework, it will be shown that with an additional
quadratic e-modification robustifying term in one of the adap-
tive laws, the boundedness of all closed-loop system signals
can be shown. The resulting adaptive laws are given as

K. = -T, (Xe"PB, + o.|lel|K, + r:llelK.),  (40)
I,.\(,«:—Fr (reTPBn"'Gr”e”kr)’ 41)

AT T ~
D =-I'p(e"PB, +opllel|D), (42)

where the term y,, used in the modified adaptive law
(Equation 40), is a positive scalar. It is noted that the use of
the newly added term “y,||e||2K,” will be clear in the overall
stability analysis.

3.2 | Attitude reference calculation

Using the translational part (first 3 rows) of Equations 2 to 9
and incorporating the disturbance term (), we obtain that

mX = (C\I;C@Cgf - (C(I)S@C\P + S(I)S\{J)Sef)ul + Wx + ﬂx(t)9 (43)
my = (S\pC@Cg/ — (coSesy — Sq>c\p)s@/)u1 + W, + 7, (1), (44)
mZ = (_S@Cgf - Cq>c@s€f)u1 +mg + W, + 7,(2), 45)

where W,, W,, and W, are the components of the lift-drag
forces along 3 axes, which are given in Equation 14.
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Similary, 7, 7y, and 7, are the components of the disturbance
term along these axes. It is important to note that, as stated in
Remark 2, the wing forces are computable and therefore will
be canceled in the controller implementation. Accordingly,
the applied control inputs will bf: calculated as uj\/IRAC - W]
wherei = 1,2,3,j = x,y,z, and W refers to the computed val-
ues of the wing forces. As seen from Equations 20 and 43 to
45, these calculated control inputs will correspond to the pro-

jections of the total thrust #; on the x-axis, y-axis, and z-axis:
| .
Uprac — Wx = (cwcocy, — (cosocy + sosw)se Jur,  (40)

) .
Uyrac — Wy = (swcece, — (cososy — socw)sgIur,  (47)

3 n
Uypac — W = (—s@c‘gf - C@C@ng)ul. 48)

Itis important to note that the D term in Equation 20 addresses
the gravitational force mg. In light of Equations 14 and 15,
it is clear that W,, W,, and W, (and therefore their computed
values) are dependent on the attitude of the vehicle, ie,
W, FL+F.+F +F},
Pﬂ=&w 0

Z

; (49)
TR B
F,+F, +F +F,

where the lift and drag forces, Fi and Fi, are given in
Equation 15.

The total thrust #; and the desired attitude angles ®, and
®, can be found using Equations 46 to 48 as

A N2 A N2 A N2
i1 =V (e = W)+ (e = W)+ (e = W) s
(50)

@, = arcsin —A , (51
1y g,

3 R
- (”MRAC - WZ) Ui, — U1p250,Ca,

®, = arcsin > , (52)
(p2)* + (”?kac - W)
where
p1= (ulll/IRAC - WX) Sy, — (u12\4MC - Wy) ¥y (53)
p2 = (uzlleAc - WX) cy, + (u12\/IRAC - Wy) Sy, (54)

One may obtain singular or degenerate configurations for cer-
tain @ and © values, since both sides of Equations 46 to 48
are functions of the vehicle attitude due to the existence of lift
and drag force terms. Since the flight trajectory of the vehi-
cle in this study necessitates a VTOL motion followed by a
transition to horizontal flight and then back to VTOL mode
for landing, throughout the study and simulations, the solu-
tions given by Equations 50 to 52 is used to calculate the total
thrust and desired attitude angles. In addition, in simulation
studies, we used hard limits for the desired attitude angles to

prevent feeding excessively large angles as references to the
inner control loop. We leave the singular or degenerate con-
figurations for which @, and ®, can not be obtained uniquely
as a future work.

It is noted that, different from similar works in the liter-
ature, the desired attitude angles are functions of the wing
angles. The desired yaw angle, ¥, can be chosen by the UAV
operator that would be appropriate for the mission at hand.
These required attitude angles are given to the lower-level atti-
tude controller as references. The nonlinear adaptive attitude
controller is described in the next section.

3.3 | Nonlinear adaptive control design

To force the UAV to follow the requested attitude angles,
in the presence of uncertainties, we used a nonlinear adap-
tive controller similar to 1 study.** Defining ' = ETM,,
Equation 17 can be rewritten as

M(aw)gw + C(ay, 2,)Q,, = . (55)

Equation 55, which describes the rotational dynamics of the
vehicle, can be parameterized in a way such that the vector
consisting of the diagonal elements of the moment of inertia
of the UAV, Iyay = [y, Iy, I;]7, appears linearly. This trans-
formation is needed so that the uncertain moment of inertia
terms appears in a form that is suitable for the adaptive control
design:

Y (o, @, @) pay = 1. (56)
Consider the following definition
s =&y, + Ay, 7

where &,, = a,, — @y, @4 1S the desired value of a,, and A, €
R3>3 is a symmetric positive definite matrix. Equation 57 can
be modified as

§ =y — Gy, (58)
where
Gy = Qg — Asly,. (59)

A matrix Y’ = Y'(a,, &, @yr, &) can be defined, to be used
in linear parameterization of Equation 55, as in the case of
Equation 56, such that

M(aw)awr + C(aw’ Qw)al = Y’ (awa (wi a’wr, &wr)IUAV- (60)
It can be shown that the following nonlinear controller,
Uunady = 1’ = Y'Tyay — Kps, (61)

where Kp € R is positive definite matrix and iUAV is an
estimate of the uncertain parameter /, with an adaptive law

A

Tyav = -T,Y' s, (62)

where [ is the adaptation rate, stabilizes the rotational
closed-loop system, and makes the error &, converge to O.
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The total thrust u is provided in Equation 50. The rest of
the control inputs in Equation 9 can be calculated as in the
previous study®’ by first defining v’ = (E(aW)T)_lu’ and
performing the following operations:

’
u/

us = =, (63)
o,
so, —co. 17 Tu
el I ul. (64)
Uy Cef Sef Uy

Once these control inputs are determined, the thrusts created
by the rotors can be calculated using linear relationships given
in Equations 10 to 13.

Remark 3. The required translational and rotational states
of the UAV can be obtained by the help of several onboard
sensors, such as Global Positioning System (GPS) antennas
and receivers and Inertial Measurement Unit (IMU) units,
processors, and algorithms, which form a full GPS Inertial
Navigation System. It is noted that no state observer that
needs exact plant dynamics is assumed to be available for the
development of the proposed control algorithm. The infor-
mation about the details of the UAV state measurements and
estimation can be obtained from the literature.*

3.4 | Overall closed-loop stability

In this section, the stability of the tilt-wing UAV together
with the nonlinear hierarchical adaptive controller is investi-
gated. Before starting this investigation, system dynamics is
converted to a more suitable form for stability analysis, below.

Consider the closed-loop dynamics given in Equation 20,
where it is assumed that the UAV is a simple mass and is
controlled via the control input uyg4c in the presence of para-
metric uncertainty, lift and drag forces, gravity, and unknown
external disturbances. (Note that in the implementation, the
computed lift and drag forces are canceled in the control sig-
nal and the uncertainty in this computation is incorporated in
the disturbance term, as stated in Remark 2.) Adaptive con-
trol input uprac is designed based on this assumption. This
assumption is valid except that the realization of upygac is
imperfect: The inner loop controller is used to achieve the nec-
essary attitude angles that would result in the realization of
uprac, and since the inner loop controller does not have infi-
nite bandwidth, uyrac is realized with certain errors. Specif-
ically, introducing attitude-tracking errors in Equation 46 to
48, the realization of uygac is given as

1 — —
Upirac = (C‘I‘J"'ew Ced"’e@c@/
(C<Dd+e¢s®d+e® C‘l’d+e.p + Sd)d+ed,s‘l’d+e.,,) ng) up,

(65)
I/t2 = (S C C
MRAC — Y, +ey €O, 4eq 9f
- (C®d+e¢s®d+ees‘l’d+ew - SCDd+ed,C‘Pd+e\,,) Sef) upg,

(66)

3
Uyirac = (_s®d+eecaf - Cd)d+ed,c®+eest9f)ul, (67)

where @, ©,, and ¥, are the desired attitude angles and e,
ee, and ey are the attitude errors. It is noted that there is no
error term introduced to u; since the calculated desired thrust
is directly used without further realization by the inner loop
controller.

Consider the following trigonometric relationships:

sin(a + b) = sin(a) + sin(b/2)cos(a + b/2),

(68)
cos(a + b) = cos(a) — sin(b/2)sin(a + b/2).

Using Equation 68 and following the same procedure given
in another study,*® Equations 65 to 67 can be rewritten as

1
Uyrac = (€w,Co,c0, — (Ca,S0,C0, + So,S9,)S0,

+gl(q)d’®dslpd’ €p, €0, €y, ef))l/ll (69)

= 1y, + 11810,

MIZVIRAC = (Slydcedcef - (Cq)dseds\yd - Sq)dc\lld)sgf
+ 82(@y4, 04, Yy, €0, €o, ew, Op))uy (70)
2
= Uy + M182(~)7
wrac = (—50,C0, — Co,C0,50, + 83(Pa, By, €w, €0, Of))u1
ui/ld + Mlgj;(.),

(71
where the terms ”;w " i = 1,2, and3, refer to the ith desired
MRAC control input and the terms u;g;(.) are the errors,
which consist of sine and cosine functions of the desired
attitude angles, attitude errors, and the front wing angle,
. . . . .. d _
in the realization of the control inputs. Defining u),,. =
[y, 3, U,,)" and using Equations 69 to 71, and noting
that the total thrust #; is equal to ||u§m 4l Equation 20 can

be rewritten as

1\
X = AX + BuA | tpuc + N pac| §28 +D+ 7r(t)> .
83()
(72)
The following lemma, regarding an upper bound on | Iujf/l raclls
will be useful in providing a proof for the main theorem of
this paper.

Lemma 1. For a bounded reference nlluﬁ/lRAcll < ¢ +

eallell + esl K| + (1Kl lel] + calIK/ || + [I1D]], where c;
are positive scalars, e € R® is the error vector between the
reference model states and the system states, and

>

=

~ K.
K, (73)
- D",

A

wl\l%l
Il
>

with (.)" being the “ideal value” and (f) being the estimated
value of a parameter.

It is noted that here and in the rest of the paper, Frobenius
norm is used.
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Remark 4. As explained earlier, the control signal given in
Equation 35 is the desired control input provided by the posi-
tion controller. Since in the controller development, it was
assumed that this signal is realized perfectly; the superscript
“d” was not used. In the stability proof, however, the position
control input is represented with u¢

MRAC® which removes this
assumption.

Proof. (Proof of lemma 1)
Using Equation 73, Equation 35 can be rewritten as

U e =Ki X+KX+K r+Kr+D*+D. (74

Using the fact that e=X — X,,,, Equation 74 can be rewritten as

ud ere = K2 X+ K e+ KXy + Koo + K r+ K,r +D* +D.

(75)
Taking the norm of both sides of Equation 75 and using the
triangular inequality, it is obtained that

ol o 17
tygract I < HKE THIXnl |+ K el + 1K1 X
- r -
+ KN ell + K T+ AT
+ D] +11DI.
(76)
K, K*, and D" are constant matrices. Also, it is known that
the states of the reference model X,, are bounded. Defining
KN = ki, LIKEN = ko, [ID7I] = ks, 17| = ks, and [1X, ]| =
ks, Equation 76 can be rewritten as
iygracll < kiks + killel| + ks Kl | + [1Kcl|llel| + kaka
+kal K, || + k3 + [|D]].
77
Defining c1 = kiks + koks + k3, co = ki, c3 = ks, and ¢4 = ky,
it is obtained that

tygacll < crteallell+es| KK el +es K[+ D ]-
(78)

This completes the proof of Lemma 1.
The following lemma will also be instrumental in proving
the main theorem of this work. O

Lemma 2. G < k||&,||, where &, is the attitude-tracking
error vector and k is a positive constant.

Remark 5. A classical hierarchical controller is designed in
previous study®® for a similar plant, where the errors intro-
duced by the inner loop controller is investigated. It is noted
that regardless of the controller type, the same error terms will
appear as disturbances in the outer loop controller. A proof
of Lemma 2 is given in another study,* and thus, the proof is
omitted here.

Theorem 1. All the signals in the closed-loop system, con-
sisting of the UAV dynamics (Equation 72), the reference
model (Equation 31), MRAC (Equations 35-42), and nonlin-
ear adaptive controller (Equations 61 and 62), are uniformly
ultimately bounded (UUB), which indicates that the bound
on the signals does not depend on the initial time ty and
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that this uniform bound holds after a certain time T, ie, for
t = ty+ T. It is noted that in UUB, unlike Lyapunov sta-
bility, the bound on the signals cannot be made arbitrarily
small with proper initial conditions. In practice, this bound
is a function of uncertainties and disturbances.** In addition,
defining G(.) = [g1()g2()g3()17, the following are true:
limG(.) =0, (79)
f—o0 -
sup [|GOI| < KIIAT ]
_ 5 = 1/2
X ((K = Amin @) X HTuav112) / AmaxM)) 2,
(80)
where 0 € R3 is a vector of zeros, k € R+ is a constant, “sup”
refers to “supremum,” Amax is the bound on the maximum

eigenvalue of M, and

K= % (s M©)5(0) + Tyav O T} Tuay (@) . (81)

Proof. (Proof of Theorem 1:)
In light of Remark 4, substituting the control input
Equation 35 into Equation 72, it is obtained that

X=(A+B,AK])X

. . 81()
+ B,A (K,Tr + D+ ||ud ol lgz(.)] +D+ 7r(t)> .
83()
(82)
Assuming that there exist K and K such that
A+B,AKY = A,,
(83)

B,AK* = B,,

and defining K, = K:+K,, K, = K’ +K, andD=D*+D =
-D+ D, Equation 82 can be rewritten as
X =A,X +B,r + B,AK'X + B,AK'r

5 ., 81() (84)
+ ByAD + By Alluypacll | 820) | + BuAx(D).

83()
Subtracting the reference model Equation 31 from
Equation 84, it is obtained that
¢ =Ane+B,AK!X + B,AKr + B,AD
. &) (85)
+ BuAlltypacll | 82C) | + BuAn(2),
83()
where e = X — X,,,.
Consider the following Lyapunov function candidate

V=e"Pe+u ([KITy'K, + K/T;'K, + D'T,'D| A), (86)

where “tr” refers to the trace operation and P is a symmetric
positive definite matrix that is the solution of the Lyapunov
equation
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A}’I}:LP + PA,, = -0, (87)

where Q € R is a symmetric positive definite matrix. Tak-
ing the derivative of both sides of Equation 86, it is obtained
that

V =¢"Pe+ e’ Pe

+2ur (|RITT Ky + RITF R, + D'T,'D A )

= (e"Al, + X"K:AB] + r"K,AB] + D" AB},
+GOT |t | |ABY + n(t)T ABY) Pe
+¢"P(Ane + B,AK{X + B,AK!r + B,AD
+Bu AUl 0| |G() + By An (D))
+2r ( [ig{r;‘fg +KTIK, + DTr;)‘b] A)

=e' (Aj,P+ PA,)e+2¢" PB,A (KIX+ K/ r+D
+ s 1GO) + 7(D))
+2r ( [k,{r;‘f(x +KTIK, + DTFI‘)'b] A)

= —e" Qe + 2" PB,AKTX + 2tr < [i{{ r;‘ig] A)
+2¢"PB, AR F + 2tr ( [KT r;lig] A> +2¢"PB,AD
2t ([DTT5' D] A ) + 267 PBuA i, 11GC)
+2¢" PB,An (1),

(88)

where G(.) = [g,(.)g,(.)g3()]". Using the property of the
trace operator, a™b = tr(ba’), where a and b are vectors,
Equation 88 can be rewritten as

V= —elQe+2tr ( [k{ ok, + K7 )_(eTPBn] A>

+ 2 ( [i{f ok, + KT reTPBn] A)
(89)
+2tr ( [DTFBID + DTeTPB,,] A)

+2¢"PB,A| |1y, ||G() + 2" PB, Az (2).

Substituting Equations 40 to 42 in Equation 89, it is obtained
that

V =—¢"Qe + 2tr ([-0.KT | [e] K, — 7K |le] PK,] A)
+2tr (=0, K" |le] K, A) + 2tr (—opD"[|e]|DA)
+2¢" PB,A||ul), | |G() + 2¢" PB, A (1)
< —llell*Anin(Q) + 2 tr ([—0xKT |lel|K; — 7K [e] PK,
—0,KT|le||K, — opD[|e||D] A)
+ 2| le| [11PBu Al [ty NGO + 2||eIIIIPBnAII7?90)

where A, (Q) refers to the minimum eigenvalue of the matrix
Q and 7 is the upper bound of z(f). Using the fact that
the norm of the vector G(.) is bounded by a constant G,

since the vector terms consist of sines and cosines, and using
Lemma 1, it is obtained from Equation 90 that
V < —llel*Amin(@) + 2 tr ([-0.KT|le| K, — KT |le]|*K
—o.K] llel|R, — opDT |le||D] A)
+ 2G| le||[IPB,All (c1 + callell + cal 1Kl | + 1Kl [[]el]

+ca| [K, 11 + 11D11) + 2llel 1| PB,A|7.
oD
Completing the square, the first term in the trace operation
parenthesis can be rewritten as follows:

tr ([—o.KT el K] A) < Apin(A) X tr (=0, K{ | le]| (K + Ky))

K* 5 2 K*2
= —0Ox Amin(A _X+Kx - =
oxlle]| Amin( )<2 2 >

< —oullellnin) (K7 = K22).
92)
Using the same procedure, Equation 91 can be rewritten as
V < =lellPAnin(Q) = aullel| Anin(M K,
+ oullel [ Amin(N K
— 7llelPAnin (N K + yellel P Amin(A) K2
— 6, lel Amin(N K, + 0,1 el| Amin(A) K
— opllel| Anin(N) D + opllel| Anin(A) D*
+2G|lel[11PB.All (c1 + callel] + e3| 1Kl | + 1Kl [1lel |
+ea||K |+ 11DI]) + 21lel|[|1PB,Al |7
= =llell(11ell{ Ann(©@) + redmn (DK,
— Yednin(N) K3 * = 2G| |PB, Al K|
= 2GIIPB,Alle: | + 00 dmin( MR = 0 dmin (MK

+ O'rlmin(A) i(rz - Ur/lmin(A) K: 2 + UD/lmin(A)lN)2

= 6pAmin(N) D*? = 2G| |PB,A| ||

—2G||PB,Allc3| K| | = 2G||PB,Allcs| K, |

- 2G||PB,AlllIDI| - 2IIPBnAIIﬁ)-

93)
Assume that there exists an £ > 0 such that
~ 2 * - ~

Ain(Q) + Ve Amin N K™ = v Amin(N) K5 * = 2G| PB, A 1Kol

—2G||PB,Al|cs — e > 0.
%94)
Using Equation 94, it can be concluded that V < 0 in the
complement of the set S, where S is defined as

S= { (e. K K,) |ellel] + Oudmin(A) K,
- Gxﬂmin(A) K; 2 + Ur/lmin(A) krz
= 6 Amin(N K2 + 6 Ain(A) D
— 6D Amin(A) D** = 2G||PB,Al ¢y
—2G||PB,Allc3||K:|| — 2G| |PB,Allcal K, ||

95)

—2G||PB,AlllIDI| = 2||PB,All7 < 0}.
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Therefore, using standard arguments, it can be shown® that
all the solutions are UBB. This completes the proof of the
first part of Theorem 1. It is noted that the inclusion of the
quadratic e-modification robustifying term in Equation 40
is beneficial in obtaining a negative semidefinite Lyapunov
function derivative.

It is noted that the assumed system property (Equation 94)
can be investigated further by completing the square and
rewriting the inequality as

_ 2
o & _ GlIPB.A
imin(Q) + %r)fmin(A) Kx - —>

G*||PB,A| 6)
yx/lmin(A)
—2G||PBAl|cs — € > 0.

- yx/lmin(A) K: 2 -

A sufficient condition to satisfy this inequality is given as

G2 PB, A 2 _
dmin(@) =y K2 > GBI o o1 pB Al cr +e.
7x/1min(A)
©7)
O

Remark 6. Both the bound on the tracking error in
Equation 95 and the restriction on system parameters given
in Equation 97 are directly related to the size of the param-
eter G, which is an upper bound for the vector G(.), which
consists of elements that are sine and cosine functions of the
attitude-tracking errors. These elements were introduced in
Equation 69 to 71. In the above development, a conservative
approach is taken about this upper bound by simply stating
that since these vector elements are sine and cosine func-
tions of the attitude errors, the vector norm has to be bounded
by some constant G. Below, in the second and third parts of
the proof, the vector G(.) is investigated further to show that
(1) lim;G(.) = 0, (2) the supremum norm of the vector
G(.) can be made arbitrarily small by choosing the nonlin-
ear adaptive controller constant A, large enough. In practice,
this choice of A is limited by the high-frequency unmodeled
dynamics of the system together with measurement noise.*’

From the first part of Theorem 1, which is proven above,
it is known that the states X,Y, Z, and the adaptive param-
eter errors I~(x, K., and D are bounded. Therefore, for a
bounded reference r, the control input (Equation 35) is
bounded. This implies that the total thrust u; determined
in Equation 50 is bounded, which shows that the desired
attitude angles @, and ©,, calculated in Equations 51 and
52, which are passed to the inner loop controller as refer-
ence inputs, are also bounded. Therefore, the attitude control
loop, explained in subsection 3.3 can be shown to be asymp-
totically stable,” meaning that the attitude-tracking error
@, = [(®g—D) (©;—-0) (P;—P)]” converges to zero
asymptotically. Once this is established, it is straightforward
to see that lim,_G(t) = 0 € R3. This completes the proof
of the second part of Theorem 1.
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It can be shown that the derivative of the following Lya-
punov function,

1 ~ e
it = 5 [s"Ms + Tuay Ty Tuav ] » 98)
is negative semidefinite.*’ This implies that
1 T 7 -1
3 [s)"M@)s(2) + TuavOT;  Tyav (1))

< % (5(0)" M(0)s(0) + Tyay(0) Ty ' Tyav (0)) .V 2 0.
99)
After some manipulation, it is obtained from Equation 100
that

2 O MOSO + Toar O Tunv 0]

< % (5(0)" M(0)s(0) + Tyay(0) T} Tyay(0)) , Vi > 0.
(100)
After some manipulation, it is obtained from Equation 100
that

SO < (K = AinT N Tuav] ) /Amacd)) 2,

where

(101)

K= % (s(0)"M(0)s(0) + Tyay(0)' T Tyay(0)) . (102)

From the definition of s given in Equation 57, it is obtained
that

1@l < s ATTT = ™) < JIs@I ATH. - (103)

Using Lemma 2 and Equations 101 and 103, it is straightfor-
ward to prove the third part of Theorem 1. This completes the
proof of the third part of Theorem 1.

Remark 7. The implication of Equation 79 is that the “distur-
bance” [g, (.)gz(.)g3(.)]T introduced to the closed-loop system
(Equation 82), because of the dynamics of the attitude con-
trol loop, converges to zero. The speed of convergence is
determined by the selection of the nonlinear adaptive con-
trol parameters. For all practical purposes, the convergence
of the disturbance to zero means that the origin remains to be
an equilibrium point of the proposed closed-loop control sys-
tem structure even though robustfiying terms are used in the
adaptive control laws (Equations 36-38).

Remark 8. The implication of Equation 80 is that the suf-
ficiency condition (Equation 97) is not too restrictive since
G can be made small with a large enough A,. As mentioned
earlier, the size of A; is limited by measurement noise and
unmodeled high frequency dynamics.

4 | IMPLEMENTATION SCENARIO

To examine the behavior of the tilt-wing UAV, during
takeoff (quadrotor mode), horizontal flight (fixed wing
mode), and transitions between these modes, we created a
flight scenario as shown in Figure 4. The UAV takes off
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vertically with 90° wing angles (0-10 seconds), and after
reaching a desired altitude, it changes its wing angles to 20°
(10-20 seconds). After flying in horizontal mode for about
650 m (20-65 seconds), it changes its wing angles back to
90°, while slowing down (65-100 seconds). Then, it lands
as a quadrotor (100-110 seconds). It is noted that during

level flight, at t = 61 seconds, 2 batteries, wing covers and
winglets, fall, all from the right wing. Furthermore, Dryden
wind gust model*® is used to create external disturbances.
Below, the changes in mass, moment of inertia, and center
of gravity are investigated because of wing movements and
failures. Also, a trajectory generation method is given.

Transition

Horizontal Flight
(@ o,

20 deg.) Transition

Yo

Vertical Take-Of
(@5 = i 90 deg. )

T
"'T"
ot

Vertical Landing

() = By = 90 deyg.)

et

FIGURE 4 Flight scenario. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5
wileyonlinelibrary.com]

Inertia variations during transition from quadrotor mode to fixed-wing mode, before the failure. [Colour figure can be viewed at
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Remark 9. The above trajectory description also explains
the proposed method for the transitions between quadrotor
and fixed-wing modes: After a vertical takeoff with 90° wing
angles, the first transition occurs from the quadrotor mode to
fixed-wing mode, where the altitude is kept fixed and wing
angles are moved from 90° to 20°. During this transition, the
aircraft pitch angle increases to prevent the loss of the lift
force. After the wings obtain 20° angle, the aircraft moves for-
ward horizontally as a fixed-wing aircraft causing the pitch
angle to go back to 0°. As the aircraft gets closer to the tar-
get destination, wings start to move from 20° angle to 90° and
the aircraft starts to slow down until it comes to a full stop in
the air while keeping the altitude constant. When the aircraft
stops its horizontal movement, the wing angles reach 90° and
then the aircraft, now in the quadrotor mode, lands on the
ground vertically. The pitch and wing-angle variations during
these transitions can be seen more clearly in the simulation
results in Section 5.

4.1 | Moment of inertia variations during transition
stages
The vehicle’s computer-aided design model generated in

SolidWorks was used to extract the principal moment of
inertia changes during the transition. For the transition from
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quadrotor mode to fixed-wing mode, wing angles were
changed from 90° to 0° with 5° intervals, and for each interval,
principal moment of inertias was calculated in SolidWorks.
Then, cubic polynomials are used for curve fitting. The result-
ing curves can be seen in Figure 5.

The same procedure is used to calculate the variations in the
moment of inertias during the transition from the fixed-wing
mode to quadrotor mode. However, during this transition, the
UAV model is different than the one in the first transition
because of the missing parts that are lost at the moment of
failure at + = 61 seconds. The resulting curves are presented
in Figure 6.

In the simulations, these curves were used to obtain the
parameter changes during the transition stages and during
the failure. Percent changes in these system parameters are
presented in Table 1.

4.2 | Center of gravity variation due to the failure

In addition to moment of inertia and mass changes, center
of gravity of UAV changes with the failure. This change is
modeled as an external disturbance to UAV position dynam-
ics, which consists of the moments M,, M,, and M, that are
calculated as
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O data
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Inertia variations during transition from fixed-wing mode to quadrotor mode, after the failure. [Colour figure can be viewed at wileyonlinelibrary.
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TABLE 1 Percent changes of principal moment of inertias and mass
Iivo Iiso Iliso Mass,
kg/m? kg/m? kg/m? kg
Percent change, %
(After first failure) 15.65 7 7.93 7.48

Percent change, %

(Overall) 22.2 6.55 8.78 7.48

M, Iy Fy F, 0

My|=1|nr|XxX|F], Fy | =Rpy 0 s

M, Iz F; F; Mmar 8
(104)

where R, is the rotation matrix that gives orientation of the
body frame with respect to the world frame, g is the grav-
itational accelaration, mys is the mass of the UAV after the
failure, and ry, ry, and r; are distances of the center of grav-
ity to the original position before the failure, measured along
the axes.

4.3 | Trajectory generation

4.3.1 | Forward velocity determination

Tilt-wing UAV tilts its wings during long-duration flights to
benefit from the lift forces and flies like a fixed-wing UAV
as presented in Figure 1, right picture. However, position ref-
erence along the x-axis of world coordinate frame may force
the vehicle to fly with relatively slow velocities, which results
in a dramatic increase at the pitch angle. Therefore, a min-
imum forward velocity should be identified that results in a
reduced pitch angle during horizontal flight. In this study, a
zero-degree pitch angle is targeted.

To obtain the minimum forward velocity that will lead to a
zero-degree pitch angle during horizontal flight, we recalled
the aerial vehicle position dynamics along the z-axis:

.
7 = — [(—SaCef — CyCpSp,)u1 +mg + WZ] ,

where sine and cosine of the angles are denoted by s and c,
respectively. There should be a zero net force along the z-axis
(ie, mZ = 0) for alevel flight. Additionally, pitch angle should
be set to zero, which results in

CpSo,ur —mg = W.. (105)

Aerodynamic forces along x-axis, y-axis, and z-axis of the
world coordinate frame can be defined as
W(é’) = [W)h Wy7 WZ]T
2((FL (07, v, v2) + F (67, V5, v2)
= wa X 0 9
2((FL(87, vio v2) + F (6, V1, v2)

(106)
where R, is the rotation matrix between world and body
frame and F! (67, vy, v.) and F (6f, vy, v;) are the lift and drag
forces produced by the wings (i = f,r subscripts denote
front and rear angles, respectively). To simplify the analysis,

front and rear wing angles assumed to be equal (8y = 6,).
Therefore, lift and drag forces are defined as

F, (6, V5. v;) = Fy (0, v, v,) = FL,

Fl(6,vy,v2) = Fiy(0,,v:,v,) = Fp.
From Equation 106, wing forces along z-axis becomes
W, = —s¢(4Fp) + cycq(4F7).
If the pitch angle is zero, then W, becomes
W, = c,(4FL).

Substituting W, in Equation 105, the lift force that is necessary

for a level flight can be found as
CpSo U1 — Mg
Fl=—2_ 2 (107)
4c,

The lift and drag forces are given as

Fi %CD(OG)PAV%.
0 [=R6: - 0 , (108)
F} 3Cul@)pAV:

where p is the air density, A is the wing planform area, and
R(8; — a;) is the rotation matrix for the rotation around y-axis
that decomposes the forces on the wings onto the body axes.
Defining f = 6; — a;, R(f) becomes

Cﬂ OSﬂ
R(/}):l 0 10].
—SﬂOCﬂ

vy 1s the airstream velocity, which is defined as

Vg = \/v§+v§,

where v, and v, are UAV’s velocities along x-axis and y-axis
of the body coordinate frame. «; is the effective angle of
attack, which is defined as a; = 6; — (—atan(v,,v,)). Using
Equations 107 and 108, it is obtained that

(109)

3 5 ) C(pngul —mg
253CppAvy + 2c5CrpAvy = ———— (110)

Co

The minimum forward velocity in the body coordinate frame
that can achieve zero-degree pitch angle is obtained using
Equations 109 and 110 as

c(,,seful —mg

= -2 111
g \/ZCﬂcq,CLpA—Zsﬁcq,CDpA ’ (1

Z

Using the transformation of linear velocities between the body
and the world frames, V,, = R}, V), minimum forward linear
velocity in the world frame that can achieve zero-degree pitch
angle can be identified as

X = CyCoVx + SpSeCy Vy — CuSy Vy + CpSeCy Vv, + S8y V.. (112)
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4.3.2 | Velocity profile determination

If minimum velocity, which creates enough lift forces to sus-
tain level flight of the UAYV, is not achieved, UAV starts to
increase its pitch angle. Therefore, a suitable trajectory is
generated along the x-axis by using so-called linear segments
with parabolic blends. This trajectory has a trapezoidal veloc-
ity profile where a constant velocity can be imposed between
predefined time instances, as well as linear (ramp) veloc-
ity variations. The resulting trajectory consists of quadratic
and linear polynomials with smooth blending between them.
A more detailed analysis of linear segments with parabolic
blends can be found in 1 study.*

Remark 10. In this study, we chose to provide a practical
approach for trajectory generation, where a horizontal flight
with minimum pitch angle is required. However, there may be
applications where the goal is minimizing energy consump-
tion and the resultant pitch angle and speed and wing angle
can be tolerated. In that case, the necessary wing angle and
forward speed combination that would result in maximum lift

WILEY—2¢

to drag ratio should be calculated and a suitable trajectory
should be generated to achieve this combination.

5 | SIMULATION RESULTS

In this section, the performance of the proposed adaptive con-
trol framework is investigated using the scenario explained in
the previous section. It is noted that all the simulations are
conducted using a high-fidelity simulation model, in the pres-
ence of uncertainties, disturbances, and measurement noise.
In addition to the changes in the mass, moment of inertia,
and center of gravity, due to the failure, a 10% uncertainty is
assumed in the actuator powers. Also, a 20% actuator power
loss is assumed because of the failure at = 61 seconds where
2 batteries fall. The performance of the fixed controller used
in earlier studies,’” which is a cascade of a PID controller
(outer loop) and a feedback linearazition + PID controller
(inner loop), is also given as a comparison. As expected, the
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adaptive controller outperforms the fixed controller due to its
adaptability to uncertainties.

Figures 7 to 9 show the performance of the controllers for
the position trajectory tracking. The closed-loop system with
the adaptive controller deviates much less from the trajectory
compared with the fixed controller, especially after the failure
instant at # = 61 seconds.

Figures 10 to 12 show the attitude-tracking curves. As seen
from the figures, the system with the proposed controller can
keep its roll (®) and yaw (V) angles close to zero. On the other
hand, UAV shows large roll and yaw-angle variations when
the fixed controller is in charge. The 2 controllers are compa-
rable in the variations in the pitch angle (®) until the failure
instant, but after the failure at r = 61 seconds, the pitch angle
varies more smoothly with the proposed controller compared
with the fixed controller.

It is noted that although its performance is not as good
as the adaptive controller, the fixed controller can still keep
the closed-loop system under the influence of parametric
uncertainties, center of gravity, mass and moment of inertia
changes as well as actuator power losses, wind disturbances,
and measurement noise. However, the fixed controller pays
the price by outputting very noisy control inputs. As seen
from Figure 13, especially between # = 30 — 60 seconds, the
fixed controller output have high-amplitude high-frequency
components. It is noted that at this time interval, the UAV’s
forward speed reaches its maximum value of & 50 km/h. On
the other hand, the adaptive control inputs are smoother. The
wind disturbances can be seen in Figure 14, where the distur-
bances acting on the UAV are seen to be different at certain

time intervals for different controller implementations due to
speed, orientation, and altitude differences.

Figure 15 shows the movement of the wings during the
flight, and Figure 16 shows the resulting aerodynamic forces
acting on the wings. It is seen that a considerable amount of
lift is generated together with some drag force. For the energy
gain compared to a similar quadrotor without wings to be cal-
culated, it is assumed that the wingless quadrotor would need
less force in the x direction due to zero drag (from the wings)
and more force in the z direction due to the lack of lift. With
these considerations, it is calculated that the quad tilt-wing
UAV spends = 33% less energy, compared with a conven-
tional wingless quadrotor, for the flight scenario used in this
study.

6 | CONCLUSIONS

A nonlinear adaptive control framework that works in a
hierarchical structure is proposed for the control of a quad
tilt-wing UAV. The controller development does not need
any linearization of the UAV dynamics. Rigorous stability
analysis of the controller is provided. The controller is imple-
mented using a nonlinear, high-fidelity model of the tilt-wing
UAY, in the presence of uncertainties, actuator failures, struc-
tural failures, center of gravity changes due to these failures,
and the effect of wing-angle variations on moment of inertia.
The implementation results show that the proposed controller
works as intended and performs dramatically better than the
fixed controller used in earlier flight tests.
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