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Abstract— Position control of a quad tilt-wing UAV via a
nonlinear hierarchical adaptive control approach is presented.
The hierarchy consists of two levels. In the upper level, a model
reference adaptive controller creates virtual control commands
so as to make the UAV follow a given desired trajectory. The vir-
tual control inputs are then converted to desired attitude angle
references which are fed to the lower level attitude controller.
Lower level controller is a nonlinear adaptive controller. The
overall controller is developed for the full nonlinear dynamics
of the tilt-wing UAV and thus no linearization is required. In
addition, since the approach is adaptive, uncertainties in the
UAV dynamics can be handled. Performance of the controller
is presented via simulation results.

I. INTRODUCTION

The focus of this paper is a hybrid-wing type Unmanned
Aerial Vehicle (UAV). A hybrid UAV, like a rotary-wing
UAV, can fly vertically without the need of any infrastructure
for takeoff or landing and does not need any forward velocity
for maneuvering. It can also fly with high speed for extended
periods of time, like a fixed-wing UAV. Tilt-rotor UAVs, a
subgroup of hybrid designs, are attractive subjects of research
due to their energy efficiency, stability and controllability [1],
[2]. Under tilt-rotor category, research studies can be found
for dual tilt-rotor UAVs [3], [4] and quad tilt-wing UAVs [5],
[6], where the former type has the disadvantage of requiring
cyclic control which adds to the mechanical complexity.

Tilt-wing UAVs are difficult to control due to multi-
input multi-output nonlinear dynamics, uncertainties due to
unpredictable damages, actuator malfunctions and variations
in mass moments of inertia during tilting of the wings.

Among many proposed controller schemes in the litera-
ture, developed for rotary-wing UAVs, some recent ones are
LQ and PID controllers [7], LQR controller [8], thrust vec-
toring with a PID structure [9], sliding mode observers with
feedback linearization [10] and nonlinear control approaches
[11], to name a few.

The above mentioned approaches showed promising suc-
cessful results. However, they do not offer explicit uncer-
tainty compensation or they do not provide enough ro-
bustness for large uncertainties such as structural damage.
Literature contains controller proposals that overcome these
issues via the employment of adaptive control. An approach
that uses artificial neural networks for the estimation of the
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nonlinear components of a quadrotor dynamics is presented
in [12]. A study that discusses the advantage of the adaptive
control over feedback linearization is provided in [13], where
small attitude angles and slowly varying slack variables
assumptions are used in the adaptive control design. An
adaptive backstepping approach is presented in [14] but the
uncertainty is assumed to be only in the mass of the quadro-
tor. MIT’s quadrotor controller [15] has explicit uncertainty
compensation via adaptation but a linear model is used in the
design which limits the high performance operation range.

In this work, nonlinear, hierarchical adaptive control of a
novel quad tilt-wing UAV SUAVI (Sabanci university Un-
manned Aerial Vehlcle) is presented. SUAVI was previously
designed, manufactured and flight tested by the co-author
Unel and his students and earlier research results have been
published about the aerodynamic and mechanical design,
prototyping, control system design and flight tests [16]-
[18]. In this work, different from authors’ earlier research,
a controller that explicitly compensates for the uncertainties
is implemented. Similar to authors’ earlier works, this con-
troller has a hierarchical structure. However, in this paper a
Model Reference Adaptive Controller (MRAC) [19] resides
in the upper level and is responsible for creating virtual
control inputs that would make the UAV follow a given tra-
jectory. These virtual control inputs are realized by achieving
certain UAV orientations, which is ensured by the lower level
adaptive nonlinear controller [20]. This approach is based
on nonlinear dynamics of the tilt-wing UAV and therefore
do not need linearization. In addition, the controller does
not contain difficult to tune and computationally expensive
components. Finally, adaptation provides explicit uncertainty
compensation.

The organization of the paper is as follows. In Section II,
the nonlinear model of SUAVI is provided. The design of
the hierarchical controller is given in Section III. Simulation
results for two different scenarios are presented in Section IV
and a summary is given in Section V.

II. SYSTEM MODEL

Nonlinear dynamics of the quad tilt-wing UAV is briefly
described in this section. For details, see [16].

Using rigid body assumption, a generic unmanned air
vehicle system dynamics is given as below:
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where m and I, represent the mass and the inertia matrix in
the body frame and V,, and €2} represent the linear velocity



with respect to world frame and the angular velocity with
respect to body frame of the vehicle, respectively. The net
force and the moment applied on the vehicle are represented
by F; and M, respectively (see Fig. 1). It is noted that for
tilt-wing quadrotors, these forces and moments are functions
of the rotor trusts and wing angles. Using vector-matrix
notation, (1) can be rewritten as follows:

M+ O =G+ 0(Qw+ B +W(E) @)
where,
(=[X,Y,Z,pqr]", €=[X,Y,2,8,0,9]" (3

and where X,Y and Z are the coordinates of the center of
mass with respect to the world frame, p,q and r are the
angular velocities in the body frame and ®, © and ¥ are the
roll, pitch and yaw angles of the vehicle expressed in the
world frame. M, the inertia matrix, C', Coriolis-centripetal
matrix and G, the gravity term, are given as follows:

M = diag(m,m,m, Iz, Iy, 1,2) )
[0323] [0323]
- 0 Izzr _Iyyq
O = 1104] —L.r 0 Lup )
Iyyq _Imcp 0
G =[0,0,mg,0,0,0]" (6)

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

O3x1
O(C)w = J;Drop 0 @)
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where, 71234 = 1,—1,—1,1 and cp, and sp, represent
cosine and sine of the wing angles, respectively. When two
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 actuator vector, E(&)w?, can be given as

(cycocy; — (casecy + sa53)se, )u1
(swcoco, — (cosesy — sacw)sa, )u1
B(6)w? = (—secs; — cacosy,)ur )
S0, U2 — Co,Us
Sg;U3
Co U2 + Sg,Usg

Fig. 1: Forces and moments on the UAV.

where, 0y represents front wing angle. Inputs w1, u2, us and
uy in (8) are given as:
u; = k(W + w3 + w3 + wi) )
uy = klg(W? — w3 + wi — wl) (10)
uz = klj(w? + wi — Wi — w3) (11)
Uy = kANW? — w? — w? 4+ w?) (12)
where, k,l;,[; 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+F3+ F} + Fp

Ry 0
Fl +F} + F} + F}
() = L (13)
W(Fp, + Ff = F = Fy)
0

where, Fi, = F5(0f,v,,0v,) and Fi = Fi(0¢,v,,0.).
Using (1), the following rotational dynamics, that is in a
form suitable for attitude controller design, is obtained:

M () + Cl @, Q)R = ET M, (14)

where, v, = [®,0,¥]7, Q,, = [CID,G),\I'] and E(cy,) is the
velocity transformation matrix, which is given as

1 0 —So
Elay) =10 co seco (15)
0 —So CpCo

The relationship between the angular velocity of the UAV in
the body frame, €23, and in the world frame, €2,,, is given as

p
Q= |q
,

= E(0rp)Qu. (16)

The modified inertia matrix M () in (14) is given as

Ips 0 —I,zs¢g
M(Ozw) = 0 Iyycé + Izzsé Mos (17
—I,xs¢ Mas Ms3s
where,
Msz = Iyycoseco — I..Cp58Co (18)
Msg = Lp88 + Iyysheg + L.chel (19)
and the Coriolis Matrix, C'(cu,, ) is given as
0 012 013
C(awaﬂw) = Ixzd Iyyf +Izzg 023 (20)
I..e Iyyh + 1.,k Cs3
In (20), C;;s are defined as
C’12 = *[nyBCfb - 1225254)
Ci3 = —Iace® — Iyysssece + L..52c0co
Caz = Ipzmm + Iyyn +I..pp
C33 = Iquq+lyyrr+lzz€7 210



where,

§1 = P — SG‘i’, Sg = che + S<1>C@‘i’

83 = =560 + coceV, d=s3ce + $25¢

e = 835¢Co — S2CpCo, [ = —56Pco — S1CoSa

; 2 i 2
g =5150Cs» + caPse, h = s3cese —s3Pco + sicgpco

k = s2s¢pSe + slséce — cé@ce
mm — —S83859Cy» — S2505¢

a=cePco — 59500, n =ace — sls%{,ce)

b= —spPcog — cp500, pp= —slcéce — bsae

qq = ceOse — $35053Co + 5250CaCo
T = $3SpCoSe + a4SepCo + $1$<1>C2®Cq>

€ = —89CpCOSEO — 31C¢>0298¢ + bes co (22)

ITII. CONTROLLER DESIGN

An adaptive hierarchical nonlinear control approach is
used for position control. On the upper level, a Model
Reference Adaptive Controller (MRAC) [19] provides 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 [20] is employed as the attitude controller
so that uncertainties can be compensated without the need
for linearization of system dynamics. Closed loop control
system structure is presented in Fig. 2 and upper and lower
level controllers are described below.

A. MRAC Design

An MRAC, that resides in the upper level of the hierarchy,
is designed to control the position, 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:

X =AX + B,A(u+D), y=CX, (23)

where, X = [X,Y] Z,X.Y, Z]|T, y is the plant output,

I 1
A= 9303 Isas B, = 0323 2 p= 0521 7
0323  O323 I323| my, mg

(24)
and A = m,,/m, where m is the actual mass of the UAV that
is assumed to be unknown, m,, is the nominal mass, g is the
gravitational acceleration and A represents the uncertainty in
the system.

1) Reference Model Design: Consider the following con-
trol law, which is to be used for the nominal system dynamics
A=1).

u, = KXX+K'r—D (25)

where r € R, K, € R%"3 and K, € R3%3 are the reference
input, control gain for the states and control gain for the
reference input, respectively. Substituting (25) into (23), the
nominal closed loop dynamics is obtained, which is given
below:

X, =(A+B,KN)X, + B,K!r. (26)

In (26), K, can be determined by any linear control design
method, such as pole placement of LQR. Defining A,, =
A+ B, KT, nominal plant output is obtained as

yn = C(sI — A,) B, K 7, (27)

For a constant 7, the steady state plant output can be
calculated as

Yss = —CA B, K r. (28)
Using KT = —(CA-'B,)~1, it is obtained that
g T m
lim (y, —r) = 0. (29)

t—o0

As a result, the reference model dynamics is determined as

X, =AnX, + Bur (30)

where,

Apn=A+B,KT B, = B,KI = -B,(CA,'B,)"!
€2y
2) Adaptive Controller Design: Consider the following
adaptive controller:

uppac = KIX + KTr + D (32)

with the adaptive laws
K, = -T,X"PB,, K,=-T,7¢"PB,, (33)
D, = —T4"PB, (34)

wheree=X - X, I';,I'.,I'y are adaptive gains and P is
the symmetric solution of the Lyapunov equation

AT P4+ PA,, = -Q (35)

where () is a positive definite matrix. It can be shown
[21] that the controller described in (32) - (35) provides
convergence of the plant (23) and reference model (30) states
in a stable manner, while keeping all the signals bounded.

B. Attitude Reference Calculation
From (1) and (8), we obtain that

mX = (C\I;C@Cgf - (CQSGC\P + 5<I>5\P)59f)u1 (36)
mY = (sycocy;, — (Casesy — 56Cy)Sp; U1 (37
mZ = (—59@9f — &pC@S@f)Yu + mg. (38)
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Fig. 2: Closed loop control system block diagram.

Right hand sides of (36)-(38) correspond to the forces
determined by the MRAC position controller designed in the
previous subsection:

1

uprpac = (cuceco, — (cosecy + sesw)se, )ur  (39)
2

Uprrac = (swceco, — (casesy — sacw)sp,)ur  (40)
3

uyrrac = (—Seco, — cacose, )u1. 41)

It is important to note that the D term in (23) addresses the
gravitational force mg. From (39)-(41), it is obtained that

up = \/(u}\/[RAC)Q + (U rac)® + (Wigac)?  (42)

. —p1
®, = arcsin < p )
U180,

©4 = arcsin (u%RACuwef 2%, c%) 44)
(p2)? + (Ul pac)?

(43)

where,

(45)
(46)

1 2
P1 = UpRACSYy — UMRACCY,
1 2
P2 = UpRACCY, + UM RACST .-

Unlike similar works in the literature, the desired attitude
angles are functions of the wing angles. ¥, the desired yaw
angle, can be chosen by the UAV operator based on the task
at hand. These required attitude angles are given to the lower
level nonlinear adaptive attitude controller as references.

C. Nonlinear Adaptive Control Design

To force the UAV follow the requested attitude angles, in
the presence of uncertainties, a nonlinear adaptive controller
[20] is employed. Defining v/ = ETM;, (14) can be
rewritten as

M () + C (s Q)R = 10 47

Equation (47), which describes the rotational dynamics, can
be parameterized in a way such that the moment of inertia
of the UAV, Iy av = [Is, Iy, I..])", appears linearly:

Y(aw7dw7&w)IUAV = ul- (48)
Consider the following definition
5 = Gy + Mgy (49)

where &, = qy, — Qpds g 1S the desired value of «,, and
A, € R3*3 is a symmetric positive definite matrix. Equation
(49) can be modified as

5=y — Qg (50)

where
Oy = Qypd — Asduw

(SD

A matrix Y =Y/ (auy, Gy, Qpr, (o) can be defined, to be
used in linear parameterization, as in the case of (48), such
that

M(aw)dWT+C(aw7 Qw)dT = Y/(Oéwa dwa dwra C“YwT)IUAV-
(52)
It can be shown that the following nonlinear controller,

UNadp = Y'Iyay — Kps (53)

where Kp € R3%3 is positive definite matrix and I is an
estimate of the uncertain parameter I, with an adaptive law

Tyav = —T;Y's (54)

where I'; is the adaptation rate, stabilizes the closed loop
system and makes the error ¢&,, converge to zero.

The total thrust w; is provided in (42). The rest of the
control inputs in (8) can be calculated [16] by first defining

"

=1
u’ = (E(aw)T) u' and performing the following opera-

” =1
ug = Uog uz| _ |Se; —Coy Uy
- - "
50, Uy co,  So; usg
Once these control inputs are determined, the thrusts created

by the rotors can be calculated using linear relationships
given in (9)-(12).

tions:

(55)

IV. SIMULATION RESULTS

Simulation results for two different scenarios are pre-
sented in this section, where the proposed controller is
implemented using the nonlinear dynamics of SUAVI. The
reference model for the design of Model Reference Adap-
tive Controller is determined using an LQR with Q =
diag([100, 100, 100]) and R = diag([1,1,10]). It is as-
sumed that UAV mass is uncertain with a 20% uncertainty.



For the mass moment of inertias, 100% uncertainty is as-
sumed, meaning that no prior information for these variables,
Lz, Lyy, 1., are used in the controller design. Nominal
system dynamics parameters for SUAVI can be found in [16].

A. First scenario

In the first scenario, SUAVI takes off vertically with 90-
degree wing angles. After finalizing the take-off at 10 meters
above the ground, at t=10 seconds, SUAVI tilts its wings
from 90 degrees to 20 degrees, while hovering at constant
altitude. This tilting action takes 10 seconds. After wings
reach their final position of 20 degrees, the UAV flies in the
X direction for 150 meters, stops, and tilts its wings from
20 degrees back to 90 degrees, while still hovering, and gets
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Fig. 3: Tracking curves for the attitude and the position of
the UAV for Scenario 1.

ready for the landing. Finally, SUAVI performs a landing in
10 seconds while the wings are in vertical position.

Figure 3 shows the tracking performances for the attitude
angles, roll, pitch and yaw, together with X, Y and Z po-
sitions, which shows that the employed nonlinear controller
behaves as expected. It is noted that the change in pitch
between t=10 seconds and t=20 seconds are due to the tilting
of the wings, which is presented in Fig 4. As the wings are
tilted, the inner loop controller changes the pitch to keep the
UAV hovering without moving in X or Y directions. Rotor
thrusts are presented in Fig. 5, showing that they are smooth
and they vary within a reasonable range.

B. Second Scenario

In the second scenario, the UAV makes a vertical take-off,
with 90-degree wing angles, stops at Z=-10 meters and tilts
its wings from 90 degrees to 20 degrees while hovering at
the same spot. With 20-degree wing angles, the UAV flies
approximately 30 meters in the X direction and then follows
a circular trajectory, while still at Z=-10 meters, with a radius
of 3 meters. After completing the circle, SUAVT tilts its wings
from 20 degrees back to 90 degrees and a performs a vertical
landing while also keeping its wings vertical.

Wing Angles [deg]
IS o m ~ ® ©
8 3 3 3 3 8

W
s

20

10 L L L L L L L L L
0 10 20 30 40 60 70 80 90

50
Time [sec]

Fig. 4: Evolution of wing angles with time.
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Fig. 5: Motor thrusts at Scenario 1.

Figure 6 shows the tracking performance of the controller
for the position and attitude loops, which confirms that the
orientation and the position of the UAV follow their desired
values with reasonable speed. The pitch angle change starting
at t=10 seconds are due to the tilting of the wings (see
Fig 4) and the inner loop controller’s effort to keep the UAV
hovering at the same spot without moving laterally during
this wing movement. Generated thrusts by the rotors are
shown in Fig. 7, where it is seen that thrust variations are
smooth and in a reasonable range.

It is noted that in both of the scenarios, fixed wing
capability is not fully utilized. Special trajectory generation
methods are required to benefit from this capability which
will be reported in upcoming publications.

V. SUMMARY

The implementation of a nonlinear hierarchical adaptive
controller on a quad tilt-wing UAV with uncertain dynamics
has been presented. The controller consists of two levels,
where a model reference adaptive controller is at the higher
level determining necessary forces to make the UAV follow
a given trajectory, and a nonlinear adaptive controller is at
the lower level ensuring that the attitude angles are adjusted
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Fig. 7: Motor thrusts at Scenario 2.

properly to produce these forces. Nonlinear UAV dynamics
is utilized in the controller design without any linearizations.
In addition, thanks to a hierarchical design, the position
and attitude controllers can be constructed independently
providing flexibility to the control engineer. Finally, with the
help of online control parameter adjustment, uncertainties in
the mass and moments of inertia can be handled without the
need for parameter estimation. Two different flight scenarios
were simulated and results of the simulations are quite
satisfying. Variations in system dynamics due to the tilting
of the wings and the ability of the adaptive controller to
compensate these variations will be investigated in future
research studies.
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