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Abstract

In this work, we present a UAV with an H-shaped structure with four tilt rotors and equipped with a camera.
We develop the complete dynamic model, which is used for numerical simulations. We also design a simplified
dynamic model, which is formulated to facilitate the control system design. In the following, we develop a
control system to UAV tracks feasible trajectories and orientate the camera, even in the presence of external
disturbances and perturbations, such as wind gusts and modeling errors. To control the UAV position, we use
the robust H.. control technique and a dynamic inverse to compensate for the nonlinearities. To control the
UAV attitude, rotors inclination, and camera pointing, we use the Generalized Super-Twisting Algorithm control
technique and compensation of the nonlinearities. To analyze the system performance, we realize numerical
simulations, where we verified a satisfactory performance.
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1. Introduction

The use of unmanned aerial vehicles (UAVs) has been shown very advantageous. Since replacing
the manned aerial vehicles, we can have a cost reduction and perform previously unfeasible tasks.
The UAV we use in this work is the H-shaped quad tilt-rotor, which has the four rotors positioned,
forming an H-shape (see Figure[T). With this structure, the UAV has direct actuation in two directions;
which allows it to take off and land vertically and move forward/backward without inclining. This
structure, which is little explored, shows advantages in tasks requiring high speeds or a coupled tool.
An example of a task is surveillance. In this case, besides being composed of vigilant and fixed
cameras, it also would have mobile cameras, increasing the coverage area and adding the possibility
of following a target. Concerning the system structure, we can couple a camera to the UAV body
through a gimbal mechanism, which offers more degrees of freedom for the camera movement. In
this work, we use a gimbal with two degrees of freedom, as shown in Figure[i]

Also, we can add robust controllers to the whole system, aggregating robustness in situations in
which the UAV is exposed to external disturbances.

Concerning the control systems, we found few works related to the H-shaped quad tilt rotor. In [1],
is developed a control system for an H-shaped quad tilt rotor equipped with a camera aimed for
racing purposes using PID controller, whose gains were tuned through genetic algorithm. Besides, [1
considered the rotors to move equally.

However, for others UAVs structures, we verify in the literature that control systems is a lot explored
theme. This can be seen in [2-4], where were realized reviews of control techniques applied in
UAVs. In these works, the UAV most used is the quad rotor in X-shape structure. Several control
techniques have been used such as PID [5], LQR [6], robust control A.. [7], feedback linearization [8-
10], backstepping [6,,7], sliding mode control (SMC) [11H15], and intelligent control system techniques
[1,/4]. After some analysis of the system response, robustness, and control effort, we concluded that,
in general, the SMC presented the best performance [2H4].
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The SMC is a robust nonlinear control technique that has been widely used. The conventional one,
the first-order SMC, has the disadvantage of generating chattering, which is caused due to the dis-
continuity presented in the control signal. We can use the high-order SMC (HOSMC), characterized
by a continuous control signal, whose times derivatives are discontinuous, to deal with this issue.
Then, the chattering is attenuated, and the robustness is maintained [16].

As an example of a HOSMC methodology, we can cite the super-twisting algorithm (STA) [17]. This
control technique is characterized by a continuous control signal with the first-time derivative discon-
tinuous. Moreno and Osorio [18] analyzed this control signal robustness and verified that it has a
strong action near the origin than far from there, dealing better with disturbances that act near the
origin. Moreno [19] proposed a variation of the STA, known as generalized super-twisting algorithm
(GSTA), by adding terms that grow over time. Then, besides having a strong actuation near the origin,
it also has the capability of a strong action far from there, dealing with a large class of disturbances.
In this work, we develop a control system for the H-shaped quad tilt rotor equipped with a camera
presented in Figure [1| to track trajectories as well as to guide the camera even in the presence of
external disturbances, such as wind gusts. Some of our preliminary works are presented in [20,21].
The paper is organized as follows. In Section [3.we present briefly the complete and the simplified
dynamic models, which is used for the control design. In Section [3.we present the control system
development. In Section [4. we presented the results performed through numerical simulations. In
Section[§.we present the work conclusions and proposes for future works.

Figure 1 — H-shaped quad tilt rotor.

2. System Model

In this Section, we use small letters to represent scalar variables, bold small letters to represent
vectors and bold capital letters to indicate matrices. We also consider the representation s, = sin(x)
and ¢, = cos(x).

To model the system, we fix coordinates systems in each body of the system. As we can see in
Figure 2] the coordinates frames B, ¢, &,, €3, €4, and €5 are fixed in the center of mass of the UAV

body, rotors 1, 2, 3, 4 and the gimbal, respectively.

T
We choose as generalized coordinates vector g = {éT n’ a’ y'| eR?*! where§=1[x y z]T

andn=1[¢ 6 w]T represent the UAV position and attiude, respectively, & = [y @ o3 a4]T
represents the rotors inclination and y = [ }’z]T represents the gimbal movement.

2.1 Kinematic Model

Using the Euler angles formalism and considering the generalized coordinates n, we obtain as rota-
tion matrix [22]

CyCo CySeSp —SyCp CySeCy + SySp
R}, = (R%ZJI/) <R%y19> (R‘Bx,cp) = | SyCo SySesSy+CyCy SySeCy — CySy | (1)
—S9 CoS¢ CoCy

where Rj, represents the relation between the orientations of J and 3.
2
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Figure 2 — UAV with coordinates frames.

As the rotor i moves around %y and using the Euler angles representation, we have

coy, 0 sq
RE = (Re-,.yyai) 0o 1 0], 2)
—So, 0 cq
fori=1, 2, 3, 4.
With regard to the gimbal, it moves around %y and %z. Representing these movements respectively
by the angles y; and y and using the Euler angles representation, we have

B ‘nCy —Sn nSp
Ry, = (Rﬁsy.,h) (R‘Bzm,) = |5nfr fn Sndp | (3)
=Sy 0 Cy
where Ry, transforms the orientation of €5 to B.

We achieve the kinematics relations by deriving with respect to time the relations in (), (2) and (3),
obtaining

. j ~ ~
Ry = Ry S(03y),
- B

R; =RES(07),

- B
Ry, =RE.S(0f),

CRGRC

T T T
- Jo_ J J J B __ B B B B __ B B B
fori=1, 2, 3, 4, where %—[%x W3, w%} ,wﬁ.—{%x O, %Z} ,and oy, = | O, O, %SZ]

are the angular velocity in B, &;, and €s, respectively. The matrices S(a)gB), S(w@), and S(w?s) are
skew-symmetric matrices [?]. Manipulating (4), (5) and (6), we obtain the following relations
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1 0 —sp i)

(DJ;B: 0 Co oSy 9 :an], (7)
0 —s¢p coco| |V
[0

g = [1] &=wqa, (8)
0
=Sy O] r.

oX=|0 1 m =Wy, 9)

12

C, O

To obtain the linear velocity, consider a point P, located at “ip; = [“p., %p, Q"pz,.]T in @;, for i =

0, 1, 2, 3, 4, 5. Considering % p;, we describe the location of P, in J as
¢;
"pi =Ry (RE“pi+dg) +¢. (10

T
where dg = |dg, dg, dg | is the distance between ¢; and %, for i =0, 1, 2, 3, 4, 5. Being the
relations (4), (5) and (6), we derive with respect to time, obtaining

i ="p; = RyS(@%) (RE “p; +dY ) + RERES(@F) p; + &, (1)
fori=0, 1,2, 3, 4, 5.

2.2 Complete Dynamic Model

In this section, we develop the complete dynamic model of the H-shaped quad tilt rotor equipped with
a camera using the Euler-Lagrange formalism.

We can describe the system model with the following structure

M(q)§+C(q,9)q4+8(q) = f(q)+ fa; (12)

where M(q) € R'2%12 js the inertia matrix, C(q,q) € R!>*!2 is the centrifugal and Coriolis forces, g(q) €
R!2<! is the gravitational vector, f € R!2*! is the forces vector that affects the generalized coordinates,
and f, € R>*! is the disturbance force vector.

Considering the velocity in (11), we obtain the inertia matrix through the kinetic energy % (¢,4) as

5
#law)=Y (3 [0 van) = 54 Mg (19)

From (13), we obtain a inertia with the following structure

Mg Mg, O34 O30

ML M M M
M — gn 17 77-,0‘ 1777
@ Q43 Mpy Mg Oy
O3 M 024 M,

(14)
.y

where O,,«, € R™*" indicates a matrix of zero, and with

My =ml3,;3 € R¥S, Mg, =RLHW, € R,
B B
My = WTan?Wn e R¥3, » My o= WT,T, [§¢11¢1 R¢2€¢22 REIe, REIe,)wg R,
My = we (diag (I¢1,2¢22,I¢3,I¢4))wa ERY, My y=WiRE I, Wy R¥2,
My=WyIe,W,yc R,

where Iy, is the inertia matrix, m; is mass of the body i, and

4



ROBUST CONTROL OF UNMANNED AERIAL VEHICLE WITH TILT ROTORS AND CAMERA

nmy = Z?:o mj,
T
Js =Y odm, =Y (R?,.I@i (RZ) +mis(d§)TS(dé)) ;
H=-Y ,mS(dg),
fori=0, 1, 2, 3, 4, 5.
To obtain the centrifugal and Coriolis matrix, we use the Christoffel symbols of the first kind, as
follows [22]

dmy;  dmy; 8m-~)
12 L R ZT ) g, 15
Z ( g oq  dax )1 (1)
where my ; and ¢ ; are the (k, j)-th elements of the matrices M(q) and C(q,q), respectively. We
structure C(q,4) as

O3x3 Cep Osxa O3x2

. @3><3 Cn Cn.a Cny

Clq.q) = , 7| 16

(9.9) Osx3 Cam Osxs Osx2 (16)
@2><3 C’y,n ©2><4 Cy

We obtain the gravitational vector through the potential energy % (q) as g(q) = ‘”g; 9 where

5
%(q) =Y, ~gk (Emi+ Ridgm) (17)
i=0

withk=[0 0 I]T and where g is the gravity acceleration. The structure of g(q) is

8¢
—| & | 18
g(q) Ount (18)
01

The vectorf(q):[ij T, Ty 1:},] is composed by the forces f7 = [f7 f? fj] and torques

=% 7o TW]T generated from the propellers forces f, = [f,, fp, /fps f,,4] . It also contains

the torques of the rotors Tq = [7o, Ta, T, ra4]T and the torque of the gimbal 74 = |7, r,,z]T.
There is component of each propeller force in Tx and Zz directions. We also have torque due to the
distance between the propeller location and B origin, and due to the drag on the propellers. Being
k: and k. the drag and thrust coefficients, respectively, we write the following relations to consider all
the forces and torques generated by the propellers

P =Ryf® =R} [ba, bay, ba, ba,)f), (19)
T =Wat® =Wj [by, by, by, by, [ (20)

with
sai dgycai +kli.§'al
ba'_ == 0 5 bb, = dgi:gai _ng'C(xi 3
—das% —kcq,

fori=1, 2, 3, 4, and with k = )Ll Ms=—-land A, = A4 = 1.
With the relations (T9) and (20), we write the vector f(q) as

R?BBa ©3><6 fp
f(@)=|WyBy, Ol |Ta| =B(qu, (21)
Oe6x4  Ioxe | | Ty

5
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with B, = [ba, b,
trol.

In conclusion, we use the model developed in this section to emulate a real H-shaped quad tilt rotor
equipped with a camera in numerical simulations.

ba, ba,|, By=[by, by, bp, bp,], and where u € R'%*! is the real input con-

2 3

2.3 Simplified Dynamic Model for Control Design

As we are dealing with a strong and complex system, we simplify the complete model obtained in
Section |2.P to facilitate the control system development.

In this section, the main objective is to obtain a decoupled dynamic model. For that, we write the
model as a sum of a decoupled dynamics and the errors due to the coupling terms neglected, just
like

M(q)=M(q)+M(q), (22)
C(q.4)=C(q,9)+C(q,9), (23)
g(q) =8(q)+8(q), (24)

where M(q), C(q.4), and g(q) are the decoupled model and M(q), C(q,4), and g(q) are the errors.
With those matrices and vectors, we rewrite the model as

g=M"(q)(~Cla.a)a—2(a)+F(a)) +P(a.4.4), (25)
with

p(9.4.9) =M '(9) (fa—M(9)5—C(q.9)—&(q)) +d(1), (26)

where the vector d(¢) € R'?*! is added to represent wind gusts disturbances.
Note that p(q,4,4) depends of the generalized coordinates and its time derivatives. As those coordi-
nates are bounded, it is reasonable to make the following assumption.

Assumption 1 The uncertainty p(q,q,4) is bounded as

1p(g,4,9)| <P, (27)
with p > 0.

T
In addition, we can obtain a decoupled vector p = [f)g Py Pa pﬂ through numerical simulation

considering the generalized coordinates boundaries.

In the following, we omit the terms (q), (¢,4), (¢,4,4) and (¢) to simplify the notation.

To obtain a decoupled system, we consider: i) the origin of 98, €, and €5 are coincident, which imply
in d% = d% = Os«1; ii) the rotors are symmetrically located, which lead to |a"B | =d,, ]d% | = J and

|d’B | =0, fori=1, 2, 3, 4; iii) the dynamics of the UAV attitude and rotors inclination are decoupled
by domg Jop, > J% ~ Osy3, fori=1, 2, 3, 4, 5; iv) the mass and inertia of the rotors are equal; and
v) the coupling terms are My o ~ @3X4 and My , ~ O3,,. By doing this, we obtain

My 035 O 030 O3x3 O3x3 Osxa O3x2 8¢
i |93 M, O3xa O3x2 & O3x3 Cp O3x4 Osx2 g = O3x1

Q4x3 Osx3 Mg Ouun|’ Osx3 Oax3 Oaxa Ogiz |’ O4x1

025 Opus Opua My O2x3 Oax3 O2xs4  Cy Oax1

We also have coupling terms in the vector f(q), as we can see in (21). Thus, to divide the dynamics
(25), we consider the relations and and obtain
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E = #r;' (—G;’H—R%f%) +pe, (28)
i) = B, (—é,,n +W,T,r%) +Py (29)
&=M, T4 +p,, (30)
y= ot (—éyjur 'ca) +py. (31)

Finally, we use the subsystems (28), (29), and for the control system development.

3. Control

This section develops a robust control system for the H-shaped quad tilt rotor equipped with a camera.
We observe in Section[2.3that we are dealing with a nonlinear and underactuated system. A common
solution found in the literature corresponds to developing a cascade control system to deal with the
underactuated behavior. In this scheme, we control the UAV position in the outer loop and the UAV
attitude in the inner loop and use the roll reference as an intermediate control input.

As we can see in and , the control input are the signals f* and t®. To obtain the propellers
forces and rotors inclination correspondent to the force and torque in 8, we develop a mapping basing
on the work of [20]. The control scheme proposed is presented in Figure (3).

a ) ~ ‘B ) )
e
& | Position f B f P,
8 ontroller - o
g Or ) £
[5) > =
= ) &
L Y 0 . <
O r | Attitude 3| = o q
'dg) Yr IControlle] a “1q
3]
% —
— A
=~ —/
y | Camera |
r .| Pointing
" IControlle

1L

Figure 3 — Control Scheme.

To control the UAV position, we choose the feedback linearization and the robust control H.. tech-
niques. We use the generalized super-twisting sliding mode control technique with a control law to
compensate for the nonlinearities for the remaining subsystems.

3.1 UAV Position Controller

In this section, we develop the control system for the UAV position using the feedback linearization
and the robust control H., techniques.

Considering the dynamic (28), which will be used for the control development, we formulate the
feedback linearization control law as

P = (R%>T<Mgl (v§+§,>+6¢), (32)

where &, =[x, y, z,}T is the position reference and vy = [v, v, VZ]T is the control law formulated
by the robust H.. technique. Replacing the control law in and being & = & — &, the error dynamics,

7
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we obtain the following linear and decoupled dynamics

E=vg+pe. (33)
As we are dealing with a decoupled dynamic, we divide in the three subsystems i = v, + p,,
y=v,+pyand zZ=v,+ p.. To write a state space model, we define as states vector g, = [i X fi] T,

g,=1[y ¥ fy”}T, and g, = [z £ fZ}T, where the integral term is added to improve the system
response. With those vectors, we write each dynamic as

4; = AiG; +by,vi+bg,p;, (34)

01 0 0 0
Ai=10 0 O, b,= 11|, bg=|1], (35)
1 0 O 0 0
fori={x, y, z}.

We design the control laws as v; = k;g;, where k; € R'3, for i = {x, y, z}, are gains vectors. Replacing
those control laws and being ¥; the output system for input p;, we have in closed-loop

with

9i = (Ait+buki)§i+bap; =Ac,qi+bap;
A
clj

¥ =(Cit+duki)gi+dap; =Ce,qi+dap;
C
cl;

where C;, d,,;, and dy,, for i = {x, y, z}, are weighting matrices for the robust control H...

The objective of the robust H.. control technique is to minimize the system norm H., minimizing
the disturbance effect on the system output [23,[24]. Being H;(s) the system transfer function and
considering the disturbances p; have energy bounded, we can write

9
1 (5)]] = sup 212 < o @37)
pill2

fori={x, y, z}.

To analyze the closed loop stability, we propose the Lyapunov function V(g;) = g’ P:g;, Pi = P} > 0,
whose derivative V;(g;) must be negative definite. Considering and V(g;) =

we write

q! Pig; +q; P;g; <0,

4} Pig; + @ Pig; + 9] 9 — x7pl p; <0, (38)

fori={x, y, z}.
With the dynamic (36), we rewrite as

Al Pi+PiA,,+CLCy PiBy+Cl Dy [
~T T cl.Li idel cl;Lcl iDd cl;Md q;
1 1 i i i i i i i < 0 39
[ql pl ] |: Bg,-Pi"‘DZ,-Ccli Dg,-Dd,- —XZ]I pi ’ ( )
for i = {x, y, z}. We verify that is negative definite if the following condition is satisfied
aPi+PiAc, +CL Coy, PiBg,+Cly Dy, <0 (40)
Bl Pi+ D] C,, D} Dy, — x*1 ’

for i = {x, y, z}. To formulate a stabilization problem, we manipulate mathematically the matrix in
to become it linear. The mathematical manipulation consist in the following steps: i) pre and
post multiply the matrix by diag (P;l,]l); ii) apply the Schur complement [23]; and iii) change the
variables W; = P; ', ¥; = k;P; ', 1; = x*. Then, we obtain

AW, +WAl +B, Y, +Y'B, +
By, —wl x| <0, (41)
CiW;+D,Y,; D; I

8
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fori={x, y, z}.
Considering (41), we propose the Theorem|i]in order to minimize the || H;||-..

Theorem 1 Characterizing the norm of the closed-loop system (36) as ||H;||l < x:, if the following
optimization problem

minimize Wi

“7 Wh Yl
subject to
Y; >0, (42)
Wi=W7 >0, (43)
AW, +WA +B,Y; +Y'B, x
Bd,- —[.L,'H *| <0 (44)
C:W; +Du,-Yi D; 1

is feasible, the closed-loop system (36) is asymptotically stable and the gains matrices and the norm
H.. are given by

ki =YW, (45)
[Hilleo < /i (46)

fori={x, y, z}.

3.2 UAV Attitude, Rotors Inclination and Camera Pointing Controllers

We design the UAV attitude, rotors inclinations and camera pointing controllers basing on the dynam-
ics (29), and (31). First, we divide the control signals t%, 7, and ty as

2 =% 117, (47)
Ta=Ta+T1,, (48)
Ty = %'y‘i‘ le, (49)

A A A BT 4 A A A A T A a ~ 1T .
where % = [t 17 5], ta= [t fw fw fa) andy=[%, %,] areresponsible to com-

T
pensate the nonlinearities and to stabilize the nominal system, and ¥ = [rﬁ ™ 1:1‘5;, y Tl =

o

[Tl Tly, Tl %]T and 71, = [71,, nh]T are formulated to deal with the external disturbances
and modeling errors, adding robustness to the system.

We develop the control system in three steps: i) sliding surface synthesis; ii) formulation of the control
laws 1%, %4 and ,; and iii) formulation of the control laws ¢, 7, and 71,

The usual choice of the sliding surfaces is a linear combination of the system states errors. Being the
error dynamic =n-n,, & = o — o, and ¥ =y—¥,, where n,, &, and ¥, are the desire references,
we define as states vector g, = [" 7" 47" gq=[a" & fa&’]" and a,=7 7 17
We add the integral term to improve the system response. With those vectors, we define the sliding
surfaces as

. - [ ~
Gy =1+ A1, fi+ A, /0 fids, (50)
) t
Co— &+A1aéz+A2a/ adr, (51)
0
. ~ l~
Gy =F+ALT+As, /O ydr, (52)

9
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T T T .
where 6y = [0y 0y Oy] , Ca= [0y Oau, Ou Ou] and 6y= [0, oy] are the sliding sur-

faces and

Ay, =diag (Ag,, A, Ay, ) € R, Ay, =diag (Aa,,, das Aas s Aay, ) € R A, =diag (Ay,,, Ay, ) € RPZ,
Ay, =diag (Ag,, Ao, Ay,) € RV, Ag, =diag (Aayy, Ao Aasys Aasy) € RY Mg, = diag (Ay,, Ay,) € RPZ,

are gains defined by the designer.
We formulate the control laws %y, T and 7, as

2% =Wy (Byvy +Cqn) (53)
%a - MaVa, (54)
%'y = (MyVy +é'y'y> s (55)

with

vy =1, — A, N — A, 1,
Va = (Z,—Ala&—l\za(x,

Vy = ;Yr - Alyi,_ A2y?‘

We formulate the control laws =¥, 7, and ty as

Tig — Ma'tgstaa (57)

717 = M’y'rgstyv

o
*

B » 3 .3 |7 T
where Tgst = Tgstq, Tgstg Tgstw} y Tgsty = |:Tgsta] ”v-(gns't&2 Tgst% Tgsl%}

formulated using the generalized super-twisting technique just like

T
and gy, = [rgs,n rg%] are

t
T?yt = —Klnvln —Kzn/o Vznd‘L', (59)
t
Tost, = — K1, V1, —Kz,,/ Vy,dT, (60)
0
t
Tgsty = _KIYVIY_KZY/O szdT, (61)
T T .
where Vln = [V,'¢ Vig ViW]T, Vi, = [Vial Viaz Via3 V,'a4] and V,',, = [Viyl V,'h] , fori= 1, 2, are
equal to
L,
Vi, |oi|>sign(04) + k3,03, (62)
. 1,
vs, = Lsign(ci)+ ks, |0l sign() + 1,0,

fori={n, a, vy}, with

Kl'l = dlag (k1¢,k19,klw) S R3X3, K]a = dlag (kla] ,k1a27k1a3 ,k1a4) S R4X4,K17 = dlag (k171 7k172) S szz,
Ky, = diag (ks, k2, ko, ) € ¥, Ky, = diag (l%l g, kg, ,1%) € R4 K, = diag (kzyl ,kzh) e R?2,
K3, =diag (ks ks,. ks, ) € B>, K, —diag (kgal gy, ,1%) € R Ky = diag (kgyl ,kgyz) € R>2,

10
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being gains defined by the designer.
Applying the control laws and in (29), and in (30), and and in (31), we

have in closed-loop

t
6n(9,9.9) = —K1, 1, —Kz,,/o V2,dT+ Py, (63)
!
Ga(‘lﬂﬂ) = _Klavla _KZa/O VZadT+pa7 (64)
t
6y(9.9.9) = —K17V1,—K27/0 V2,dT+p,. (65)

Defining the new variables h; = [h1, hy,] r= [6; K, Jo Vo, dT + pil " we rewrite the dynamics ,
and in a scalar way just like

h] —ky,v1,+ ho,

! : 66
hz,- - 7k2,‘ V2,« +Pi> ( )
fori:{(pa 65 lllv oy, O, 03, 04, ,}/17 ’}/2}
Assumption 2 The uncertainty pi(q.,q,q) is limited as

with p; >0, fori={¢, 0, v, a1, oz, 03, a4, %1, Yo}

To verify the conditions in which the system trajectories converge to the sliding surfaces, we realize
the following procedure basing in the work of [19,25].

To verify the system convergence in finite time, the authors in 19 define the vector § = [vl,. hzi]T,
whose dynamic is written as
; &, r |~k 1 1, /
P ypu— . ! = ! ~ ! = _A' . 68
gl |:€21 v1,- _k2,-+pi Czi vl, le ( )
N ——
A;
with
/ V2, 1 X
- - +K3,  Pi Pi,
11 vll 2‘]’11[‘% % i

fori={¢, 0, v, oy, a, s, ou, 71, 1»}. Note that if {; converges in finite time to origin, then, h; also
converges, fori={¢, 0, v, o, o, o, o, 71, P}, [25].

Assumption 3 The uncertainty pi(q,q,4q) is limited as
= . pi =
0i(9,4,4)| < ‘7) <2p;, (69)
2;
with p; >0, fori={¢, 0, v, oy, o, 03, 04, i, P>}

Using ¢;, 19| proposed the quadratic Lyapunov function V;(&;) = ¢} P;¢;, with P; = PT > 0, for i =
{0, 0, v, a1, op, o3, a4, 71, ¥2}. Basing in [25], the authors chose the following matrix P;

2
Pi— [Plf_;fz,- fz:] | (70)

with p;, >0, fori={¢, 0, v, ai, op, oz, a4, N, Vo}.
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Deriving Vi(&;), we obtain

Vi(§) = vi,Li (AT Pi+ Pii) &, (71)
fori={¢, 6, v, a1, o, 03, au, ¥i, 1»}. Considering Assumption 3, we rewrite (71) as

Vi(§) < —vi,6i L, (72)
where Q; = — (A] P;+ P;A;), with
(

_ 2ky,(p1, +p%,~) - 2p2i<25i +k2i) _p%i —ki,p2; + ko, — py, +2ﬁi

0= , (73)

_p%,- —ki,p2; + ko, — p1, +25i 2py,
fori={¢, 0, v, a1, @, 03, ou, %1, 1o }. We can observe that V;({;) in (71) is negative definite if Q; is
positive definite. To verify the positiveness of Q;, first we choose k», = ki, p», + p1, and then we check
the conditions in what Q; is positive definite. From then on, we propose the Theorem

Theorem 2 The trajectories of the closed-loop systems (63), and (65) converge in finite time to
the sliding surfaces if the following conditions are satisfied

p1;, >0, (74)

p2, >0, (75)

k> 4p1,p3, + (2P +P%,.)2 (76)
4p1.p2;

ko, = ki,p2, + pu;. (77)

k3i >0, (78)

fori={¢, 0, v, a1, o, 3, 04, Y1, %2}

3.3 Mapping

This section develops the mapping proposed to obtain the propellers forces and rotors inclination
correspondent to the signals generated from the UAV position and attitude controllers exist in 5. The
mapping presented in this work is based in [20].

We rewrite the relations in and as

f=2fp, (79)
with
v
B ch”“ 1 0 1 0 1 0 1 0
B f”xz o 1 0 1 0 1 0 1
R Tl v B R T S
2 f”*z 0 d 0 d 0 —-d 0 —d
T, pr3 dy —k —-dy k —dy, —k d, &k
Pxy
_fP24_

where f, = fpsa; @nd f,, = fpcq, fori=1, 2, 3, 4, are the component of the propellers forces in Bx
and ®z directions, respectively.

As % is not square, we use the pseudo-inverse matrix of Moore-Penrose %', obtaining the following
inverse relation

fp=2. (80)

12
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Table 1 — UAV parameters.

Parameter Value Parameter Value
my 15kg g [0 0 —005]"
mi,my,ms,my  0.15 kg di  [-035 —035 o]T
ms  0.15 kg dg [-035 035 o]
I, diag (36.3,36.3,61.5) x 10 kgm* dg 035 035 0" m
I, Ie, e, I, diag (8,7,2) x 10 Skgm? dg 035 —035 0]
I, diag (2,2,2) x 10~Skgm? g o o —01]"

ke 1.7x1077 Nms?
k. 9.5x107° Ns?
g 9.81ms2

From (80), we calculate the propellers forces and the rotors inclination references as

fu= [ T3+ 12,

o, = atan2 (fpxi7f[7z,-) )
parai=1, 2, 3, 4.

4. Results

In this section, we present the results obtained from numerical simulations realized in MATLAB/Simulink
software.

In the simulation, we use the complete model developed in Section The parameters used are
presented in Table[T] which were obtained from the previous work [20,21].

To simulate a situation closer to the real, we add disturbances to represent aerodynamic external
forces and wind gusts. The forces with magnitude 2N, 2N and —2N were applied in the forces f7,
fyf‘ and f7 at 10s, 255 and 40s respectively. To represent wind gusts, we applied the disturbance d;(t) =
0.25in(0.2t)m/s?, fori = {x, v, z}, and d;(t) = 0.2sin(0.2t)rad /s*, fori={¢, 6, v, oy, 0o, 03, 04, Y1, 1>}
We also considered saturating actuators, with which the forces and torques can vary between ON <
TovsSpas foss Jps S 18N and —1IN.m < Tg, Ta,y, Tas Taw, Ty Ty < 1IN,

To obtain the UAV position controller gains, we chose the weighting matrices C;, d,;, and dg,, for
i ={x, y, z}, according to the settling time, control effort and action of the disturbance in the system
output, respectively. Then, we resolved the optimization problem presented in Theorem[i] After some
analysis of the system output, we chose the values presented in Table

We choose the gains of the UAV attitude, rotors inclination and camera pointing controllers accord-
ing to the conditions in (74), (75), (76), and (78). To estimate a boundary for the disturbances
Py, Po and p,, we make some numerical analysis, and we verified that is reasonable to adopt
the values presented in Table Additionally, we verified that the greater the gain k;,, the faster
the system response. Concerning to k»,, we note that it affects the system robustness, i.e., the
greater the gain k»,, the more robust the system response. Finally, we chose py,, p», and k3, ob-
tained the gains k;, and k,, and tested in numerical simulations until the system response was sat-
isfactory, for i = {9, 0, v, oy, o, a3, ou, 71, »}. We present the gains chosen in Table [3| where
Pi, = [Piy Pie Piy]s Pig= [Pia, Piwy DPia, Pia,] @0d p;, =[P, pi,],fori=1,2.

In order to have variations of the generalized coordinates and its time derivatives, the desired tra-
jectory consists of an 8-shaped curve with an initial path beginning on the floor. Without this path,
in the beginning, the altitude error is high, demanding a strong control effort. Thus, the UAV starts
executing the trajectory on the floor and, when it reaches the desired altitude, it starts to execute the
8-shaped curve, which has the following structure

13
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Table 2 — Robust H., Control: Parameters and Gains.

Parameter Value Gain Value

Cx diag(3,1.5,3)

X dy, [0 01 01]"  k, [-23.7272 —8.6238 —34.9940]
d,, 0 04 1]7
C, diag(2,1,2)

y dy, [0 01 01]" k,  [-19.1286 —6.7548 —26.2795]
dg, 0 03 1]
C; diag(4,1,4)

z dy, [0 01 01]" k,  [-29.3486 —8.1534 —48.5580]
dg, 0 04 1]

Table 3 — GSTA: Parameters and Gains.

Parameter Value Gain Value
Py, 2 14 2] K, diag(8.4391,7.7344,10.7667)
Ky, diag(2.3442,2.9748,2.6917)
n P2, 1.8 1.3 2] K3, diag(1,1,1)
A, diag(10,6,10)
Pn 2 2 2" A,, diag(25,9,25)
P, 2 2 2 2] K, diag(8.4391,8.4391,8.4391,8.4391)
Ky, diag(2.3442,2.3442,2.3442 2.3442)
o P2, 18 1.8 1.8 1.8] K3, diag(1,1,1,1)
A, diag(40,40,40,40)
Py 2 2 2 2] Ay, diag(400,400,400,400)
p1, 2 2] K,, diag(10.7667,10.7667)
K,, diag(2.6917,2.6917)
Y P2, 2 2] K3, diag(1,1)
A,, diag(40,40)
Py 2 2]" Ay, diag(400,400)
x—500s<27r2> (81)
y = S5sin (171; ) (82)
7=6—6e". (83)

We chose a trajectory that varies between a sinusoidal curve and a constant path to see variations
of the gimbal coordinates for the gimbal.

In Figure |4, we present the UAV trajectory desired and executed. We see the UAV was capable of
the trajectory imposed for it. More specifically, in Figure we present the generalized coordinates
of the UAV position and its tracking errors. We observe the trajectory tracking with errors during the
simulation. The error at 55, approximately, occurred when the UAV reached the desired altitude due
to the direction’s change. At 10s, in X graph, at 25s, in § graph, and at 40s, in Z graph it is possible
to observe the effect of the disturbances on the generalized forces that are rejected by the control
system.

In Figure [5b| we present the generalized coordinates that represent the UAV attitude, their tracking
errors, and their respectively sliding surface. In the graph of the roll angle, we see that the trajectory
tracking. In the error graphs, we see variations in the beginning and at 25s. The first one occurred
because the system did not reach the sliding surface yet. The last one is addressed to the disturbance

14
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Figure 4 — UAV trajectory.

applied in f7, since the UAV had to move in %y direction to compensate the disturbance. Also, we
see almost no variation of the pitch angle, even the UAV moving in ®x direction.

In Figure [5c, we present the rotors’ angle inclination, their tracking errors, and their sliding surfaces.
We observe the rotors inclined to UAV move in x direction. We note oscillations, which came from
the UAV attitude controller, but with low amplitudes. We also see the effect of the disturbance fyf’ at
25s.

Concerning the gimbal movement, we see in Figure [5d]tracking errors in the changes of the path, i.e.,
when they change from the constant path to the sinusoidal path and vice-versa. More specifically, in
the y graph, we see a higher variation due to the initial conditions errors.

In Figure the propellers’ forces reached the upper limit of the saturator, but in the rest of the
simulation, they kept within the boundaries. Regarding the rotors’ torque, in Figure [6b] we see they
within the saturators limits and with small variations due to the chattering. In Figure [6c, we also that
the torques of the gimbal kept within the saturation boundaries, and they also have small amplitudes.

5. Conclusion

In Figure we present the generalized coordinates that represent the UAV attitude, their tracking
errors, and their respectively sliding surface. In the graph of the roll angle, we see that the trajectory
tracking. In the error graphs, we see variations in the beginning and at 25s. The first one occurred
because the system did not reach the sliding surface yet. The last one is addressed to the disturbance
applied in fyj, since the UAV had to move in Ty direction to compensate the disturbance. Also, we
see almost no variation of the pitch angle, even the UAV moving in Zx direction.

This work presented the mathematical modeling of an H-shaped quad tilt rotor equipped with a cam-
era. We developed a control system to track feasible trajectories and orientate the camera. We
formulated a complete dynamic model to emulate a real UAV in numerical simulations and a simpli-
fied dynamic model to facilitate the control system design. To control the UAV position, we used the
robust H.. and the feedback linearization control techniques. For the UAV attitude, rotors inclination,
and camera pointing controllers, we used the GSTA and compensation of the nonlinearities. To ver-
ify the control system proposed, we performed simulations with the complete dynamic model, and
we verified that the system showed a satisfactory response since it reached the desired objective.
We concluded that the strategy adopted is conservative since we consider the worst case of per-
turbations. For future works, we propose to use adaptive control laws to obtain a less conservative
strategy.
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Figure 5 — Generalized coordinates, tracking errors and sliding surfaces.
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Figure 6 — Control Signals.
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