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SUMMARY

This work presents a multimode flight framework control scheme for a quadrotor based on the super
twisting algorithm. The controller design stages for six flight control modes are presented. The sta-
bility proof for each flight mode is carried out by means of Lyapunov functions, while the stability
analysis for the complete control scheme, when a transition from one flight mode to another occurs, is
demonstrated using the switching nonlinear systems theory. The performance of the proposed frame-
work is shown in a 3D simulation environment considering a forest fire detection task, which takes
into account external disturbances.

KEYWORDS: Sliding modes; Multimode flight control; Quadrotor; Switching dynamics.

1. Introduction

Unmanned aerial vehicles (UAVs), especially rotary UAVs, are becoming the mainstream in civilian
realm for performing a wide range of applications involving monitoring, inspection, detection, recog-
nition, and identification of different objects of interest. This is due to the advantages that this kind of
aircrafts offers in comparison to others like vertical take-off and landing, hovering, and the ability to
follow a sharp trajectory. One of the most popular multirotor today is the quadrotor. This multirotor
is highly nonlinear, underactuated, and subject to disturbances and parameter uncertainties. Most of
the research carried out on this platform have tackled the stabilization and the trajectory tracking
problem. There are several interesting robust flight controllers proposed for solving the stabilization
problem, for example, nested saturations controller,! super twisting control algorithm,? fuzzy con-
trol,> a backstepping approach taking into account the actuator faults,* among others. On the other
hand, for the trajectory tracking problem, a feedback linearization controller with a high-order sliding
mode differentiator’ or observer,® a backstepping control with a sliding mode observer,” a combi-
nation of backstepping and sliding mode control,® a controller based on adaptive and sliding mode
control,” and an adaptive backstepping controller based on invariant manifolds'® have been applied
with satisfactory results. Furthermore, some techniques from the intelligent control field such as neu-
ral networks with adaptive control,!! or including sliding mode, control for robustness.'? Also, fuzzy
control for the trajectory tracking of quadrotors'® under wind disturbances. In addition, the passiv-
ity approach through the inmmerse and invariance technique in combination with adaptive control
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700 Robust multimode flight framework based on sliding mode control

was proposed by Zou and Meng.'* As seen in the previous referenced works, and due to its robust-
ness properties and ease of implementation, the sliding modes have been used in combination with
other control algorithms, including an integral term to the control law,'> or even for the control of
formations of UAVs. !¢

All the aforementioned flight controllers are focused in one single flight mode; therefore, it rep-
resents a great challenge to design a multimode flight control system. Moreover, the commercial
multirotor control boards include different flight modes to be selected by the user, depending on the
task to develop by the rotorcraft.!” In this regard, Bo et al.'® present a modular designing method to
describe the overall structure of simulation model of an UAV having different flight control modes
using Stateflow, and combining with MATLAB graphical user interface, the remote control instruc-
tion. Also, Hongzhe et al.!” proposed three flight control modes for an unmanned helicopter based on
different design stages and gave the autonomous control algorithm and the smoothing method, while
switching between remote control mode and stability augmentation mode. Boskovic and Mehra?’
proposed a framework for multimodal flight control based on the multiple mModels, switching and
tuning methodology, and model-predictive control. In that work, it is shown that implementing robust
mechanisms for switching between controllers for different flight modes is feasible and that the
framework can be adapted for different switching strategies. There are a wide range of applications
for multirotors such as forest fire detection, power line inspection, surveillance, and others which
require the capability of having several and robust flight modes available.

Additionally, Villanueva et al.?! presented a framework for a multimode flight control system for a
quadrotor based on the super twisting control algorithm, which encompasses four flight modes. This
work represents an extension of ref. [21] as the main framework of a multimode flight control system
for a quadrotor based on the robust super twisting algorithm. This framework takes into account six
different flight modes: manual position, altitude hold, GPS fixed, autonomous, manual velocity mode,
and return to home. Furthermore, a state machine is defined to represent the transitions between the
flight modes of the aircraft during the monitoring period, and the resulting controllable sequences of
transitions are defined.

The paper is organized as follows: in the following section, the description of the quadrotor
dynamics is presented. The design stages for the complete multimode flight framework are presented
in Section 3. Then, Section 4 presents the stability analysis for each flight mode and for the complete
system in the event of a transition from one flight mode to another. Simulation results illustrating
the effectiveness of the proposed framework in the presence of external disturbances are given in
Section 5 and some conclusions close the paper.

2. Quadrotor Dynamics
The dynamic model is derived under the following assumptions: the structure is supposed to be rigid
and symmetrical, the center of mass and the body-fixed frame origin are assumed to coincide, and
the propellers are supposed rigid. The equations describing the attitude and position of a quadrotor
helicopter are basically those of a rotating rigid body with six degrees of freedom (DoF).?? Let us
consider two main reference frames: the earth-fixed frame E¥ and body-fixed frame E® which is fixed
at the center of mass of the quadrotor.

The space orientation of the aircraft between E® and EF is given by the transformation velocity
matrix R(®) and the rotation velocity matrix M(®)> which are defined as

CyCo CySpSp —SyCy  CySpCyp + Sy Sy
R(®) = Sl//CQ SVIS@Sd) + C¢C¢, S¢S9C¢ — C¢S¢

—Sp CoSy CyCy
and
—Se 0 1
M®)=| CySy Cy 0
CoCy —Sy O

where ¥/, 6, and ¢ are the Euler angles of the vehicle with respect to the E® frame, C; = cos(i), and
S; = sin(i). The dynamic model is derived using Newton—Euler formalism in the body-fixed frame
E®, about the rotorcraft subjected to external forces X F,,; and moments X 7,,, applied to the center
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of mass. Thus, the dynamic equations of motion are described by

SF,,=mVg+ Q x mVg
Ty =12+ Q x IQ (1)

where m is the mass of the quadrotor, I = diag(l,, I, I) is the inertia matrix of the helicopter, V3 is
the linear translational velocity, and €2 is the angular velocity. The external forces and moments are
expressed in the body-fixed frame as

YFo = Fpmp — Foero — Fgrav
EText = Tprop - Taero - Tgym (2)

where F,,,, =col(0,0, U;) is the forces vector and T7,,,, =col(Uy, U3, Us) is the moments
vector produced by the propellers. Fg,, = mR(®)TG is the gravity effect force with G =
col(0, 0,9.81) m/ $2, Faero = COl(A,, Ay, Ay), and Ty, = col(A,, Ay, A)) are the aerodynamic forces
and moments acting on the UAV, respectively. Ty, = Z?=1 J(2 x e3)(—1)*w; defines the gyro-
scopic effects resulting from the propeller rotations. The inputs U;(i = 1, 2, 3, 4) are defined as

4
U=) Fi
i=1
Uy =d(F4y—F>)
Us=d(F; - Fy)
€ 4 ;
Us=73 (=D'F; (3)

where d is the distance from the center of mass to the rotor shaft, ¢ is the drag factor, J is the
rotor inertia, and F; = ba)iz, (i=1,2,3,4) is the force generated by the rotational speed of the
motor w; and the thrust factor b. The aerodynamic functions A;, (j =x,y, z, p, g, r) are computed
asAj= %pCsz from the aerodynamic coefficients C;, the air density p, and W = Q — Q,;,, which
is the velocity of the aircraft with respect to the air. Using (1) and (2), the equations describing the
dynamics of the quadcopter can be expressed in the reference frame Er as

XE = 1R(®)[Fpr0p — Foero] — G,

T m

Tpmp - Taem - Tgyro - M(@)@X (4)
©=[M@®©)]" M6 1 (aM((a)@. N IM(©®) 43) o
36 )

and simplifying the matrix M(®) as the identity due to small variations of the attitude angles of the
aircraft, we can express the following equations:

. U
X = Z (S¢S¢ + C¢S9C,/,) — A,

. U
y=— (—S¢C¢ + C¢S@Sl/,) —Ay

i=— (CyCy) —g — A,

b= (U~ 1) 09 +00) -4, 5)
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. 1 .. .
b= (Us + (I, — L) ¥ + Jpw) — A,

y

B =1 (Ut (1= 1) §0) ~ A,

Z

where S and C(, are sine and cosine of the subindex, respectively.
Then,_ writi_ng the system in the state-space form, and assigning X =[x, X,y,V,z, 2,
é,9,0,6, Y, 1", we obtain the following state-space representation

561 = X2

. U,
X2 = Z (SX7S)C” + CX7S)C9CX11) _A2

563 = X4
. U,
X4 = Z (_SX7CX1] + CX7SX9SX11) — A4
X5 = X
. Ui
X6 = Z (Cx7ng) —8—4Ae
X7 = Xg
. 1
Xg = 1— ( H+ (Iy — Iz) X10X12 +Jx10w) —Ag
X
X9 = X10
. 1
o=+ (Us + (I; — Ix) xgx12 + Jxsw) — Ajo
)7
X1 = x12
_ |
T =, (U4 + (Ix — Iy) xsxlo) —Ap (6)

z

with X =[xy, xo, ..., X12]T.

3. Multimode Flight Control Design
The multimode flight control system considered for the rotary UAV provides six different flight
modes: manual position, altitude hold, GPS fixed, autonomous, manual velocity mode, and return
to home. Even though the six flight modes have a similar control structure, their main difference
is the references that each flight mode requires and their corresponding outputs. Five flight modes
share the same control law for roll and pitch angles; this fact will be helpful when stability analysis
is presented in the next section. The description of each flight mode and its common applications is
given below.

Flight modes can be controlled through the radio control (RC) remotely via a transmitter switch,
via mission commands, or using commands from a ground control station (GCS) depending on the
task we want to fulfill.

3.1. Manual position control mode
Manual position control mode (MP) allows the pilot to fly the quadrotor manually, controlling the
roll, pitch, and yaw angles. The RC remote control is used to drive the quadrotor to the desire x and y
position through controlling the roll and pitch commands in order to counteract the wind effects. The
throttle stick controls the z position of the quadrotor, for heading control, and if the pilot releases the
yaw stick, the quadrotor will maintain its current heading.

This flight mode is the standard for almost all the quadrotors in the market because of its intuitive
manner to fly the vehicle. Almost all applications need this flight mode in order to have full control
on the displacements of the vehicle, but it has its main application in aerial filming. However, the
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pilot requires several hours of training to master this flight mode due to the zero dynamics in the x—y
plane.

The control objective for manual flight control is to ensure the asymptotic convergence of the
variables (x7, x9, x11) to the references (x7,, X9, X11,) in (6) by means of U,, Us, and Us.

3.1.1. Roll angle dynamics. Defining the tracking error for roll angles and taken its derivative, we
yield to

7 = X7 — X7
7 = X7r — X8

. 1
g =Xnr—_r (U + (Iy — L) x10x12 + Jx10w) + As. (7)

X

In order to stabilize the y-dynamics, consider the following exosystem:

. Ui
X3r = E(_wacxn + CX7»-SX9er11) —Aq

and let define the error

i3 = X3r — X3

3 = X3, — X4
. Ui
3 = Z(_flell +f2SX11)

where
X +Xx7\ . (T
)
f cos < > ) sin >
X7 +x7+ X0, X9\ . (27129 X7p+X7 —Xop —Xo\ . (27— 29
J>=cos 5 sin 5 — cos > sin 3 .

Moreover, |[fill <nllz7ll =2, and |4l < Tillz7 + 20l + T2llz7 — 201l < Tllz7 ]l + Tll29]l < 2. Then, we
define the sliding mode surface as

07 = 27+ kyz7 + C3z3 + Caz3
61 =f1—V; 8)

with  f; =37, — ,l ((Iy = L) x10x12 + Jx100) 4 Ag + krz7 4+ Cazz + o2 (£ Cy, + Sy, Vo=
Ile, and the constants k7, C3, C4 > 0.

3.1.2. Pitch angle dynamics. Define the tracking error for pitch angle

29 = X9r — X9

29 = Xor — X10
1

I (Us + (I, — L) xgx12 + Jxgw) + Ajp. 9
g

Z9 = jé9r -
As the same way, define a exosystem

.U
¥, = j(sstx“ + Cy,, S, Cr)) — A
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704 Robust multimode flight framework based on sliding mode control
and the error
=X — X
21 =X, — X%
1= %(flsx” +/Cx,)-
Thus, the sliding mode surface is
09 = 29 + kozo + C121 + C221
&9 =fo— Vo (10)

with f = %o, — % (I, = L) xgx12 + Jxgw) + Ao + kozo + Cr21 + GL (S, +/Cy,,), Vo= ,lvU3,
and the constants kg, Cj, C, > 0.

3.1.3. Yaw angle dynamics. Define the tracking error for yaw angle as

211 = X11r — X11

211 = X1y — X12

. . 1

211 =X11r—1—(U4+(Ix_ly)x8x10)+A12 (11)
Z

and define the sliding mode surface as
on =z +knzn
on=ru—Vu (12)

with £, = %1, — ,l (Us + (I — 1) x3x10) + A2 + ki1Zi1, Vin = iU4, and k;; > 0.
In order to make the sliding surfaces converge to zero, we applied the super twisting control
algorithm in the Euler angles.

3.1.4. Sliding mode control design for manual position control. From (8), (10), and (12), the
projection motion in the subspaces o7, g9, and oy, is described by

07 f1 \Z]
o9 |=|fo |—| Vo (13)
o1 fii Vi
where
2 U, ll 00
Vo |=B|Us |, B=|070 (14)
Vii Us 00+
Now, we design the control inputs applying the super twisting control algorithm:??
Vi = hiloil'"? sign(oy) + v, i=17,9, 11, (15)

U = a;sign(o;)

with control gains A; > 0 and «; > 0.
These super twisting controllers ensure the asymptotic tracking of (x7,, x9,, x11,). In addition, we
define the form of input U, as

B Cx7Cx9

I (16)
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where Th, is a throttle reference based on the limits of the thrust force that can be generated by the
four motors and the limits of the RC throttle stick lever.

3.2. Altitude hold mode

In altitude hold mode, the quadrotor maintains a fixed altitude, while roll, pitch, and yaw are available
to be manually controlled. In this mode, the variables to control are altitude (z position), roll, pitch,
and yaw angles. A barometer, GPS, laser, or a combination of them are needed in order to know the
current altitude of the aircraft. In this case, we consider a GPS sensor in which the reference for the
absolute position of the quadrotor is generated in a global reference frame. A transformation from
this global frame to a local reference frame is carried out in order to handle local trajectories for the
absolute position of the quadrotor. This flight mode overcomes the issue of losing thrust force on
throttle when displacing along other directions. The most common applications in which this flight
mode is useful are all the tasks that require monitoring and inspection of large areas like protected
areas, lakes, crops, etc., since the pilot does not have to worry about the altitude of the aircraft while
we can move along the x—y plane.

The control objective is to drive the variables (xs,x7,x9,x;;) to the reference vector
(X575 X7, Xor, X11,). It can be noted that the controllers for roll, pitch, and yaw angles are the
same as in the manual position mode and are described by (15), therefore only the procedure for z
position controller must be defined.

3.2.1. z position dynamics. Let us define the tracking error for the altitude position and its
dynamics as

5 = X5p — X5

75 = X5, — X

U
(CorCx,) +8+ 46 (17)

. . 1
5 = Xsp — —
m

and design the sliding mode surface as

05 = Zs + kszs
65 =fs—Vs (18)

With]_cs =Xs5, + g+ A¢ + kszs, Vs = %Ul, and ks > 0.

Since the selection of U; will allow us to design smooth sliding manifolds for the x and y displace-
ments, for the other two flight modes we apply the super twisting control algorithm with a sigmoid
function as follows:

Vs = ks |os|'/? sigm(es, 05) + vs (19)
Us = assign(os)

with control gains A5 > 0 and a5 > 0. The sigmoid function used in this work is defined as in ref. [24]

sigm(e, o) = tanh(go’). (20)

3.3. GPS-fixed mode (L)
The GPS-fixed mode automatically maintains the current location (longitude, latitude, and altitude)
and the heading of the quadrotor. The pilot may change the orientation about the z axis (yaw angle)
via the RC remote control.

This flight mode is useful for applications like search and rescue, forest fire detection, and moni-
toring and inspection of infrastructure tasks because the pilot can command, through the RC remote
control, the quadrotor to hold its current position when it detects an object of interest.
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706 Robust multimode flight framework based on sliding mode control

The control objective is to drive the variables (xj, x3, xs,x1;) to the reference vector
(x17, X3, X5, X11,). It can be noted that the controllers for roll, pitch, yaw angles, and z posi-
tion are the same as in the MP and altitude control mode and are described by (15) and (18).
Therefore, only the longitude (x position) and latitude (y position) controllers have to be designed.

3.3.1. x position dynamics. To follow a desired longitudinal position, we define the tracking error
and its dynamics as

21 = X1 — X

2 =xr—x

. U,

Zl == xlr - ; (S)C7SX11 + C)C7SXQC)C]]) +A2 (21)
Applying the block control technique, we define the pseudo control Uy =Sy,Sy,, + Cx,SxCx,, >
because the input U; has been already assigned to the dynamics of z position, this means that

there exists a relation between the roll, pitch, and yaw angles. Moreover, the translations in x and
y directions depended on these angles. Then, we can define the sliding mode surface as

o1 =z1+kiz
Gr=f-Vi (22)

with f| =31, + Ay + kiz1, Vi = =2 Uy, and k; > 0.

3.3.2. y position dynamics. To follow a desired latitudinal position, we define the tracking error and
its dynamics as

3 =X3r—X3

73 = X3, — X4

. Ui

Z3 = x3r - Z (_SX7CX|1 + CX7SX9S)C]]) +A4 (23)

Let us define the pseudo control U, = —S8,,C,,, + C,,5,,Sy,, and propose the next sliding mode
surface

03 =23+ k3z3

63 =f3— V3 24)

with f3 = X3, + Ay + kszz, V3= —L2U,, and k3 > 0.

3.3.3. Sliding mode control design for GPS-fixed mode. Now, we can apply the super twisting
control algorithm with the sigmoid function as in (19)

Vi = Ailoil'? sigm(ei, o) + v, i=1,3,
U; = aysign(o;) (25)
with control gains A; > 0 and «; > 0.

So far, we have generated a smooth form of the pseudo controls U, and U,. On the other hand, the
references in x and y position will give us the desired U, and Uy, then

U = SX7dSX11 + CX711S an

Xod

Uyd = _SXmCXn + Cx7de9dSX11 (26)

Therefore, the problem of following desired x and y position is reduced to follow desired roll and
pitch angles, which can be achieved by the laws of control defined in (15). But first, we have to
decouple x7, and x9,; from the linear combination which is nonsingular for all x;;, and the solution
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for x74 and xy, is contained in (—m /2, 7w /2), therefore

X7d = arCSin(dean + IJ_VdC)C]])

UXdCXll B Udex11>
C(x74)

Xgg = arcsin < (27)

Now, we assign x7, = x74 and x9, = x9; and use the equations in (15) to achieve the convergence of
these angles.

3.4. Autonomous control mode (A)

In autonomous control mode, the quadrotor will use predefined way points to follow a desired
trajectory. This is done via a ground station, while the RC remote control is used to activate the
mission. The applications that can be fulfilled with this flight mode are drone-based delivery system,
ambulance drone, surveillance, among others.

The objective control variables are the same than that in the GPS-fixed mode (x1,, x3,, Xs,, X11,),
but the main difference is that the references are generated from a user via a ground station or
autonomously from path planning algorithm. The only assumption is that the generated trajectories
must be smooth functions of time at least of class C2.

3.5. Manual velocity control mode

In this flight mode, the user can manually control the velocity of the aircraft (x,, x4, X¢, X12) through
RC commands. This mode is designed for those users without enough flight experience, allowing
new users to fly in an easier and safer way. The throttle stick controls the velocity of the quadrotor in
the z-axis, the yaw stick now commands the yaw velocity and not the position, as it is in the manual
position mode. The roll and pitch references now become velocity references for displacements in
the x- and y- axis, respectively.

The control objective is to drive the variables (x, x4, X6, X;2) to the reference vector
(X275 X4r, X¢r» X127). It can be noted that the procedure is similar to the position control in the GPS-
fixed and autonomous control modes, with the difference that now the outputs of the system have
reduced the relative degree of the system, which makes the design of surfaces much simpler for the
sliding mode controllers.

3.5.1. z velocity dynamics. Let us define the tracking error for the altitude velocity and its
dynamics as

6 = Xor — X6

. U,

6 = Xor — Z (CX7 ng) + 8 +A6 (28)
and design the sliding mode surface as

06 = 16

66 =Fs— Ve (29)

with fg = f6, + g +Ag and Ve = _C”mC*Q U.
Using the super twisting control algorithm with the sigmoid function as in (19)

Vo = A log|'/* sigm(es, 06) + Vs

U = agsign(og) (30)

with control gains A¢ > 0 and «¢ > 0.
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3.5.2. x velocity dynamics. To follow a desired longitudinal velocity, we define the tracking error
and its dynamics as

2 =Xr — X2
. U,
ZZ = x2r - Z (S)C7SX|| + CX7SX9CX]]) +A2 (31)

As in the GPS-fixed mode, we define the pseudo control U, = S,,Sy,, + Cy,Sx,Cy,,. Then, we define
the sliding mode surface as

0y =2

r=f-V (32)
with f, =X, + Ay and V, = =2,
3.5.3. y velocity dynamics. To follow a desired latitudinal velocity, we define the tracking error and

its dynamics as

24 = Xar — X4

. Ui
Z4 = x4r - Z (_SX7C)C|| + CX7SX9SX]]) +A4 (33)
Let us define the pseudo control U, =—S,,C,,, + C,,S,,Sy,, and propose the next sliding mode
surface
04 =24
Ga=f,—Vu (34)

with f4 =4, + Ay and V3 = -2 U,

3.5.4. Sliding mode control design for manual velocity mode. Now, we can apply the super twisting
control algorithm with the sigmoid function as in (19)

Vi = A log|' 2 sigm(ei, o) + v, i=2,4,
U; = a;sign(o;) (35)

with control gains A; > 0 and «; > 0. This let us generate the pseudo controls U, and U,. Now we
use (26) and (27) to assign x7, = x74 and X9, = x9; and use the equations in (15) for achieving the
convergence of these angles.

3.6. Return to home (H)

The flight mode return to home navigates the quadrotor from its current absolute position to hover
above the home position. The reference is generated in this flight mode, and it is sent to the
autonomous mode with (x;,, x3,, xs,, X11,). These references are defined as

X1r = Xhome
X3r = Yhome
X5y = {ZH ifx 7é Xhomes Y 7é Yhome
Zhome else
X1y = yawg (36)

where zy and yawyy are the values of z and yaw when the mode H is activated.
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4. Closed-Loop Stability

In this section, the stability analysis of the proposed multimode flight framework is developed. First,
we will state the stability proof for the complete system, without taking into account the transition
from one flight mode to another. This will be carried out later.

4.1. Sliding mode stability
In order to establish the sliding mode stability condition for the Euler angles, we rewrite (13) with
(15) as

6i = fi = hiloil' sign(op) + o141, i=1,2,3,4,5,6,7,9, 11,

(5’,'4,1 = (xisign(oi). (37)

Now, we introduce the following assumption:

Assumption 4.1. The perturbation term f; is bounded in an admissible operation region D; by
il <8iloil'?, i=1,2,3,4,5,6,7,9,11, (38)

with constants §; > 0.

Then, we can state the following theorem which assures the robustness of the convergence of the
trajectory error to zero in finite time.

Theorem 1. %> Under Assumption 4.1, the origin 0;=0 is a locally asymptotically stable
equilibrium point if the controller gains \; and «; satisfy

)\i > 2]7;
Sfiki +4f?
o > kit Y (39)
2 (% —2f).
. . L 2V (o)
Moreover, all trajectories converge to the origin in finite time, upperbounded by T = —/——, where

s, Is the initial state and vy; is a constant depending on the controller gains and the perturbation
term.

Then, we use (19) and rewrite (25) with (22)—(22) in order to establish the sliding mode stability
condition for the x, y, and z positions, but first we introduce the following assumptions:

Assumption 4.2. The sign function can be approximated by the sigmoid function as shown by the
Sfollowing limit:

lim sigm(e;, o;) = sign(o;) (40)

Assumption 4.3. Let us define the difference between sign and sigmoid function for a given € by

A(g;, 07) = sign(o;) — sigm(g;, 0;) (41)

and A(g;, 0;) is bounded, that is, there exists a positive constant o such that

A, o)l <0i =1 (42)

Theorem 2. Under Assumption 1, the origin s; =0 is a locally asymptotically stable equilibrium
point if the controller gains A; and «; satisfy**

> i
i > 1-oi

L 43)
Sfiki + 47
P2(xi=2f).

o > A
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4.2. Stability for switching flight modes

The problem considered in this work assumes that the occurrence of transitions between flight modes
is determined by a switching signal p(#). Each flight mode defines the current nonlinear closed-loop
system of the quadrotor. This switching signal cannot be specified a priori because it is defined by the
user of the quadrotor or depending on characteristics of the environment. So, in order to demonstrate
the stability of the global nonlinear switching closed-loop system, we use the common Lyapunov
function principle.?® Let us define the stability conditions with the following theorem:

Theorem 3. Under Assumptions 4.1, 4.2, and 4.3, the origin of the error dynamics of the closed-
loop system defined by (6), Uy — Uy, and p(t) is a locally asymptotically stable equilibrium point if
the controller gains o; and i satisfy the conditions (43), regardless of the switching function p ().

Proof. Tt is easy to see that conditions (43) assure the fulfillment of conditions (39). Then, there
exists a common positive-definite Lyapunov function for each block defined as:**

V(o) =vTpw (44)
where

1 2 _
dor + A k] 45)

V" = Joil* sign(@) ai],P=5[ -

and A > A;, @ > «; associated with F = sup{f;} for all i of the flight modes considered in this work.
Its derivative is obtained as

: 1, F
V(o) =— W OW 4 -q' ¥V (46)
o2 loil?
with
_A[2a+2 —a
Q_E[ Y _1 (47)
and
T 22 A}
qg =2 - = (48)
[ “t5 3

which is a negative semidefinite function under conditions (43). Hence, the origin of the error dynam-
ics of the global nonlinear switching closed-loop system is locally asymptotically stable.?® For further
details on the demonstration, please refer to ref. [10].

S. Simulation Results

In order to verify the effectiveness of the proposed control scheme, the following case of study is
considered. The experiment simulates a forest fire detection task. This task could involve several
flight modes for a better user experience.

The forest is monitored and inspected with a quadrotor which is configured with the flight modes:
autonomous, manual velocity, GPS fixed, and return to home, associated with the states A, MV, L,
and H, respectively. Additionally, the Idle state /, that is the initial mode, is added as depicted in
Fig. 1.

Flight modes are controlled through a transmitter switch in the RC remote control and via a mis-
sion command when the infrared camera detects a hot spot; these events are a, A, j, and m activating
the states A, H, L, and MV, respectively. Uncontrollable events are / and s, due to casual to detect
a hot spot in the forest and to stop the aircraft, which in turn activate the states of interest L and /,
respectively. It can be noted that the machine is controllable if the combination of possible control-
lable words, concatenates with uncontrollable events, which in turn are in the state machine, can be
generated with controllable words, that is, if the controllable words are

K = {almhs, malmhs, mjalhs}, (49)
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Table I. Simulation parameters

Parameter Value Unit

m 1.26 Kg

d 0.23 m

I 5.5 % 1073 kg m?

I 5.5 x 1073 kg m?

I 11 x 1073 kg m?

J 1.46 x 1073 kg m?

b 9.4168 x 107° N s?/rad?
c 2.4483 x 1077 Nm s?/rad?
g 9.81 m/s?

Fig. 1. State machine for switching control.

Fig. 2. Aerial view of the flight performance. The transition between the stages T1, T2, and T3 is described by
the controllable word almhs.

where (-) is the repetition of the argument many times as necessary, and uncontrollable words are
Zu = {S7 l }27

K¥,NL,ekK
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Fig. 3. Lateral view of the flight performance.

Fig. 4. Lateral view of the flight performance.

where L, is the language  that  launches  the  interest states L, =
{a_l malhs, mal al, malmhs, almhs, chﬁj, %j;lhs}. Finally, it is easy to confirm that such con-
trol is not blocking, that is, if the words can be generated with the control, which are in the words of
the state machine of interest, they are in control. In other words,

K N L,, = {almhs, malmhs, mjalhs) = K

then K is not blocking for the system considered for the inspection.

A 3D environment has been developed in simulink, and also the plant was modeled according
to (6) with the parameters measured from a quadrotor prototype built in Cinvestav Guadalajara,
which are listed in Table I. The solver used in the simulation is odel(Euler) with a fixed step size
of 0.001 s. The gains of the controller are A; =[10, 10, 5, 15, 15, 5] and o; = [10, 10, 1, 5,5, 1], i=
1,3,5,7,9,11.

Each flight mode can be identified by a color in the picture: yellow for autonomous control mode
(A), blue for GPS fixed mode (L), red for MV, and purple for the return to home mode (H). The
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Fig. 5. Euler angles of the quadrotor’s pose during the experiment. The convergence of the angles to their
respective reference can be noted for all the flight modes.

simulation involves four stages: (1) the UAV performs an autonomous flight mode for taking-off
and following a predefined inspection trajectory, (2) a fire is detected after 21 s of simulation and
the UAV switches to GPS-F mode, (3) in this stage, the UAV sends/saves information about the fire
(position, temperature range, and dimensions) and the user switches to MV, moving the quadrotor
manually around the fire area, (4) once the UAV is out of risk, the user decides to return the UAV
to the base using the return to home mode. The switching between these stages occur: T1 from (1)
to (2) at 21's, T2 from (2) to (3) at 26 s, and T3 from (3) to (4) at 40s. It is worth to note that the
transitions between the stages during the simulation are described by the controllable word almhs,
which is generated by means of the state machine for the different flight modes described in Fig. 1.
Also, in all the flight time, the perturbations were null, except on the interval #,.,, = [35, 55] s when
an external wind perturbation with a speed of 3 m/s in east—west direction is applied.

As we can see from Figs. 2, 3, and 4, a good trajectory tracking has been performed in the
autonomous mode. Also, the transitions between flight modes are achieved holding the same altitude
and performing a stable flight.
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Fig. 6. 3D coordinates of the quadrotor during the experiment. The correct tracking of the reference signals can
be appreciated.

It can be noted that in Fig. 5 the controller for the attitude angles described in (15) is always
running.

Also, we can see in Fig. 5 a good tracking of the desired attitude angles of the aircraft that yields
to a good tracking of the desired position for the quadrotor, as demonstrated in Fig. 6. Besides, as we
explained in the flight modes section, the case of study for the x — y position only occurs during the
GPS-fixed or autonomous modes, so in order to analyze the position tracking properly, we need to
take into account when 7 = [0, 26] and when 7 = [40, 70] from Fig. 6.

From Figs. 7 and 8, we can confirm that the forces are within the capabilities of the motors. A
second-order transfer function was implemented simulating the dynamics of each one of the motors
in order to see if they were capable to follow the control laws. Based on the simulation results,
the control compensates this unmodeled dynamic without loosing robustness, which is one of the
advantages of this approach.
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Fig. 7. Control terms generated during the simulation.

6. Conclusions

In this paper, we have proposed a framework for a multimode flight robust control system for a
quadrotor based on the super twisting algorithm and the block control technique. The flight modes
considered in the control scheme are manual position, altitude hold, GPS fixed, autonomous manual
velocity mode, and return to home. The control design for each flight mode is developed, and the
stability analysis for the closed-loop system in each case was carried out. In addition, the stability
for the global switched nonlinear system was demonstrated by means of the concept of a common
Lyapunov function for all the flight modes.

The simulation experiments showed the performance of the proposed control scheme, and it
encompassed various transitions between flight modes. It can be noted that the super twisting algo-
rithm permitted to obtain robust chattering-free control signals with a low stabilization period. This
control scheme asymptotically tracks the references needed for each flight mode. Moreover, it gives
the possibility to perform more complete tasks when different flight modes are required. These fea-
tures are highly desired in almost every UAV application. Currently, real-time implementation of the
proposed control scheme is carried out at LAVAT in Cinvestav.
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Fig. 8. Thrust forces generated by the propellers during the experiment.
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