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Integrated vector field and backstepping control for quadcopters

Arthur H. D. Nunes, Guilherme V. Raffo, and Luciano C. A. Pimenta

Abstract—In this work, we present an Integrated Guidance
and Controller (IGC) scheme to drive quadcopters in
path-following tasks with obstacle avoidance and constant
uncertainty rejection. This scheme is based on the combination
of a time-varying artificial vector field and Backstepping with
integral action control. The vector field switches between two
behaviors: (i) path-following; and (ii) obstacle circumnavigation
to allow collision avoidance. This vector field is then integrated
into a non-linear controller designed via Backstepping with
Integral Action to deal with the quadcopter vehicle dynamics
and reject constant uncertainties. The considered vehicle
model is based on quaternion algebra. The control inputs are
considered to be the total thrust and torques. Stability is proved
by using Lyapunov’s Theory and Matrosov’s Theorem.

I. INTRODUCTION

Unmanned Aerial Vehicles (UAVs) are of great interest
in the fields of robotics and control. These vehicles can
accomplish several tasks such as surveillance [1], monitoring
[2], target tracking [3], search and rescue [4], package
delivery [5], autonomous race [6], among many others.

Several controllers for those vehicles have already been
proposed in the literature [7], [8], [9], [10], [11], [12], [13].
In this work, we propose a novel quadcopter controller to
allow path-following and obstacle avoidance in the presence
of constant uncertainties, such as external disturbances
or inaccurate model parameters. Depending on the task,
path-following strategies overcome trajectory-tracking ones,
because they have smoother convergence to the path and less
demand for control efforts [13]. Our method is based on the
integration of an artificial vector field guidance strategy [14],
[15] and a Backstepping control with Integral Action [16].

Vector field navigation strategies have been discussed
in many works [17], [18], [19], [20], [21], [22]. In [17],
the authors have proposed a vector field for static curve
following in n dimensions represented by a parametric
equation. The authors have extended the n-dimensional space
to n + 1 dimensions and applied the method from [18].
Thus, the resulting vector field is singularity-free. In [19],
[20], obstacle avoidance has been considered. However, time-
varying paths and generic-shaped obstacles have not been
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considered in these works.

A constructive vector field for time-varying path-following
in n dimensions has been previously proposed by our
group in [14]. In this recent method, the field is obtained
constructively with the use of the Euclidean distance function
to the curve. It uses a parametric representation of the target
curve, an advantage over the intersection of zero-level sets
required in [18]. Several characteristics and advantages of
the new approach have been presented in [14], including
formal proofs. Nevertheless, the presence of obstacles has
not been considered in that work. Then, in [15], we have
extended this field to allow obstacle avoidance in the field
formulation by considering obstacle circumnavigation when
an imminent collision is detected. The circumnavigation is
achieved by using the obstacle closest point to the vehicle.

Guidance methods are usually used as an outer control
layer, and then, it is necessary to combine them with low-
level controllers to be able to drive real aerial vehicles such as
quadcopters, usually in a cascade scheme. In a previous work
[23], we have proposed a cascade path-following control for
quadcopters, in which the vector field from [18] is used in
a guidance layer. The controller has not considered collision
avoidance or uncertainty rejection. The quadcopter model
has been considered to receive the total thrust and angular
velocities as inputs, assuming an acro-rate control mode.

Now, in this work, we further extend our previous
developments by incorporating the new collision-free vector
field in a Backstepping control. As opposed to the widely
used cascade strategies where the guidance is a separate
layer from the rest of the controller (SGC), we propose an
Integrated Guidance and Controller (IGC) scheme.

Backstepping is a well-known non-linear control technique
[24] which has advantages over linear approaches, such
as PID and LQR [13], [25], [26], [27], and has been
successfully applied to quadcopters [28], [29], [30], [31],
[32]. Unlike previous works, here we use Backstepping
as a path controller and also allow obstacle avoidance.
Both are accomplished by integrating the guidance in the
controller. Furthermore, we use integral action to allow
constant uncertainty rejection [16].

In summary, the main novelties and contributions of this
work are: (i) integration between the field and the low-
level controller, giving rise to a robust IGC strategy that is
able to reject constant uncertainties and to avoid collisions;
(ii) stability proof using Lyapunov’s Theory and Matrosov’s
Theorem; (iii) consideration of torques as control inputs
instead of angular velocities [23]; (iv) application of a novel
collision-free vector field strategy from [14], [15]; and (V)
algebraic formulation based on quaternions, [33], [34], [35].
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II. SYSTEM MODELING

In this section, we aim to describe the system and propose
a model for it using quaternion algebra. Before presenting the
system and its model, we first show a quick algebra review.

A. Quaternion algebra review

We first start defining the imaginary identities 2 = j
k2 =i jk: = —1. Then, let H be the quaternion set given by

H = {h = hg +ih1 +]h2+kh3 : ho,h1,h2,h3 € R} (1)

The real part of a quaternion is defined as Re(h) = ho; the
imaginary as Im(h) = ihy + jhy + khs; and the conjugate
as h* = Re(h) — Im(h).

The set of quaternions with null real parts is called pure
quaternions set. Let H, = {h € H : Re(h) = 0} be this
set. It is similar to the R® set. Therefore, we can define
the cross and dot products between two pure quaternions as
UXv= % u-v = —WIYY regpectively. See [33],
[34], [35] for more detaﬂs.

B. Quadcopter system

The controlled system in this work consists of a helicopter
with four rotors symmetrically arranged in a plane. Its
movement is a result of the four individual rotors’ velocities.
Each rotor generates a force f;,i € {1,2,3,4}. In steady
state, each rotor’s force can be approximated by f; = bQ2,
where b is the thrust coefficient, and €); is each rotor’s
angular velocity around its axis [36].

Fig. 1 shows a schematic for the vehicle, where its center
is a blue cube with the center of mass in the geometric center.
A reference frame rigidly attached to the body is plotted in
RGB. The forces f; are defined as pointing in direction k.
It is considered that rotors 1 and 3 spin in kp’s negative
direction, while rotors 2 and 4 spin in ks’s positive direction.

Fig. 1.

Schematic representation of the quadcopter vehicle.

The control inputs are considered to be the total thrust
ur € R and the torques u, € H,, which are given by

up = Z?:1fi€Ra R
ur = ipl(fo— fa) +3pl(fs — f) 2
+ kpi(fi— fo+ f3— f1) € Hy,

where k, is an opposite force to the torsion effort constant,
and /¢ is the distance between the rotor axis and the center
of mass.

C. Modeling

In order to define the system states and dynamics, let p =
'pr + j Dy —I—I%pz € M, denote the three-dimensional position.
Let 0 = Cos( )+ nsm( ) € H, ||o|| = 1 denote the three-
dimension orientation in terms of a ¢ € S rotation around an
axis n € Hy, ||n|| = 1. Also, let v = tv, + ju, + kv, € H,
and w = tw, + jw, + kw. € H,, denote, respectively, the
linear and angular velocities.

Given the states p, 0, v, and w, a dynamic model for the
vehicle is given by

p=wv, (3)

V= —gl% +m uroko® + m~'A,, )
1

o= §wo, (®)]

w=—-J Y wxJw)+J u, +J A, (6)

where m € R is the vehicle’s mass, J € R3*3 the vehicle’s
inertia tensor, and A,, A, € H, are additive uncertainties.
The considered inputs and model are similar to other
works such as [28], [37], [36], [38]. The main difference
here is the usage of quaternion algebra [33], [34], [35].

II1. PROBLEM STATEMENT

The problem addressed in this work is defined by the
following: considering the vehicle dynamic model (3)-
(6), design a non-linear controller that drives the vehicle
with constant speed v, € R to converge to and follow
a given time-varying curve C(t) C H, with parametric
representation r(s,t) : R x Ry — H, , under Assumptions
1 and 2. The designed controller must: (i) allow obstacle
avoidance; and (ii) be robust to constant uncertainties.

Assumption 1: The target time-varying curve C(t) is
either: (i) an open curve, i.e. an unbounded -curve
homeomorphic to a straight line; or (ii) a closed curve, i.e.
a bounded curve homeomorphic to a circle.

Assumption 2: The parametric representation 7(s,t) for
the curve C(t) has both the following properties: (i) it is
twice differentiable in s for all ¢; and (ii) it is differentiable
in ¢ for all s.

If obstacles are sensed between the system and the curve,
the controller must prioritize the avoidance over the curve
following, i.e. the system is allowed to move away from the
curve to accomplish the obstacle deviation and then return
to it once the avoidance is finished.

A secondary control objective can be considered to control
the yaw angle of the vehicle as it will be a free parameter
as shown next in the methodology.

IV. PROPOSED SOLUTION

We propose a backstepping controller with integral action
to solve the stated problem. The integral action will
allow the constant uncertainty rejection. The first step
of the backstepping will consist of a vector field [15],
as reviewed next, to accomplish the path-following with
obstacle avoidance task.
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A. Vector Field Review

In this part, we review the vector field from [14], [15]
considering a three-dimensional space and using quaternion
algebra.

The field is designed to control the first-order integrator
model (3), where the control input is considered as v.

1) Composite Field: The goal is to find F(p,t) : H, x
R4y — Hp, such that if p = v = F(p,t) the system (3)
follows the target path C(t) with constant speed v,., while
also avoiding obstacles.

To accomplish both path-following and obstacle
avoidance, F(p,t) will switch between: (i) a field
that only follows the target curve, let us call it ®(p,t);
and (ii) another field that only circumnavigates the closest
obstacle, ¥(p,t), at a fixed predefined safety distance .
Both fields ®(p,t) and ¥(p,t) will be reviewed soon.

The idea is to make F(p,t) = ®(p,t) when it is safe
and make F(p,t) = ¥(p,t) when an imminent collision
is detected. The latter effectively means two conditions: (i)
the curve field direction points to a direction in which the
obstacle distance decreases; and (ii) the distance between the
system and the closest obstacle, let us call it D,(p,t), has
norm smaller than a predefined threshold D;, > A.

To avoid abrupt field transitions, an intermediate state
is also considered to accomplish a smooth switching. Let
Dino > D;, be another threshold value. Then, this
intermediate state occurs when D;,, < || Do(p,t)|| < Dino-
In this state, F(p,t) is a combination between both fields
weighted by

||Do(p7 t)” — Din

O(p,t) = DD € [0,1]. 7
Then, F(p,t) is computed according to
U, D, -® <0, |D,|| < Din,
F={ &, D,-® >0 or ||D,| > Dino,
UT%, otherwise. &

2) Curve Field: The curve field ®(p,t) follows the
procedure from [14]. First, consider the curve parametric
representation 7(s,t) and then the definitions of the curve’s
closest point to the system

s«(p,t) = arg msin llp —r(s, o), 9
r(p,t) = r(s.(p, 1), 1). 10

Next, the distance between the curve and the system,
D(p,t), and the tangent component, T'(p, t), of the curve at
s, are defined as

0 t
T(p,t) = T(E; ) (12)

Those two comgonents are weighted by scalar gains
(IID(p, )II) (kGHD(p, t)l), ke > 0, and
H(||D i\/ 1- P, 1))

—tan™

Then, we compute a static unit field, @5, and a feed-
forward component, ®7, as in

®s(p.t) = —G(ID(p.t)]) 2L
T
+ H(|D(p, >||>HT(Z?H’
@r(p,t) = ~lr(p,t)5%7,
where Il is the null space projector of %'

To weight the sum of the components defined above,
another scalar gain 7(p,t) € [0,v,] is computed to ensure

13)

|@(p,t)|| = v-. This gain is given by
n=-®s 1+ \/(®s- Pr)? + v}~ [®r|? (14
where the dependencies (p,t) were omitted.
Finally, the field ®(p,t) is given by
®(p,t) = nlp,t)®s(p,t) + r(p,t). (15)

3) Obstacle Field: The field ¥(p,t) from [15] follows a
similar procedure. First, consider the obstacle set O(t). In
this field, the obstacle’s closest point will be used similar to
the curve’s closest point in the curve field. Let p,, € O(t)
be this closest obstacle point, which is given by

Do (P:t) = argming cow)llp — P, (16)

This field’s goal is to make the system circumnavigate the
obstacles at a fixed distance A > 0. Then, the distances are
defined as

Do(pa t) =P 7po*(pa t)a
D)\(p7t) = Do(p7t) — A

)
D,(p,1)
[Do(p, 1)

As described in [15], for the tangent component Ty (p, ),
there are infinite possibilities to contour the obstacle since we
are in a three-dimensional space. Thus, T'»(p, t) is chosen as
the curve field removing its component on direction Dy (p, t)
as in

(18)

T)\(pa t) = HDA (pa t)‘I)(p, t)

This will cause the vehicle to contour the obstacle in the
closest direction to the curve.

Next, let Wg(p,t) be the unit static component and
W (p,t) be the feed-forward component given by

19)

Ts(p,t) = —Co(|Dalp. b)) 2B
b By R )
Ur(pt) = —lgp 252>
Finally the field ¥ (p,t) is
U(p,t) =no(p,t)¥s(p,t) + ¥r(p,t).  (21)

For more details see [14], [15].

B. Backstepping with Integral Action

In this part, we describe the design of the proposed
quadcopter controller using backstepping with integral action
in four steps.
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1) Step 1: In the first step, we consider the first-order
integrator model (3) and design a virtual control law for the
velocity. The field F(p,t) (8) will be then this control law.

Let z, = D(p,t) = p — 7, be the position error for the
primary goal of following the target curve.

We can assure that z, = 0 will be a uniform global
asymptotic stable (UGAS) equilibrium point only when no
imminent collision is detected. Otherwise, the system can
be forced to increase z, to avoid collisions. For the sake
of simplicity, consider that no obstacles are in an imminent
collision and let V}, : H, — R be a candidate Lyapunov
function, given by V,,(2,) = 1z, z,, from which, using (3)

2
its time derivative yields
Vi(zp) = 2p - (F —7.). (22)

Applying (8) and the results from [14],
stability is ensured by

Vo(2p) = =G|z, <0, Yz, # 0.

the asymptotic

(23)

2) Step 2: In the second step, let z, = v —F(p, t) be the
velocity error and let z,; = f(f z,dt be its integral. Then,
consider the system with (8)

2y =F — iy + 20, (24)

zvl = Zu, (25)
N U » . 1

zv:—gk—l—gkg—}-—i—m A,. (26)

The virtual control law in this step will be considered as
a = “Lkp. To find this control law, let V,,, : H} — R be
a control Lyapunov function given by Vj, ,(zp, 2Zu1, 2v) =
kpVp + %kv]zvj C 2ol + %zv - Zy, With £, > 0,k > 0. Its
time derivative yields

Vp,v = kpzp,- (.7:+ Zy — Ts) + koI Zol - 2o 27
+ zy-(—gk+a—-F+m'A,).
From (23), we know that z, - (F — 7,) = —nG||z,|| is

already negative definite. Then, the following virtual control
law a is proposed

a=gk+F —kzy — kurzor — kpzp,  (28)

ensuring that, for every constant uncertainty A,, the
system has only one equilibrium point at (zp, 2y1, 2y) =
(0,k,m~1A,,0).

Theorem 1: Applying (28), the system (24)-(26)
has a UGAS equilibrium point at (zp,2z,7,2,) =
(0,k,'m~'A,,0), VA, constant.

Proof: Consider the following closed-loop system given
by (24)-(26) with (8) and (28):

,.Zp:]:*iq*‘i’zvv (29)
ivI = Zu, (30)
,.Z'u = _kpzp - kvfz’UI - kvzv + m_lA’U' (31)

From (27) and (28), when A, = 0, the equilibrium point
(2ps Zu1, 20) = (0,0,0) is uniformly globally stable (UGS).
The proof of asymptotic stability follows the extended
Matrosov’s Theorem [39]. Define ¢1 = z,, Wi = V4,

Wy = zy1 - 2o, Y1 = —kpnG||2pl] — kvzy - 2y and Yo =
Zy Ry — 2yl " Zp — kvzvl T2y T kasz T 2ol

As r, is bounded, p is continuous for (2zp,Z2ur,2s)
bounded, then ¢, W; and W, are bounded. Besides that,
if Y =0then Y5 = —kyr2o7 - 207 < 0. If Y] = Y5 =0,
then (z,, 2ur1, 2») = (0,0,0). Finally, this equilibrium point
is UGAS for A, = 0.

When A, # 0 is constant, the system (24)-(26) will have a
new equilibrium point at (2, 2,1, 2,) = (0, k. m~*A,,0).
After performing a variable change z,; = zvffkv_llmflAv,
the system (29)-(31) is rewritten as

2, =F — i + 2., (32)
Zur = 20, (33)
Zy = _kpzp - kvlévl - kvzva (34)

which has the same dynamics as (29)-(31) for A, =
0. Finally, (29)-(31) has a UGAS equilibrium point at
(2p, Zo1, 20) = (0,k,!m™ ' A,,0) for all constant A,. M

After finding a (28), we decompose it in the total thrust
control input, u7, and in a reference orientation, o4. The idea
is: find o4 such that k 3||a and find uz such that |0 = ||al|.
The input uy is given by

ur =m(a-kg). (35)
Next, o4 is given by the following procedure:
n.=kx o, 6. = (k“) (36)
HaH all
0. = cos((gz) +n, sm<¢2) (37)
Opd = 005(1#2 )+ kp bln(w?d) (38)
Ofd = OydO;. (39)

To put the vehicle in the desired orientation, it is necessary
that its axis kp points in a direction. This is achieved via
o.. Besides that, when finding o4 there is a free angle
corresponding to the vehicle’s yaw. In order to choose
this parameter, a rotation 14 is computed around axis ks,
represented by o,4. This rotation is chosen to accomplish
the secondary control goal.

The control law ur already appears in (35). This strictly
means that the Backstepping is finished given the theory [16],
[24], [39]. To find a control law for the other input w.., we
add two more steps, similar to [37].

3) Step 3: In this step, we define 6 = 00} = cos(g) +

nsm(g’) as the unit quaternion orientation error. The goal

of this step is to find a virtual control law for w, let us call
it o, suchthato -+ 04 <= 0 =1 <= &%Ogiventhe
first-order orientation system (5).

Using oy, it is possible to find its angular velocity given
the relation wy = 24 ¢ In(0q).

Let z, = 2In(o ) = f¢ be another representation for the
orientation error expressed as a pure quaternion. Also let
Vo(zo) = %z(, - 20, Vo : H, — R, be a Lyapunov control
function with time derivative equals to

Vo(zo) =2z, (p—wy). (40)
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The proposed virtual control law ¢ is given by
Y =wqg—kozo, ko > 0. 41

Applying (41) in (40) yields V,(z,) = —kozo - 2o < 0,
Vz, # 0.

4) Step 4: For the last step, consider the virtual law ¢
(41), let z,, = w — ¢ be the angular velocity error and
2l = fot z,dt its integral. This yields the system

30 = —koZo + 2w, 42)
20.)[ = Zw, (43)
2o=—-J HwxJw)+J u, —p+J 1A, (44)

Using a static feedback linearization, w, is chosen as
wr = J(Ur gue + J Hw x Jw)), (45)

such that W = U quz = 2o = Usqus — @ for A, =0,
and w4, is an auxiliary control law.

Let Vo, : H;’, — R be a control Lyapunov function given
by Vo,w(zm 2w, Zw) =k, V, + %kwlzwl “Zwl t %Zw C 2w
from which its time derivative yields

Vo,w = ko(_kozo + zw) “Zot+ kwIZwI CZw

+ 2z - (u‘r,aum - Qa + JﬁlAw)v k()a kw[ > 0. (46)
The control law w; 4., is chosen as
Ur quz = So - szw - kwlzwl - kozo- (47)

Theorem 2: Applying (45) and (47) in the system (42)-
(44), the point (2., 2wr1, 2w) = (O,k;}JflAw,O) becomes
a UGAS equilibrium point.

Proof: Given (45) and (47), the closed-loop system is

'.zo - _kozo + Zws (48)
Zor = Zw, 49)
2, =—kozo —korzwr — kuze +J 1 A,. (50)

From (46) and (47), when A,, = 0, the equilibrium point
(20, ZwI, 2w) = (0,0,0) is UGS. The proof of asymptotic
stability follows the extended Matrosov’s Theorem [39].
Define ¢2 = 2z, W3 = Voo, Wa = 21 - 24, Y3 =
—k2zy 2o — kuwzyw - zy and Yy = 2, - 2y — 2l - 2o —
szwl Ry T kwlzwl =

As o4 is bounded and o is continuous for bounded
(2o, ZwI, 2w), then ¢o, W3, and Wy are bounded. Besides
that, if Y3 =0then Yy = —k 1207 207 <0.If Y3 =Y, =
0, then (2,, 2,1, 2w) = (0,0,0). Therefore, this equilibrium
point is UGAS for A, = 0.

For constant A, # 0, the system will have a new
equilibrium point (2,, 2,1, 20) = (0,k,} J"1A,,0). After
performing a variable change 2,5 = 2,5 — k;}J’lAw, the
system (48)-(50) can be rewritten as

20 = *kozo + 2w, (51)
Zor = 2z, (52)
'.zw = _kozo - kwléwl - szuw (53)

which has the same dynamics as (48)-(50) for A, = 0.
Finally, the system (48)-(50) has a UGAS equilibrium point
at (2o, 21, 20) = (0,k_FJ 1A, 0) for constant A,,. M

» Vwl

C. Summary

The controller is designed using constructive methods. It
incorporates the vector fields from [15] in a backstepping
with integral action.

Each step had its asymptotically convergence
demonstrated. Considering (29)-(31), with (8), and
(48)-(50), the closed-loop system can be written as follows

2, =F — i + 2y, (54)
Zyl = Zy, (55)

2y = —kpzp — kyr2or — kpzy + M1 A,, (56)

20 = —kozo + 2o, 57)

Bl = Zw, (58)
2 = —koZo — ku1zwr — kwzw + J 1Ay, (59)
Theorem 3: The system (54)-(59) has a UGAS

equilibrium  point at  (zp, 21, Zv, Zos Zwl; Zw) =
(0, k' A=.0,0,k,; J "t A,,0) for all constant A, A,
Proof: LetV : HS — R, V(2p, Zu1, Zv, Zo, Zwls 2w) =
Vp,w+ Vo, be a candidate Lyapunov function for the system
(54)-(59). Considering null uncertainties, A, = A, = 0, its

time derivative yields

V= —kpnGl zp|| — kvzy - 2o — krZo - 2o — kwZw - Zw,

V <0, V(zpyzvlyzvvzmzwlazw)a (60)

ensuring that the origin is a UGS equilibrium point.
When A,, A, are not null, but constant, the system has
a new equilibrium point at (zp, 21, Zv, Zo, 2wl Zw) =
0,k 142 0,0,k T A,,,0), which is UGAS considering

y Vol m » Vwl
the results from IV-B.2 and IV-B.4 via the extended
Matrosov’s Theorem [16]. |

V. RESULTS AND DISCUSSIONS

In order to illustrate the methodology, we show next
computational simulations using MATLAB & SIMULINK
and ROS. A detailed video of the results is available at
youtu.be/r9jk025wkzQ.

A. Matlab & Simulink

In this simulation, we consider m = 0.7kg,
J = diag(1.2416,1.2416,1.2416)kgm?, ¢ =
9.81m/s®. The target curve parametric equation is
r(s,t) = ri(s,t) + r;(s) + ri(s), with r;(s,t) =
i(2sin(0.5¢) + 0.05(10cos(s))?)m, 7;(s) = 710 cos(s)m
and 7 (s) = k10sin(s)m.

The system’s initial conditions are p(0) = 220 — 710+ k5,
0(0) =1 < 2In(o(0)) = 0, v(0) = 0 and w(0) = 0.
The chosen desired yaw angle is 1v4 = 0. The controller
gains are v, = 2m/s, kg = 15m~' k, = 0.1s7% k, =
2572k, = 10s™ ', k, = 100s72, ky; = 10s2, and k, =
200s 1.

This workspace is collision-free and it starts with null
uncertainties. Then, at ¢ = 50s, the system is disturbed with
constant A, = (27 + 335 — I%?)N and A, = k5Nm.

Fig. 2 shows the evolution of the states in time; Fig. 3
shows the error signals; and Fig. 4 shows the control signals.
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The error signals converge to zero until ¢ = 50s, when the
system is disturbed and next rejects the constant disturbances
returning to an error equal to zero. This means that the
system’s states and trajectory converged to the target path.
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_ —Zpx
E 10 I
0 |
1
=) Zox
£ 05 Zoy
N0 0 — oz
05 ‘ | | | | I I I I I
0 10 20 30 40 50 60 70 & 90 100
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Fig. 3. Matlab & Simulink: Evolution in time of error signals.
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Fig. 4. Matlab & Simulink: Evolution in time of control signals.

B. ROS

In this ROS-based simulation, we used the vector_field
stack simulator!. The quadcopter model in this simulator
receives total thrust and angular velocities inputs, i.e. it only
allows an acro-rate control mode. Then, it was controlled
using the Backstepping controller with the first three steps,
feeding the system directly with the found angular velocities.

The goal curve has the parametric representation r(s) =
(25 cos(s) + 72 sin(s) + k(cos(4s) + 2))m. Fig. 5 shows the
target curve C in black, the result trajectory p(t) in blue, and
the present obstacles O in red.

The avoidance parameters are: A = 0.6 m, D;,, = 0.8 m
and D;,o = 1.2 m. Fig. 6 shows the distance || D] in blue
and the distance || D,|| in red.

The controller gains are v, = 0.5m/s, kg = 8m™', k, =
0.01s72,kyr = 0,k, = 10s™! and k, = 10s™2, with 9y
aligned with the field direction, 1q = atan2(F;, F;)>.

! Available at github.com/adrianomer/vectorfield_stack [15].
2atan2(Ay, Ay) is the arctangent, and F;, F; are components of F in
directions 7, % respectively.
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Fig. 5. ROS: System trajectory in blue, target curve in black, and obstacles
in red.
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Fig. 6. ROS: Curve distance’s norm in blue, obstacle distance’s norm in
red, D;po in yellow, and X in green.

After the simulation begins, the vehicle deviates from the
first obstacle away from the curve. Then, after reaching the
curve, it deviates from other obstacles. In all cases, the
deviation is in the direction closest to the curve field.

Initially, the distance to the curve (blue) is approximately
4m. This rapidly decreases to and stays at approximately
zero. It increases when the distance to the obstacle (red) is
smaller than D, (yellow). In these stages, the obstacle is
contoured at a fixed distance A\ (green). When the deviation
is finished, the distance to the curve decreases again.

VI. CONCLUSION AND FUTURE WORKS

In this work, we proposed a non-linear controller to drive
a UAV quadcopter to follow and circulate a given time-
varying curve. The controller incorporates a novel collision-
free artificial vector field [14], [15] into a backstepping
with integral actions [16], allowing the closed-loop system
to deviate from obstacles and reject constant uncertainties
in a path-following strategy. The main contributions of
this work rely on the integration between the vector field
guidance and the non-linear backstepping with stability
proofs, the consideration of torques as control inputs®, and
the applications of the novel field.

For future work, we propose to evaluate the robustness
over bounded and unknown uncertainties to assure stability
and to perform real vehicle experiments.

3Even though the angular velocities are internally calculated and can be
used as control input in acro-rate control mode.
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