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This article presents a new adaptive method for formation control
of unmanned aerial vehicles (UAVs) with limited leader information
and communication. We study a formation control protocol in the
framework of vector-field guidance where the leader can communicate
its position and orientation but not its velocity. A practical motivation
for this scenario is the so-called congestion-aware control, in which
tradeoffs between the density of unmanned vehicles and communi-
cation interference caused by many communicating vehicles arise:
these tradeoffs may require to reduce the communication load to avoid
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interference. To compensate for the lack of knowledge of the leader
velocity, each UAV makes use of a local estimation mechanism. The
resulting method is an adaptive control method, whose stability can
be established using Lyapunov stability. We show that the method
can be extended to a distributed communication setting with a few
neighboring UAVs in place of the leader. Extensive simulations with
different formation shapes (Y, V, and T formation) show that the
proposed adaptation mechanism effectively achieves the formation
despite the unknown leader velocity. The proposed mechanism has
a very similar performance to the ideal case when the leader velocity
is perfectly known, and outperforms all the nonadaptive cases in which
the followers have an incorrect knowledge of the leader velocity.

[. INTRODUCTION

Formation flight technology for unmanned aerial ve-
hicles (UAVs) is a relevant but challenging topic, studied
by many scholars, institutes, and companies around the
world [1]-[3]. Formation flight forms the basis for coopera-
tive operation, cooperative search and rescue, or cooperative
exploration in unknown environments [4]-[6]. Different
formations can have different practical use: common forma-
tions can be straight-line shape, circular shape, V-shape, and
other shapes, sometimes inspired by formations of birds. For
example, studies have shown that V-shapes can reduce fuel
consumption and increase flight range by means of upwash
airflow; straight-line shapes can be used to navigate through
obstacles like narrow valleys; circular shapes can be used
to attack targets cooperatively [7].

Researchers have proposed different methods for path
planning of single UAVs and for formations of UAVs [8]—
[10]. When considering path planning of single UAVs, wind
disturbance [11], uncertain dynamic characteristics of the
UAY, and sensor quality are major difficulties [12]. In this
work, we address the influence of wind via the so-called
vector-field path planning, which is a popular approach
originally presented in [13] and [14] and now adopted in
many autonomous vehicles (aerial, ground, surface, and
underwater [15]-[20]). Several variants to the standard
vector-field approach have been proposed in the literature.
In [21], an adaptive vector-field approach is proposed to
handle unknown and slowly time-varying wind. The results
in [22] demonstrate that an adaptive vector-field can also
counteract the presence of unmodeled course angle dynam-
ics. In this work, we aim to study adaptation in formation
control tasks, and in particular adaptation to unknown leader
velocity in vector-field formations of UAVs.

Many formation control methods have been proposed
and tested on semiphysical or actual UAV platforms [23]-
[25]. A formation protocol for UAV swarming was pro-
posed in [26], a formation-containment protocol was stud-
ied in [27]. The potential-field approach, which is closely
related to the vector-field idea, was studied in [28]. The
authors in [29] integrated formation control, trajectory
tracking, and obstacle avoidance into a unified framework,
via inverse optimal control. It is clear that communication is
a crucial aspect for formations of UAVs. At the same time,
the communication should be kept as limited as possible so
as to avoid communication interference among connected
vehicles [30], [31]. The issue of saving communication in
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unmanned vehicles has been overlooked for a long time in
the literature, but it has attracted some attention recently: for
example, for connected ground vehicles it has been shown
that there are tradeoffs between the density of vehicles and
the interference caused by many vehicles communicating
with each other: these tradeoffs require congestion-aware
formation control methods [34], [35].

Unfortunately, standard protocols for formation control,
that can be grouped into two families, neglect this aspect.
In the first family of protocols, the leader or the follower
UAVs can communicate all of their states among each other
(position, velocity, orientation, linear, and angular veloc-
ity) [25], [36]—[38], which can lead to high communication
overhead; in the second family of protocols, it is assumed
that the leader UAV has unknown states and therefore a
distributed observer is designed to estimate the unknown
states [39]-[41]. Unfortunately, standard distributed ob-
servers also requires the communication of extra variables,
which are the auxiliary states of the distributed observer:
communication of these variables will inevitably lead to
high communication overhead. In addition, not all proposed
distributed observers can be applied to UAVs: for examples,
the distributed observers in [42] and [43] apply to linear
or fully actuated Euler-Lagrange dynamics, whereas UAV
dynamics are nonlinear and under-actuated. Dynamics of
mobile robots are nonlinear and under-actuated [44], [45],
but the control of the course in a mobile robot is different
from the control of the course in a UAV, due to the presence
of a low-level autopilot [ 13] which is not present in a mobile
robot. It should be also mentioned that distributed estimators
for mobile robots use a sliding-mode approach (i.e., a sign
function in the estimator) [44], [45]: from a practical point
of view, the presence of a sign function requires very fast
communication in order to measure at every time step if the
sign of the error is positive or negative. Fast communication
is in general not possible in UAVs.

Motivated by these challenges, we propose a different
approach: we study a formation control protocol in which
the leader can communicate only its position and orienta-
tion. Its velocity is not communicated and it is estimated
locally by each UAV. The main contributions are summa-
rized as follows:

1) Achieving formation of multiple UAVs even when
the velocity of the leader is unknown. The dynamics
under consideration are nonlinear guidance dynam-
ics [13], which differ from the typical dynamics of
mobile robots.

2) Designing a local estimator suitable for UAV dy-
namics so that when the followers cannot get the
velocity information of the leader, they can estimate
the information to adapt the formation. The estimator
is continuous and avoids the use of a sign function
which usually requires fast communication to dis-
cern if the sign of the error is positive or negative.

3) Designing such estimator in such a way that it
does not require communication of states of the
distributed estimator or any velocity. In fact, in
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the aforementioned state-of-the-art distributed ob-
servers for mobile robots [44], [45], the leader still
communicates its velocity with at least one follower
and this velocity is shared via consensus. In our esti-
mator, the leader does not communicate its velocity
with any of the followers.

Stability is studied in the Lyapunov framework. The
situation studied in this work is that every UAV can com-
municate with the leader: this is motivated by the practical
situation in which every UAV communicates with a ground
station and therefore can get the leader information [32],
[33] (we are not aware of any real-life UAV formation ex-
periment in which the ground station is completely replaced
by intervehicle communication). Nevertheless, we show
that the proposed method can be extended to a distributed
setting with intervehicle communication in place of leader
communication.

Extensive simulations with different formation shapes
(Y, V, and T shapes) show that the proposed adaptation
mechanisms can effectively achieve the formation despite
the unknown leader velocity. The proposed mechanism has
similar performance to the ideal case when the leader ve-
locity is perfectly known, and outperforms the nonadaptive
cases in which the followers have an incorrect knowledge
of the leader velocity.

The rest of the article is organized as follows. The
dynamics of the system (position, velocity, and angle) are
introduced in Section II. The vector field-based path track-
ing method for a single UAV is recalled in Section III.
The formation control method of multi-UAV is presented
in Section I'V. Section V gives the simulation result, finally,
Section VI concludes this article.

[I. DYNAMIC MODEL

In this and in the next sections, the dynamics and the
assumptions are taken from standard literature of vector-
field path planning, stemming from [13].

ASSUMPTION 1 Altitude and airspeed (V,,) are held constant
by the total energy control system (TECS) of the UAV.

ASSUMPTION 2 The UAV autopilot is equipped with a
heading-hold loop so that the resulting dynamics are repre-
sented by

U=a(e—1v) ey

where ¥ is the heading of the UAV (the angle between its
airspeed velocity and the horizontal axis in the earth frame),
Y. is the command heading from the controller, and « is
a known positive constant that characterizes the speed of
response of the heading-hold autopilot loop.

Fig. 1 illustrates the effect of the wind on the course
dynamics. It can be noted that the presence of wind deflects
the airspeed of the UAV, so that the actual velocity of
the UAV is represented by the ground velocity V,. If the
wind has two components, a constant component and a
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Fig. 1. Relations between airspeed, ground velocity, and wind.

possibly time-varying perturbation, both effects will sum
to the airspeed.

The effect of the wind can be expressed in a mathemat-
ical way as follows:

x =V,cos + W cos Y, + Acos iy
y = V,siny + W sin i, + A sin g )

where x and y are the coordinates in the earth frame, W
and A are the amplitudes of the constant wind and its time-
varying part, 1, and ¥4 are the corresponding angles (angle
between the constant or time-varying wind and the x-axis in
the earth frame). In practice, the values of W and v, can be
obtained from ground measurements (anemometer), while
A(t) and 4 (t) are actually time-varying perturbations and
can be regarded as disturbances.

In view of Fig. 1, the component of the UAV velocity
along the x- and y-axes be equivalently expressed as

X =V,cos x
vy = V,sin x (3)

where x is the course angle (the angle between the ground
speed and the x-axis), and V, is the UAV ground speed.

[ll. VECTOR-FIELD APPROACH

In the vector-field approach, ¢ and x are assumed to
be measurable (the former is measured by on-board inertial
measurement units, and the latter is estimated via sensor
fusion with the GPS). To counteract the wind effect, the
vector-field approach controls the course x. Because the
difference between ¥ and y is only the effect of the wind,
they have approximately the same dynamics, that is

X =alxe—=x) “4)

where . is the command course to be defined by the
vector field. The vector-field idea amounts to constructing a
vector field of desired course around the path to be tracked:
the vectors in the field provide heading commands to the
autopilot. To guide the UAV to the desired path, the vectors

are directed toward the path and eventually become tangent
to the path itself. The vector-field method traditionally
considers two types of path, straight line and orbit path,
which are recalled hereafter (more complex paths can be
constructed as a combination of straight lines and orbits).

A. Straight-Line Path Tracking

Lety = ax + brepresent the line equation of the desired
path, where (x, y) are the coordinates of the UAV in the
ground reference frame. Then, a path tracking error can be
defined as

C€py =Y — (ax +b) )

with vector field described by
2
Xa =1ix>°— tan_l(kepy) + tan" () (6)
g

where k is a positive constant that influences the rate of
the transition from x*° to tan~'(@). In (6), i defines the
direction of UAV movement (when i = 1, the UAV goes to
the negative direction of x axis, wheni = —1, the UAV goes
to the positive direction of x axis).

The meaning of x, in (6) is that when e, is large, the
UAV is directed towards the line with course angle x> €
(0, %]; when ¢, becomes smaller and smaller, the desired
course tends to the same direction as the line.

The design of the input x, in (4) should be done in such
a way to drive the UAV toward the path (e, — O and x —
Xa)- Such a design is based on the choice of an appropriate
Lyapunov function, which can be found in [13] and is not
repeated here. The final design is

i 2
Xe = X X T T (hep

— Esat <Z> (7
o €

where sat is the saturation function

V,(sin x — accos x)

X, if [x] < 1
sign(x), otherwise

sat(x) = { (8)
and ¥ = x — x4, and k > 0, € > 0 are the parameters that
control the transition region around the desired line.

B. Orbit Path Tracking

The strategy for orbit path following is similar to the
straight line following, in the sense that the vector field is
built around the desired orbit. For convenience, the position
of the UAV is represented by polar coordinates, and the ori-
ginis set to the circular orbit center (c,, ¢,). The relationship
between circular coordinates and Cartesian coordinates is

X=cy+dcosy
y=cy,+dsiny )

where the distance from the orbit center to the UAV is
denoted with d, and the angular position of the UAV is
denoted by y. Let the radius of the orbit be r.

BALDI ET AL.: ADAPTATION TO UNKNOWN LEADER VELOCITY IN VECTOR-FIELD UAV FORMATION 475

Authorized licensed use limited to: University of Groningen. Downloaded on April 05,2022 at 14:01:44 UTC from IEEE Xplore. Restrictions apply.



Substituting (9) into (3), the dynamics of the UAV in
polar coordinates are

d = Vecos(x —y)

y = %sin(x =) (10)
Similar to the straight line case, one should define a path
tracking error which is simply d = d — r, and the vector
field is described by
xa =y +j| 3 an” k)] an
where k is a positive constant that influences the rate of
the transition from y — 7 to y — Z. In (11), j defines the
direction of UAV movement (when j = 1, the UAV goes
counterclockwise, when j = —1, the UAV goes clockwise).
The meaning of x, in (11) is that the vector field will point
toward the orbit when d is large, while it will become more
and more tangent to the orbit as d becomes smaller and
smaller.
Similarly to (7), the design of the command course .
is based on the choice of an appropriate Lyapunov function
which can be found in [13]. The final result of the design is

v, B c (x)
Xe =X+ 5=sin(x —y)+ j=Vgcos(x —y)— —sat| =
do o o €
(12)
where B = k/(1 + (kd)?).

REMARK 1 Even when the leader flies at a constant air-
speed, the follower UAVs must be able to change their
velocity in order to establish the formation. Therefore, in the
following section we will present a method for the follower
UAVs that, in addition to controlling the course, controls
the velocity.

[V. UAV FORMATION PATH TRACKING

Several communication architectures can be found in
the literature about formations of UAVs, mostly centralized
and some distributed [46]—[48]. In this work, we consider a
so-called leader-to-all communication topology in which
the leader can communicate with all followers. Such a
scenario is reasonable in UAV applications, since the leader
UAV typically communicates with a ground station, and
the ground station in return can send commands to the
followers [32], [33].

The leader UAV adopts the vector-field path tracking
algorithm specified in Section III. This section is devoted
to defining the velocity and course commands for the
follower UAVs. We proceed with the presentation along
three steps: in the first step (Section IV-A), we define the
relative coordinate frame between the leader and a follower
UAYV, where such a frame is useful to define the formation
errors; in the second step (Section IV-B), we propose ideal
velocity/course commands under the assumption that the
follower UAVs have knowledge of the leader ground ve-
locity V, (e.g., thanks to communication); in the third step
(Section IV-C), the knowledge of the leader ground velocity
V, is not available, and therefore the follower UAVs must
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Uy (%X, V)

y

Fig. 2. Coordinate frame for leader and follower relative position. The
formation can be defined with respect to the course angle x;, or with
respect to the heading angle 1/;. In this work, the latter is used, because it
allows to control directly the follower airspeed V,;.

define their velocity/course commands in combination with
a local estimator. Finally, in Section IV-D, we discuss a
distributed communication setting in which the leader-to-all
communication is replaced by communication with a few
neighboring UAVs.

A. Relative Frame Between Leader and Follower UAV

Fig. 2 describes the relative coordinate frame between
a leader and a follower UAV. Take the leader UAV u, (with
coordinates (xop, yo) in the global frame) as the reference
zero, where the reference frame is rotated by the follower
heading angle ;. Then, the desired position u; of the
follower UAV to form a shape with respect to the leader
UAVis (pyi, pyi), while the actual position u; of the follower
UAV is (x,', yi)-

With such a configuration, the horizontal and vertical
coordinates error of the relative position between each
follower UAV i and the leader UAV can be denoted as
Xei(1), yei(t), the heading angle error ;, which can be
calculated as

Xei = (Pxi + x0(t) — xi(t)) cos i (1)

+ (pyi + yo(t) — yi(2)) sin ¥; (1) (13)
Yei(t) = — (pai + x0(2) — x;(2)) sin ¥;(¢)

+ (pyi +yo(t) — yi(t)) cos Y (t)  (14)
Yei(t) = Yo(t) — ¥;(1). (15)

When these errors are zero, the formation, which is defined
by the various (p.;, p,;) for each follower, is achieved. In
the following we will provide the stability proof for the
convergence of these errors. Two situations are discussed.
In the first, the followers use the knowledge of the airspeed
of the leader (e.g., obtained via communication) to reach
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the formation. In the second, such knowledge is not avail-
able and each follower can automatically adjust its control
according to its own situation via a local estimator.

REMARK 2 In the following, it is convenient to distinguish
between two quantities: V, and V,: the former is the actual
airspeed of the leader UAV; the latter indicates what the
followers think the airspeed of the leader UAV is. If the
information of the follower is correct, then V, = V. If the
information is incorrect (e.g. due to interference or other
errors), then V,, #£ V.

B. Nonadaptive VF

As standard in the vector-field literature [13], the sta-
bility analysis is performed under the assumption that V,
and Y (the heading of the leader) are constant. In the
case the quantities are (slowly) time-varying, i.e., their
time derivative is bounded by a constant as per effect of
a bounded wind disturbance or a curved path, it is natural
to expect that the tracking error will not converge exactly
to zero, but might be in a neighborhood of zero.

The airspeed of a follower i is denoted by V,; and is a
control input. Then, along similar lines as Section II we can
define the dynamics for follower i as

Xi(t) = Vgicosr; + W cos v, + A cos ¥y

Vi(t) = Vg sinfr; + W sin ¢, + A sin 4. (16)

Note that all UAVs are affected by the same wind. In

addition, in line with (1), we can consider the following
dynamics for the heading ;:

Vi = a(Wui — Vi)

where v; is the heading command to be designed.
If the information of the follower is correct (V, = V),
the following theorem holds.

A7)

THEOREM | Consider the following velocity and heading
controller:

Vi = C1Xei + Vo €08 Yy

Yei= — Yo+ Vi + Ve +

where ¢y, c3, c3 are positive design scalars, and ¥ is the
control heading angle of the leader UAV. Then, the errors
Xeis Yei» Wei cONVErge to zero as time goes to infinity.

(18)

c3Vaoyei

Cy Sin Y, n

19

PROOF To prove stability of (18) and (19), it is convenient
to substitute them into (16), so as to obtain the dynamics

Xo — X; = Va0 €08 Yo — (C1Xei + Vao €08 Ye;) COS i
Yo — Vi = Vo sin Yo — (c1Xei + Vao €08 Yei) sin ;. (20)
Also, substituting (19) into (15) gives the dynamics
Vei = —¢2 50 Yoi — €3VaoVei- (¢2))
Consider the following Lyapunov function:
N
V=>V (22)
i=1

BALDI ET AL.: ADAPTATION TO UNKNOWN LEADER VELOCITY IN VECTOR-FIELD UAV FORMATION

with
1
Vi = 3350 + S50 + (1 = cos () (23)
1
V=3l (Onel) + 5L Oye(0) + 1 (L = cos (1))
(24)
where N is the number of follower UAV's
xe(t) = [xel(t) .. ~xeN(t)]Ta ye(t) = [yel(t) .. 'yeN(t)]T

Iy =1[11...11",cos ¥ (t) = [cos Yei (1) . .. cos Yon ()] .

It can be noticed that the Lyapunov function is positive
definite, zero at the origin, and quadratic in x,;, Ye;.
Then, we take the derivative of the Lyapunov function

. . . | . 2
Vi = XeiXei + C3YeiVei + Wei SIN Wi = —C1X;

—¢ysiny2 <0

which is negative semidefinite, which implies that the origin
(Xeis Yeis Yei) = (0, 0, 0) is stable. Then, using the LaSalle’s
lemma, we obtain that the origin is not only stable, but also
asymptotically stable. This concludes the proof.

C. Proposed Adaptive VF

In this section, V, is assumed to be unknown; therefore,
we define Vao,- to be the estimate of V,, as calculated by
follower i; each follower UAV has its own local estimator.
As before, the airspeed of a follower i is denoted with V,;
and is a control input.

The following theorem holds.

THEOREM 2 Consider the following velocity and heading
controller:

Vai = 1%ei + Vao, €08 Yei (25)
Vo= — Vo Ui+ g + Ve Gl

and the following estimator:
Vao, = caiei 08 Y + oy sin ) (27)

where ¢y, ¢, ¢3, ¢4 are positive design scalars and 1 is the
control heading angle of the leader UAV. Then, the errors
Xei» Yeis Wei cONVerge to zero as time goes to infinity.

PROOF Motivated by proof 1, the Lyapunov function can
be chosen as

_ 1
V= 5"5 (t)x.(t) + %yZ ()ye(t) + 15,(1y — cos V(1))
1 N
5o ;(Vao,» — V) Vo, = Vo).
(28)

Define Vaoi = VaOi — V0. Itcan be noticed that the Lyapunov
function is positive definite and zero at the origin. As before,
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let
1 > c3 5
Ex"i(t) + Eyei(t) + (1 = cos Yi(1)).

Then, the time derivative can be derived as

V= (29)

. . ; . >
Vi = XeiXei + C3YeiVei + Ve Sin Yo = —C1X,;

. 2 ~ ~ .
— casinr,; — Vyo,Xe; €OS Yoj — €3V0,Yei SN Y
(30)
and

% y YRy 2 )
Vi = Vi 4+ Vo, Vo, = —c1x;; — ¢ sin”
- (-xei COs wgi + C3Yei sin wgi - Va()i )VaO,--

Then, thanks to the estimation law

(3D

) 2 a2
Vi=—cix;; —cysiny;; <0

which is negative semidefinite. It is implied that the origin
(Xeis Yeir Ve Vao,) = (0,0, 0, 0) is stable. Then, using the
Barbalat’s lemma, we obtain that x,;, y.;, ¥.; all converge to
zero as time goes to infinity. This concludes the proof.

REMARK 3 As compared to Theorem 1, the main advantage
of Theorem 2 is to replace V,, with the local estimate
VaO,», updated by the local estimator. Therefore, the adaptive
approach can compensate of lack of knowledge of V.
Major differences with respect to estimation mechanisms
proposed in the literature, e.g., distributed estimators for

mobile robots are the following:

1) The control of a course in mobile robots is different
from the control of the course in UAVs, due to the
presence of alow-level autopilot which is not present
in mobile robots.

2) Distributed estimators for mobile robots use a
sliding-mode approach, with a sign function in the
estimator. The proposed estimator avoids this ap-
proach because, in practice, the presence of a sign
function requires fast communication (not possible
in UAVs) to measure at every time step if the sign of
the error is positive or negative.

3) Indistributed estimators for mobile robots, the leader
still communicates its velocity with at least one
follower (and this velocity is shared via consensus),
whereas in our estimator the leader does not com-
municate its velocity with any of the followers.

D. Distributed Adaptation

The previous section has assumed a centralized setting
in which every follower can communicate with the leader.
Works such as [32] and [33] discuss that such a centralized
setting is the most common approach due to the need for a
ground station collecting the telemetry from the formation.
Nevertheless, the proposed adaptation mechanism can be
rearranged for a distributed setting in which UAV i commu-
nicates with one (or more) neighbors, e.g., as indicated in
Fig. 3. In the following, let us index for simplicity one of
such neighbors as i.

In this setting, let X,;, y.i, ¥.; represent the formation
errors with such a neighbor (where the desired gap is also
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leader followerl Y™ g _~follower2 leader
leader
! .
followerl ,t.. follower follower3
follower3 < \
B - g,
follower2 follower3  followerd N ollower

T-shape Y-shape V-shape
Fig. 3. Schemes of the formations and possible distributed

communication topologies.

defined with respect to this neighbor). Then, let ¥;, ¥;
be quantities from such neighbor, and let Vui,» represent the
estimate of the velocity V,; of neighbor i, as calculated by
UAV i.

Then, using similar distributed adaptive tools explored
by some of the authors for linear dynamics [49], it suffices
to consider the following velocity and heading controller:

Vi = c1Xei + Vaf,- cos eri (32)
CrsinVe 3V Vi
R LLL e (33)
and the following estimator:
Vi = ca(Xei €08 Vi + €37ei 8in Py (34)

to provide a similar stability result as Theorem 2, with
distributed (instead of centralized) communication. The
difference between (25)—(27) and (32)—(34) is replacing
Xeis Yei» Wei (formation error with the leader) with X,;, Vi, Ve;
(formation error with the neighbor), and replacing V.o — ¥
(signal from leader) with ¥; — 5 (signal from neighbor).
A similar modification holds also for nonadaptive version
(18), (19), where V,, (leader airspeed) should be replaced
with V,; (neighbor airspeed). To validate the feasibility of
this approach, some simulations in the next section are done
in such a distributed scenario.

REMARK 4 Because the method used to solve the problem
relies on adaptive control theory, issues of noise and un-
modeled dynamics can be solved using tools from robust
adaptive control, c.f. the book [50]. The tools, not shown
here due to lack of space, amount to modifying the adaptive
laws by including terms such as leakage term, dead zones, or
projection. These modifications provide robustness to non-
parametric perturbations such as disturbances, unmodeled
dynamics, and time delays. In the book [51], it is further
explained that similar modifications in the adaptive laws
are also useful to address time-varying parameters.

V. NUMERICAL VALIDATION

We consider different formations of five UAVs (one
leader and four followers) which must achieve different
shapes. Three shapes are discussed: the inverted T for-
mation, the Y formation, and the inverted V formation,
represented in Fig. 3. For simplicity, we omit the term
‘inverted” and simply refer to the formations as T, Y, and V
formation. The desired positions to achieve the formation
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TABLE I
Formation Gaps Are Expressed With Respect to the Leader

Followers UAV #1 UAV #2 UAV #3 UAV #4
Line Gap(z,y)

T shape (0,-7) (-7,-14) 0,-14) (7,-14)

Y shape (-7,7) (7.7 07 (0,14

V shape (7.7 (1414 (7.7 (14,14
Orbit Gap(zx, y)

T shape (0,-4) (-4,-8) (0,-8) (4.-8)

Y shape (-4,4) (4.4) (0,-4) (0.-8)

V shape (-4,-4) (-8,-8) (4,-4) (8,-8)

Gains c1 Co c3 C4
a=0.6 0.8 100 1 0.02
TABLE 1T

Straight Line Path: RMS Formation Errors for Correct (V0 = 12) and
Incorrect (V9 = 7, Vyo = 17) Leader Speed. The Percentages Refer to
the Increased Error of the Nonadaptive VF as Compared to the
Corresponding Adaptive VF (Only in One Case the Nonadaptive VF Is
0.2% Better Than Adaptive)

TABLE III
Orbit Path: RMS Formation Errors for Correct (V,o = 12) and Incorrect
(Vao =7, Vao = 17) Leader Speed. The Percentages Refer to the
Increased Error of the Nonadaptive VF as Compared to the
Corresponding Adaptive VF

Vao =12 |Shape #1 #2 #3 #4 total (% improv.)
T 3291 6404 5077 6522 | 21.295 (+1.3%)
non-adaptive
VE:V,0 — 12 Y 7.063 6734 3707 6.191 | 23.695 (+4.3%)
V. 5782 5816 9910  8.545 | 30.052 (+8.1%)
T 3291 6414 5066 6239 | 21.011
adaptive
VE:V,0 = 12 Y 5987 6802 3.727 6.159 | 22.675
vV 5215 5363 9.181 7.868 | 27.627
T 5204 9222 5795 9.743 | 29.964 (+22.2%)
non-adaptive
VE:V,o = 17 Y 5009 7.001 5823 @ 7.000 | 24.833 (+7.9%)
V 4116 7334 9324 17.604 | 38.376 (+23.0%)
T 3908 6514 5566 7325 | 23312
adaptive
VE:V,0 = 17 Y 5041 6.672 4117  7.037 | 22.867
V4083 6372 9.228 9.852 | 29.534
T 7.683 9.082 7900 8.092 | 32.757 (+7.0%)
non-adaptive
VE:V,0 = 7 Y 11.851 9286 7.886  8.779 | 37.802 (+13.5%)
VvV  10.670 7.638 13260 10.034 | 41.603 (+7.2%)
T 6423 8451 7.529 8.053 | 30.456
adaptive
VEV, =T Y 8729 8331 6985 8.652 | 32.697
V. 8464 7536 11396 11.194 | 38.590

Vao =12 [Shape #1 #2 #3 #4 total (% improv.)
T 3.081 6.089 4826 6.040 | 20.036 (+0.1%)
non-adaptive
VEV,0 = 12 Y 4538 4588 3.168 5.094 | 17.387 (+0.4%)
V 4818 4504 8.053 4.933 | 22.308 (-0.2%)
T 3.118 5997 4842 6.066 | 20.022
adaptive
VEV,0 = 12 Y 4486 4502 3.239 5.099 | 17.326
V4797 4.616 8.082 4.847 | 22.343
T 5791 7.626 7.006 7218 | 27.640 (+13.8%)
non-adaptive o
VE:V,o = 17 Y 6.007 5499 5909 7.651 | 25.065 (+15.1%)
V.  7.190 6.049 12574 6.312 | 32.125 (+11.7%)
T 4366 6884 5831 6.736 | 23.818
adaptive
VE:V,0 = 17 Y 5295 4855 4452 6.669 | 21.270
V.  6.057 4979 11.669 5.664 | 28.369
T 6781 6.862 6963 8.155 | 28.761 (+9.0%)
non-adaptive
VEV, =7 Y 7.968 8.627 7.000 7.244 | 30.838 (+14.7%)
vV 7167 7974 9.134  9.185 | 33.460 (+7.7%)
T 5790 6.120 6474 7.793 | 26.176
adaptive
VE:V,0 = 7 Y 6237 6875 6.185 7.003 | 26.299
V 6303 7.048 8.831 8.689 | 30.870

are shown in Table I. Let us clarify that all the gains ¢y, ¢3,
3, ¢4 are kept the same for all simulations.

To address realistic problems such as unmodeled dy-
namics, sensor noise, etc., the experiments make use of a
software-in-the-loop UAV model developed in the past by
some of the authors [22], [52]. This UAV model includes the
low-level autopilot of a UAV (ArduPilot) and can capture
unmodeled low-level dynamics and sensor noise. These low
level controllers (e.g., roll/pitch/yaw controllers) essentially
are unmodeled dynamics, since they are present in any real
UAV but that do not appear in the guidance dynamics. The
noise in the simulator also includes the quantization noise
due to discrete-time implementation of the control. To this
purpose, it is worth remarking that the communication in
the simulator occurs at 10 Hz, which is very representative
of real communication among UAVs or among UAVs and
ground station. We perform simulations in a windy scenario

Straight line:total RMS error

Tshape Yshape Vshape|Tshape Yshape Vshape|Tshape Yshape Vshape

M non-adaptive VF M adaptive VF

(a)

Orbit line:total RMS error

)
s
—TT T T T T T

Tshape Yshape Vshape | Tshape Yshape Vshape | Tshape Y shape V shape
Vi =12

W non-adaptive VF M adaptive VF

(b)

Fig. 4. Each bar of the histogram show the sum rms errors for the four
follower UAVs, using communication with the leading UAV indicated in
Fig. 3). The sums are given for different leader speeds and shapes. The
blue bar is the nonadaptive VF, the red bar is the adaptive VF. (a) Straight
line path. (b) Orbit line path.
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Line Y formation with V, = 12, V,,0 = 17. The UAVs are depicted as dots at time 37 s. The leader is indicated with a red dot. In the

nonadaptive case, the followers think the leader is faster that it actually is and cannot keep a good Y shape. (a) Nonadaptive VF. (b) Adaptive VF.
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Fig. 6. Orbit Y formation with V,, = 12, V,,0 = 17. The UAVs are depicted as dots at time 37 s. The leader is indicated with a red dot. In the
nonadaptive case, the followers think the leader is faster that it actually is and cannot keep a good Y shape. (a) Nonadaptive VF. (b) Adaptive VF.

where a constant wind is perturbed by a sinusoidal wind.
The wind parameters are: constant wind amplitude W =
6m/s; constant wind angle v, = 230°; time-varying wind
amplitude A(¢) = 3 cos(0.1¢)m/s; time-varying wind angle:
Ya(t) = sin(0.11)°.

We have 3 different scenarios with T,Y,V shapes, which
are tested for both the straight line and the orbit case.

1) VF with V, =V,o = 12: In this scenario (line and
orbit), the leader has velocity V, = 12. The followers
correctly use Vo = 12 in their control law (18), (19)
all the time (nonadaptive VF) or use (25), (26) with
Vao,- = 12 as initial condition to their local estimator
(27) (adaptive VF).

2) VEwithV, = 12,V,y = 17: In this scenario (line and
orbit), the leader has velocity V, = 12. The followers
do not have the exact knowledge and incorrectly use
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V.o = 17 in their control law (18), (19) all the time
(nonadaptive VF) or use (25), (26) with Vao,- =17as
initial condition to their local estimator (27) (adap-
tive VF).

3) VFwithV, = 12, V,o = 7: In this scenario (line and
orbit), the leader has velocity V,, = 12. The followers
do not have the exact knowledge and incorrectly use
V.o = 7 in their control law (18), (19) all the time
(nonadaptive VF) or use (25), (26) with Vao,. =17 as
initial condition to their local estimator (27) (adap-
tive VF).

The first scenario has the purpose of checking how
close the adaptation mechanism is to the perfect knowledge
case of the leader velocity. The last two scenarios have the
purpose of checking if the local estimator can compensate
for the incorrect knowledge of the leader velocity.
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For the straight line path tracking, the target pathis y =
0.3x. For all three shapes, the initial positions of the follower
UAVs are (0,80) and the initial course angles are 0, 7 /6,
/3 and 7 /4. For the orbit line path tracking, the target
path is (x — 50)> + (y — 50)> = 100. For all three shapes,
the initial positions of the follower UAVs are (—20120) and
the initial course angles are again 0, 77 /6, 7 /3 and 7 /4.

A. Discussion of Table Results

Tables II and III report the root mean square (rms)
formation errors (i.e., the error with respect to the desired
formation point). The rms errors are calculated for each
follower UAV and then eventually summed as “total.” For
better judging the performance of the adaptive mechanism
as compared to the nonadaptive one, the percentage differ-
ence is calculated as

total (non-adaptive)-total (adaptive) .
0.

total (non-adaptive) (35)
When the percentage is negative, it means that the total
rms error of the adaptive control is larger than the total
rms error of the nonadaptive control; vice versa, a positive
percentage indicates the improvement of the adaptive con-
trol over the nonadaptive one. The positive percentages are
reported in bold in Tables II and III, and it can be seen that
most of the time, the adaptive method improves over the
nonadaptive one. The following comments hold in detail.

1) Only with line path and correct knowledge of leader
velocity the nonadaptive control is comparable with
the adaptive one (see Table II). On the other hand, for
the orbit path, even with correct knowledge of leader
velocity the estimator can actually lead to improved
performance in the range 1.3-8.1% (see Table III).

2) When the followers think that the leader is faster
than it actually is (17 m/s instead of 12 m/s), only
the adaptive strategy can “fix” this mistake, while
the nonadaptive strategy keeps the same wrong in-
formation. The adaptive mechanism leads to im-
provements in the range 11.7-15.1% for the line (see
Table II), and in the range 7.9-23% for the orbit (see
Table III).

3) When the followers think that the leader is slower
than it actually is (7 m/s instead of 12 m/s), only the
adaptive strategy can “fix” this mistake. The adap-
tive mechanism leads to improvements in the range
7.7-14.7% for the line (see Table II), and in the range
7-13.5% for the orbit (see Table III). The orbit path
is more challenging than the line path, due to the fact
that the leader continuously changes its orientation,
which requires the follower to continuously follow
this changing behavior and track a point that is not
“steady.” In this challenging scenario, the perfor-
mance of the adaptive mechanism is always better
than the performance of the nonadaptive strategy.

For better readability, the results in Tables II and III are
summarized in histogram form in Fig. 4.

UAV #1
UAV #2 | 4
UAV #3
UAV #4 | 7

Error in X

0 5 10 15 20 25 30 35 40
Time

(a)

nN W
o o
L L

Error in X
-
o o
=
M

— e ——— 1
0 5 10 15 20 25 30 35 40
Time

ErrorinY

ErrorinY

0 5 10 15 20 25 30 35 40
Time

(d)

Fig. 7. Errors in straight line Y formation with V,, = 12, Vo = 17. In
the nonadaptive case the followers think the leader is faster that it actually
is, and this leads to oscillations. (a) Nonadaptive VF: x error. (b) Adaptive

VEF: x error. (c) Nonadaptive VF: y error. (d) Adaptive VF: y error.

B. Discussion of Plots

This section is meant to discuss some plots and clarify
the reasons for such improvements. For a Y formation with
V, =12, V,0 = 17 (the followers think that the leader is
faster than it actually is), Figs. 5 and 6 show the performance
for line path and and orbit path, with and without adapta-
tion. The total trajectories are shown, while the UAVs are
“frozen” at the same time instant + =37 s. The following
conclusion can be drawn.

1) The nonadaptive strategy is not able to keep the Y
shape: the leader is in red color in the middle of the Y
shape and it can be seen that the follower right behind
the leader is overlapping or almost colliding with
the leader. This problem is avoided in the adaptive
strategy.

For the same Y formation with V, = 12, V0 = 17 as
above, Fig. 7 shows the evolution of the x, y errors. The
following conclusions can be drawn.
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Straight line: total RMS error

Tshape Y shape Vshape| T shape Y shape V shape|T shape Y shape V shape

W non-adaptive VF M adaptive VF

(@)

Orbit line: total RMS error

Tshape Y shape V shape [T shape Y shape V shape|T shape Y shape V shape

W non-adaptive M adaptive

(b)

Fig. 8. Each bar of the histogram show the sum rms errors for the four
follower UAVs, using the distributed implementation of the proposed
method (communication with neighbor according to the topology in
Fig. 3). The sums are given for different neighbor speeds and shapes. The
blue bar is the nonadaptive VF, the red bar is the adaptive VFE. (a) Straight
line path. (b) Orbit line path.

1) For the x error, it can be seen that a bias appears for
the nonadaptive strategy, i.e., the error is not con-
verging to zero. However, the adaptation mechanism
of the adaptive strategy is able to drive such biases
towards zero.

2) For the y error, it can be seen that oscillations appear
for the nonadaptive strategy, i.e., the error oscillates
around zero. However, the adaptation mechanism of
the adaptive strategy suppresses such oscillations.

We conclude by showing that similar results as the ones
reported before would be obtained also with the strategy
in Section IV-D, i.e., with a distributed communication
setting in which the leader-to-all communication is replaced
by communication with a few neighboring UAVs (see the
communication topologies in Fig. 3). To avoid repetitions,
the details of these simulations are not given as in Tables II
and III, but rather the results are summarized in the form of
histograms in Fig. 8. Again, it can be seen that the adaptive
strategy is comparable to the nonadaptive strategy when
each UAV has correct knowledge of the neighbor velocity;
then, the adaptive strategy outperforms the nonadaptive
strategy when such knowledge becomes incorrect.
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VI.  CONCLUSION

A formation control protocol was studied in which the
leader can communicate only its position and orientation. To
compensate for the lack of knowledge of the leader velocity,
a local estimator was designed for each UAV. Extensive
simulations with different formation shapes have shown
that the proposed adaptation mechanism has a very similar
performance to the ideal case when the leader velocity is
perfectly known, and outperforms all the nonadaptive cases
in which the followers have incorrect knowledge of the
leader velocity.

An interesting avenue for future work is to model the
communication interference in UAVs (an open problem
to the best of our knowledge) and study a mechanism
to activate the estimator only when necessary. Another
interesting problem is to perform real tests, which might
induce studying new problems such as let the UAVs avoid
collisions.
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