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Abstract: The paper is devoted to the problem of the decentralized control of unmanned aerial vehicle
(UAV) formation in the case of parametric uncertainty. A new version of the feedback linearization
approach is proposed and used for a point mass UAV model transformation. As result, a linear model
is obtained containing an unknown value of the UAV mass. Employing the speed-gradient design
method and the implicit reference model concept, a combined adaptive control law is proposed for a
single UAYV, including the UAV’s mass estimation and adaptive tuning of the controller parameters.
The obtained new algorithms are then used to address the problem of consensus-based decentralized
control of the UAV formation. Rigorous stability conditions for control and identification are derived,
and simulation results are presented to demonstrate the quality of the closed-loop control system for
various conditions.

Keywords: robust adaptive control; distributed formation control; fixed-wing UAV; parameter
estimation; speed gradient

1. Introduction

Adaptation methods are widely used for various tasks involved in controlling the
formation flight of unmanned aerial vehicles, such as mission formulation, target deter-
mination, trajectory formation, and ensuring movement along it, as well as control of the
Unnamnned Aerial Vechicles” (UAVs) angular position under the conditions of parametric
uncertainty and characteristics of acting disturbances. Below, we consider a number of
related publications from recent years.

Du et al. [1] dealt with three-dimensional (3D) unmanned aerial vehicle (UAV) path
planning in a complex environment with the aim of avoiding obstacles and finding the best
path to reach the target position, proposing an improved chimpanzee optimization algo-
rithm (IChOA) based on an adaptive weight somersault foraging strategy. Sefati et al. [2]
aimed to expand UAV group control concepts, including channel selection and load balanc-
ing, to improve UAV power consumption and reduce latency. Trujillo et al. [3] considered
the problem of distributed control of the position of a group of UAVs to achieve the desired
type of formation and avoid collisions using an adaptive convex combination of two control
laws: formation control and obstacle avoidance. Two control protocols were proposed to
guarantee convergence to the desired formation in a finite or given time. [4] considered
the problem of collision avoidance for a swarm of UAVs and presented the results of ex-
perimental studies for a group of quadrocopters. They introduced a group-level detection
and adaptation mechanism for detecting potential collisions between different groups
of UAVs and restructuring the group into subgroups for better collision and deadlock
avoidance. Muslimov and Munasypov [5] presented a multi-agent approach to adaptive
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UAV control while tracking a moving ground target. It was proposed to do this by having
the UAV swarm move along a circular trajectory centered on the target. A fuzzy logic-based
Model-Reference Adaptive Control (MRAC) scheme was used to cope with the uncertainty
of the UAV dynamics. The approach was studied for various scenarios using full nonlinear
UAYV models. A strategy for searching for survivors in a dynamically changing flood zone
using a group of UAVs was proposed in [6]. A robust adaptive controller was proposed
for its implementation, the feasibility of which was verified by simulation in the presence
of time-varying uncertainties.

Robust consensus tracking problems for a group of cloud-connected UAVs with a
leader—follower formation structure in the presence of uncertainty were considered by
Islam et al. [7]. The convergence performed by the Lyapunov method shows that the
consensus protocol can make the states of UAV followers asymptotically track the state of
the leader.

A group of agents can form a swarm using the extended Cooker-Smale (C-S) model [8].
Song et al. [9] analyzed various levels of inactivity as the degree of control efficiency for
several UAVs in the flocking algorithm. In [9], a heuristic approach of adaptive inactivity
was proposed, which adaptively changes the inactivity level of selected agents in accor-
dance with their position and direction relative to the flock center. Zhou and Chen [10]
used a semi-global consensus leader-following approach in which the control inputs of the
leader and slave agents were bounded. Distributed static and adaptive control protocols
were proposed, and adaptive updating served to avoid the use of global communication
network information. The results of [10] were confirmed by both computer simulations
and real flight tests employing the nanoquadrotor Crazyflie 2.1.

Ahmed et al. [11] noted that the placement of UAVs is critical when designing a
network to collect data from sensors in intelligent environments, as it affects the cost,
reliability, energy consumption, efficiency, and network delay. The problem was considered
one of increasing the efficiency of the system by maximizing the number of serviceable
sensors while using the minimum number of UAVs. Chen et al. [12] studied the multi-user
UAV-enabled mobile edge computing system suffering from a jamming attack by a UAV.
In this paper, reinforcement learning was applied to develop an offloading strategy to
alleviate the effect caused by attack suppression that was able to comply with latency and
power consumption constraints. Mahmood et al. [13] considered improving the quality of
network service through the transfer of extensive computing to the mobile edge cloud and
through the deployment of a UAV integrated with intelligent reflective surfaces. To achieve
an effective solution to the formulated complex problem, the original optimization problem
was divided into subtasks using the block coordinate method. The paper in [14] is devoted
to the integration of satellite and terrestrial networks. A joint optimization design for a non-
orthogonal multiple access-based satellite—terrestrial integrated network was proposed
and studied in [14], and it was shown that the suggested algorithm can improve the
computational efficiency of the iterative algorithm in comparison with habitual randomly
generated initial points.

For networked UAVs, Glizey and Giizey [15] developed a search and tracking scheme
using an adaptive hybrid grouping controller. For search, antennas were placed on at least
four UAVs while keeping the system “+” in the XY-plane (east-west/north-south). UAVs
on the abscissa axis were controlled by the difference in the signal powers of the eastern
and western groups, and along the y-axis by the difference in the respective signal powers
of the northern and southern groups. A backstepping controller was derived using the
Lyapunov stability criteria to allow the UAV to fly in a “+” shape at a fixed altitude. Based
on the example of a quadrotor troop formation, [16] proposed a number of approaches for
assigning UAV targets using time optimization and gain maximization in two stages. In the
first stage, urgently desired targets are selected from the detected target group using the
proposed objective function. In the second, appropriate UAVs are assigned for the selected
desired targets, taking into account coverage factors, adaptive limitations, and constraints.
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The problem of cooperative control of a UAV group with finite-time orientation
under conditions of external disturbances and parametric uncertainty was considered
by Han et al. [17]. Using a quaternion model of UAV dynamics, a non-singular sliding
mode terminal surface was constructed for the event-triggered controller. An adaptive
neural network was used to estimate disturbances. Simulation examples were presented
illustrating the efficacy of the proposed control algorithm. Wu et al. [18] considered the
problem of control over a rigid formation with fixed time for a class of nonlinear multi-
agent systems with indefinite dynamics and external disturbances. To compensate for
the uncertainty of the system dynamics and disturbances for a fixed time, an adaptive
observer was introduced for the state and disturbances. Next, a fixed-time formation control
strategy was proposed. The authors proved that the designed controller implements the
boundedness of closed-system errors with a fixed time independently of the initial state
based on stiffness theory and the Lyapunov approach. Results based on simulations
implemented on the UE4 simulation platform confirmed the control of both a single agent
and a UAV formation.

A distributed adaptive fault-tolerant formation control for heterogeneous multiagent
systems with faults in the communication channel was discussed in [19], where a group of
heterogeneous multi-agent systems consisting of UAVs and unmanned ground vehicles
(UGVs) was considered taking into account parametric uncertainties and failures in com-
munication channels. An adaptive fault-tolerant formation control protocol was developed
that uses information about local states for each slave UAV and UGV with different gains,
meaning that all slave vehicles track the dynamic trajectory of the virtual leader and simul-
taneously provide the specified formation in case of communication channel failures or
actions due to external disturbances.

Popov et al. [20] considered the problem of forming and maintaining the formation
of small satellites in near-earth projected circular orbits. In [21], a two-stage algorithm for
group UAV guidance was proposed. In the first stage, a consensus algorithm was employed
for decentralized multi-agent UAV control. In the second, each UAV was independently
guided to the target using a modified proportional 3D guidance law.

Gamagedara and Lee [22] presented a geometric adaptive position control system for
a quadrotor UAV. The thrust direction, which is critical for position tracking, was controlled
irrespective of the yaw direction. Adaptation elements were introduced into the control
loop to mitigate the influence of the disturbances. The efficacy of the proposed control
system was illustrated both numerically and experimentally by indoor and outdoor flights.
Chatterjee and Dutta [23] examined the messaging process for coordinating decisions
within a fully autonomous UAV group in the overall task of Plume Wrapping, which is
used to determine the shape and size of airborne hazardous materials. This is a practical
problem involving a real scenario. An algorithm was proposed to ensure the correctness of
operation and resistance to variable delays when receiving messages.

In [24], a fractional order and trajectory control system was proposed for several
quadrotors in formation using Super Twisting Sliding Mode Control (STSMC) technology.
The Lyapunov function method was employed to synthesize controllers able to compensate
for the influence of parametric uncertainties and wind gusts and provide justify the stability
of the control system. Three types of controllers were considered: a fixed-gain STSMC, an
Adaptive Super Twisting Sliding Mode Control (ASTSMC), and a Fractional-order Adaptive
Super Twisting Sliding Mode Control (FASTSMC). These were tested by UAV swarm
simulation. From the authors’ simulation results, the FASTSMC method demonstrated
better robustness compared to the fixed-gain STSMC and integer-order ASTSMC.

For an underactuated quadrotor, Liang et al. [25] proposed an adaptive robust hier-
archical control strategy. Based on the geometric approach, the orientation error in [25]
was directly defined in the tangent space of the rotation group. To eliminate the influence
of uncertainties, it was proposed to use a detailed dynamic model to represent the main
aerodynamic and mechanical parameters of the quadrotor, and this was used to orga-
nize direct/indirect adaptive control. The presented simulation results showed the good
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performance of the system based on the proposed method in terms of tracking accuracy
and robustness.

In a recent paper by Zhi et al. [20], the formation control of multiple fixed-wing
unmanned aircraft vehicles (UAVs) based on a virtual leader structure and subject to
unknown uncertainties and disturbances was studied. A fully distributed model reference
robust adaptive controller (DMRRAC) was proposed, with the aim of swiftly constructing
the formation in complex situations. This approach was able to dramatically reduce reliance
on UAV models and global info. Meanwhile, an adaptive projection formation operator
and novel high-frequency robust term of the controller were used to guarantee that the
formation system was uniformly asymptotically stable under the influences of uncertainties
and disturbances, and could additionally enhance the transient performance and robustness.
Validation and comparative simulations were implemented to demonstrate the proposed
DMRRAC method. A platform based on ROS was used to verify the actual operability of
the controller.

The problem of controlling distributed formation vertical take-off and landing (VTOL)
UAVs under the action of unknown perturbations was studied in [27]. Two algorithms
for distributed formation control with a hierarchical structure were developed. Methods
were proposed to guarantee limited thrust, work without information about acceleration,
and compensation for the influence of external disturbances.

In [28], a method was proposed to ensure the overall stability of a quadrotor-type
UAV formation with significant variations in the parameters of individual UAVs. It was
presumed that the desired trajectory is known only to a single UAV in the formation (“the
leading UAV”). For the synthesis of local controllers, a signal-parametric adaptive control
based on the passification method [29,30] was employed. For illustration, the simulation
results for altitude control of a group of 25 quadrotors were shown. This result was extended
to the adaptive control of spatial motion for a group of quadrotors in [31]. Tomashevich and
Andrievsky [32] applied an approach of [33,34] to the synthesis of a high-order adaptive
algorithm for a multi-agent system control. Quadrotor attitude control was considered
as an example. To demonstrate the convergence of trajectories in a system of four agents,
a laboratory quadrotor setup [35] was used.

Recent results on this topic, including adaptive and variable-structure control ap-
proaches for the problem of spacecraft group motion control, can be found in the survey
by [36]. The application of an adaptive coding procedure for relative motion control of two
satellites over a packet erasure communication channel with a limited transmission rate
was discussed in [37]. A discrete-time adaptive controller for attitude control of a single
spacecraft using reaction wheels was studied in [38].

Contrary to the habitually adopted approach, when the aircraft model is derived with
the help of the Taylor linearization technique in the vicinity of the given flight conditions,
the feedback linearization method is applied to the nonlinear aircraft model. A rigorous
justification of this approach is obtained through the theory of flat systems; see [21,39-43].
The novelty of the present paper’s theory is that the uncertain mass is introduced into a
linearized system, in contrast to the usual approach in which the feedback-linearized plant
dynamics are described by double integrators. This makes it possible to apply adaptation
methods by taking into account the presence of the unknown parameter.

The remainder of this paper is organized as follows. The point-mass model of UAV
dynamics is provided in Section 2. Section 3 is devoted to the adaptive control of a single
UAV. Control of a multi-agent UAVs formation is considered in Section 4, and simulation
results are presented in Section 5. Section 6 presents a discussion of the obtained results
and compares them with other related works. Finally, our concluding remarks and future
work intentions are provided in Section 7.
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2. Point-Mass Model of UAV Dynamics

In this paper, we use the following point-mass model of unmanned aerial vehicle

(UAV) dynamics [44—46]:

X = Vg cosycosip,
y = Vgcosysiny,

h= Vgp siny, .

Vg _ thrustm drag gsiny, )
_ higsing

V= Vg cosy’

. _ hBigcosg  gcosy

T T Vem Ve

where x, y, h are UAV translational coordinates; v denotes the flight-path angle;  is the

heading angle; ¢ is the bank angle; V, denotes the UAV ground speed; F¢ = P ngsc L

1
Firag = 2 Oa Vg2SC p are the lift and drag forces, respectively; Fyst denotes the thrust force;

m is the UAV mass; g stands for the gravity acceleration constant; S is the platform area
for a wing; and p, denotes the air density; finally, C, is the lift coefficient, Cp is the drag
coefficient, and Cp = Cp, + kCC%, where Cp, denotes zero lift drag coefficient, k. is the
induced drag factor. Following [40,47], let us adopt t = [Fyust, CL, @] as the vector of the

control signals.

In [39,41,42,48], a variant of (1) is used in which the load factor is defined as

2 hig
mg

and used instead of the lift coefficient C;. Then, (1) takes the following form:

X = Vg COS 7y cos P,
y = Vgcosysiny,

h= Vg sinvy,
Vg _ Fthrustm Fdrag . gsin v, @)
. mygsing
v= Vgcosy '
g(mygcos ¢ — cos )
= 7. i

Zhi et al. [26], Wang and Xin [43] used the following variant of (2):

X = Vg COS 7y cos P,
y = Vgcosysiny,

h= V%sin Y, .
Vg _ thrus'tm drag gsiny, 3)
. ngsing
v= Vgcosy '
y = fircos g gcosy
Vem Ve

where the control action is defined as in (2), i.e., u = [Fyprust, 71s, @]
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2.1. Feedback Linearization

Models (1)—(3) ues a common approach to the design of the control algorithm, namely,
the feedback linearization method, cf. [49]. This results in an equivalent linear system of
the form

X =0,
=1, 4)
h= U3,

where v1, v3, v3 are virtual controls which can be uniquely converted into real ones. This
approach was used in [39,40,42,43], and, appears indirectly in [26]. A rigorous justification
for the applicability of this approach follows from the theory of flat systems [50,51]. It can
be shown that outputs x(t), y(t), h(t) of systems (1)—(3) are flat (in the sense of [50,51]) and
that variables Vg, ¢, v can be expressed in terms of x, y, i and their derivatives, as well as in
terms of control signals. Let the real control signals in (1) be in the form u = [Fypust, Fise, @)%
here, Fjs; is used instead of Cp. Such a replacement is admissible because it follows from
the seventh equation in (1) that the required value of C; can be uniquely obtained from Fg;.
Then, the inverse transformations of the control by dynamic feedback linearization can be
obtained in the following form:
Option 1.

Fihrust = Fdrag + mcos 'Y(Ul cosp + vz SiIH,[J) +m Sin'y(g + U3)/

Fify = m\/((g +v3) cos 7y — siny(v1 cos Y — vy sin h))* + (va cos P — vy sin P)?, (5)

Uy cos P — vp siny
¢ = arctan P : :
(g +v3) cosy — (v1 cos P + vy sinip) siny
Option 2.
xv1 + Yoy + h(g +v
Fihrust = Fdrag +m 1Ty ZV (g 3>
8
+v3) cosy — (01 cos P + vy sin ) sin
Flif’t —m (g 3) Y ( 1 Y 2 lP) (Y/ (6)
cos ¢
o= arctan( vy Cos P — vy siny . . )
(g +v3) cosy — (v1 cosp + vy siny) siny
Option 3.

Fihrust = Fdrag +m cos y(v1cosy + v siny) + m siny (g + v3),
(g +v3)cosy — (v1cosyp + vpsing)) siny

Flift =m oS q) ’ (7)
— arctan Uy Ccos P — vy siny
? (¢ +v3)cosy — (v cosp + vpsiny) siny )

Note that the respective expressions for Fy.us and Fi in all three options
are equivalent.

The admissible region in the phase space of the UAV model, in which the obtained
expressions (5)-(7) are defined for (1), is provided by the following inequalities:

Ve>0, |yl<m/2, |g|<m/2 (8)

Similar expressions for systems (2) and (3) can be obtained to transform the virtual
control signals v1, v, and v3 into the real ones.



Electronics 2022, 11, 4187

7 of 33

2.2. Feedback Linearization for Variable Mass m Case

The control signals in (5)—(7) are computed from the virtual controls vy, v, and v3 for
system (4). Because Expression (4) does not contain the mass m in it, the mass change is not
taken into account when virtual controls are computed. In order to take into account the
influence of the mass, we can make transformations in (4)-(7) by employing the following
changes in variables:

moy = 0y,
moy = 0y, )
m(vs + g) = 3.
Then,
0 =7
1— m 1,
1 _
v2 =02, (10)
1
03 = %03 — g
After substituting (10) into (4), we have
e~ 1o
=,
1
= aﬁz, (11)
.. 1
h=—03—g,
n3 8

where 71, 75, 03 are the new virtual controls.
Now, the transformations to the real control signals (5)—(7) are as follows:
Option 1.

Fihrust = Fdrag + €08 y(01 cosy + Oy singp) + 03siny,

Fife = \/(773 cos Y — sin y(77 cos P — T, sin 1/]))2 + (0o cos ¢ — 71 sin 1/))2, (12)
Ty cos i — D1 siny )

¢ = arctan| — — — -
U3 cos y — (01 cos i + Tp sinp) siny

Option 2.

Fthrust = Fdrag + (5“71 +yo2 + hﬁ:%) /Vg/

U3 cosy — (01 cos P + Do sin ) siny
Fiige = , (13)
cos ¢
¢ = arctan| — % fzos p—n _Sin.l/} - .
U3 cosy — (01 cos P + Tp sinip)) siny

Option 3.

Finrust = Fdrag + cos ’}'(61 cos § + U sin IP) + 03sin 7,

03 cosy — (01 cos i + Tp sinip) sin-y

Fige = ,
lift cos @ (14)
— arctan Uy cos P — Ty siny
¢ 03 cosy — (01 cos P + Tpsiny) siny /-

Note that the right-hand sides of (12)—(14) do not include the mass m.
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3. Adaptive Control of Single UAV
3.1. Problem Statement and Control Goal

Now, we pose the following control goal: find controls for system (11) while ensuring
tracking of a given trajectory under the condition of an unknown (or slowly time-varying)
parameter m(t), assuming that the range of its possible values is known, i.e., Vt : #pin <
m(t) < Mmax. First, we consider the following prescribed trajectory:

r(t) = [r(8),ry(8), rn (D], (15)

where the vector function r(t) € R? is formed from the reference coordinates ry(t), r,(t),
ry(t) along axes x, y, h, respectively. Assume that the time derivatives of r(t) up to #(f)
inclusive are bounded for all t+ > 0 and the derivative 7(t) is a piecewise continuous
function of ¢.

To solve the posed problem, the following new variables are introduced:

ex1 = x1 —1x(f), ey =x2—x(t),
eyl = Y1 — ”y(t)r €y2 = Y2 — fy(t), (16)
ep1 = hy —1(t), epp = hy —#4(t),

wherex1:x,xzzx,yl:y,yzzy,hlzh,hzzh,and

Yx = Qx€x1 + €42,
Yy = ayey + ey2, (17)
Yn = apep + e,

with some ay > 0, &y > 0, a, > 0.
We now introduce the following goal function:

1 1 1 m m m
Qt(exyh/ Yxyh) = Eeil + 5651 + 5‘3%1 + Eyi + E?/; + Ey%- (18)

where e,y = (€x1,€y1,€n1), Yxyh = (Yx, Yy, Yn)- Here, the control goal is provided by the
asymptotic relation
tlggo Qf(exyhr yxyh) =0. (19)

With respect to the new variables from (16), system (11) has the following form:

. 1_
x1 = %Ul - rx(t)/
1
e = 02— Fy(t), (20)
b = 03— g — (1)
m=77 8 — Tnll).

Substituting the variables from (17) to (20), we obtain

€x1 = —&x€y] + Yx,
byl = —ayey1 + Yy, (21)
€n1 = —Qpep1 + Yn,

. 1_

Yx = &xlYx — ‘X?gexl + avl - rx(t)/

. 1_

Yy = ayyy — zxﬁeﬂ + %vz - ry(t), (22)

. 2 1
Yn = anYn — dyen + 03— in(t) — g
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Equation (21) describes the internal dynamics, while (22) is used for the external
dynamics. Obviously, the null dynamics of system (21) are exponentially stable [49].

3.2. Design of Main Control Loop
We take the control for the system (21)—(22) in the following form:

01 = (kx]/x - Tx(f)) kx]/x/
03 = —mi(kpyy — fh(f) - g) + knyn,

where 71, IAcx, I%y, lAch are adjustable parameters and ky > 0, ky > 0, k, > 0 are fixed (design)
parameters.
Substituting (23) into (22), we have

Yx = _“32569(1 + (‘Xx - %kx + nj)yx + (m - >7’x(t)/

: 2 1 y
=—aje + | oy — —ky+—=
Yy yeyl (y T

>

(24)

=
~_—
<
<
+
7N
| S
|
—_
~
<
—
—
\\_/

, k i ,
Un = —ahen + (“h - *kh + h)]/h + < - 1) (Fu(t) +8)-

Now, the following Proposition can be stated.

Proposition 1. For system (21) and (22) with control (23) and with a known value of m, it is
always possible to find values of control parameters 1, ky, ky, kn, kx, ky, ky, such that control
goal (19) is fulfilled and the closed-loop system is exponentially stable.

Proof of Proposition 1. Take the following parameter values:

My = m,

kx = Ny, ky - “y, kh = ah, (25)

I%x* = —A,m, IAcy* = —/\ym, lAch* = —A,m,

where Ay > 0,A, > 0, A, > 0 are arbitrarily chosen positive constants (the design parameters).
Then, substituting (25) into (24) provides us with

Yx = —a2 ex1 — AxYx,
Yy = oc ey — /\yyy, (26)
Un = —ahens — Al

Take the following Lyapunov function:
V(t) = Qt(exyhs Yxyh) (27)
and calculate the time derivative of V() along the trajectories of system (21) and (26):
V = ex1éx1 + myxyx + ey1éy1 + myyyy + epiépn + mypyy. (28)
Grouping the terms for the x, y, and h axes in (28) results in
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where .
Vi = ex1éx1 + myyyy,

Vy = ey1y1 + myyYy, (30)
Vi = en1ém + mypyp.
Below, only the expression for V. is considered; however, transformations for Vy, v,
can be made similarly. Making substitutions of expressions for derivatives, we obtains

Vi = e (—txext Fyx ) 1y (—a3eeq —Axyy) = —re?, + (1—moc,2(> exyr—mAgys.  (31)
It can be easily seen that Vi can be represented as a following quadratic form
Vi = 115" Hxipy, (32)
where vector 7y = [e;1  Yx]" and matrix

B —ay 0.5(1 — ma?)
He = [ 0.5(1 — ma3) —mAy (33)
are introduced.
Matrix Hy = H, is negative definite if its first angular minor is negative and its second

is positive. In our case, the first minor A; = —a, < 0, and the second should satisfy the
inequality
2
Ay = mazhy — 0.25(1 - mai) > 0. (34)
We can represent inequality (34) in the following form:
1 2 2
Ae> g <m¢xx - ) : (35)

Obviously, with the known values of m and ay, there is always a value of A, for
which inequality (35) is satisfied. In a similar way, by introducing vectors 7, = [e,1yy],
n = [en1 yn)" and matrices

— 0.5(1— ma?
H, = T ( ) (36)
0.5 (1 — mocy) —mAy
B —ay 0.5(1 — ma3)
Hy = { 0.5(1 — ma?) —mAy 37
it can be shown that
Vy = ﬂyTHyi’]y <0, Vh = T]hTHhT]h <0, (38)
is negative definite if the conditions
2 1 2
2 _ L 2 _
Ay > - (mocy 1) , Ap > e, (mth 1) . (39)
are satisfied.
As a result, we obtain the inequality
V = 13" Hyipx + 17y Hyiy + 1" Hyiy < 0, (40)

It can be easily shown, cf. [49], that the above inequality implies the following one:

V< —pV, (41)
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where p > 0 is a certain constant. From this, it follows that the system (21) and (22) with
control (23) is exponentially stable and that control goal (19) is satisfied. This completes
the proof. O

3.3. Synthesis of UAV Adaptation Law

To obtain the adaptive tuning law for control law (23), the adjustable parameters
i, ks, Izy, I%h are employed with the Speed-gradient (5G) method, cf. [52-55].

Let the control aim be as given by (19). The time derivative of Q; along system (21)
and (22) trajectories with control (23) is as follows:

Qt = ex18y1 + ey18y1 + €p1épy + myxyx + myyy + mypyy. (42)
Taking into account (24), we have

Qr = ex16x1 + ey1éy1 +eprép+

7] k 1 ,
+ myy <—¢x§ex1 + (zxx — %kx + Wf)yx + (m - 1>rx(t)> +

+myy (‘“fteyl + ("‘y — okt ,,Z)yy + (m - 1>ry(t)> +

~

+ myy, <—(X%l€h1 + (och — Zkh + kh)yh + (Z — 1) (i"h(t) +g)> (43)

m

>

= ex16x1 + ey1éy1 +ep1ém

— mzxiexlyx + (mzxx — 1itky + l%x)yi + (1l — m)ix(t)yx
—magenyy + (m“y — thiky + ’%y)yﬁ + (i — m)7y (E)yy

— madieyyn + (mey — 1k, + Ky )y2 + (7= m) (B4 (8) + )y

The vector of function (43) has a gradient with respect to the adjustable parameters i,
kx, ky, ky, as follows:

—kxy? + yaa(t) — kyyd + yyz'r'ya) — kny2 + yn(Fu(t) + 8)
VO = Iy L @)

The SG design procedure leads to the following tuning algorithms for variables 1, kv,
ky, ky in (23):

it = = (ks e (8) = kg + vy (8) = kot + yn (B (D) + ),

l?x = —7%, 5)
’ACy = *’ryyﬁ,

f<h = — VWY

where v, > 0, 7x > 0, 1y > 0, 7, > 0 are the adaptation gains (i.e., the design parameters).
The following result can be derived.

Proposition 2. In system (21) and (22) with control (23) and tuning algorithms (45), the control
goal (19) is achieved and the tuning parameters 1, ky, ky, ky, are bounded.
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Proof of Proposition 2. To prove this, we can check the conditions under which the SG
scheme is operable [52-55]:

1.  The scalar objective function Qt(exyh, yxyh) is non-negative and satisfies the growth
condition g(f) Qt(exyhs Yxyh) —> 0 as ||[exyn, Yxyhll| — 0. Note that this condition is

met for function (19).

2. Function Q; should be convex on adjustable parameters 7, ks, IAcy, IAch. This condition
is met because Q) is linear with respect to the adjustable parameters.

3. The following reachability condition is satisfied: for any m from the range of its
possible values myin < M < Mmay, there exists a set of parameters 1, ks, lAcy*, IAch*
and a function f(Q;) (f(Q¢) > 0as Q; > 0) such that for all x, y, h, t, the inequality

Qt((exyh/ Yxyh/ m*rlzx*/f(y*/i%h*) < —f<Qt(exyh/ ]/xyh))r (46)

is fulfilled, as follows from Proposition 1.

This completes the proof. [

Remark 1. Relations (17) can be treated as an implicit reference model [29,30,53,56], where the
parameters ay, oy, &y, set the goal function (18) convergence rate.

Remark 2. The efficiency of the adaptation algorithm (45) is preserved if the mass m in (11) is
time-varying with a sufficiently small rate of change. The rigorous consideration of the case of the
time-varying parameters can be performed based on the recent results in [57,58].

Remark 3. The adaptation algorithm (45) is a combined one. It includes the identification procedure
provided by the first expression in (45) and the direct adaptive control described by the last three
expressions in (45).

Remark 4. In practice, it is advisable to use the following reqularized form of the adaptation
algorithm (45), cf. [53]:

h= *'Vm( kx]/x +]/x7’x(t) kyy§ +yyfy(t) - khy%l +yh(i’.h(t) +g)) - Um(m - mO);

o
=

D _ O
<

ko). 47
) (47)

where oy > 0, 0x > 0, 0y > 0, 03, > 0 are parametric feedback gains (design parameters) and mo,
kxo, Izyo, kyo are “quessed” values of the control law (23) tunable coefficients chosen based on the
prior information of the UAV parameters.

4. Control of Multi-Agent UAV Formation
4.1. Problem Description

Consider a group of N UAVs (agents) indexed asi = 1,2, ..., N. The dynamics of each
UAV can be described by (11), as follows:

o1y
1 mi 1is

ji = o 48
Gi = - 02, (48)
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where m; is the mass of the i-th UAV and 3y;, 0y;, il3; are the virtual controls for i-th UAV.
Here, masses m; are assumed to be unknown within the known range mmin; < m; < Mmaxi,
i=1,2,...,N.

Remark 5. UAV communication channels and data exchange protocols are not considered in the
present paper, and it is assumed that the information exchange necessary to implement the proposed
algorithms is feasible in one form or another. Results regarding data transfer between UAVs in
formation can be found in [23,37,59-72]. Particularly, in [59,63,66,67], adaptive coding procedures
for navigation data exchanged between the UAV's in formation was studied in depth. For satellite
communications, Lin et al. [69] solved the problem of safe and efficient beamforming in multi-agent
satellite systems to simultaneously achieve data transmission security against interception and low
power consumption. Lin et al. [70] explored multicast satellite and aerial-integrated network with
rate-splitting multiple access, where the satellite and UAV components are controlled by the network
control center and operate in the same frequency band. An optimization problem was formulated to
maximize the total speed in terms of the signal—interference ratio and power limitations per antenna
in the UAV and satellite. Lin et al. [71] addressed the aim of providing efficient satellite-to-satellite
communication while minimizing the overall transmitted signal power and meeting the bit-rate
requirements for multiple blocked users. In [72], a broad overview of the state-of-the-art of UAV
communications from an industrial point of view was provided. It was shown that sub-6GHz
mainstream MIMO can successfully deal with cellular selection and interference problems; in
addition, the prospects for next-generation UAV communications were outlined and an assessment
of the prospective benefits for UAVs was provided. In Geraci et al. [72], the authors discussed the
main technological obstacles that stand in the way of further UAV communications development.

Unlike [5,23,27,42,73-75], in the present paper we assume that the reference trajec-
tory (15) along which the UAV group should move is given ahead of time. The group
formation is set by the vector relative position (the offset vector) for each UAV with respect
to trajectory (15), as follows:

51' = [5961'1 5yir §hi]Tr i= 1,2,...,N. (49)

Then, the reference trajectory for the i-th UAV i is provided by the following vector
function:

ri(t) = [rx(t) 4 0xi, 7y (£) 4 Syis 1 (£) 4 0" = [rxi(t), 7i(t), rri(B)]". (50)
By choosing appropriate offsets J;, we can set the required formation of the UAV
group. By analogy with (16) and (17), we can define the following variables for system (48):
exi = x1; — ryi(t),  expi = Xoj — Fxi(t),
ey1i = Y1i — 1yi(t),  eyai = yoi — tyi(t), (51)
ewi =i —1i(t),  eni = hai — Fi(t),
where xy; = X;, Xoi = X;, Y1; = Yi, Y2i = Vi, i = i, hyi = Iy, and
Yxi = Qxi€x1i + €x2i,
Yyi = &yiey1i + €yi, (52)

Yni = Xpiln1i + en2i,

where «a,; > 0, ay; >0, ap > 0,i=1,2,...,N.
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With these variables, system (48) can be written as

€x1i = —Qyi€x1i + Yxis
ey1i = —&yieyli + Yyi, (53)
€n1i = —&pien1i + Ynis

o , 1
Yxi = Qxilfxi — Oyixli T U Fri(t),
1

. 1
Uyi = Gyilyi — 0501 + 02— Fyi(t), (54)
1

1

. 2 ~ ..

Yni = &piYni — Xjiep1i + 03— Pi(t) — g
1

Let the control goal for the i-th UAV be tlim Qti (exyhis Yxyhi) — 0, where ey = (ex1i, ey1is enti),
— 0
Yayhi = (Yxis Yyis Yni) are introduced. Then,

Qti(exyhir yxyhi) - 2 xlz + zeyll + zehlz lexi lyyz 21 Yhi- (55)

Because no interaction between UAVs in a group is assumed, goal (55) can be achieved
using the earlier described control loop (23) as follows:

01j = z( xiYxi — rxz(t)) + sziyxi/

( yillyi — 7 t ) + ]Acyiyyi/ (56)
O3i = — 11 (kpiyni — rhi(t) — &) + knivnis

§>

U =

where 1i1;, ky;, kyl, ky; are tunable controller parameters and k; > 0, kyi >0, kp; > 0 stand
for the fixed (design) parameters.
The adaptation algorithm is as follows:

i = —Ymi (—kxiy?}i + Yaifai(8) = kyivy: + Yyifyi(8) = ki + i (Fpa () + 8)),

]Exi = _'7xiy§a‘/ (57)
kyi = —=ryivyir
fchi = _'Yhi]/%i/

where 7 > 0, vy > 0, 7 > 0, vy > 0 are the adaptation gains (design parameters).
If the control goal for the entire UAV group is taken as the sum of the goals for the i-th
UAV, namely,

N
Qtr (exyh/ yxyh) = Z Qti(exyhi/ yxyhi)/ (58)
i=1
then Q; p(exyh, yxyh) — 0, as t — oo, because each term tends to zero.

4.2. Consensus Algorithm for Multi-Agent Formation Control

Control laws (56) and (57) are applied independently and separately to each UAV in
the formation, and rely on information about the UAVs'’ relative positions. For the group
control problem, additional signals employing the consensus algorithm can significantly
increase accuracy in the presence of noise (cf. [20,76-78]). Therefore, to improve formation
positioning accuracy, a consensus algorithm (protocol) can be applied for multi-agent
formation control. Unlike [28,31,32], in which the reference position r(t) is known only to
a single UAV in the formation (“the leading UAV”), here we assume, as above, that each
UAV has information about (). This makes it possible to employ the consensus-based
approach described below instead of relying on the leader’s position tracking.
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4.2.1. Basic Information on Consensus Algorithm

Following [10,20,75-79], we define graph G as a pair (V,£), where V =1,...,nisa
set of nodes (agents) and £ € V x V is a set of edges in which each edge is represented
by an ordered pair of different nodes. Edge (i, j) shows that node i is a neighbor to node
j, and node j can receive information from node i. A graph is called directed if, for each
(i,j) € €,(j, i) € €. The path from node i; to node i is a sequence of ordered edges with
the form (i, ix41), k =1,..,1 — 1. An undirected graph is connected if there are paths to all
other nodes for any i € V.

Let graph G contains 1 nodes. The adjacency matrix A = [alﬂ € R™*" is defined as
ajj = 0,a;; = 1if (j,i) € £, and 0 otherwise. The Laplace matrix L = [I;;] € R"*" is defined
asl; = Z]-Iil ajjand ljj = —ajj, i # j. A directed tree is a directed graph in which every node
has exactly one parent except for one node, called the root, which has no parent and has a
directed path to every other node. A spanning tree of a directed graph is a directed tree
formed by graph edges that connect all the nodes of the graph. Let us assume that the
communication graph G is undirected and connected; examples of undirected connected
graphs are depicted in Figure 1.

Figure 1. Communication graph.

Assume that ¢; € R contains information about the state of the i-th agent. For infor-
mation states with first-order dynamics, the following fundamental first-order consensus
algorithm is known:

&i=u (59)

where u; € R has the following form:
n
uj = —po Y aij(&i — &), (60)
j=1

and po > 0 is a certain constant.
It is assumed for algorithms (59) and (60) that consensus is achieved asymptotically among
several agents when for any ¢;(0) and for all i # j it is valid that tlim |&i(t) = &;(t)|| = 0.
— 00

4.2.2. UAV Formation Control based on the Consensus Algorithm
Consider the following extended control algorithm for system (53) and (54):

61; = —1iti (kyiyi — Fri(t)) + kyityai + 01ci)
0o = — i (kyiyyyi — Fyi (1)) + kyiyyi + Ooci, (61)
03 = — 1 (kniyyni — P (£)) + knivini + 3cir
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where 71, Do, D3¢ are additional control signals based on the consensus algorithm by Ren
and Beard [76]:

N
O1ci = —Kxclxi — Px Z ajj (yxi — yxj),

=1
N

Opei = _kycyyi — Py Z aij (yyi - yyj)/ (62)
=1
N

T3ci = —kncYni — Pn Y aij (yhi - yhj),
=1

where kyc > 0, kyc > 0, kje > 0, px > 0, py > 0, p, > 0 denote the consensus algorithm
parameters and a;; represents the adjacency matrix elements, thereby defining a directed
connections graph (digraph) G between the UAVs for the consensus algorithms (59) and
(60). In matrix form, (62) can be written as

01c = _(kchN +PxL)yx,
Uy = _(kycIN + PyL)]/y/ (63)
03¢ = —(kneIn + pnL)yn,

where Iy denotes the N x N identity matrix, L is the Laplace matrix corresponding to the
adjacency matrix and the directed connection graph G, and the following vector notations
are used: yx = [Yx1, Yx2, -, Yan]'s Yy = Yy, Yy2r - YyNI Y= [y Ynos - - ynn]"s 01 =
[G1c1, 012, - -+ D1eN]"s Doc = [D2c1, D2c2, -+ -, D2eN]"s T3 = [03c1, T3c2s - -+, T3eN] -

The following Proposition can now be stated.

Proposition 3. System (53) and (54) with control (61) and (62), adaptation algorithms (57),
control goal (58), and the settings 1i;, kyi, ky,, kyi,and i =1,2,..., N is stable if the associated
communication digraph G contains a spanning tree.

Sketch of Proof for Proposition 3. We can prove this proposition, using the SG scheme by
checking the following conditions (cf. the proof of Proposition 2):

1.  The scalar objective function Qtp(exyh, yxyh) is non-negative and satisfies the growth
condition glg Qtr(exyns Yxyn) = 00 as || (€xyn, Yayn) || = . This is true for function (58).

2. Function Q;r should be convex on the adjustable parameters ;, kyi, lAcyi, IAchi, i =
1,2,...,N. This condition is met because Q;r is linear with respect to the parameters.

3. Reachability condition: for any set of values m;,i = 1,2, ..., N from the ranges of possible
values Mmini < Mj < mmaxz,there exists a set ofparameters fite = [fiyq, Msg, ..., N]frn

’zx* = [kx*lrkx*2r~-- x*N] ky* = [ky*l/ky*Z/ .- y*N} kh* - [l%h*lri%h*Z/--wkh*N]T
and function f(Qr) (f(Qir) > 0as Qi > 0) for which for all x, y, h, t hold:

QtF (exyh/ Yxyhs T, i‘x*/ lA(y*r I%h*) < _f(QtF (exyhr yxyh))- (64)

To prove this, we can consider the Lyapunov function:

VF(t) = Qi (exyhr yxyh)' (65)

Because Qtp(exyh,yxyh) is the sum of the control objective functions for each UAV
and the control signal based on the consensus algorithm enters additively into the
overall control signal (61), by taking into account expressions (27) and (41) the proof
of Proposition 1 implies

N
Ve(t) = = Y 0iQui(Cxynis Yayni) + fe(exyns Yocyn), (66)
i=1
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wherep; >0,i=1,2,...,Nand fc(exyh, yxyh) is an addition to the derivative of the
consensus algorithm (63). This function is as follows:

fe(exyns Yayn) = —Yz(kxeIn + pxL)yx — vy (kyeIn + pyL)yy — ¥ (kncIn + n L) yn- (67)

By assumption, the associated communication digraph G contains a spanning tree;
therefore (see [76]), the Laplace matrix L is positive semi-definite, and hence all
the matrices inside the parentheses of expression (67 ) are positive definite. Then,
fc(exyh, yxyh) < 0, and for (66) there always exists p, > 0 such that

VP(t) < —pQsF (exyhr yxyh) (68)

is valid. Therefore, condition (64) is satisfied.
This completes the proof. [

Remark 6. In practice, it is preferable to use the robust form of the tuning algorithm (57), cf. [53]:

i = —Ymi (_kxiy?ci + Yaifai (1) = kyiyy: + Yyifyi(8) — ki + yni (P () + 8))

= O (1i1; — mo;),
f<xi = —YxiYi — Oxi (I%xi - ’%xol‘), (69)
f<yi = —’Yyil/ﬁi — Oyi (IA{yi - ffy@i),
kni = =i — Oni (’A% - khOi)/

where 0; > 0, 0y > 0, 0y; > 0, 03; > 0; my;, koir f(in, knoi are some “guessed” values of the
adjustable control law parameters.

Remark 7. The obtained adaptation and control algorithms for a single UAV in (23) and (47) for
group control of UAVs in (61) and (62), as well as the tuning algorithms (69), are applicable for
UAV models with the form (1) and expressions (12)—(14) when conditions (8) are met.

5. Simulation Results

We carried out computer simulations for various scenarios with the proposed adaptive
control algorithms in the Matlab /Simulink software environment.

For converting virtual controls into real ones, the control plant model was taken as (1)
with expressions (12). We used the control laws for a single UAV in (23) and (47), for group
control in (61) and (62), for and tuning algorithms (69).

5.1. General Data for Simulations

A circle with a constant radius of 200 m at a constant height of 100 m was used as the
motion trajectory:

rx(t) = 200 cos(0.25¢), ry(t) = 200sin(0.25¢), r;,(t) = 100. (70)

The nominal parameters of the UAV were as follows: m = 500 kg nominal mass;
S = 7.98 m? platform area for a wing; p, = 1.225 kg/m? air density, Cp, = 0.02 zero-lift
drag coefficient, k. = 0.1 induced drag factor.

The simulation results of UAV motion along a given trajectory are presented in Figure 2.

The simulation results of group UAV motion along a given trajectory are presented in
Figure 3. In (17), the following output parameters yy, yy, y, were used: ay = ay = aj, =
0.0397. The control law (23) constant parameters were set to ky = k, = k;, = 0.0796. The
adaptation algorithm (47) parameters were: y;; = 2, 0y = 0.008, vx = 7y = v, = 0.75,
0y = 0y = 03, = 0.008. The following initial values of the adjustable parameters were used:
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my = 325 kg, kvo = lAcyo = f<h0 = —30. To prevent negative values of the thrust force, it was
limited from below by 50 N.

For the group flight simulation, the control law parameters used for each UAV were
the same as for the single UAV simulation.

Time: 140.00 sec

250
200

= 150
= 100 T
50 } t

-300

300

0 200

-200

X (m) 200
-300 Y (m)

Figure 2. UAV trajectory for adaptive control case.

Time: 109.50 sec

150

100

Z (m)

50

-300

-200

300

-100
-200
-300 Y (m)

Figure 3. UAV trajectory for group control case.

5.2. Control of Single UAV

The following values were used as the initial parameters of the simulation. Initial
coordinates: x(0) = 50 m, y(0) = 0 m, k(0) = 75 m; initial speed V(0) = 50 m/s; initial
attitude: y(0) = O rad, ¥(0) = 7r/2 rad.

5.2.1. Control of Single UAV with Linearly Varying Mass

For the simulations, the UAV mass was considered in the form of a linear function in
time with an initial value m = 400 kg and slope —0.4 kg/s.
The simulation results are shown in Figure 4.
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Figure 4. Coordinate errors (a), estimated mass value (b), controller gains (c), and thrust force (d) for
a scenario in which the UAV mass changes linearly over time.

5.2.2. Control of Single UAV with Jump-changing Mass

Unknown UAV mass changes linearly until + = 200 s; its initial value is 400 kg, and
the slope is —0.2 kg /s. At time instant t = 200 s, jumplike mass decreases 50 kg.
The simulation results are shown in Figure 5.
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Figure 5. Coordinate errors (a), estimated mass value (b), controller gains (c), and thrust force (d) for
scenario of jumplike UAV mass changing.

5.3. UAV Group Control

Next, we consider the control problem for a group of four autonomous UAVs. The
formation is configured by offsets (49) and (50) relative to the reference trajectory (70):

8y = [0,-25,-25,-50]", &, = [0,25,-25,0]", &, = [0,0,0,0]". (71)

The consensus algorithm in form (62) was used to implement the group control. Data
exchange between agents was carried out according to the connections graph shown in

Figure 1.
The consensus algorithm parameters are as follows: kyc = kyc = kjc = 350, px = py =
Pn = 250.

The following common initial conditions for all UAVs of the group were used: initial
speed V¢ (0) = 50 m/s; initial attitudes y(0) = O rad, (0) = 7r/2 rad.
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For the first UAV, the initial uncertain mass was m = 500 kg, and the coordinates were
x(0) =50 m, y(0) = 0 m, h(0) = 75 m. For the second UAYV, the initial parameters were
m = 450 kg and the initial coordinates x(0) = 100 m, y(0) = 30 m, h(0) = 75 m. For the
third UAV, the initial uncertain mass was taken as m = 400 kg and the initial coordinates
x(0) = 0m, y(0) = 0m, 1(0) = 75 m. For the fourth UAYV, the initial uncertain mass was
taken as m = 350 kg and the initial coordinates x(0) = 75 m, y(0) = 0m, #(0) = 75 m.

The masses of the agents change linearly with the same slope of —0.22 kg/s; in addi-
tion, each UAYV loses 50 kg of mass once at time instants 100 s, 150 s, 200 s, and 250 s.

The simulation results are shown in Figures 6-9. Figure 6 shows the errors in coordi-
nates for each UAV in the group, Figure 7 demonstrates the mass estimates, Figure 8 shows
the controller gains time histories, and Figure 9 shows the thrust forces time histories.
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Figure 6. Coordinate errors for control the case of a group of UAVs of variable mass with initial mass
values: 500 kg (a), 450 kg (b), 400 kg (c), 350 kg (d).
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Figure 7. Estimated mass values when controlling a group of UAVs of variable mass with initial mass

values of 500 kg (a), 450 kg (b), 400 kg (c), and 350 kg (d).
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Figure 8. Coefficients of regulators when controlling a group of UAVs of variable mass with initial
mass values of 500 kg (a), 450 kg (b), 400 kg (c), and 350 kg (d).
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Figure 9. Thrust forces for the case of a group of variable mass UAVs control with initial mass values
of 500 kg (a), 450 kg (b), 400 kg (c), and 350 kg (d).

5.4. UAV Group Control under External Disturbances

To test the robustness properties of the obtained algorithms and compare them with
other algorithms that solve similar problems, the results by Zhi et al. [26] for a four-
agent formation were simulated. Control laws for group control (61) and (62) and tuning
algorithms (69) were used.

The desired trajectory was

ry(t) = 60tm, r,(t),=0, r,(t)=80m. (72)
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The following nominal parameters of the UAV were used: mass m = 20 kg; wing area
S = 1.37 m?; air density p, = 1.225 kg/m? ; zero-lift drag coefficient Cp, = 0.02; induced
drag factor k. = 0.1. In the simulation, at the 25-th second of the flight the coefficients Cp,
and k. = 0.15 increased abruptly by 50% (up to Cp, = 0.03, k. = 0.15).
The formation was configured by offsets (49) and (50) relative to the reference trajectory
(72)
6y = [0,-100,0,100]", &, = [100,0,—100,0]", &, = [0,0,0,0]". (73)

The control laws (52), (61), (62) and tuning algorithm (69) parameters were identical for
all the UAVs in the formation. In (52), the following output parameters yy;, Yy, Yn; were
used: ay; = ay; = ay; = 0.2182. The constant parameters of control law (61) were set to
kyi = kyi = kp; = 0.4583. The following adaptation algorithm (47) parameters were used:
Ymi = 15.5, 0 = 0.008, vy = Yyi = Yhi = 15.5, oy = Oyi = Opi = 0.008, and the initial
values of adjustable parameters were set to mg; = 20 kg, koi = lAcyOl- = kyoi = —100.

The consensus algorithm in form (62) was used to implement the group control. Data
exchange between agents was carried out according to the connections graph shown in
Figure 1. The consensus algorithm parameters were as follows: ky, = kyc = kj. = 850,
px = py = p, = 700. The initial parameters were the same as in Zhi et al. [26].

The following common initial conditions were used for all UAVs in the group: initial
attitudes y(0) = O rad, ¥(0) = 0 rad.

For the first UAV, the initial uncertain mass was m = 24 kg with initial coordinates
x(0) = 0 m, y(0) = 200 m, (0) = 95 m, speed V;(0) = 70 m/s. For the second UAV,
the initial uncertain mass was m = 17 kg with initial coordinates x(0) = 0 m, y(0) = 60 m,
h(0) = 90 m, speed V,(0) = 60 m/s. For the third UAV, the initial uncertain mass was
m = 22 kg with initial coordinates x(0) = 0 m, y(0) = —200 m, h(0) = 70 m, speed
Vg(0) =40 m/s. For the fourth UAV, the initial uncertain mass was m = 22 kg with initial
coordinates x(0) = 0 m, y(0) = —60 m, 1(0) = 80 m, speed V,(0) = 50 m/s.

In addition, in the simulations the masses of agents changed linearly with the identical
slope of —0.083 kg/s.

External perturbations dy, dy, dj, were added to the first three equations of (1). The ex-
ternal disturbances were the same as in Zhi et al. [26], namely, d,; = 0.5cos(t),
dyi = 08sin(t), dyy = 0.5cos(t), dyy = 4sin(t), dp = 3sin(t), dyy = 4sin(t),
dyz = cos(2t), dy3 = 2sin(t), dyz = cos(2t), dyg = 2cos(t), dyg = sin(t), dys = 2cos(t).

The simulation results are shown in Figures 10-12. Figure 10 shows the 3D tracking
trajectories, Figure 11 shows the tracking error comparison curves of three positions and
three velocities, and Figure 12 shows the mass estimates.

Comparison of these results with those obtained by Zhi et al. [26] allows us to
conclude that the algorithms presented in our paper show results no worse than in [26],
while at the same time having a much simpler structure and lower number of ad-
justable parameters.
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Figure 12. Estimated masses of UAVs in group.

6. Discussion

At present, a great deal of work is being devoted to the UAV formation control
problem. A detailed explanation of the differences between the present work and others
is provided in Table 1. Each row (item) of the table contains the distinctive features of
this paper as compared to those noted in the corresponding item; for brevity and clarity,
similar properties are not indicated. The following characteristics are notable: generation
of the desired trajectory (whether it is predefined or generated depending on the current
situation); type of UAV; control/adaptation method; set of uncertain UAV parameters;
control vector components; whether or not consensus is ensured; model of UAV motion;
and communication graph topology.
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Table 1. Comparison with other works.

Other Works

This Work

[5] - tracking the moving ground target in the real-time;
method: fuzzy-logic model-reference adaptive control
(FL MRAC)

[20] - UAV parameters are known;

method: non-adaptive control

[27] - UAV type: VTOL;

control vector: command forces and torques;

UAV parameters are known;

method: adaptive estimation of disturbance

[26] — control vector: u = [Fyrust, Mis, ¢)";

uncertain parameters: Cp, kc, S;

method: robust adaptive controller

[28,31,32] — the reference trajectory is known only to the
leading UAV;

no consensus is ensured;

UAV type: rotating-wing (quadrotor)

[41] - single UAV;

regulation of Vg, 1, tracking ¢*(t);

point-mass dynamics model without kinematic relations;
control vector: u = [Fgypust, Mg, @)%

uncertain parameters: Cp,, k¢;

method: adaptive control for non-affine plants

[42] — mission: passing a waypoint by several UAVs;
control vector: u = [Fyust, M1, 915

parameters are known;

method: optimal design of the behavioral approach of
decentralized control;

communication graph: undirected (ring topology)
[43] - tracking the desired trajectory on the plane

— tracking the given reference trajectory;
method: implicit reference model (IRM) adaptive control

— uncertain parameters: m, Cp,, kc, S;
method: IRM adaptive control

- UAV type: fixed-wing aircraft;
control vector: # = [Fynrust, Cr, @7
uncertain parameters: m, Cp,, k¢, S;
method: adaptive control with the IRM
— control vector: u = [Fyrust, CL, @)%
uncertain parameters: m(t), Cp,, ke, S;
method: adaptive control with the IRM

—each UAV has an information about the desired trajectory;

consensus is ensured;
UAV type: fixed-wing aircraft

— group of UAVs;

tracking the given reference trajectory;
kinematic relations are included;
control vector: # = [Fyrust, Cr, @7
uncertain parameters: m(t), Cp,, k¢, S;
method: IRM adaptive control

- mission: tracking the given reference trajectory;
control vector: u = [Fyust, CrL, @15

uncertain parameters: m(t), Cp,, k¢, S;

method: IRM adaptive control;

communication graph: directed

(xa(t),ya(t));

model: kinematic on the plane at constant height;
8 control vector: u = [Vg, ¢]";
parameters: estimated by the Gaussian Process Regression

training procedure;

— tracking the desired trajectory in 3-D space;
model: 3-D nonlinear point model;

control vector: # = [Fyrust, CL, @7

uncertain parameters: m(t), Cp,, ke, S;
communication graph: directed

— communication graph: undirected

7. Conclusions

In this paper, we have proposed a new feedback-linearized UAV model with point
mass. A linear model with an unknown value of the UAV mass was obtained via transfor-
mation. The velocity gradient method was applied to obtain a combined adaptive control
law that includes equations for estimating the unknown mass value and for tuning the pa-
rameters of a linear controller with an implicit reference model. The obtained new adaptive
algorithms were used to solve the problem of decentralized control of a UAV formation
with an unknown mass based on a consensus algorithm. Rigorous stability conditions for
control and identification are presented. Computer simulations of the obtained algorithms
for both a single UAV and a UAV formation show good performance of the proposed ap-
proach under conditions of variable UAV mass. Further research might involve considering
the influence of wind on the movement of the UAVs, as well as considering situations in
which not every UAV has access to information about the movement trajectory.
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The following abbreviations are used in this manuscript:

DMRRAC
IRM

MRAC

SG

UAV
Nomenclature
x, Y, h

Y

¢

Ve

Fiife

F drag

I8 thrust

m

Mmin, Mmax
8

S
Pa
CL
Cp
Cp
ke
nyf
u

0

v1, U2, U3, 01, 02, U3

r

Tx, Ty, Th

€x1/, €yl, €n1
Exyh

€x2, €y2, €2

Yxr Yyr Y

yxyh

Ky, Ky, K

Qt

Qtr

ks, ky/ ky

m

ko ky by
My, Ifx*/ lfy*/ Z‘h*
mo, kxo, kyo, kno
Ym, Vx, ’Yy/ Th
T, Ox, Oy, O

N

i

0

Distributed Model Reference Robust Adaptive Controller
Implicit Reference Model

Model Reference Adaptive Control

Speed gradient

Unmanned Aerial Vehicle

UAV translational coordinates
flight-path angle

heading angle

bank angle

UAV ground speed

lift force

drag force

thrust force

UAYV mass

UAV mass m € [Mmin, Mmax]
gravity acceleration constant

wing platform area

air density

lift coefficient

drag coefficient

zero-lift drag coefficient

induced drag factor

load factor

vector of control signals

virtual controls

prescribed trajectory

reference coordinates along the corresponding axes
coordinate errors

vector of coordinate errors

speed errors

implicit reference model outputs
vector of (yx, Yy, Yn)

implicit reference model parameters
goal function

goal function for the group of UAVs
fixed control parameters

estimated mass

adjustable controller gains
stabilizing controller gains
“guessed” controller gains
adaptation gains

parametric feedback gains

number of UAVs (agents)

index of UAVsi=1,2,...,N
relative position vector for i-th UAV
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Oxis Oyis Opi relative offset of i-th UAV in a group for corresponding axes
g communication graph

A adjacency matrix

L Laplace matrix

O1cir U2cir U3ci
pO; ka/ kyC/ th/ Px/ Py/ Ph
Iy

control signals based on the consensus algorithm
consensus algorithm parameters
N x N identity matrix

dx, dy, dy, external perturbations

t time

Subsripts

%, 9, h UAV translational coordinates in the appropriate normal
r Earth’s reference frame

m UAV mass

i

index of the UAV,i =1,2,...,N
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