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ABSTRACT

The Unmanned Aerial Vehicles (UAVs) become more and more popular due to various
potential application fields. This paper studies the distributed leader-follower formation flight
control problem of multiple UAVs with uncertain parameters for both the leader and followers.
This problem has not been addressed in the literature. Most of the existing literature considers
the leader-follower formation control strategy with parametric uncertainty for the followers.
However, they do not take the leader parametric uncertainty into account. Meanwhile, the
distributed control strategy depends on less information interactions and is more likely to
avoid information conflict. The dynamic model of the UAVs is established based on the
aerodynamic parameters. The establishment of the topology structure between a collection of
UAVs is based on the algebraic graph theory. To handle the parametric uncertainty of the UAVs
dynamics, a multivariable model reference adaptive control (MRAC) method is addressed to
design the control law, which enables follower UAVs to track the leader UAV. The stability
of the formation flight control system is proved by the Lyapunov theory. Simulation results
show that the proposed distributed adaptive leader-following formation flight control system
has stronger robustness and adaptivity than the fixed control system, as well as the existing
adaptive control system.

Keywords: UAVs; formation flight control; adaptive control

Received 8 January 2017; revised 22 March 2017; accepted 5 April 2017.

https://doi.org/10.1017/aer.2017.42 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2017.42
mailto:zhenziyang@nuaa.edu.cn
https://doi.org/10.1017/aer.2017.42

878 THE AERONAUTICAL JOURNAL Jury 2017

NOMENCLATURE

p,q, T roll, pitch and yaw angular rates

m, g mass of the aircraft, gravity acceleration

v velocity

My, M, aerodynamic pitch moment derivatives with respect to V" and ¢

Ty, Dy, Ly  thrust, acrodynamic drag-and-lift derivatives with respect to
I I, I, I, inertia moments and inertia product

*, A equilibrium point and its deviation

Greek Symbol

a, B angle-of-attack and sideslip angle

b, 0, U roll or bank, pitch and yaw angles

37, 8¢, B4, O throttle, elevator, aileron and rudder deflections

Ls,, Ds, aerodynamic lift-and-drag derivatives with respect to 3,

Ly, Dy, Ly aerodynamic lift-and-drag derivatives with respect to o, &
Lg, Ly, L, aerodynamic roll moment derivatives with respect to B, p, r
Ng, Ny, N, aerodynamic yaw moment derivatives with respect to §, p, r
Ns,, Ns, aerodynamic yaw moment derivatives with respect to 3,, 3,
My, My, Ms, aerodynamic pitch moment derivatives with respect to a, & and 8,
T, Ts, engine thrust and its derivative with respect to 37

Ys,Y,, Y, Y;, Ys side force derivatives with respect to B, p, 7, 34, 8,

1.0 INTRODUCTION

The Unmanned Aerial Vehicles (UAVs) receive more and more attention in the field of civil
and military due to their light weight, small size, high mobility, strong adaptability and so
on. In 1917, Britain successfully developed the world’s first UAV(). UAVs have been used
in war since the 1960s in the Vietnam War®. In the Gulf War in 1991, many countries
employed a variety of UAVs to conduct reconnaissance, assess the battle damage and search
and rescue people. For the national economy, UAVs are used for geodesy, meteorological
observation, artificial rainfall and so on. The technology of UAVs has been relatively mature.
In spite of this, a single UAV may be influenced by large flight resistance and is difficult to
complete the complex tasks. For the purpose of reducing the flight resistance and making as
full as possible the use of each UAYV, scientific researchers imitate some abilities of biology
and put forward the concept of formation flight of UAVs, which enables UAVs to complete
the formation flight, military mapping, co-operative combat missions and so on®%. Such a
UAVs formation is capable of accomplishing tasks which a single UAV either fulfills with
difficulty, such as accurate determination of the location for an object, or fails to accomplish
altogether, such as mapping of inaccessible caves or dense rain forest, assessment of real-time
environmental processes, or wildlife monitoring. Furthermore, compared with a single UAV,
UAVs formation is not only able to complete more tasks, but also able to reduce the time of
executing various activities and to increase the quality of collected data. For these applications,
several key technical problems should be addressed, such as co-operative path planning®-®,
co-operative mission planning”, formation relative navigation®, formation control® and
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collision avoidance!?). Under such research background, it is of great importance to research
formation flight control and its engineering applications.

After a collection of UAVs enter the designated area, they begin to form formation. In
the UAVs formation, the key problems are formation keeping and control. Generally, the
formation structure in the process of formation flight remains the same, which depends on
the formation flight control strategy. The formation flight control strategy is divided into two
aspects. One is the information interaction between a collection of UAVs, the other is the
formation control algorithm. At present, specific formation strategies mainly include: leader-
follower formation strategy, behaviour-based formation strategy, virtual structure formation
strategy and artificial potential field formation strategy. Correspondingly, many control
algorithms based on UAVs formation flight control problem have been derived, such as:
H, control!V; proportion integration differentiation control'?); feedback linearisation!'?;
linear quadratic control!*!3); fuzzy control!® and adaptive control !”). However, among the
methods above, most adopt the corresponding control methods based on the known dynamic
models, while the adaptive control used in Ref. 17 does not consider the leader dynamic
uncertainty.

In order to make a group of UAVs keep a certain formation structure, there should
exist information interactions among them. In the information interactions control strategies,
generally speaking, there are centralised control strategy, distributed control strategy and
decentralised control strategy. For the centralised control strategy, each UAV needs to interact
its own position, velocity, attitude and moving targets with all UAVs in the formation®).
Namely, each UAV should know the whole information of the formation. The centralised
control strategy is of the best control effect but it depends on mass information interactions,
which rely on complex control algorithms and may lead to conflict. For the distributed control
strategy, each UAV needs to interact its own position, velocity, attitude and moving targets
with the adjacent UAVs(!?. Although the control effect is relatively poor, it depends on
less information interactions and decreases the computing load. Therefore, the distributed
control strategy relies on a relatively simple control system. For the decentralised control
strategy, each UAV only needs to keep itself and the fixed points with the relative relations in
the formation and does not communicate with others®?. As there is almost no information
interactions among UAVs, it greatly decreases the computing load and depends on the simplest
structure. However, the control effect is the worst. In conclusion, the control effect of the
distributed control strategy is worse than the centralised control strategy, but its control
structure is simple and reliable. Additionally, the distributed control strategy depends on
less information interactions and is more likely to avoid information conflict, while the
decentralised control strategy may lead to the collision among UAVs. Therefore, this paper
adopts the distributed control strategy to solve the problem of information interactions and
collision at the same time.

For many cases in the UAVs formation, the model parameters of both the leader and
followers are unknown; it is difficult to control the formation flight by a fixed controller.
Hence, it is necessary to design adaptive control laws to update parameters of the model
in time. Adaptive control is a control methodology capable of effectively accommodating
large system parametric and structural uncertainties under the matching conditions®?. In
the case of unknown model parameters, adaptive control will make the system still achieve
the desired properties®”. A majority of existing research is focused on the leader-follower
formation strategy assuming that the parameters of followers are uncertain, while not much
effort has been made in the literature towards considering the leader and the follower dynamic
uncertainties at the same time.
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Therefore, in this paper, we focus on the distributed leader-follower UAVs formation
flight control problem, based on a multivariable Model Reference Adaptive Control (MRAC)
strategy. Different from the results in the literature, the main contributions of this paper are as
follows.

1) For the purpose of accomplishing the distributed leader-follower UAVs formation flight
control, a state feedback state tracking multivariable MRAC strategy is presented. Being
different from the fixed control in Ref. 12, this control algorithm is based on the unknown
parameters. The stability and tracking performance of the formation flight system can be
achieved applying the multivariable MRAC algorithm.

2) For the distributed leader-follower UAVs formation flight control problem with
parametric uncertainties, a novel multivariable MRAC scheme is proposed. In the
real UAVs formation flight environment, it is difficult to get accurate UAVs dynamic
parameters. Both the parametric uncertainties of the leader and the followers are
considered. This problem has not been addressed in the literature. The stability and
tracking performance of the formation flight system is analysed in detail, to guarantee
the wing UAV's will track the lead UAV asymptotically.

The remainder of this paper is organised as follows. In Section 2, we consider the parametric
uncertainties for both the leader and the followers, and then establish dynamic models of UAVs
in formation flight. The algebraic graph theory which denotes the information interactions
among UAVs will be discussed in this section as well. In Section 3, we develop a new
adaptive control scheme for the distributed leader-follower formation flight control problem
with uncertain parameters for both the leader and the followers. In Section 4, we present
the simulation results of UAVs formation flight to illustrate the effectiveness of the proposed
multivariable MRAC method. Finally, in Section 5 we discuss some conclusions in this paper
and the potential future work.

2.0 FLIGHT CONTROL PROBLEM OF UAVS FORMATION

In this section, based on the dynamic model of UAVs, the distributed leader-following system
models with the parameter uncertainties are established, a multivariable MRAC scheme for
multiple UAVs formation is designed, and the control objective is described, in order to help
illustrate the problem formulation.

2.1 UAVs dynamic model

A linearised UAVs model can be obtained based on small pertubation principle*®

EX = AX + BU, (D)

where E, 4 and B are Jacobian matrices, X =[VV B a 6 p g 1] .

If E is non-singular, then Equation (1) can be written in the form of standard linear state
equation

X =4X +BU (2
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Generally, the linear model of Equation (2) is decoupled into a longitudinal model and a
lateral model.

A./lon = A/on/Y/on + Blon Ulon (3)

)'(lat = Alat)(lut + Blut Ulatv (4)

where Xion = [AV’ Aa, Ag, Ae]Ta U = [Asea ABT]Ta Xy = [AB, Ap, Ar]Ta Uu =
[AS,, AS,]T, and

Ty cosa*—Dy _ T*sina*4Dy—mgcos p* _ *
e - 0 gCOS L
_ Tysina*+Ly _ T*cosa*+Ly—mgsinp* _ Ly—mV __mgsinp*
Al _ Ly+mV* Ly+mV* Lg+mV* Ly+mV*
on— .
My — M. Ty sina*+Ly My — M- T*cosa*+Ly—mgcosp* My 5 r Ly—mV*  Mgmgsinp*
T, 4T, (Tgtmb) T, & T,(LatmV™*) T, T LatmV™)  L(LatmV™)
0 0
D;, RT cosa*
m m
Ls, Tiy sin o*
Blon — T LatmV* T LyrmV+
My, ML, _ MuTip sino®
I, I(Ls+mV*) I(Ls+mV*)
0 0
Yy - Yy Y, *
my* sima” + my* mvE cosa
A _ I:Lg+1;rNg [:Lp+l:XNﬂ LLA+LN;
lat JASE JASE JASE
LyLg+1: Ny L.L,+I.N, L,L+ILN,
LL-1I2, LL-1I2, LL-1I2,
}/81[ }/67'
mby* mby*
B, = LLs,+1IxNs, ILLy~+ILNs,
lat = I.L—I2. IIL—I2
LyLs,+1IxNs, LxLs,+1cNs,
TL-12, TL—12,

with A;,, and By, A;4 and By, being unknown model parameters.

In general, we design the longitudinal and lateral controllers separately, based on the same
control method. Therefore, in order to design the control law conveniently, we establish a
generalised dynamic model of the UAVs to design the control law. The unified longitudinal
and lateral state-space model can be expressed as

X = Ax+ Bu ...(%

Here, for designing the longitudinal controller, x denotes Xj,,, 4 denotes 4,,,, B denotes By,,
and u denotes Uj,,, and A4;,, and By,, have unknown model parameters. For designing the
lateral controller, x denotes Xj,,, A denotes A;,,, B denotes B,,, and u denotes Uy, and A,
and By, have unknown model parameters.
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2.2 Formation flight control problem of distributed leader-following
system with uncertain parameters

The formation flight problem of UAVs can be described as the leader-follower formation
problem, where the lead UAV is the leader and the wing UAVs are the followers. The dynamic
model of UAVs is in the form of the leader-following system including one leader and N
followers.

Dynamic Model of Leader-Following System. The dynamic of the N followers and one
leader can be represented as

)'C,-(t):A,-x,-(Z)—i-B,-u,-(l), i= 1,...,N (6)

Xo(t) = Aoxo(t) + Bouo(?), (7

where all 4; and B; are the unknown parameter matrices of the followers. 4 is an unknown
constant and stable matrix, and By is an unknown constant matrix. x;(¢) € R" is the state
of the ith follower, u;(¢) € RP' is the control input, xo(¢) € R" is the state of the leader, and
up(t) € R™ is the bounded input.

Remark 1. Different from the existing MRAC method with parametric uncertainties only for
the followers, the proposed multivariable MRAC method can be applied to the system with
uncertain parameters (Ay, By) for the leader at the same time.

Remark 2. In the distributed leader-following UAVs formation flight control system, x(t)
denotes the states of the lead UAV, and uy(t) represents the control input of the lead UAV
Therefore, they are bounded and available for measurement.

Control objective. The control objective is to design a distributed adaptive control
scheme for each follower to make all followers track the leader on states asymptotically, i.e.
lim,_, oo (x;(2) — x0(¢)) =0,i =1, ..., N.

Given the distributed leader-follower UAVs formation flight control problem with
uncertain parameters, an advanced control method is indispensable. MRAC is a popular
control methodology capable of dealing with the uncertain systems to ensure desired
control performance, accommodating the system parametric, structural, and environmental
uncertainties, component failures, and external disturbances®”. Therefore, in this paper,
a multivariable MRAC method is presented to solve the distributed leader-follower UAVs
formation flight control problem.

2.3 MRAC framework

An MRAC scheme is designed for the distributed UAVs formation flight control problem,
whose schematic diagram is shown in Fig. 1. The control system is mainly composed of the
flight control system and the controlled object. The proposed MRAC scheme has an adaptation
capacity to deal with parameter uncertainties for both the leader and the followers.

2.4 Algebraic graph theory

For the problem of distributed multiple UAVs formation, the interactions among N + 1 UAVs
are similar to a graph with directions. While in mathematics the algebraic graph theory is
based on the graphs, which describes the topological relations among individuals. Therefore,

https://doi.org/10.1017/aer.2017.42 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2017.42

XU AND ZHEN MULTIVARIABLE ADAPTIVE DISTRIBUTED LEADER-FOLLOWER... 883

Xo

Leader UAV

y

Adaptive system

A A

Uo

Y

Controller Follower UAV >

N

Flight Control System

|
|
|
|
|
1
|
|
|
|
|
|
l

Control parameters :
|
|
|
|
|
T
|
|
|
|
|
:
|
: Controlled Object
|

Figure 1. (Colour online) An MRAC scheme for multiple UAVs formation.

the knowledge of algebraic graph theory is introduced to the design of UAVs formation flight
control to denote the communication topology relations among UAVs.

A directed graph can be represented as G = (V, E), where V' is a set of vertices and E C
V' x V is a set of directed edges. A vertex denotes a UAV and the directed edge (v}, v;)
denotes that the follower v; can obtain the information from the follower v; including both
the state and input information, but not vice versa. Under such circumstances, v is one of the
neighbors of v;. Define a neighborhood set N; = {v; € V' : (v, v;) € E}fori=1,..., N.vg
denotes the leader in the leader-following system. A directed path is composed of a sequence
of ordered edges of the form (v;1, v2), (vi2, v13), - - . in a directed graph.

In order to make the UAVs formation realised, we give two assumptions on the interaction
graphs.

Assumption 1. For each UAV v,, there exists at least one directed path (vg, v1), (v1,02), ...,
(vi—1, v;) Which starts from the leader and ends at the follower v;.

Assumption 2. Directed path G has no loop and no multiple arcs (arcs with same starting
and ending nodes).

Assumption 1 and 2 are necessary for the leader-following system to achieve the control

objectives effectively. The leader-following system we established is simple but can deal well
with the distributed UAVs formation flight control problem.

3.0 ADAPTIVE FORMATION FLIGHT CONTROL DESIGN

In order to meet the control objectives, we will solve the distributed leader-follower UAVs
formation flight control problem using the MRAC theory.
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3.1 Adaptive control design for formation flight control problem of
distributed leader-following system with uncertain parameters

For the multivariable linearised system Equation (6) with unknown system matrices (A4;, B;),
the control objective is to design bounded state feedback control laws u;(¢) to make all
the followers’ state x;(¢f) bounded and track the leader’s state x((¢) asymptotically, i.e.
lim, o0 (xi(7) — x0(1)) = 0.

To meet the control objective, we make some assumptions first.

Assumption 3. There exist two parameter matrices K, € R and K, € RP™>?' for each
follower, which satisfy:

A, = A;+ BK;", B,=BK;}, ..(8)

i »

where A, € R™" is a stable and known matrix and B, € R"™? is a known matrix;

Assumption 4. There exist two parameter matrices K3, € RP™*™ and K3, € R"™ 7" such that

Ao = A; + BiK5, By = BiK3y . (9)

if the leader is one of the neighbors of the follower v; (i.e. (vy, v;) € E). Otherwise, if (vy, v;) ¢
E,

A;j=A;i+ BK3,,  B; =Bk, ... (10)
should be satisfied for some KZ*ij € RP*Pi and K3*l.j € R™Pi for each pair of (vj,v;) €
E(j #0).

Assumption 5. There is a known matrix S; € RP™>?" for each follower such that Kj;S; is
symmetric and positive definite: My = K}.S; = (K}:S))T > 0.

Assumption 3 and Assumption 4 are the following plant-model state matching conditions.
Assumption 4 means that the N followers are classified into two groups. Each follower in the
first group can get the information from the leader directly, thus for each (v, v;), there exist
two matrices K7, and K3, satisfying Equation (9). While in the second group, followers have
no direct accesses to the leader, then for each (v}, v;) (j # 0), there exist two matrices K ;
and K3, ; satisfying Equation (10). In a word, for each directed edges (v, v;), there exist a set
of corresponding K3; : and K3; ; (0 < j < N) whether v, is the leader or not. Assumption 5 is
needed to design the control law.

If the parameters of A4;, B;, Ay , By were known, then the above control objective can be

met by using the nominal controller

1
w0 = — D KT e = x (1) + K u(0) + K3 x (1)), . (11)

! U/‘GN,’

where n; is the total number in the neighborhood set ;.
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OaOR0

Figure 2. Formation I: Interactions among one leader and two followers.

Figure 3. Formation Il: Interactions among one leader and two followers.
Substituting Equation (11) into Equation (6), the ith subsystem (6) becomes

1
(1) = A1) + — By 3 (KG (xil0) = x,(0)) + Ky (1) + K3 x,(0)

! D,‘EIV,‘

1
=B D (A(xi(t) = xj(1)) + A;x;(6) + Bjuj(1)) ..(12)

! v;EN;

A local tracking error for each UAV is defined as

1
ei(t) = xi(1) — — > x;0. .. (13)

! U‘,‘EN,

which shows the disagreement between the follower i and the average of its neighbors on
states. And a global tracking error for each UAV is x;(¢) — xo(¢).

Lemma 1. Ref 25 If lim;_, e;(¢t) = 0 holds, then lim,_, oo (x;(t) — x0(¢)) = 0 holds for all
i=1,...,N.

Lemma 1 has been demonstrated with detail in Ref. 25; the proof is omitted here. Instead,
we give a simple example to describe the relationship between the local tracking error and the
global tracking error.

Assuming that there exist three UAVs including one leader and two followers, for this
directed graph, there are four possible formation configurations in total.

Formation I: In this case, if the local tracking errors are e;(¢) = x1(¢) — xo(¢) — 0 and
ex(t) = x2(t) — x1(t) = 0 ast — oo, then the global tracking errors x;(¢) — xo(¢) — 0 and
X2(t) — x0(t) = 0 as t — oo are achieved. Particularly, this kind of formation structure is
called the basic structure, namely a directed path which starts from the leader and ends at the
last follower.

Formation II: In this case, the local tracking errors are e;(¢) = x1(¢) — xo(¢) — 0 and
ex(t) = x2(t) — xo(t) = 0 ast — oo, then the global tracking errors x;(¢) — xo(¢) — 0 and
X2(t) — x0(t) = 0 as t — oo are achieved, obviously.
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Figure 5. Formation IV: Interactions among one leader and two followers.

Formation III: In this case, the local tracking errors are ej(¢) = x(¢) — %xo(t) -
%xz(t) — 0and ey(¢) = x2(t) — xo(¢) = O0ast — oo, then the global tracking errors x;(¢) —
xo(t) = 0and x,(¢) — xo(t) — 0 ast — oo are achieved.

Formation IV: This case is similar to Formation III; the global tracking errors x;(¢) —
xo(t) = 0and x,(¢) — xo(¢) — 0 as t — oo are achieved as well.

In the distributed leader-follower UAVs formation flight control problem, the parameters of
A;, B, Ay, By are unknown. An adaptive controller is given as

() = nl 3 Kiilt) (i) = x,(0) + Kagg(Du(0) + Koy (07 x,0), . (14)
! v;EN;
where Kj;;() , Ky;;(¢) and K3;;(¢) are the estimates of K} , K3; : and K3, i respectively. (Since
for each v; € NV, the estimates of K}, are different, thus Kj;;(?) is used to denote the estimates
of K7;). The design task is to choose adaptive laws to update these estimates so that the control
objective is still achievable even if all the parameters are unknown.

To be specific, the adaptive laws to update the control parameters are proposed as®>
. 1
K1) = —— ST B Pei(t)(xi(t) — x;()" . (15)
. 1
Kyj(1) = ——S] B} Pe(t)u] (1), ... (16)
: P
. 1
Ki(1) = =S B] Pei(1)x] (1), (vj € Nii=1,2,..., N), .. (17)
n;

where P = PT > 0 satisfies 4,7 P+ PA, = —Q <0 for any chosen Q € R™" being
constant and Q = Q7 > 0. S; € RP*Pi satisfies Assumption 5.

Theorem 1. The adaptive controller, Equation (14), with the adaptive laws, Equation (15)—
(17), applied to the plant, Equation (6), guarantees that all closed-loop signals are bounded
and all the global tracking errors x;(t) — xy(t) go to zero as t goes to infinity.
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Proof. First of all, substituting Equation (14) into Equation (6), we obtain

1
Xi(t) = Aixi(t) + —Bi D (KL (i) = x(0)) + Kagjuj(0) + K1)
! U/'EN,’

1
= —Bi ) (Ae(xi(t) = x;(0) + A;x;(0) + Bju; (1))

! D/E]Vf

1 ~
+—Be Y (K Kii(0(xi(e) = x(0)
! UjEIV,‘

+ Ky Koy (0 () + Ko K (0)x(0)), ... (18)

and then we derive the adaptive control based on the tracking error equations

1
éi(t) = Aelxi(t) = — 3 x;(0))

! D,’E]V,‘
1 ~ ~ ~
+—BKT Y (RE00) = x,(0) 4 Koy 0y (0) + KT (00x,(0)
! v;EN;

1 ~
= deei() + - BK; D (KL 0Ge(r) = x;(0))

v;EN;

+ Ko (0 () + K (10)x,(0)), - (19)

where Ki;;(1) = Kiy;(t) — Ki, Koij(1) = Kaij (1) — K,
meter errors.
We choose a positive definite function to analyse the closed-loop system stability as

]?3ij(t) = K3;(1) — K

ij are para-

N
V=>"V ... (20)
i=1
with V; = Vy; + Va;, where
Vi = e/ Pe; .21
and
V=) KM K+ ) oK M7 Kol + ) orlKay MK (22)
D,’GN[ D,’GN[ D/EN[

with t7[ M] denoting the trace of a square matrix M.
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Substituting Equation (19) in Equation (21), we have
Vi = 2e] (1)Péi(t)

= e (t)(PA, + AP)e,(t) + %ef (OPBK S RE0)xi(t) — x;(1)

v;EN;

2 ~ 2 -
+ ;eiT(t)PBeKj‘l.‘l D Kaij(0yuj(1) + ;e{(z)PBeK;—l > K (0x;()

v;EN; v;EN;
... (23)
Then, compute the time derivative of V>;
. ~ ~T ~ A
Vai =2 Y tr[Ki(OM; K (0] +2 ) e[ K ()M Kaij(1)]
v;EN; v;EN;
~ ~T
+2 ) oKa ()M Ky ()] ... (24)
v;EN;

Using the definition M, = k},S; = (klei)T > 0 and the properties that tr[M|M;] =
tr{MyMy], tr[M3] = Zr[M3T], we obtain

el (OPB.T " KL (1) (xit) — x;(1))

v;EN;
= Y trle] (VPBK; Kl (1)(xi(1) — x;(1)]
v;eN;
= > KM ' ST B Pei(1)(xi(t) — x;(1))"] ..(25)
v;EN;

el (z)PBekZ[_l Z Ezij(f)”j(f)

v;EN;
= Z tr[eiT(t)PngZi_11?21“,‘(1)“](1)]

v;EN;

= > KM ST B Pei(tyul (1)] ...(26)

U,‘EN,’

el (VPB. Y K (0)x;(t)

U/‘GN,’

= Y trle] ()PB.K; K (6)x;(1)]

UjEN,’

= > 0Ky M ST B Pei(t)x] (1)] .27

v;EN;
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By Equation (15)—(17), and Equation (25)—(27), we have
Vi=Vii+ Vo= —el (1)Qei(t) < 0 ... (28)

In conclusion, the derivative of V" is

N
=3

i=1

N
— el (1)Qei(t) < —gullei®)]3 <0, . (29)
i=1

where g, > 0 is the minimum eigenvalue of Q. From the results demonstrated above, the
desired properties of the proposed adaptive laws are obvious:

(1) V > 0and ¥ < 0implies that the equilibrium state (¢; = 0, Ell =0, I?Q,J =0, 123,1 =0)
of the closed-loop system consisting of Equations (15)—(17), (19) is uniformly stable
and the system state (e;(¢), Ki:(?), Kz;;(?), K3, (1)) is uniformly bounded, which gives
the boundedness of x;(¢), Ki;(¢), K»;;(t) and K3;;(¢), and so is é;(¢) fori=1,..., N
because of Equation (19);

(2) Equation (29) implies ¢;(t) € L? for i =1,..., N. With ¢;(t) € L*> (| L*® and ¢;(¢) €
L™, applying Barbalat Lemma®?), we conclude that lim,_, ., ¢;(t) = 0 fori =1, ..., N.
Then lim;_, o (x;(¢) — x0(z)) = O holds fori =1, ..., N based on Lemma 1. O

From the results demonstrated above, we have given a compact and complete proof of
Theorem 1. These results imply: (i) The wing UAVs in the leader-following system with
uncertain parameters can track the lead UAV asymptotically when using the multivariable
MRAC method; (ii) With parametric uncertainties for both the leader and the followers, the
distributed leader-follower UAVs formation flight control problem can still achieve the control
objective.

4.0 SIMULATION STUDY

In this section, simulations are performed to demonstrate the system stability and tracking
performance with the proposed multivariable MRAC scheme applied to the UAVs distributed
leader-following formation flight control system. The effectiveness of the proposed adaptive
control is verified by comparing with the fixed control and the existing adaptive control.

4.1 Control problem and method

Controlled plant. A linear model of a real UAV called Silver Fox is developed, including the
longitudinal and lateral dynamics, based on the aircraft parameters and the aerodynamic data.
The Silver Fox is shown in Fig. 6. The fuselage of it is 1.8 meters long and the aircraft weighs
8.6 kilograms. The Silver Fox can carry small cameras and a Global Positioning System (GPS)
receiver. It was originally developed by Advanced Ceramics Research (ACR).
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Figure 6. The ‘Silver Fox’ UAV.

The linear model of the UAVs which consists of the longitudinal and lateral equations are
respectively given by%):

AV —0.0785 6.0293 —1.6485 —9.77837 [ AV
Aa | | —0.0489 —3.9919 —0.7386 0.0326 Ao
A¢ | ~ | —0.0003 —96.9781 —260.2504 0 Aq
A 0 0 1 0 A

—2.1657 1.4976

—0.575 —0.0052 |[ AB,
1 95556 0 [AST} -+ (30)
0 0
AB ~0.1798  0.060 —0.99767 [ Ap 0.0000 0.0873 T
Ap |=| —224565 —8213 20046 || Ap |+| 99.5144 24034 [ M”}
A 15.0747 —0.6578 —0.7095 | | Ar | | ~=7.9397 —10.1124 | L 2%

In the leader-following UAVs system, the dynamic models of the lead UAV and the wing
UAVs in the simulation are the same.

Control problem and control objective. For the distributed leader-follower UAVs
formation flight control problem with uncertain parameters given by Equations (6) and (7),
we use the multivariable MRAC method to fulfill the state tracking of the wing UAVs. The
objective of the UAVs formation flight control based on multivariable MRAC is to design
bounded state feedback control laws u;(¢) to make all the followers’ states x;(¢) bounded and
track the leader’s state x((¢) asymptotically, i.e. lim,_, oo (x;(¢) — xo(¢)) = 0.

Matching condition. For the distributed leader-following system with uncertain
parameters, some matching conditions should be satisfied. The models of the lead UAV and
the wing UAVs are the same, thus Ag = A4;, By = B; (i = 1, 2, 3). However, the initial states
of the lead UAV and the wing UAVs may be different. A4, is chosen to be the nominal closed-
loop system matrix using the LQ method. B, = B; (i = 1, 2, 3). Therefore, Assumption 3 and
Assumption 4 are satisfied. In the UAVs formation flight control system, Assumption 5 is
satisfied. In particular, S; can be any positive definite diagonal matrix?!?7-31D
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Figure 7. Interactions among one leader and three followers.

Follower states AV and leader states AV vs.time(s) Follower states AVi and leader states AV0 vs.time(s)
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Figure 8. (Colour online) Follower states AV; and Aq; vs leader states with proposed MRAC vs fixed
control.

Control method. To verify the effectiveness of the proposed multivariable MRAC method
on system performance improvement, three control methods are adopted. The first is the
fixed control which exactly is the nominal control described by Equation (11). The second is
an existing adaptive control which is shown in Ref. 22. The last is a comparison proposed
adaptive control described by Equation (14) with parameter adaptive laws. Here, we use
MATLAB R2014a to simulate the above leader-following system. The adaptive control-
based distributed formation flight control system is divided into the longitudinal and lateral
controllers designed as follows.

Adaptive state feedback controller. According to the adaptive controller, Equation (14),
with adaptive laws, Equation (15)—(17), the adaptive longitudinal and lateral controllers of the
wing UAVs for the distributed leader-follower UAVs formation flight control problem with
uncertain parameters are respectively designed by

Aulon, (t) - kll lon ([)(Axlon,-(t) - Axlz)no (Z)) + k2ij,lan(Z)Aulano (t) + k;;j,lon(l)Axlano (t)
.. (32)

AMlar (t) - kll laf(t)(Axlati(t) Axlato ([)) + k21/ lat(t)Aulafo (t) + k3,] [a[(t)Axlato (Z)a
. (33)

where kli,l()nv kZij,lons k3ij,lam kli,lutv kZij,lata k3ij,lat are uPdated by Equations (15)7(17)
There is one lead UAV and three wing UAVs in the formation flight control system. The
information interaction graph of them is presented in Fig. 7. For the longitudinal control, the
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Follower states Ag, and leader states Aq vs.time(s) Follower states Ag, and leader states Aq vs.time(s)
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Figure 9. (Colour online) Follower states Ag; and A®; vs leader states with proposed MRAC vs fixed
control.

Tracking error AVe(t) with fixed control vs.time(s) Tracking error AVe(t) with adaptive control vs.time(s)
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Figure 10. (Colour online) Tracking errors AV, and Aae with proposed MRAC vs fixed control.

initial leader and follower states are xo =[5 0 0 5/57.3]7,x;=[3 0 0 1/57.3]7,
x=[3 0 0 0]7 and x3=[4 0 0 0]7, respectively. For the lateral control, the
initial leader and followers states are xo =[5/57.3 0 O]T, x; =1[4/573 0 O]T, Xy =
[2/57.3 0 0]7 and x3 =[3/57.3 0 0]7, respectively.

Based on the matching conditions, the nominal control gains can be calculated. They are
used to show how a fixed controller cannot handle the parameter unknown case. The fixed
controller is in the form of Equation (11) with controller parameters K]*l.jy 1on> K5 Jlon? K3*l.j, Ton
and Kfij’ lat> Kz*ij, lat> K;‘ij’ 1o Deing 80% and 60% of their nominal values, respectively. The
form of the existing adaptive controller is shown with detail in Ref. 22, based on the unknown
parameters for the followers. The comparison proposed adaptive controller is in the form of
Equation (14) with parameter adaptive laws, Equation (15)—(17).
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Tracking error Aqe(t) with fixed control vs.time(s) Tracking error Aqe(t) with adaptive control vs.time(s)
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Figure 11. (Colour online) Tracking errors Aqe and A6 with proposed MRAC vs fixed control.

Tracking error AVe(t) with adaptive control vs.time(s) Tracking error AVe(t) with adaptive control vs.time(s)
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Figure 12. (Colour online) Tracking errors AV, and Aae with proposed MRAC vs existing MRAC.

4.2 Simulation results and discussion

Simulation results. For the distributed leader-follower UAVs formation flight control problem
with uncertain parameters, Figs 8 and 9 show the response results of the longitudinal state
AXjon = [AV, Ao, Ag, AB]T under the proposed adaptive control and fixed control. While
Figs 14 and 15 show the response results of the lateral state Ax;,, = [AB, Ap, Ar]” under the
proposed adaptive control and fixed control. Figure 20 shows the control surfaces deflections
of elevator, throttle, aileron and rudder under the proposed adaptive control and fixed control.
Figures 10 and 11 and Figs 16 and 17 show the tracking error e(¢) when the fixed control and
the comparison proposed adaptive control, respectively, are applied to the Silver Fox on the
same conditions. In addition, Figs 12 and 13 and Figs 18 and 19 show the tracking error e(?)
when the existing adaptive control and the comparison proposed adaptive control, respectively,
are applied to the Silver Fox on same conditions. Table 1 gives the final values of tracking
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Tracking error Aq_(t) with adaptive control vs.time(s) Tracking error Aq (t) with adaptive control vs.time(s)
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Figure 13. (Colour online) Tracking errors Age and A6 with proposed MRAC vs existing MRAC.
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Figure 14. (Colour online) Follower states AB; and Ap; vs leader states with proposed MRAC vs fixed
control.

errors comparison of the fixed control method, the existing MRAC method with the proposed
multivariable MRAC method.

Performance analysis of the proposed adaptive control. Viewing from the proposed
multivariable MRAC scheme in Figs 10 and 11 and Figs 16 and 17, all the flight states are
bounded. A convergence of almost all state tracking errors to zero is observed, according
to Table 1. While the final values of tracking errors of AV and Aa are within 1% of
their steady values. It means that the flight states Ax;,,, = [AV, Aa, Ag, AB]T and AXjy, =
[AB, Ap, Ar]T of the wing UAV's almost asymptotically track the states of the lead UAV when
using the proposed multivariable MRAC scheme. When there exist parameter uncertainties
for both the lead UAV and the wing UAVs, the closed-loop system has obtained the desired
properties. The wing UAVs can still track the flight states of the lead UAV successfully.

Comparison of the proposed adaptive control and fixed control. Viewing from Figs 8(a)
and 9(a) and Figs 14(a) and 15(a), the fixed control method cannot provide acceptable tracking
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Follower states Ar, and leader states Ar, vs.time(s) Follower states Ar, and leader states Ar vs.time(s)
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Figure 15. (Colour online) Follower states Ar; vs leader states with proposed MRAC vs fixed control.
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Figure 16. (Colour online) Tracking errors ABe and A pe with proposed MRAC vs fixed control.

performance since the followers fail to track the leader asymptotically. While in Figs 8(b) and
9(b) and Figs 14(b) and 15(b), we can clearly see the significant value the proposed MRAC
scheme has to offer. According to the tracking errors in Figs 10 and 11 and Figs 16 and 17,
we can see that the proposed multivariable MRAC scheme provides substantially improved
performance over the fixed control method under the same flight conditions. As shown in
Table 1, the final values of tracking errors for the fixed control fail to decay to zero, which
leads to unacceptable tracking performance. It implies that the fixed controller cannot handle
the parameter unknown case. The reason is that the fixed controller is obtained based on the
known parameters, which is not accurate enough under parameter uncertainties. While the
adaptive controller is based on the UAVs model with unknown parameters, whose parameters
can be updated online through the adaptive control law. The simulation results demonstrate the
effectiveness of the proposed multivariable MRAC method applied to the real flight control
system. Therefore, the adaptive control will be more suitable for the real applications.
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Table 1

Tracking errors comparison

Control methods

Fixed control

Existing adaptive control

Proposed adaptive control
Control methods

Fixed control

Existing adaptive control

Proposed adaptive control

Tracking error Are(t) with fixed control vs.time(s)

AXjon
Final values of tracking error

AV, = —6.0271m/s, Aae = 5.0080°
Ager = —0.0295°/s, AB, = 11.0417°
AV, = —6.0138m/s, Aa = 4.9966°
Ager = —0.0255°/s, ABy, = 11.0589°
AV, = —6.1429m/s, Aae = 5.0997°

Age3s = —0.0630°/s, AB,3 = 9.6149°
AV, = —0.2375m/s, Aa,; = 0.2006°
Age1 = —0.0286°/s, AB,; = 0.1776°
AV, = —0.2143m/s, Ao,y = 0.1776°
Aqen = —0.0246°/s, AB,» = 0.1604°
AVE3 = —0.1088 rn/s, A0L83 =0.0917°
Age3 = 0.1719°/s, Ab,3 = 0.0528°
AVe1_3 = —0.0168 m/s, AOLel_3 = 0.0140°
Age1-3 = 0°/s, Ab, 3 = 0°
AXjg
Final values of tracking error

AB.1 = 2.5097°, Ap,; = 14.3307°/s, Arey = 0.6647° /s
ABer = 2.5097°, Ap, = 14.3307°/s, Are; = 0.6647° /s
AB.3 = 2.5384°, Ap.s = 17.1040° /s, Ar.3 = 0.8194° /s

ABer = —0.0192°, Ap,; = 0°/s, Ar,; =0°/s
ABer = —0.0195°, Aper = 0°/s, Arer =0°/s
ABeS = —0.0019°, Apey = OO/S, Arey = OO/S
ABe1—3 = 0% Ape1—3 =0°/s, Are1—3 =0°/s

Tracking error Are(t) with adaptive control vs.time(s)
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Figure 17. (Colour online) Tracking errors Are with proposed MRAC vs fixed control.
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Figure 18. (Colour online) Tracking errors ABe and Ape with proposed MRAC vs existing MRAC.
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Figure 19. (Colour online) Tracking errors Are with proposed MRAC vs existing MRAC.

Comparison of the proposed adaptive control and the existing adaptive control.
Viewing from the tracking errors in Figs 12 and 13 and Figs 18 and 19, we can see that
the tracking performance of the existing MRAC method is worse than that of the proposed
multivariable MRAC scheme, as for the rapidity and the stability of the tracking error
responses. As shown in Table 1, the final values of tracking errors for the existing adaptive
control fail to converge to zero, which will result in greater errors with the increasement in
flight time. The existing MRAC method can solve the problem with parametric uncertainties
for the followers in the condition of a known reference model. However, when the reference is
unknown, the existing MRAC method fails to guarantee that the system has good stability and
tracking performance. On the contrary, the proposed multivariable MRAC method achieves
good tracking performance even under parametric uncertainties for both the leader and the
followers. Therefore, the proposed multivariable MRAC method is more suitable for solving
the problem considering unknown model parameters for each UAV in the formation flight
control system.
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Elevator angle A with adaptive control vs.time(s) Throttle angle ASL with adaptive control vs.time(s)
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Figure 20. (Colour online) Follower input vs leader input with proposed MRAC vs fixed control.

5.0 CONCLUSION

Formation flight is important for UAVs in improving the attack, reconnaissance and survival
ability. In order to address the distributed leader-follower formation flight control problem
of the multiple UAVs, a multivariable MRAC method is developed to solve the distributed
leader-follower UAVs formation flight control problem. Unlike the existing MRAC method
and the fixed control method, this proposed multivariable MRAC method is focused on the
problem with uncertain parameters for both the leader and the followers. The adaption of the
multivariable MRAC method enables UAVs to have good stability and tracking performance.

Simulation results demonstrate that the stability and tracking properties of the formation
flight control system can be better achieved by the adaption of the proposed multivariable
MRAC scheme, on control of the UAV called Silver Fox, compared with the fixed control
method and the existing MRAC method.

For the adaptive state feedback state tracking control problem, the matching conditions in
Section 3 are not easily satisfied in the UAVs formation flight control design. Therefore, it
is important to relax the matching conditions to achieve the control objectives. This work
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presents the velocity and attitudes formation control for multiple UAVs formation. The
trajectory tracking control for multiple UAVs formation needs to be addressed in future study.
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