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Abstract—This paper presents a methodology to solve for-
mation flight problem for unmanned aerial vehicles (UAVs). It
employs a unique ‘“‘extension-decomposition-aggregation” scheme
to transform the overall complex formation control problem to a
group of sub-problems. The decentralised formation longitudinal
and lateral autopilots are designed to support the implementation
of the formation flight and manoeuvring of UAVs. Simulation
studies have been carried out to verify the performance and
effectiveness of the presented cooperative flight strategy.

Index Terms—Cooperative flight; Decentralised control; For-
mation autopilot; Unmanned aerial vehicle

I. INTRODUCTION

Research in cooperative flight control of multi-aircraft sys-
tems has attracted growing interest in recent years. After
NASA launched the Autonomous Formation Flight (AFF)
program, extensive research and development work has been
carried out. One of the experiments was conducted by Dryden
Flight Research Center, which demonstrated that an F/A-18
flying in the wingtip vortex behind another F/A-18 exhibited a
14% fuel savings [1]. In addition, in [2], the authors presented
the benefits that birds “V” shape formation flying brings to
energy saving compared to isolated flying, because of the
reduction in induced flying drag. Further, its implications are
very significant, not just for fuel and energy saving but for
other future applications in civilian and military domains. For
instance, formation flight can be used to handle increase in
air traffic around airports through civil aeroplane formation
taking-off and landing to increase use efficiency of airport
runway, and applications in military field include aerial re-
fuelling, aircraft logistics, air formation patrol, and carrier
landing systems.

Successful formation flight requires the solution of the
formation control problem. A number of approaches have been
proposed in the literature. For instance, in [3] and [4], the
decentralised behaviour-based approach which was inspired by
the study of animal behaviour was applied to a group of mobile
vehicles. In [5], the leader-following strategy was employed,
which has been widely used to deal with the aircraft formation
flight control. Virtual structure approach for synchronising
UAV position tracking control and for maintaining formation
geometry was presented in [6]. Further, the authors have
introduced the extension-decomposition-aggregation (EDA)
formation control strategy in [7] to translate the complex
formation control problem into a group of sub-problems which
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are simpler to solve. There, the EDA scheme was applied to
the formation control of a point mass robot in the horizontal
plane.

In this paper, the EDA strategy is further extended and
applied to the complex cooperative flight control of UAVs. A
nonlinear Aerosonde UAV model is linearised about specific
trim conditions, and the multivariable H., control methodology
based on linear matrix inequalities (LMI) is then employed
to design the longitudinal and lateral formation controllers to
maintain the corresponding formation stability. Additionally,
proportional-integral (PI) compensators are designed to elimi-
nate steady-state formation errors. Simulation studies showing
formation manoeuvres have been performed to demonstrate
the effectiveness of the proposed method and the formation
stability.

This paper is organised as follows. Section II presents the
problem formulation and preliminaries. Section III proposes
the EDA formation control methodology, whilst Section IV
describes the decentralised longitudinal and lateral formation
autopilots design. Section V reports the implementation and
simulation results. Finally, concluding remarks and sugges-
tions for future work are provided in Section VI.

II. PROBLEM FORMULATION AND PRELIMINARIES

Consider a group of three UAVs flying in a specified
formation as depicted in Fig. 1. A reference vehicle (RV) in
the group can be selected by a consensus between the UAVs.
Note that the RV is different from the leader vehicle in the
leader-following approach, since it is mainly used to define
the local formation coordinate system (LFCS), which is a
convenient way of describing a formation, a simple illustration
being shown in Fig. 1.

In contrast to the earth axes frame (Xg, Yz, Zg) and the
fixed body axes frame (Xp, Y5, Zp), the LFCS-axes, (X;,Y1,Z1)
are always aligned with the vehicle body axes of the RV.
This implies that the LFCS axes always vary with the RV’s
position and direction. From Fig. 1, the position vector of the
i"" vehicle in the LECS is defined as p;; = [PLix, PLiy: PLiz)» and
the desired formation can then be mathematically expressed as
Fy = [PL1:Pra; " ;Piy], Where L represents the LFCS and N
is the number of vehicles in the formation.

However, it is not enough to describe a formation by
only defining the position in the LFCS, since the motion of
UAVs in 3D has six degree-of-freedom (6-DOF) defining the
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Fig. 1. Local formation coordinate system
positions and attitudes. Thus, a complete formation definition
in Euclidean space is given by,

Fy=[PriiPras i Py )

X; = [¢i79ialllia"']T = 1323”' ,N.
where ¢;, 6; and y; are the roll, pitch and yaw angles respec-
tively constituting the attitude of the i/ individual vehicle.
Note that the above attitude angles are just partial elements of
the state vector X; of the i’ vehicle. when a formation change
is needed, X; must generally be regulated by the formation
control algorithm. Subsequently, all vehicles within the group
will achieve their new desired relative distances. This implies
that stabilising relative positions in a formation is a sufficient
condition to achieve equal attitude angles. Thus, the primary
function of formation control is to maintain the stability of
the relative positions by controlling the states of each vehicle
(such as the attitude angles above).

III. FORMATION CONTROL METHODOLOGY
A. Novel strategy for decentralised formation control

It has been recognised that complex systems can be de-
composed into subsystems of lower dimensionality, and those
individual subsystem solutions are then combined in some way
to provide an overall system response. Motivated by this idea,
the EDA scheme proposed in [7] is described in detail here,
and Fig. 2 shows the overall process.
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Fig. 2. Process of the extension-decomposition-aggregation

For the case of multi-vehicle formation control, each ve-
hicle is a separate entity in the formation space, i.e. there
is generally no explicit relationship among the vehicles to
represent their formation statuses. The strategy here is to
introduce a virtual additional system (VAS), which has three
main functions: (1) to build a relationship between the isolated
vehicles leading to a new overall vehicle formation control
system, (2) to involve the desired formation variables or pa-
rameters in the overall formation control system, which could
be combined with the related individual vehicle model, and
(3) to support the subsequent decomposition, and to simplify
stability analysis of the overall formation. Note that the VAS is
merely an algorithm to act as an “interaction bridge” providing
each vehicle with the capability of sensing its local-formation
states, which can then be used in the formation control design.

Since the overall formation system involving many variables
is difficult to handle as a whole, it is natural to decompose it
into several local-formation subsystems. However, it is noted
that there is no general systematic procedure for decomposing
such a complex dynamical system. Here, using physical insight
the overall formation system is decomposed into N individual
subsystems, each being called an individual augmented sub-
system (IAS) since it combines the individual vehicle model
and the local-formation variables. Thus, the initial overall
complex formation control problem can now be redefined in
terms of stability and set-point tracking for all the decomposed
IAS:s.

In order to analyse the stability of the overall formation, a
viable idea is to select a scalar Lyapunov function as an index
to represent the stability of each IAS. These indices are then
aggregated to mathematically analyse the stability of the over-
all formation system through the Lyapunov theory. This also
brings about a considerable reduction in the dimensionality
of the formation stability problem. However, the focus in this
paper is on the performance of the proposed formation control
system and therefore the stability analysis is not shown here.

B. A candidate VAS: coupled multiple pendulums

To meet the requirements of the additional system, a
virtual multiple-inverted-pendulum system was employed in
the original algorithm [7]. However, here a virtual coupled-
multiple-pendulum system (CMP) shown in Fig. 3 is used to
demonstrate the flexibility of the proposed approach. Here, the
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Fig. 3.

Coupled multiple pendulums system

CMP consists of N cart-mounted pendulums coupled by N — 1
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springs, and the model of the individual pendulum within the
CMP is given by (2),

J&E=—B.&—mla-cose —mglsine +W 2)

where J = I+ml* =4mi? /3, I = mI*/3 is the inertial moment
of pendulum, € stands for the deflection angle of each pendu-
lum, B, is the viscous damping constant at the pivot point, a
represents the acceleration, / is the length from the pivot to the
gravity centre, m and g represent the mass and the gravitational
constant respectively, and W is the resultant torque from the
connected springs.

In Fig. 3, each cart of the CMP system can be associated
with a vehicle in the formation. The spring connecting two
pendulums corresponds to the communication channel be-
tween two vehicles, where the magnitude of the torque from
the spring force depends on the spring coefficient (k;), the
free or natural length (/i,), and the relative distances between
the vehicles. Based on these associations, one approach for
constructing the relationship is to consider /i, as the desired
formation parameter. Thus, if a formation is disturbed, the
force or torque which is caused by the springs must then
impact the pendulums, resulting in a change in their deflection
angles, €. This implies that the variation of ¢&; is a reflection of
the formation error. Thus, the aim of the individual formation
control for each IAS is to regulate the deflection angle by
manipulating the vehicle states. This will automatically cause
the spring to return to its balanced state, i.e. the formation
becomes stable. If all the springs return to their natural states
or all the deflection angles are equal to zero, this in turn
implies that the formation is stable with zero formation error.

Since the CMP is a virtual system, its parameters can
be altered by the control algorithm according to the phys-
ical dynamics and engineering design requirements of the
formation. For example, if the natural length of the springs
are dynamically re-defined, the overall vehicle formation will
likewise be changed. One of the most interesting aspects
of this strategy is that it can be applied to handle vehicle
collisions and the desertion problem, both of which are of
prime importance in the motion of multiple vehicles. However,
this is not discussed here due to lack of space. Recalling
the EDA scheme shown in Fig. 2, the overall system is then
partitioned or decomposed at the spring positions to obtain the
IASs as explained in the next section.

IV. DECENTRALISED FORMATION AUTOPILOT DESIGN

A. Modelling of longitudinal and lateral IASs

Following the standard convention, the 6-DOF aircraft dy-
namics is approximately decomposed into its longitudinal and
lateral components. The longitudinal motion occurs within
the plane of symmetry of the aircraft, whereas the lateral-
directional motion occurs outside of this plane of symmetry.
Based on this separated characteristics and the scheme of
EDA, the longitudinal TAS and the lateral IAS can in general

be expressed by (3) and (4) respectively.
{ ilung = f(ilongv 610i1g)

p B. ; mgl . ml 1

Elong = — 7 €long — Tg SINEjpng — 7 Along * COS Ejpng + T ‘/Vlong
. - 3)
Xiar = g(xlah lal) . (4)
P B, . m . ml 1
Elat = — 7 Elar — Tg SINE1qs — 7 Alar * COSEgy + 7 Wiar

where Xj,,g, Xjo are the state vectors of the longitudinal and
lateral dynamics, &joye, Op4 are their input vectors, f(-) and
g(+) are the analytic functions modelling the dynamics of an
UAV, €, and g, are considered as the variables reflecting
their local-formation errors, and a;,,, and a,, are referred to
as the longitudinal and lateral accelerations respectively in the
inertial reference system.

The designed control framework of an individual aircraft
formation system is illustrated in Fig. 4. Here, each plant
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Fig. 4. Longitudinal and lateral autopilots framework

or so-called longitudinal IAS is generated by combining the
longitudinal model with a virtual pendulum (VP) system, and
the lateral IAS is obtained likewise. The exogenous inputs
Wiong and Wy, are derived from the longitudinal and lateral
formation change or error, and are assumed to be bounded
disturbances to the IASs.

The nonlinear models of the longitudinal and lateral IASs
in (3) and (4) can be generally linearised about some specific
trim conditions of the aircraft, into corresponding reduced-
order state-space equations as shown in (5),

Xlong = Alongxlong + Bl_longwlong + BZ_longulong (5)
Xlat = Alalxlat + Bl_latwlat + B2_larulat
— [ & T — % & T
where Xlong = [Xlongv elonga 8long] and Xlat = [Xlatvelat; Slat} are
the states of the longitudinal and lateral IASs respectively,
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which are the augmented vectors from the vehicle states X;,,g
and X;,. Similarly, W;,,, and W, are augmented vectors
from W,,, and W, respectively, whereas wy,,, and wy,
correspond to the control input vectors in the longitudinal and
lateral directions.

B. Lateral formation autopilot design

For the lateral formation autopilot, the lateral formation
motion in the (Xr,Yz) plane is considered. As shown in
Fig. 4, the proposed lateral formation autopilot consists of
two components: the multivariable lateral formation controller
and the lateral compensators. Here, the former is designed by
using the LMI-based H.. robust control methodology [8], [9],
[10], to compute the control signals (8, ;4 and 6, j4), maintain
the stability of the lateral IASs and reject the disturbances
(Wy,). However, it is noted that although these controllers
maintain the stability of the lateral formation, zero steady-state
formation error cannot be guarantee because of the system
type. This is why Pl-based lateral compensator given by (6)
is supplemented for eliminating this error,

D(s) = Kp(1+K;/s) (6)

where K, and K; are the proportional and integral parameters
respectively, which are individually tuned for each of the roll,
heading and lateral formation compensators.

Since the convergence of the roll and heading angles is a
necessary condition for the stability of the overall formation
system, the roll and heading compensators guarantee the roll
and heading angles to asymptotically converge to ¢,.r and Yy, r
respectively. The nominal value of ¢,.; is usually set to zero
during normal operation, whereas Y,.r depends on vehicle’s
particular role in the formation. For instance, if the current
vehicle is RV, y,.¢ can be calculated by a guidance algorithm,
otherwise it should be the same as the heading angle of RV
(wgy). In addition, since the local-formation variable, g, is
a reflection of the lateral formation change, the respective
formation compensator is also required to converge g, to
€ ar_rey Which should be regulated to zero to ensure no steady-
state formation error.

As shown in Fig. 4, the resultant of the complete inputs, &,
and §,, for the lateral dynamics can be expressed by (7).

611 =0y lat + 6a_(p 7

r = Or_lat + 5r_14/ + 5r_£ ( )

These control signals can then drive the individual UAV to

maintain the stability of the lateral formation and compensate
the steady-state lateral formation error.

C. Longitudinal formation autopilot design

The longitudinal formation autopilot deals with the longi-
tudinal formation motion in the (X;,Z;) plane. It is generally
more complicated than the lateral formation autopilot because
the airspeed plays a significant role in different stages of
the flight, such as take-off, climb/descend and altitude hold
stages. The designed strategy here is that the formation altitude

steady-state error is regulated by the pitch angle, and the for-
ward formation steady-state error is eliminated by regulating
the airspeed.

In Fig. 4, the longitudinal formation autopilot consist of
two components: the longitudinal formation controller and the
longitudinal compensators. The former can be also developed
by using the LMI-based H.. control methodology to compute
the control signals (8. jong and Oy jong) to guarantee the
stability of the longitudinal formation, and the latter is em-
ployed to eliminate the steady-state errors of the altitude (H),
the airspeed (V) and forward formation (&,,,). The related
compensators have the same structure as (6), where K, and K;
are separately designed for each variable. The resultant control
signals, &, and &, of the longitudinal formation autopilot are
then calculated by (8).

6@ = 6e_long + 6e_H
Oh = Oth_tong + S v + Oun_e
These control inputs can then maintain the stability of the

longitudinal formation in addition to compensating for the
longitudinal steady-state formation error.

(8)

V. IMPLEMENTATION AND SIMULATIONS
A. Implementation of linear longitudinal and lateral IASs

The performance of the proposed methodology was evalu-
ated by using the 6-DOF Aerosonde UAV nonlinear simulink
model [11]. The autonomous Aerosonde has a length of
1.74m, a wingspan of 2.87m, maximum payload capacity of
S5kg and endurance of up to 30hours. It was designed for
applications including long-range weather data acquisition and
reconnaissance over oceanic and remote areas.

In this paper, the IAS models were evaluated by trimming
the Aerosonde model. The trim condition is chosen as: V =
26m/s, initial H = 800m, ¢ = Orad and fuel mass is 2kg.
The parameter values of CMP system are heuristically chosen
as: m=50kg, g =9.81m/s>, | =h=03m, J = (4/3)ml*> =
6kg-m?>, B =12N-s/m, ky=0.1N /s, but can be related to the
dynamics of the physical system to be controlled. Furthermore,
the relevant symbols representing the states, inputs and outputs
of the longitudinal and lateral IASs are given in Table 1.

TABLE I
RELEVANT SYMBOLS OF Aerosonde LINEAR MODEL

Variable Symbol | Variable Symbol
Longitudinal velocity u Airspeed \%4
Lateral velocity v Sideslip angle B
Normal velocity w Angle of attack [0
Roll angle ¢ Roll rate P
Pitch angle 6 Pitch rate q
Yaw angle 73 Yaw rate r
Altitude H Engine rotation speed 0]
Longitudinal . Lateral e
formation variable long formation variable fat
Elevator deflection O Throttle deflection O
Aileron deflection Su Rudder deflection S,

Specifically, the resulting dynamic equations of the longi-
tudinal TAS are written as (9), which are obtained from the
trimming of (3).

Xlong = Alongxlong + Bl_longwlong + B2_longulong
9)
Ymng = Clongxlong + Dl_longwlong + D2_longulong
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where Xjp,; = [“awa%GaHawaslongaélong]T’ Uiong = [5e,6th]T,
and ¥y, = [V, 0,4,0,H, Eong, €1ng) " represent the state, in-
put, and output vectors respectively. The resulting matrices
are given by (10).

-023 051  —1.19 —9.80 0 0.01 0 0
—0.55 —438 2539 —0.46 0 0 0 0
041 —473 —5.06 0 0 0.01 0 0
o 0 0 1 0 0 0 0 0
long =\ 0,05  —1.00 0 26.00 0 0 0 0
3397 1.58 0 0 —0.05 -3.13 0 0
0 0 0 0 0 0 0 1
| —0.65 076 —0.02 2453 0 0.03 —245 -2
Biimg=[0 0 0 0 0 0 0 01667 |
B [ 035 260 -3590 0 0 0 0 059 1"
2-tong = 0 0 0 0 0 3465 0 0
09989 00466 0 0 0O 0 0 O
—0.0018 00384 0 0 0 0 0 0
0 0 1 0 0 0 0 0
Clong = 0 0 01 0 0 0 0
0 0 00 1 0 0 0
0 0 00 0 0 1 0
L o0 0 00 0 0 0 1
Di_iong = [0]8><1 D _tong = [0]8><2
(10)

Similarly, the state-space equations of the lateral IAS are
expressed as (11), which were achieved by trimming of (4),

Xjat = Alongxlat +Bl_latwlat +BZ_latulat

Yiar = CrarXiar +D1_ta Wiar + D2_tarWiar

where x;,, = [v Ears €] =[84,6,]", and y,,, =
lat = V0,10, ¥, €1 lat] sulat—[ s r] > and y; ., =

[B,D,7,0, W, €41, &1:]T . Their resulting matrices are given by
(12).

(1)

—068 121  —2597 9580 0 0 0
—447 -2199  10.58 ) 0 0
072  -285 —LII 0 0 0 0
A = 0 1 0.05 0 0 0 0
0 0 1.00 0 0 0 0
0 0 0 0 0 0 1
169 0 0 0 0 -—245 -2 (12)
Biu=[0 0 0 0 0 0 01667 |"
B | -lsl -13234 522 0 0 0 -377 r
2far =1 385 2.38 —2431 0 0 0 9.62

Cir = diag(0.0385,1,1,1,1,1,1)
Di_tar = [0]5501. D2_tar = [0]70

Using the LMI-based H.. control methodology [10], the
calculated state-feedback gain matrices of the longitudinal and
lateral formation controllers are given by (13).

Ko 0.0455 —0.1056  0.0890 4.7866  0.4322 —0.0002
fong =1 _0.1487 —0.0114 0.0094 0.2249  —0.0716 —0.0008
—0.0055  —0.1031
0.3373 —0.0131
K. — 0.0157 0.0119 —0.0746  0.0970 0 0.0481 —0.0146
fat =1 —0.0131 —0.0081 0.0719 —-0.0166 0 —0.063 —0.0026

13)
Furthermore, the longitudinal and lateral compensators were
designed heuristically to eliminate the corresponding forma-

tion error, and are listed in Table II.
TABLE 11
PI PARAMETERS OF ALL THE COMPENSATORS

Lateral compensators Longitudinal compensators

Variables K, K; Variables K, K;
[) 1.0 2.0 H 0.13 0.7
" 0.5 2.0 14 0.4 0.25

Elar 0.15 | 3.80 Elong 0.5 4.0

To perform the computer simulations and evaluate the
performance of the proposed formation control strategy, the
nonlinear Aerosonde model was utilised with all the controller
gains and parameters as shown previously.

B. Formation flight simulation

In the simulation, the constraints on the pitch and roll angles
are given as: £20deg and +40deg, respectively. The group
of UAVs is tasked to navigate the 3D waypoints provided
in Table (III) which can be generated from an online or
offline path planning algorithm. The planar projection of the
3D manoeuvring trajectories are displayed in Fig. 5 to show
the formation maintenance and changing when needed, where
UAV 2 is the RV and UAV 1 and 3 are its neighbours. The
altitudes, airspeeds and attitudes are shown in Fig. 6 and
Fig. 7 respectively. Using (1) and Fig. 1, the formation change
sequences are mathematically expressed by (14), where Fy 4
denotes the initial formation shape, F; p illustrates the first
formation change about their altitudes at ¢+ = Os, and Fy ¢
indicates the new longitudinal and lateral formation changes
at t =200s.

TABLE III
WAYPOINTS OF UAVS FORMATION MANOEUVRE
Number 1 2 3 4 5
East(m) 0 2500 | 3500 500 —500
North(m) 0 600 3500 | 3500 1000
Altitude(m) | 800 | 1100 | 1400 | 1400 1200
150 —150 0 —150 —150 100
Fia= 0 0 0 |=Fu= 0 0 0
—150 150 0 —150 150 —100
—-300 250 100 (14)
=Fc= 0 0 0
300 450 —100

Manoeuvre trajectories
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t=320
3
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Fig. 5. Planar projection of 3D manoeuvring trajectories

As depicted, the following observations could be made:

1) The group of UAVs completed the desired manoeuvring
task of tracking all the required waypoints. Furthermore,
the overall formation remained stable, and small forma-
tion errors existed only during the formation change and
turning manoeuvres.
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Fig. 6. Dynamics of altitudes while manoeuvring

2) During the turnings, it is clear that the attitude (pitch ]
and roll) of each UAV remains within the specified
constraints.

3) The airspeed variation with the formation changing
could be observed as it was required to maintain the
position of UAVs within the new desired formation as 7]
quickly as possible.

[6

=

8

VI. CONCLUDING REMARKS 15}

In this paper, the extension-decomposition-aggregation (9]
(EDA) scheme was extended to support the design of the
decentralised autopilots for the formation flight of UAVs in 3-

[10]

D. Longitudinal and lateral formation compensators were em-
ployed to eliminate the corresponding steady-state formation
error. Simulation studies have been performed to verify the [11]
feasibility and effectiveness of the EDA-based formation flight
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‘ ‘ ‘ ‘ ‘ strategy. Future work includes mathematical stability analysis
of the overall formation and inner/outer collision avoidance.
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