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Abstract: One of the issues related to formation flights, which requires to be still discussed, is the stability of formation flight in turns,
where the aerodynamic conditions can be substantially different for outer vehicles due to varying bank angles. Therefore, this paper proposes a decentralized control algorithm based on a leader as the reference point for followers, i.e. other UAVs and two flocking behaviors
responsible for local position control, i.e. cohesion and repulsion. But opposite to other research in this area, the structure of the formation
becomes flexible (structure is being reshaped and bent according to actual turn radius of the leader. During turns the structure is bent basing on concentred circles with different radiuses corresponding to relative locations of vehicles in the structure. Simultaneously, UAVs' airspeeds must be modified according to the length of turn radius to achieve the stability of the structure. The effectiveness of the algorithm
is verified by the results of simulated flights of five UAVs.
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1. INTRODUCTION
The problem of UAVs formations flights has been intensively
studied for many years in many research centers all over the
world. Most of the research in this field is focused on three different approaches, i.e. formation flights based on a rigid virtual structure (Norman and Hugh, 2008; Ren and Beard, 2004; J. Shan and
Liu, 2005; Cai et al., 2012; Seo et al., 2009; Askari et al., 2015) or
a flexible virtual structure (Low and Ng, 2011), swarms using
biologically inspired flocking behaviors (Quintero et al., 2013;
Kownacki and Ołdziej, 2015; 2016; Virágh et al., 2014) and relations based on the model of leader – follower (Xingping et al.,
2003; Yun et. al., 2008; Ambroziak and Gosiewski, 2014). In the
first approach, UAVs create a rigid structure, where relative distances between UAVs should be constant during a flight as much
as it is possible (Norman and Hugh, 2008). Achieving this becomes a challenge because it requires not only precision control
but also real-time motion synchronization. Therefore, in Low and
Ng, (2011) a model of flexible virtual structure is proposed, where
relative distances can be slightly varied during turns. But proposed structure of control is centralized and it does not consider
a collision risk inside the formation as it relies on local generation
of reference trajectory for each UAV on basis of the reference
trajectory of the leader. The second approach applies behaviors
which are inspired by the flocking behaviors of birds. Also, in this
case, local flight control depends on information sharing at least
between the nearest neighbors of the vehicle (Kownacki and
Ołdziej, 2015; 2016). Otherwise, the vehicle cannot determine its
own behaviors, especially repulsion or cohesion. The last approach, based on the leader-follower relation, is relatively the
simplest one, but as it was proved it requires control switching
between position control and the course control to achieve the
178

effective flight (Ambroziak and Gosiewski, 2014).
Despite some progress in the field of multi-UAV systems,
a control algorithm, which would offer the effective flight control in
real applications for fixed-wing UAVs, has not been thoroughly
developed yet. This fact is especially related to the issue of the
stability of the formation flight in turns, where each vehicle makes
a turn under different aerodynamic conditions as the result of
different speeds and different bank angles. Problems with finding
an appropriate solution arise from the limitations of available
technology and the nature of small fixed-wing UAVs being nonholonomic robots, whose high dynamics combined with small time
constants make them sensitive to any external disturbances.
Therefore, a position control in a formation requires a real-time
processing of navigational data acquired from others UAVs, and it
should involve especially a problem of synchronization of flight
parameters and their actual errors (Norman and Hugh, 2008).
In turn, this requires a lot of bytes to be transmitted smoothly
through a wireless communication network inside the formation,
what in most cases becomes another technological problem.
To avoid these issues, in contrast to the model in Low and Ng,
(2011), we propose a decentralized control algorithm based
on a leader as the reference point for other UAVs and two flocking
behaviors responsible for local position control, i.e. cohesion and
repulsion. The flow of navigational data is organized on the model
of cascade, in which transmission is initialized by the leader,
whose data is sequentially forwarded by next follower in the structure. This simplifies the structure of wireless network inside the
formation. But opposite to our previous research (Kownacki and
Ołdziej, 2015; 2016), the structure of the formation becomes
flexible (the structure is being reshaped and bent according to
actual turn radius of the leader. During turns, the structure is bent
basing on concentered circles with different radiuses corresponding to relative locations of vehicles in the structure. Simultaneous-
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ly, UAVs' airspeeds must be modified according to length of turn
radius to achieve the stability of the structure.
2. FORMATION FLIGHT WITH ALGORITHM OF FLEXIBLE
STRUCTURE
Regardless to the applied control algorithm, a typical formation flight assumes that relative distances between vehicles
must be constant as much as possible. Therefore, UAVs formation usually uses structures, which define reference positions
of each UAV in relation to a chosen reference point. The most
convenient way, from the practical point of view, is to use a leader
of a formation as the reference point to determine desired positions of other UAVs, which will play the role of followers. According to this, the leader must broadcast its actual position and orientation angles to allow the followers to calculate their reference
positions in the structure, which become set-points for the local
control of UAV. In the proposed approach, local low level control
is based on two flocking behaviors, i.e. cohesion and repulsion
(Kownacki and Ołdziej, 2015; 2016). The shape of the formation
structure may be any as long as the distances between vehicles
are exactly defined in a local coordinates frame associated with
the formation. In the presented studies, a shape of reversed letter
‘V’ is used to create a simulated formation of five UAVs. This kind
of structure will allow determining clearly noticeable differences
between trajectories of the followers flying on opposite sides
of the formation structure. A simulated structure of UAVs formation with local coordinate system for reference positions is
presented on Fig. 1.
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𝑧𝑖𝑗
[−𝑖 ⋅ Δy ] 𝑗 = 𝐿
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0
𝑥𝑖𝑗𝐿

(1)

where: i – the order of UAVs in chain on the left side (j=L) or on
the right side (j=R) in reference to the leader, Δ𝑥, Δy – spacings
between UAVs, respectively in xL and yL axis.
If the formation structure is rigid, the coordinates of those
points 𝑃𝑖𝑗𝐿 in the global frame G, which is related to local horizon
and the north, will be determined by a transformation, which combines a shift of coordinates by the leader’s coordinates given
in the frame G and a rotation around the leader’s gravity centre
about its orientation angles i.e. roll, pitch and heading. The transformation can be defined by a following equation:
𝐺
𝑃𝑖𝑗𝐺 = 𝑃𝐿𝐷
+ 𝐷𝐺𝐿 (𝜙𝐿𝐷 , 𝜃𝐿𝐷 , 𝜓𝐿𝐷 ) ⋅ 𝑃𝑖𝑗𝐿

(2)

where: 𝐷𝐺𝐿 – a rotation matrix defining elementary rotations
𝐺
between the formation frame L and the inertial frame G, 𝑃𝐿𝐷
–
𝐺
the position of the leader in the inertial frame G, 𝑃𝑖𝑗 – the
reference position of the i-th UAV flying on the right (j=R) or left
side (j=L) of the leader given in the inertial frame G, 𝑃𝑖𝑗𝐿 – the
reference position of the i-th UAV on the right (j=R) or left side
(j=L) of the leader given in the local frame L, 𝜓𝐿𝐷 – a heading
angle of the leader, 𝜙𝐿𝐷 – a roll angle of the leader, 𝜃𝐿𝐷 – a pitch
angle of the leader.
Ground projections of trajectories of the structure nodes
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Fig. 1. A structure of the formation of five UAVs
based on the shape of reversed letter ‘V’

According to the formation structure presented in Fig. 1, reference positions of UAVs can be determined by predefined points
located in a local coordinate frame L, whose origin is placed at the
gravity centre of the leader, and its axes are parallel to the axes of
the leader’s body. Therefore, coordinates of these points can be
expressed by equation (1). In the equation, index i in the subscripts refers to the order of UAVs placed behind and in reference
to the leader, identically on its both sides. While index j refers
respectively to the left (j=L) and to the right (j=R) side of the
leader.
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Fig. 2. Ground projections of trajectories of reference UAVs positions
for a formation flight based on a rigid structure

Unfortunately, the approach based on the rigid structure can
result in deformations of reference trajectories, which are
evolutions of points 𝑃𝑖𝑗𝐺 in time, especially while the formation
makes a turn maneuver. Rotations of the local frame L around the
leader’s gravity centre make turn radiuses of the followers greater
than it is in the case of the leader and finally the formation
structure is disturbed as it is shown in Fig. 2.
The deformations of UAVs trajectories in Fig. 2 are a strong
argument against the use of the approach of the rigid structure.
Therefore, a new approach, which will use a flexible structure
should be proposed. In the approach of the flexible structure, the
formation structure will be constantly modified according to actual
turn radius of the leader. This means also that the reference
positions of the followers will be modified in relation to the refer179
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ence point, and relative distances between UAVs will not be constant. In the flexible structure, reference positions of the followers
during turns can be defined by finding points of intersections
between concentric circles, whose radiuses are determined by a
sum of turn radius of the leader (R) and coordinates of UAVs
reference positions in y-axis of the frame L (y), and lines passing
through the center of these circles. The lines will create arcs on
the trajectory of the leader, which start in the position of the leader, and whose widths are equal to ix, coordinate of reference
position in x-axis of frame L for the i-th UAV. The idea of the
flexible structure of a UAVs formation is presented in Fig. 3.
The main rule of the flexible structure in Fig. 3 can be defined
briefly as the change of expression of reference positions of UAVs
in the local frame L from Cartesian coordinates to polar coordinates only when the leader's roll angle is different from zero. In
both coordinates systems, relative coordinates of UAVs positions
in reference to the leader, i.e.positive and negative multiplications
of x and y (eq. 1), remain the same, but in the case of polar
coordinates system, they are given as widths of arcs and differences in lengths of turn radiuses. Moreover, the origin of polar
coordinates system is located at the center of a circle being a part
of the leader's trajectory. To determine reference positions of
UAVs in the frame G, it is necessary to identify a Cartesian representation of relative distances x and y expressed as polar
coordinates. Let’s start with a definition of concentric circles in the
frame L, which is as follows:
2

{

2

𝑥𝑖𝑗2 + (𝑦𝑖𝑗 + 𝑅) = (−𝑅 − 𝑦𝑖𝑗𝐿 ) , 𝜙 ≥ 0.

𝐿
|𝑥𝑖𝑗
|

|𝑅|

.

(4)

where: R – turn radius of the leader, 𝑥𝑖𝑗𝐿 – coordinate of reference
position in x-axis of the frame L for the i-th UAV flying on the right
(j=R) or on the left (j=L) side of the leader.
Therefore, equations of those lines can be formulated as follows:
𝜋

{

𝑦𝑖𝑗 − 𝑅 = 𝑥𝑖𝑗 ⋅ 𝑡𝑔 ( − 𝛼𝑖𝑗 ) , 𝜙 < 0,
2
𝜋

𝑦𝑖𝑗 + 𝑅 = −𝑥𝑖𝑗 ⋅ 𝑡𝑔 ( − 𝛼𝑖𝑗 ) , 𝜙 ≥ 0.

If we take right sides of equations (5) and put them respectively into corresponding expressions on the left sides of equations
(3), we will obtain 𝑥𝑖𝑗𝐿𝐹 - coordinate of reference position of UAV
in x-axis of the frame L. Because the followers are always placed
behind the leader, i.e. on the left side of y-axis of the frame L, the
sign in the front of square root is negative.
If we take right sides of equations (5) and put them respectively into corresponding expressions on the left sides of equations
(3), we will obtain 𝑥𝑖𝑗𝐿𝐹 - coordinate of reference position of UAV in
x-axis of the frame L. Because the followers are always placed
behind the leader, i.e. on the left side of y-axis of the frame L, the
sign in the front of square root is negative.
𝑥𝑖𝑗𝐿𝐹 = −√

𝐿)
(𝑅−𝑦𝑖𝑗

2

𝜋
2

1+𝑡𝑔2 ( −𝛼𝑖𝑗)

(3)

where: R – turn radius of the leader, xij, yij – coordinates of points
forming trajectory of the i-th UAV flying on the right (j=R) or on the
left side (j=L) of the leader, given in the frame L, 𝑦𝑖𝑗𝐿 –coordinate
of the reference position in y-axis of the frame L for the i-th UAV,
which is flying on the right (j=R) or on the left side (j=L) of the
leader,  - actual roll angle of the leader.
In the next step, equations of lines should be defined. These
lines intersect the leader’s trajectory. Intersection points together
with y-axis specify arcs widths equal to 𝑥𝑖𝑗𝐿 –coordinates of the
reference positions of UAVs in x-axis of the L frame. Angles between those lines and y-axis of the L frame are given by equation
(4).

{

𝑥𝑖𝑗𝐿𝐹 = −√

𝐿)
(−𝑅−𝑦𝑖𝑗
𝜋

, 𝜙 < 0,
(6)

2

1+𝑡𝑔2 ( −𝛼𝑖𝑗)
2

, 𝜙 ≥ 0.

To determine coordinates of UAVs reference positions in yaxis of the frame L, right sides of equations (6) should be substituted in the place of 𝑥𝑖𝑗 in equations (5). The equation for coordinate 𝑦𝑖𝑗𝐿𝐹 , is given as follows:
2

𝜋

𝑦𝑖𝑗𝐿𝐹 = −𝑡𝑔 ( − 𝛼𝑖𝑗 ) ⋅ √
2

𝐿)
(𝑅−𝑦𝑖𝑗

𝜋
1+𝑡𝑔2 ( −𝛼𝑖𝑗 )
2

+ 𝑅, 𝜙 < 0,

2

𝜋

{

𝑦𝑖𝑗𝐿𝐹 = 𝑡𝑔 ( − 𝛼𝑖𝑗 ) ⋅ √
2

𝐿)
(−𝑅−𝑦𝑖𝑗
𝜋
2

1+𝑡𝑔2 ( −𝛼𝑖𝑗)

− 𝑅, 𝜙 ≥ 0.

Fig. 3. The idea of the flexible structure of a UAVs formation. On the left side, there is the formation structure, which is modified according to the leader’s
turn radius R, and on the right side, there is the initial structure for a straight line flight
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(5)

2

2

𝑥𝑖𝑗2 + (𝑦𝑖𝑗 − 𝑅) = (𝑅 − 𝑦𝑖𝑗𝐿 ) , 𝜙 < 0,
2

𝛼𝑖𝑗 =
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Both equations (6) and (7) define together coordinates of reference positions of UAVs in the flexible structure in the frame L, in
situation when the formation makes a turn or starts an orbitfollowing flight scheme. Coordinates in z-axis remain constant and
they are equal to zero. To implement local controls based on the
rules of birds flocking, each UAV must know its reference position
given in the global frame G. But in contrast to the rigid structure
approach, reference positions in the local frame L should be
rotated around the leader only about its heading angle. Hence, the
transformation from the frame L to the frame G is given by equation (8), which splits the problem into separate cases, i.e. when an
absolute value of the leader’s roll angle is below and above value
of 𝝓𝒎 , at which formation control switches to the flexible structure
mode.
𝐺
𝑃𝐿𝐷

𝑥𝑖𝑗𝐿𝐹
+

𝐷𝐺𝐿 (𝜓𝐿𝐷 )

⋅ [𝑦𝑖𝑗𝐿𝐹 ] |𝜙| > 𝜙𝑚 ,
0
𝑥𝑖𝑗𝐿

𝑃𝑖𝑗𝐺 =
𝐺
𝑃𝐿𝐷

+

𝐷𝐺𝐿 (𝜓𝐿𝐷 )

{

(8)

⋅ [𝑦𝑖𝑗𝐿 ] |𝜙| < 𝜙𝑚 .
0

where:
– rotation matrix defining a rotation between the frame
𝐺
L and the inertial frame G, 𝑃𝐿𝐷
– the position of the leader in the
𝐺
inertial frame G, 𝑃𝑖𝑗 – the reference position for the i-th UAV,
flying on the right (j=R) or left side (j=L) of the leader, given in the
inertial frame G, 𝑥𝑖𝑗𝐿𝐹 , 𝑦𝑖𝑗𝐿𝐹 – coordinates of the reference position
of the i-th UAV flying on the right (j=R) or left side (j=L) of the
leader, given in the local frame L, 𝜓𝐿𝐷 – a heading angle of the
leader, 𝜙𝑚 – the roll angle of the leader at which the formation
𝐷𝑔𝐿

control switches to the flexible structure mode.
Reference positions 𝑃𝑖𝑗𝐺 in the frame G are used to calculate
local controls of UAV, whose main purpose is to minimize errors
of position tracking. This means that the algorithm of the flexible
structure becomes a high level of control, providing coordinates of
reference positions as input for a middle level of controls i.e. a
control of position tracking. In turn, the control of position tracking
together with a necessary control of collision avoidance between
UAVs generates set-points for a low-level controls which manages
deflections of control surfaces of UAV. In this way, the overall
control of UAV is organized in a form of three-stage cascade
control, which is presented in Fig. 4.
As the base for both controls of position tracking and collision
avoidance, flocking behaviors of birds, in particular, behaviors of
cohesion and repulsion can be successfully applied, what was
proved in the previous research ((Kownacki C. and Ołdziej D.,
2015; Kownacki C. and Ołdziej D., 2016)). However here, the
meaning of cohesion and repulsion behaviors should be adapted
to the approach of formation flights. Therefore, the behavior of
cohesion is used to move UAV towards its reference position
instead of a gravity centre of a flock, and airspeed of UAV should
be proportional to tracking errors or calculated with PID terms with
a dead zone applied around the reference position. In turn, the
behavior of repulsion secures UAV against collisions with another
UAV, which is a preceding in the structure. The idea of applying
behaviors of cohesion and repulsion in a formation flight is shown
in Fig. 5.
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Fig. 4. The structure of the local control of UAV, which is organized in the form of tree-stage cascade control: the first stage – the algorithm of flexible
structure, the second stage – flocking behaviors (cohesion and repulsion), the third stage – low level control of flight parameters, roll, pitch,
heading and airspeed
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As it was mentioned, cohesion behavior moves UAV towards
assigned reference position in the formation structure with an
airspeed, which is proportional to a distance between an actual
position of UAV and its reference position, and this distance has
a meaning of a tracking error. Cohesion behavior is acting only
when this tracking error is greater than specified maximal distance, which is a radius DC of dead zones around reference positions (green dotted circles in Fig. 5). Dead zones are required
because they prevent from the instability of flight when the tracking error is nearby zero. Then even a small change of UAV position in relation to the assigned reference position can produce
a rapid step change in control signals generated by cohesion
behavior. Therefore, UAV should track its reference position
keeping a specified distance and inside the dead zone its airspeed should be the same as the leader’s. A direction of flight
towards reference position determined by cohesion behavior
is expressed as a vector defined by the equation below.
⃗⃗⃗⃗⃗⃗⃗⃗
𝐾 𝐶 𝑖𝑗 =

1
⃗⃗⃗⃗⃗⃗⃗⃗⃗𝐺
|𝐴𝑃𝑖𝑗
|

𝐺
⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
⃗⃗⃗⃗⃗⃗⃗⃗
𝐴𝑃𝑖𝑗𝐺 = ⃗⃗⃗⃗⃗
𝑃𝑖𝑗𝐺 − 𝑃
𝑈𝐴𝑉𝑖𝑗 .

∙ ⃗⃗⃗⃗⃗⃗⃗⃗
𝐴𝑃𝑖𝑗𝐺

(9)

𝑈𝐴𝑉𝑖𝑗

or left side (j=L) of the leader, given in the inertial frame G and the
coordinates ⃗⃗⃗⃗⃗
𝑃𝑖𝑗𝐺 of assigned reference position in the virtual struc⃗⃗⃗⃗⃗⃗⃗⃗𝑖𝑗𝐺 | - is a distance between the i-th UAV and the referture , |𝐴𝑃
ence position in the structure. This is also position tracking error.
As it was mentioned, the airspeed of UAV should be proportionally adjusted to the tracking error and it should be constant or
at least reduced to the half of the leader’s speed when the tracking error is smaller than the radius DC. Reducing the airspeeds of
the followers allows decreasing their turn radiuses in reference to
the leader’s. Hence, a relation between airspeed and the tracking
error is defined by equation (10):
𝑆𝑖𝑗𝑑 =
⃗⃗⃗⃗⃗⃗⃗⃗⃗𝐺

⃗⃗⃗⃗⃗⃗⃗⃗𝑖𝑗𝐺 | + 𝐾𝐼 ⋅ ∫𝑡 |𝐴𝑃
⃗⃗⃗⃗⃗⃗⃗⃗𝑖𝑗𝐺 | 𝑑𝜏 + 𝐾𝐷 ⋅ 𝑑|𝐴𝑃𝑖𝑗 |] , |𝐴𝑃
⃗⃗⃗⃗⃗⃗⃗⃗𝑖𝑗𝐺 | ≥ 𝐷𝑐 ,
𝐾𝑝 ⋅ cos(𝜙) ⋅ [|𝐴𝑃
0
𝑑𝑡
{
(10)
⃗⃗⃗⃗⃗⃗⃗⃗𝑖𝑗𝐺 | < 𝐷𝑐 .
𝛽 ⋅ 𝑆𝑖 ,
|𝐴𝑃

⃗⃗⃗⃗⃗⃗⃗⃗𝑖𝑗𝐺 | – the distance
where: KP, KD, KI – gains of PID terms, |𝐴𝑃
between the i-th UAV and its assigned reference position in the
structure (the tracking error), 𝑆𝑖𝑗𝑑 – the desired airspeed of the i-th
UAV, Si – the leader’s airspeed, DC – a radius of dead zones
around the nodes in the virtual structure,  - the leader’s current
roll angle,  - scaling factor to reduce speed when tracking error is
lower than DC.
The role of repulsion behavior is to secure the formation from
collisions between UAVs. It repulses a UAV from another UAV
which is a preceding in reference to the leader's position, only
when distance between both UAVs is smaller than a safe distance
DR. Therefore, each UAV must know only the position of its
precedor. This simplifies information sharing in the formation.
A vector, which represents the direction of repulsion is as follows:
1
⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
𝐺
𝐺
|𝑃𝑖𝑗𝑃𝑖−1,𝑗
|

𝐺
∙ ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
𝑃𝑖𝑗𝐺 𝑃𝑖−1,𝑗

0
𝐺
𝐺
⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
⃗⃗⃗⃗⃗⃗⃗⃗⃗
𝑃𝑖𝑗𝐺 𝑃𝑖−1,𝑗
= ⃗⃗⃗⃗⃗
𝑃𝑖𝑗𝐺 − 𝑃
𝑖−1,𝑗 .
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𝐺
where: ⃗⃗⃗⃗⃗
𝑃𝑖𝑗𝐺 , ⃗⃗⃗⃗⃗⃗⃗⃗⃗
𝑃𝑖−1,𝑗
– positions respectively of the i-th and the (i–1)th vehicle flying on the left (j=L) or the right (j=R) side of the
⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
𝐺 𝑃𝐺 | – a distance between UAVs, D – the minimum
leader, |𝑃
R
𝑖𝑗 𝑖−1,𝑗

permissible distance between two UAVs.
The current direction of UAV flight will be dependent on a
combination of all behaviours - cohesion and repulsion, which is
𝑅
simply defined as a sum of vectors ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
𝐾𝑖,𝑖−1
and ⃗⃗⃗⃗⃗⃗⃗⃗
𝐾 𝐶 𝑖𝑗 . Vector ⃗⃗⃗⃗⃗
𝐾𝑖𝑗 ,
𝑅
⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ and 𝐾
𝐶 , is used to calculate set⃗⃗⃗⃗⃗⃗⃗⃗
being a sum of vectors 𝐾
𝑖𝑗
𝑖,𝑖−1

point for low-level flight control, i.e. desired pitch and desired
heading.
𝑅
⃗⃗⃗⃗⃗
𝐾𝑖𝑗 = ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
𝐾𝑖,𝑖−1
+ ⃗⃗⃗⃗⃗⃗⃗⃗
𝐾 𝐶 𝑖𝑗 .

(13)

These set-points are defined by following equations.
𝑥𝑖𝑗
⃗⃗⃗⃗⃗
𝐾𝑖𝑗 = [𝑦𝑖𝑗 ],
𝑧𝑖𝑗
𝑥𝑖𝑗

where: ⃗⃗⃗⃗⃗⃗⃗⃗
𝐴𝑃𝑖𝑗𝐺 – a vector which is defined as a difference between
𝐺
⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
the coordinates (𝑃
) of the i-th UAV flying on the right (j=R)

𝑅
⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
𝐾𝑖,𝑖−1
= {
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⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
𝐺 𝐺
|𝑃
𝑖𝑗 𝑃𝑖−1,𝑗 | ≤ 𝐷𝑅 ,
⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
𝐺 𝐺
|𝑃
𝑖𝑗 𝑃𝑖−1,𝑗 | > 𝐷𝑅 ,

(11)

(12)

Ψ𝑖𝑗𝑑 = 𝑎𝑡𝑎𝑛2 ( ),

(15)

𝑦𝑖𝑗

Θ𝑑𝑖𝑗 = 𝑎𝑡𝑎𝑛2 (

𝑧𝑗
√𝑥𝑖𝑗 2 +𝑦𝑖𝑗 2

(14)

).

(16)

where: ⃗⃗⃗⃗⃗
𝐾𝑖𝑗 – a vector which defines the resultant direction of
flight, Ψ𝑖𝑗𝑑 – the desired heading angle, Θ𝑑𝑖𝑗 – the desired pitch
angle.
The control vector, which is the input for low-level of flight control, can be finally defined as:
Ψ𝑖𝑗𝑑
𝑢𝑖𝑗 = [Θ𝑑𝑖𝑗 ] .
⃗⃗⃗⃗⃗

(17)

𝑆𝑖𝑗𝑑
To show the differences between the presented approach
of flexible structure and virtual rigid structure a series
of simulations were made in Matlab – Simulink. In the simulations,
a formation of five UAVs flew through different sequences of three
waypoints, each time it made at least one turn of about 90
degrees. Results of flights simulation making a comparison
between rigid and flexible structure approaches are presented
in next section.
3. RESULTS
To identify the main differences in both approaches
to formation structures, the same sequence of waypoints and the
same flight parameters were used to simulate flights, once based
on the rigid structure algorithm and once on the proposed
algorithm of the flexible structure. Making a comparison between
trajectories of reference positions and UAVs for both approaches
allows assessing how much the flexible structure improves the
parallelism of UAVs trajectories, what is the main aim of the
research. In simulation PD regulators are used to control
airspeeds (eq. 10) and actual headings (low-level control) of the
followers. Following parameters were also applied: the leader’s
airspeed 10 m/s, range of repulsion DR=1 meter, the radius of
dead-zones around reference positions in the structure DC=5
meters, maximum roll angle for each UAV about 300, initial
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headings 900, initial positions of UAVs are placed in accordance to
location in the structure of the formation. Fig. 6 presents
trajectories of UAVs and trajectories of their reference positions
for the case of the flexible structure approach on the left and for
the case of the rigid structure approach on the right. In Fig. 7,
it can be noticed that in the case of rigid structure, headings
of outer UAVs in the structure differ from others, i.e. they oscillate
in moments when they are flying on the inner sides of turns. But
those differences do not correlate with the shape of reference
a)

b)

Flexible structure approach

trajectories what reflects in the fact that trajectories of the UAVs
turn in opposite direction. Therefore, the most probable reason for
the deformations in trajectories of the formation based on the rigid
structure approach are overshoots in the roll angle control, which
occur at the time of rapid changes of reference positions. And this
happens only in the case of rigid structure, what can be proved
by plots of roll angles in Fig. 8 and plots of reference heading
in Fig. 9.

c)

Rigid structure approach

d)

Fig. 6. Trajectories of reference positions and UAVs, respectively for the flexible structure approach: (a) – trajectories of reference positions,
(b) – trajectories of UAVs, and the rigid structure approach: (c) – trajectories of reference positions, and (d) - trajectories of UAVs

Fig. 7. Headings of UAVs, respectively for the flexible structure approach (a) and the rigid structure approach (b)
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Fig. 8. Roll angles of each UAV in the formation, respectively for the flexible structure approach (a) and the rigid structure approach (b)

Fig. 9. Reference heading angles of followers in the formation, respectively for the flexible structure approach (a) and the rigid structure approach (b)

Fig. 10. Airspeeds of each UAV in the formation, respectively for the flexible structure approach (a) and the rigid structure approach (b)

Fig. 11. Tracking error of each UAV in the formation, respectively for the flexible structure approach (a) and the rigid structure approach (b)
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Differences between plots of reference headings in Fig. 9
explain higher oscillations of roll angles in the case of the rigid
structure approach, which next destabilize the structure of the
formation. Therefore, trajectories of UAVs flying on the inner side
of turn cease to be parallel to others. Applying the flexible
structure instead of the rigid structure decreases these oscillations
as the result of generating smoother reference trajectories for the
followers. This situation is also confirmed by the position tracking
error and airspeeds signals presented in Figs. 10 and 11.
Tracking errors are significantly lower during formation flight with
flexible structure what also impacts on the control of airspeed as a
function of them. Airspeed increases with the growth of tracking
error and decreases if it is getting smaller.
4. CONCLUSIONS
The main purpose of the research on algorithms of formation
flight designed to UAVs is achieving collective, synchronized and
autonomous flight of several UAVs like it could be done by pilots.
This still is difficult due to applied technology, which limits possibilities of real-time synchronization between UAVs. Therefore, the
most of research is focused on approaches of leader-follower or
virtual rigid structure, where the positions of UAVs are related to
the leader’s position by using predefined geometrical relations.
This simplifies the exchange of navigation data between UAVs in
the formation, but achieving constant geometrical relations, like it
is in rigid structures. becomes more difficult in the case of nonholonomic robots, to which fixed-wing UAVs belong. Applying rigid
structures to non-holonomic robots can result in structure rotations
which deform trajectories of reference positions causing overshoots in angles of roll and heading.
In the research, the proposition of the new algorithm, which
applies a flexible structure to organize formation flights is discussed. The main difference between the proposed algorithm and
the approach based on virtual rigid structure is reshaping of the
structure in accordance with the turn radius of the leader. Simulations results present that applying the flexible structure approach
allows minimizing the impact of structure rotations when the leader changes its heading. Thus, coordinates of reference position do
not change rapidly in relation to the UAV, what minimizes heading
angle error and reduces oscillations of roll angle. In turn, a stable
flight results in better parallelism of trajectories. Applied behaviors
of cohesion and repulsion, together with dedicated airspeed control are enough to minimize positions tracking errors effectively.
However, tracking errors cannot be smaller than the radius of the
dead zone required to stabilize the flight when even a small position displacement can result in a step change of heading error.
This issue can be eliminated by heading synchronization what will
be the next step of the research.
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