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A nonlinear differential geometric guidance scheme is presented in this paper for aggressive autonomous formation flying of fixed-wing
unmanned aerial vehicles (UAVs) in the leader-follower framework. It is assumed that the desired location of the followers are known in
the velocity frame of the leader. It is also assumed that the followers can also access the position, velocity and acceleration parameters of
the leader as necessary auxiliary information. By utilizing this information and manipulating their own dynamics, the proposed logic
autonomously guides the followers to their respective desired positions. Depending on the leader's velocity and acceleration information
as well as the intended relative location, the formulation also ensures an appropriate direction of the velocity vectors of the followers at
the desired relative locations, including its rate of change if any. This leads to minimal transient effects while maintaining the formation
even under maneuvering conditions. Usage of quaternions and other innovations ensure that the formulation is singularity-free and hence
formation flying is ensured even under aggressive maneuvers of the leader without any restriction on its velocity vector direction. The
desired thrust, angle of attack and bank angle are generated using a nonlinear point mass model of a vehicle. The generated guidance
commands are then realized using a nonlinear six-DOF model, making the formulation practically more relevant. Extensive simulation
studies demonstrate that the proposed approach is capable of bringing the UAVs from arbitrary initial locations to the desired formation
and then maintaining the formation even under highly agile motion of the leader.
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Nomenclature

Sw =Wing planform area (m2)
b =Wing span (m)
c = Chord length (m)
m = Mass of the UAV (kg)
VT = Total Velocity of the UAV (m/s)
� = Flight path angle (deg)
 = Heading angle (deg)
� = Angle of attack (deg)

� = Bank angle (deg)
T = Thrust force (N)

Tmax = Maximum thrust force (N)
L = Lift force (N)
D = Drag force (N)
�q = Dynamic pressure (Pa)
CL = Lift coefficient
CD = Drag coefficient
g = Acceleration due to gravity (m/s2)
� = Atmospheric density (Kg/m3)

CX ,CZ = Axial coefficient in body axis frame
k� ,k�,kVT = Gain values of the guidance loop (s�1)
k� ,k� ,kT = Gain values of the autopilot loop (s�1)

T I
B = Transformation matrix from body to inertial frame

T I
V = Transformation matrix from velocity to inertial frame
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� = Side slip angle (deg)
TV=B = Transformation matrix from body axes to velocity axes

1. Introduction

Formation flying of multiple unmanned aerial vehicles
(UAVs) has become a significant topic of research due to
numerous defense and commercial applications such as
flying into high-risk areas, reconnaissance of wider area, co-
ordinated attacks, livestock monitoring, wildfire mapping,
mitigation, etc. to name a few. The key advantage of
deploying UAVs is clear from the name itself that there is no
necessity of any human resource on board leading to sev-
eral advantages such as lowering the risk factor signifi-
cantly, reducing the weight and size of the vehicle leading to
efficient flying, shorter runway requirement, etc. In sum-
mary, with the deployment of UAVs flight missions can be
stretched beyond the conventional domain of operation
efficiently.

Formation flying phenomena have been long observed in
the natural world. Studies of birds have shown that the V-
formation can greatly enhance the overall aerodynamic ef-
ficiency by reducing the drag and thereby increasing the
endurance [1]. Getting inspired from it, formation flying of
aircrafts have been studied as a means to reduce fuel usage
by minimizing drag [2]. However, several other mission
requirements and advantages as outlined above have gen-
erated a lot of interest in this topic. Various approaches
such as the standard proportional integral derivative (PID)
feedback [3], linear decentralized formation controller [4],
peak-seeking controller for optimal relative location [5], and
various other guidance logics have been proposed in the
literature for formation flying.

It is interesting to observe, to the best of the knowledge
of the authors, that most of the logics and philosophies
proposed in the literature are based on linear models and/
or basic \kinematic" relationships, which ignore the vehi-
cle-specific dynamics of the flying vehicles. Hence, most of
these ideas end up with too simplistic results invariably
leading to large errors and significant undesirable transient
behavior, which is highly undesirable in close formation
flying and critical missions. Moreover, some studies impose
restrictions on the achievable trajectories and maneuvers
by the formation [6, 7], which restricts the domain of for-
mation. Moreover, many formulations consider a few se-
lective motions selected a priori and do not allow arbitrary
care-free dynamic trajectory change of the leader. Obviously,
under such situations online maintenance/reconfiguration
of formation for arbitrary motion of the leader turns out to
be a demanding (rather impossible) task due to inherent
nature of the problem formulation. However, it is obvious
that in a realistic dynamic environment, the leader should

change its trajectory dynamically to meet the larger mission
objective and a good problem formulation must ensure that
the followers continue to fly in the given formation along
with the leader as naturally as possible (i.e. without exciting
erroneous motion during the transient).

An attempt has been made in this paper to address these
limitations and propose a fairly generic nonlinear guidance
logic using the advanced differential geometric control
theory (which is also known as \dynamic inversion") [8].
This facilitates the manipulation of nonlinear point-mass
dynamics of the vehicles, which use the vehicle-specific
aerodynamic and inertia parameters. Hence the formulation
is closer to the reality.

Like most of the problem formulations, the proposed
problem formulation here assumes a leader-follower
framework. It is assumed that the desired location of the
followers are known in the velocity frame of the leader. It is
also assumed that the followers can also access the position,
velocity and acceleration parameters of the leader as nec-
essary auxiliary information (this information can possibly
be broadcast by the leader itself). By utilizing this infor-
mation and manipulating their own dynamics, the proposed
logic then autonomously guides the followers to their re-
spective desired positions. The formulation also computes
and ensures appropriate directions of the velocity vectors of
the followers at the desired relative location so that the
formation is maintained easily without much of transient
errors. Usage of quaternions and problem formulation in a
unique Cartesian coordinate system (thereby avoiding in-
formation conversion between Cartesian and Polar coordi-
nates) ensure that the formulation is singularity-free and
hence formation flying is ensured even under aggressive
maneuvers of the leader. The desired thrust, angle of attack
and bank angle are generated using a nonlinear point mass
model of a vehicle, making it practically more relevant. Note
that dynamic inversion offers closed form solution in gen-
eral (or very close to it when nonlinear equations are in-
volved), the solution proposed is computationally quite
efficient as well and hence can be implemented in on-board
processors.

The use of a six-DOF dynamics for the realization of the
guidance commands makes the algorithm more practical.
The already generated guidance commands are realized by
generating desired body rates, which are finally used to
generate control surface deflections making the system
more real. Extensive six-DOF simulation studies demon-
strate that the proposed approach is capable of bringing the
UAVs from arbitrary initial locations to the desired forma-
tion and then maintaining the formation irrespective of the
highly agile motion of the leader and that too without ex-
citing too much of transient behavior.

Rest of the paper is organized as follows. Section 2
deals with the mathematical model of the physical and
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aerodynamic properties. Section 3 deals with the formation
command generation for followers that includes the use of
nonsingular rotation parameter, quaternion. In Sec. 4, sim-
ulation results are presented which show that the followers
maintain the formation for various motions and maneuvers
performed by the leader.

2. Mathematical Model

A pragmatic point-mass model for the All Electric-2 (AE-2)
UAV [9] has been used in this paper (see Fig. 1). The AE-2
UAV is a fixed wing airplane designed for autonomous flying
for long endurance. It was designed and developed at the
UAV laboratory of the Indian Institute of Science, Bangalore.
The thrust is generated by a propeller attached to an elec-
tric motor, which is powered by a lithium-polymer battery.
The GPS provides the required position information for our
algorithm. The implementation has become easier from
computational point of view as the vehicle's instrumenta-
tion and sensors provide all the necessary information. The
geometric and inertial properties with physical attributes of
AE-2 are given in Table 1.

A full nonlinear six-DOF model for the vehicle is available
and has been used earlier for research [10–13]. Since the
formulation presented here is concerned with the outer-
most guidance loop of flight control system, a compatible
point-mass model is apposite [14, 15], which can be

described by the following set of differential equations.

x
: ¼ vx; ð1Þ
y
: ¼ vy; ð2Þ
z
: ¼ vz; ð3Þ

where, x; y and z are the position co-ordinates (in the inertial
frame). vx; vy and vz are the velocity vector components
representing the velocities in x; y; and z direction, respectively.
These velocity components can be expressed in terms of VT ; �
and  (representing magnitude of velocity vector, flight path
angle and heading angle, respectively) as given below:

vx ¼ VT cos � cos ; ð4Þ
vy ¼ VT cos � sin ; ð5Þ
vz ¼ �VT sin �: ð6Þ

Here VT can be given as VT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y þ v 2
z

q
. The re-

maining three equations to complete the set of the mathe-
matical model are obtained by finding the derivatives of
Eqs. (1), (2) and (3). Substituting the values of V

:
T , �
: and  

:

from Eqs. (7), (8) and (9), we get the set of differential
equations to complete themathematical model. If we directly
use Eqs. (7), (8) and (9), then  

:
becomes infinite when �

becomes 90. The use of Eqs. (10), (11) and (12) avoids this
restriction.

V
:
T ¼ 1

m
ðT cos�� D�mg sin �Þ; ð7Þ

�
: ¼ 1

mVT
ððT sin�þ LÞ cos��mg cos �Þ; ð8Þ

 
: ¼ 1

mVT cos �
ðT sin�þ LÞ sin�; ð9Þ

v
:
x ¼

1
m

T sin�þ Lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q vzvx cos�
VT

� vy sin�

� �2
4

þ vxðT cos�� DÞ
VT

3
5; ð10Þ

v
:
y ¼

1
m

T sin�þ Lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q vzvy cos�

VT
þ vx sin�

� �2
4

þ vyðT cos�� DÞ
VT

3
5; ð11Þ

v
:
z ¼

1
m

vzðT cos�� DÞ
VT

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q
VT

2
4

� ðT sin�þ LÞ cos�þmg

3
5: ð12Þ

Fig. 1. AE-2 (All Electric airplane-2).

Table 1. Physical Data of AE-2.

b c m Sw Ixx Iyy Izz Ixz
(m) (m) (kg) (m2) (kg m2) (kg m2) (kg m2) (kg m2)

2 0:3 6 0:6 0:5062 0:89 0:91 0:0015
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The computation of aerodynamic forces (drag and lift) is
given as

D ¼ �q SwCD; ð13Þ
L ¼ �q Sw CL; ð14Þ

where the dynamic pressure is given as �q ¼ ð1=2Þ�V 2
T . Now

the drag and lift forces act on the velocity frame whereas
the available aerodynamic forces as sensed by the sensors
in the wind tunnel act in the body frame, with the x-axis
being pointed backwards [10, 12]. Hence the available for-
ces are transformed into velocity axes by using a suitable
transformation matrix, which is as given below

�D

�S
�L

2
4

3
5 ¼ TV=B

Fax
Fay
Faz

2
4

3
5 ¼ ��qSwTV=B

CX
CY
CZ

2
4

3
5; ð15Þ

where Fax , Fay and Faz are the aerodynamic forces obtained
in body axis frame of the vehicle, which is obtained from
extensive wind-tunnel testing, followed by curve-fitting (see
[12] for details). CX ; CY ; CZ are the corresponding force
coefficients, respectively. The formulation is carried along
with side slip angle � � 0 (which is true as fixed-wing UAV
maneuvers are usually done with \turn co-ordination"
[13]). The transformation matrix TV=B is given by

TV=B ¼
cos� 0 sin�

0 1 0
� sin� 0 cos�

2
4

3
5: ð16Þ

The force coefficients are further expanded as polyno-
mial functions of angle of attack � and combining those
with the explicit expression of TV=B from Eq. (16), the drag
and lift coefficients can finally be written as

D ¼ �qSðCX0 þ CXa1�þ CXa2�
2Þ cos�

þ �qSðCZ0 þ CZa1�Þ sin�;
L ¼ � �qSðCX0 þ CXa1�þ CXa2�

2Þ sin�
þ �qSðCZ0 þ CZa1�Þ cos�:

Numerical values of the coefficients are given in Table 2
with which the necessary description about the point mass
dynamic model for guidance formulation is completed.

3. Nonlinear Guidance for Formation Flying

The main objective of formation flying is to maintain the
formation during the complete flight along with following

the leader's trajectory. So, a formation command geometry
is described according to which the followers are made to
fly. The relevant geometric and mathematical formulation
for assuring formation flying is described in this section.

3.1. Generation of formation command for followers

The formation command for the followers are given from
the leader in a virtual velocity frame (that is actually a roll
free velocity frame) in terms of three parameters i.e. one
relative distance and two geometrical angles. The com-
manded values to the followers are assumed to be with
respect to a virtual reference frame attached to the leader,
which actually represents the leader attached virtual ve-
locity frame as shown in Fig. 2.

The x-axis of this frame is aligned to the velocity vector
of the leader, whereas y and z contain the velocity roll angle
� and are orthogonal to it as shown in Fig. 2. The relative
separation distance is Rd which is having the angle of ori-
entation with the plane and on the plane by the means of �
and �, respectively. Hence, the desired position coordinates
of follower in leader attached virtual reference frame is
given by

PFd
L;V ¼

�Rd sin �

Rd cos � cos �

�Rd cos � sin �

2
4

3
5: ð17Þ

3.2. Desired position of follower in local inertial frame

The position coordinates that are now available in leader
attached virtual reference frame are to be transformed into
a \local inertial frame" attached to the leader whose ori-
entation is maintained parallel to the earth fixed inertial

Fig. 2. Formation command geometry in leader's velocity frame.

Table 2. Force coefficients of UAV.

CX0 CXa1 CXa2 CZ0 CZa1

0:0386 �0:0040376 �0:0010525 0:1653 0:087138
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frame. For calculating the coordinates in this local inertial
frame we need to do the transformation through a series of
three Euler angle rotations. The desired position coordi-
nates in this local inertial frame are obtained as follows

PFd
L;I ¼ ½ xfd yfd zfd �T ¼ T I

VP
Fd
L;V : ð18Þ

The transformation matrix T I
V is obtained through a se-

ries of three Euler angle rotations [15], which is defined as
follows

T I
V ¼ T l

T�l T�l ; ð19Þ
where,

T l
¼

cos l � sin l 0

sin l cos l 0

0 0 1

2
64

3
75;

T�l ¼
cos �l 0 sin �l

0 1 0

� sin �l 0 cos �l

2
64

3
75;

T�l ¼
1 0 0

0 cos�l � sin�l

0 sin�l cos�l

2
64

3
75:

Representing the 3D rotations with four dimensions
makes the transformation linear and easier to manipulate.
Hence, all the rotations and their corresponding transfor-
mation matrices are represented in quaternions, which is
written as a normalized four-dimensional vector. The pro-
cedure to calculate the transformation matrix in terms of
quaternions, involves the conversion by expressing the
quaternion representations in the form of Euler rotations.
This is done in the (1–2–3) sequence. The quaternion vector
is defined as:

q ¼
q0
q1
q2
q3

2
664

3
775; ð20Þ

where,

q0
q1
q2
q3

2
664

3
775 ¼

cos
�l
2

cos
�l
2

cos
 l

2
� sin

�l
2

sin
�l
2

sin
 l

2

sin
�l
2

cos
�l
2

cos
 l

2
þ cos

�l
2

sin
�l
2

sin
 l

2

cos
�l
2

sin
�l
2

cos
 l

2
� sin

�l
2

cos
�l
2

sin
 l

2

cos
�l
2

cos
�l
2

sin
 l

2
þ sin

�l
2

sin
�l
2

cos
 l

2

2
666666666664

3
777777777775

:

ð21Þ
Moreover, these quaternion vector components are

used after normalization by dividing by L2 norm of the

quaternion components [16]. The transformation matrix
can be expressed in quaternions to transform the desired
coordinates of the followers to the local inertial frame [17].
The transformation matrix is given by the homogeneous
expression as given below, which is multiplied to coordi-
nates of follower in the leader's virtual velocity frame as
given in Eq. (18).

T I
V ¼

q2
0 þ q2

1 � q2
2 � q2

3 2ðq1q2 � q0q3Þ 2ðq0q2 þ q1q3Þ
2ðq1q2 þ q0q3Þ q2

0 � q2
1 þ q2

2 � q2
3 2ðq2q3 � q0q1Þ

2ðq1q3 � q0q2Þ 2ðq0q1 þ q2q3Þ q2
0 � q2

1 � q2
2 þ q2

3

2
64

3
75:

ð22Þ
The intention here is to keep tracking the ½xfd yfd zfd �T

while simultaneously keeping in mind the direction of ve-
locity vector of follower as that is not always aligned to that
of leader. It can be clearly observed as shown for circular
path in Fig. 3. For this objective to be met, the desired
position derivatives of follower are obtained by taking the
time derivative of the desired position coordinates of the
follower in the leader attached local inertial frame as given
below

P
: Fd
L;I ¼ ½x: fd y

:
fd z
:
fd �T ¼ T

: I
VP

Fd
L;V þ T I

VP
: Fd
L;V : ð23Þ

The first term of Eq. (23) is the following vector

T
: I
VP

Fd
L;V ¼ ½x: f y: f z: f �T : ð24Þ

Without loss of generality, here the commanded vari-
ables Rd , � and � are assumed to be constant and hence PFd

L;V
is assumed to be a constant vector in magnitude. However,
this vector has a rotation effect, which is the reason why

P
: Fd
L;V is not zero. Instead, the command vector keeps

changing dynamically. Hence its rate of change should also

Fig. 3. Velocity alignments in curved motion.
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be accounted for, which is calculated as follows

P
: Fd
L;V ¼ @PFd

L;V

@t
þ !� PFd

L;V ð25Þ
as the vector is constant,

@PFd
L;V

@t
¼ 0: ð26Þ

Hence

P
: Fd
L;V ¼ !� PFd

L;V ; ð27Þ
where ! is equal to the angular velocity of leader with re-

spect to the inertial frame. The expression for T
: I
VP

Fd
L;V, which

is derived from Eqs. (22) and (24), is demonstrated as
follows. As it is only a function of quaternion components,
q0; q1; q2 and q3, hence these are written in the form of

x
:
f ¼

@xf
@q0

q
:
0 þ

@xf
@q1

q
:
1 þ

@xf
@q2

q
:
2 þ

@xf
@q3

q
:
3; ð28Þ

y
:
f ¼

@yf
@q0

q
:
0 þ

@yf
@q1

q
:
1 þ

@yf
@q2

q
:
2 þ

@yf
@q3

q
:
3; ð29Þ

z
:
f ¼

@zf
@q0

q
:
0 þ

@zf
@q1

q
:
1 þ

@zf
@q2

q
:
2 þ

@zf
@q3

q
:
3; ð30Þ

where x
:
f ; y
:
f and z

:
f are the first order derivatives i.e. the

vector as defined in Eq. (24).
The quaternions have to be differentiated for application

in the above expression. Since the quaternions are both the
function of  and �, they can be differentiated with respect
to both and then summed up. This is shown as

q
:
n ¼

@qn
@�

�
: þ @qn

@ 
 
:

for n ¼ 0; 1; 2 and 3: ð31Þ

The second derivatives of the desired followers position
co-ordinates can be obtained in a similar manner to the
first derivatives. By differentiating the first order deriva-
tives x

:
f ; y
:
f and z

:
f , we can obtain x

::
f ; y

::
f and z

::
f . This can be

written as

x
::
f ¼

@x
:
f

@q0
q
::
0 þ

@x
:
f

@q1
q
::
1 þ

@x
:
f

@q2
q
::
2 þ

@x
:
f

@q3
q
::
3; ð32Þ

y
::
f ¼

@y
:
f

@q0
q
::
0 þ

@y
:
f

@q1
q
::
1 þ

@y
:
f

@q2
q
::
2 þ

@y
:
f

@q3
q
::
3; ð33Þ

z
::
f ¼

@z
:
f

@q0
q
::
0 þ

@z
:
f

@q1
q
::
1 þ

@z
:
f

@q2
q
::
2 þ

@z
:
f

@q3
q
::
3: ð34Þ

Note that second derivatives of quaternions have been
omitted for brevity.

3.3. Real position of follower in local inertial frame

Figure 2 also depicts the follower in its body frame. The line
of sight information about the position of leader in its body

frame is obtained by the sensors attached to the UAVs. The
relative separation between the leader and the follower is
the vector Rl which makes an angle �l with the yf zf plane,
and �l is the angle of projection of this vector on yf zf with
the yf axis. The position coordinates of leader in follower's
body frame are given as below:

PL
F;B ¼

Rl sin �l

Rl cos �l cos �l

�Rl cos �l sin �l

2
64

3
75: ð35Þ

The position of leader is then obtained in follower-attached
local inertial frame through a series of Euler angles ð ; �; 	Þ
rotations about zf ; yf and xf axes respectively, which is given
below:

PL
F;I ¼ T I

BP
L
F;B; ð36Þ

where the transformation matrix T I
B is given as

T I
B ¼ T T�T	; ð37Þ

where,

T ¼
cos � sin 0

sin cos 0

0 0 1

2
64

3
75;

T� ¼
cos � 0 sin �

0 1 0

� sin � 0 cos �

2
64

3
75;

T	 ¼
1 0 0

0 cos	 � sin	

0 sin	 cos	

2
64

3
75:

The corresponding quaternion vector in terms of Euler
angles for the required (body to local inertial) transforma-
tion is given below

q0
q1
q2
q3

2
664

3
775 ¼

cos
	

2
cos

�

2
cos

 

2
� sin

	

2
sin

�

2
sin

 

2

sin
	

2
cos

�

2
cos

 

2
þ cos

	

2
sin

�

2
sin

 

2

cos
	

2
sin

�

2
cos

 

2
� sin

	

2
cos

�

2
sin

 

2

cos
	

2
cos

�

2
sin

 l

2
þ sin

	

2
sin

�

2
cos

 

2

2
666666666664

3
777777777775

; ð38Þ

whereas the corresponding transformation matrix in
terms of quaternion components can be obtained by
substituting Eq. (38) in Eq. (22). Now, the actual position
of the follower in the leader attached local inertial frame is
given as

PF
L;I ¼ ½x y z�T ¼ �PL

F;I; ð39Þ
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where ½x y z�T gives the relative separation of the follower
in the leader's local inertial frame. The time derivatives of
the position of follower in leader's local inertial frame can
be derived as done in Sec. 3.2.

3.4. Guidance design philosophy for followers

The fundamental objective of the suggested formulation can
be given as:

x
y
z

2
4

3
5 !

xfd
yfd
zfd

2
4

3
5; vx

vy
vz

2
4

3
5 !

vxd
vyd
vzd

2
4

3
5: ð40Þ

For simplicity, two vectors Z1 and Z2 and the error in
those variables are first defined as follows

Z1 �
x
y
z

2
4

3
5; Z2 �

vx
vy
vz

2
4

3
5; ð41Þ

ΔZ1 �
x � xfd
y � yfd
z� zfd

2
4

3
5; ΔZ2 �

vx � vxd
vy � vyd
vz � vzd

2
4

3
5: ð42Þ

The fundamental objective is to make sure that both
ΔZ1 ! 0 as well as ΔZ2 ! 0 simultaneously. With this in
mind, first the total tracking error is defined as

ΔZ ¼ ΔZ
:
1 þ K1ΔZ1; ð43Þ

where, K1 needs to be a positive definite gain matrix (a
design tuning parameter) which is given as K1 ¼ diagðk111 ;
k122 ; k133Þ. Next, the ideology is taken out to make this
tracking error ΔZ ! 0 asymptotically. It is clearly
visible that as ΔZ ! 0 asymptotically, both ΔZ1 ! 0 and
ΔZ2 ! 0, as in that case only, it would asymptotically lead
to stable error dynamics ΔZ

:
1 þ K1ΔZ1 ¼ 0. It leads to the

solution ΔZ1ðtÞ ¼ e�KtΔZ1ðt0Þ ! 0 as t ! 1, accordingly
ΔZ
:
1 ¼ �K1ΔZ1 ! 0 as t ! 1. Moreover, the verification

for ΔZ2 ! 0 is given as per the given line.
For this, using the definitions of Z1, Z2 and defining

f � ½vx vy vz�T , it can be observed from the system dy-
namics Eqs. (1)–(3) that

Z
:
1 ¼ f ðZ2Þ ð44Þ

from which one can note that

ΔZ
:
1 ¼ @f ðZ2Þ

@Z2

� �
ΔZ2; ð45Þ

where,

@f ðZ2Þ
@Z2

�
1 0 0
0 1 0
0 0 1

2
4

3
5: ð46Þ

It is obvious from Eq. (45) that if ΔZ
:
1 ¼ 0, then ΔZ2 ¼ 0,

provided @f ðZ2Þ
@Z2

is nonsingular. However, it is clear from
Eq. (46), which is also the biggest advantage of this for-
mulation that this matrix becomes identity, whose inverse
never becomes singular.

3.5. Command generation for followers

Considering the study undertaken in Sec. 3.4, the basic aim
of the guidance loop is to make ΔZ ! 0 asymptotically. To
ensure that, following the philosophy of dynamic inversion
[8], the following stable error dynamics is enforced.

ΔZ
: þ K2ΔZ ¼ 0; ð47Þ

where, K2 is a positive definite gain matrix (another design
tuning parameter), which is given as K2 ¼ diagðk211 ; k222 ;
k233Þ. One can extract ΔZ

:
from Eq. (43) as

ΔZ
: ¼ ΔZ

::

1 þ K1ΔZ
:
1: ð48Þ

Substituting Eqs. (43) and (48) in Eq. (47), we get

ΔZ
::

1 þ ðK1 þ K2ÞΔZ
:
1 þ K2K1ΔZ1 ¼ 0: ð49Þ

Using the definition of ΔZ1, the above expression is given as
follows:

x
::� x

::
fd

y
::� y

::
fd

z
::� z

::
fd

2
664

3
775þ ðK1 þ K2Þ

x
: � x

:
fd

y
: � y

:
fd

z
: � z

:
fd

2
664

3
775þ K2K1

x � xfd
y � yfd
z� zfd

2
64

3
75 ¼ 0:

ð50Þ
However, it can be remarked that

½x:: y:: z::�T ¼ d
dt

ðf ðZ2ÞÞ � ½x::l y::l z::l�T : ð51Þ
Executing necessary algebra leads to

x
::

y
::

z
::

2
64

3
75 ¼ d

dt

vx
vy
vz

2
4

3
5�

x
::
l

y
::
l

z
::
l

2
64

3
75 ¼ A

v
:
x

v
:
y

v
:
z

2
64

3
75�

x
::
l

y
::
l

z
::
l

2
64

3
75: ð52Þ

Substituting Eq. (52) in Eq. (50), the following expression is
obtained

v
:
xd

v
:
yd

v
:
zd

2
664

3
775 ¼ A�1

x
::
l � x

::
fd

y
::
l � y

::
fd

z
::
l � z

::
fd

2
664

3
775� A�1ðK1 þ K2Þ

x
:

y
:

z
:

2
64

3
75�

x
:
fd

y
:
fd

z
:
fd

2
664

3
775

0
BB@

1
CCA

� A�1K1K2

x � xfd
y � yfd
z� zfd

2
64

3
75; ð53Þ

where, A � @f ðZ2Þ
@Z2

. In Eq. (53), ½x: fd y
:
fd z
:
fd �T is computed from

Eq. (23), where as ½x: y: z: �T is computed from system
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dynamics Eqs. (1)–(3). Note that v
:
xd , v

:
yd , v

:
zd as obtained in

Eq. (53) are the \desired values" of v
:
x , v
:
y and v

:
z, respectively.

The next task is to generate the desired values of guid-
ance parameters which are thrust Td , angle of attack �d and
bank angle �d . For this objective to met, the following
equations hold good

v
:
x ¼

1
m

T sin�þ Lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q vzvx cos�
VT

� vy sin�

� �2
64

þ vxðT cos�� DÞ
VT

3
5; ð54Þ

v
:
y ¼

1
m

T sin�þ Lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q vzvy cos�

VT
þ vx sin�

� �2
64

þ vyðT cos�� DÞ
VT

3
5; ð55Þ

v
:
z ¼

1
m

vzðT cos�� DÞ
VT

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q
vT

2
4

� ðT sin�þ LÞ cos�þmg

3
5: ð56Þ

By substituting v
:
x , v
:
y and v

:
z by their desired values v

:
xd ,

v
:
yd and v

:
zd , respectively in Eqs. (54), (55) and (56), the

values for T, � and � can be solved. These values serve as
the desired values of thrust Td , desired value of angle of
attack �d and desired value of bank angle �d , respectively,
which are the three guidance parameters.

However, Eqs. (54), (55) and (56) are nonlinear and
difficult to solve in closed form. Hence, Td , �d and �d are
generated by using Levenberg–Marquardt and trust-region-
reflective methods. While solving for the guidance com-
mand parameters, instead of Td , 
d is solved where 
 ¼
T=Tmax (where Tmax ¼ 15N) to avoid numerical ill-condi-
tioning. The initial guess values of the variables are taken as
their corresponding \trim values" Td ¼ 5:56N, �d ¼ 3:134�

and �d ¼ 0�, respectively (see [12] for details).
It should be observed that bounds were also put on the

commanded variables to pacify the vehicle limitations. Nu-
merical values of these bounds are 1:5N � Td � 15N for
thrust, �15� � �d � 15� for angle of attack and �60� �
�d � 60� for bank angle.

3.6. Command generation for the leader

For simulation studies, it is also required to generate the
leader trajectories. It can be observed that there is no

desired position command for the leader, thus the argument
for the followers to generate their desired velocities do not
hold good. Alternatively, it is done in the subsequent man-
ner. It is assumed that the commanded velocity vector
components, i.e. vxc , vyc and vzc , respectively, are preferably
directly available from the type of maneuver that the leader
intends to carry out (in other words, these are the com-
manded values that the leader receives to guide its own
motion). Based on this information, the desired values of
velocity v

:
xd, v

:
yd and v

:
zd are generated according to the fol-

lowing first-order autopilot loops

v
:
x ¼ �kvxðvxd � vxcÞ; ð57Þ
v
:
y ¼ �kvyðvyd � vycÞ; ð58Þ
v
:
z ¼ �kvzðvzd � vzcÞ; ð59Þ

where kvx > 0, kvy > 0 and kvz > 0 are the gain values that
need to be tuned carefully. Next, the desired values of v

:
xd ,

v
:
yd and v

:
zd are used to compute the desired guidance

parameters that are desired thrust Td , desired angle of at-
tack �d and desired bank angle �d , respectively, which is
done exactly as per the procedure described for the fol-
lowers using Eqs. (54), (55) and (56).

4. Simulation Results

For simulation studies, we have taken one leader aircraft
and four followers. Furthermore, all five were considered to
be alike UAV models of AE-2 (see Sec. 2 for details about it).
The first-order autopilot loops are incorporated in the
guidance commands to show the actual scenario. The for-
mation flight control system's response to the leader's
maneuvers and command changes as described in Sec. 3 in
the formation geometry were simulated and scrutinized.

4.1. Six-DOF dynamics

Although point mass model was quite appropriate for
guiding the vehicles to the desired trajectories, a more re-
alistic approach was followed. To make the system more
practical, the achieved guidance commands were realized
by generating rate limits of fin deflections, the algorithm for
which is explained further. Although, it was not hard be-
cause of the prior knowledge [11]. To make the algorithm
more practical and have better simulation results, the
generated guidance commands are now used in a six-DOF
model to predict the desired body rates, which are then
tracked by generating control surface deflections making it
more real. The six-DOF equations of motion for the UAV can
be written as the following set of equations, where the first
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three equations are same as Eqs. (1), (2) and (3). The next
three equations [Eqs. (63), (64) and (65)] are obtained in a
similar manner as in the point mass dynamics, i.e. by dif-
ferentiating Eqs. (1), (2) and (3) and substituting the values
of V

:
T , �

: and  
:
from Eqs. (60), (61) and (62).

V
:
T ¼ ðT cos� cos � þ Fax cos� cos �Þ=m

þ ðFay sin� þ Faz sin� cos �Þ=m� g sin �; ð60Þ

�
: ¼ �g cos �

VT
þ T þ Fax

mVT
ðsin� cos�þ cos� sin � sin�Þ

� Fay cos � sin�

mVT
þ Faz

mVT
ðsin� sin � sin�� cos� cos�Þ;

ð61Þ

 
: ¼ T þ Fax

mVT cos �
ðsin� sin�� cos� sin � cos�Þ � Faz

mVT

� �

� sec �ðcos� sin�þ sin� sin� cos�Þ

þ Fay cos � cos�

mVT cos �
; ð62Þ

v
:
x ¼

vx
mVT

ðT cos� cos � þ Fax cos� cos � þ Fay sin�

þ Faz sin� cos �Þ þ vxvz

mVT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q
� fðT þ FaxÞðsin� cos�þ cos� sin � sin�Þ
� Fay cos � sin�þ Faz
� ðsin� sin� sin�� cos� cos�Þg
� vy

m
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q fðT þ FaxÞðsin� sin�

� cos� sin� cos�Þ þ Fay cos � cos�

� Fazðsin� sin� cos�þ cos� sin�Þg; ð63Þ

v
:
y ¼

vy
mVT

ðT cos� cos � þ Fax cos� cos � þ Fay sin �

þ Faz sin� cos �Þ þ vyvz

mVT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q fðT þ FaxÞ

� ðsin� cos�þ cos� sin � sin�Þ � Fay cos � sin�

þ Fazðsin� sin� sin�� cos� cos�Þg
þ vx

m
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q fðT þ FaxÞðsin� sin�� cos� sin� cos�Þ

þ Fay cos � cos�� Fazðsin� sin� cos�þ cos� sin�Þg;
ð64Þ

v
:
z ¼

vz
mVT

ðT cos� cos� þ Fax cos� cos � þ Fay sin�

þ Faz sin� cos �Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q
mVT

fðT þ FaxÞ

� ðsin� cos�þ cos� sin� sin�Þ � Fay cos � sin�

þ Fazðsin� sin � sin�� cos� cos�Þg þ g;
ð65Þ

P
: ¼ c1RQþ c2PQþ c3La þ c4Na; ð66Þ

Q
: ¼ c5PR� c6ðP2 � R2Þ þ c7ðMa þMthÞ; ð67Þ

R
: ¼ c8PQ� c2RQþ c4La þ c9Na; ð68Þ

�
: ¼ P sin�� R cos�þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q
V 2
T

0
@

1
Ag sin�� 1

mVT

� �

� ððFax þ TÞ cos� sin� � Fay sin� þ Faz sin� sin �Þ;
ð69Þ

where, x; y and z are the position co-ordinates and P;Q and
R are the roll, pitch and yaw rates, respectively. vx; vy and vz
are the velocity vector components representing the ve-
locities in x; y and z directions, respectively which are
given in Eqs. (4), (5) and (6). The aerodynamic forces
ðFax; Fay; FazÞ, aerodynamic moments ðLa;Ma;NaÞ, and mo-
ment due to the thrust offset from the aircraft's CG ðMthÞ are
given as follows:

Fax
Fay
Faz

2
4

3
5 ¼ ��qSw

CX
CY
CZ

2
4

3
5; ð70Þ

La
Ma

Na

2
4

3
5 ¼ �qSw

bCl
cCm
bCn

2
4

3
5; ð71Þ

Mth ¼ �dT; ð72Þ
where b; c and Sw represent the wing span, chord length and
wing planform area of the aircraft, respectively, and �q is the
free stream dynamic pressure. T represents thrust pro-
duced, where d is the offset of the thrust line from the
aircraftâĂŹs CG.

4.1.1. Autopilot synthesis

The response of the vehicle airframe is not prompt, when
the desired thrust Td , desired angle of attack �d and desired
bank angle �d are issued to a vehicle as the guidance
commands. It rather gradually achieves the commanded
values as the commanded values are realized through first-
order autopilot dynamics.

T
: ¼ �kTðT � TdÞ; ð73Þ
�
: ¼ �k�ð�� �dÞ; ð74Þ
�
: ¼ �k�ð�� �dÞ; ð75Þ
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�
: ¼ �k�ð� � �dÞ: ð76Þ

The gain values for autopilot dynamics kT > 0, k� > 0, k� > 0
and k� > 0 are chosen high enough so that the settling time
of this loop is smaller than that of the outer loop guidance.
Equation (73) simply represents an approximate engine
dynamics for the motion of the UAV.

4.1.2. Outer loop

The desired body rates are generated in this loop using
Eqs. (74), (75) and (76). Equation (76) is used to ensure
that the follower always performs coordinated turns, the
angle of sideslip � should be maintained at zero and the
value of k� is taken as 2 s�1. Because � is required to be
zero so the desired value �d is set to be zero. By substi-
tuting the values of �: , �: and �

:
in Eqs. (74), (75) and (76) as

given below, the values for desired body rates can be
solved.

�
: ¼ P cos�

cos �
þ R sin�

cos �
� g cos� tan �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q
V 2
T

0
@

1
A

þ T þ Fax
mVT

� �
sin� tan � � vzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v 2
x þ v 2

y

q
0
B@

1
CA

0
B@

� ðsin� sin�� cos� sin� cos�Þ

1
CA

� 1
mVT

Fay cos � cos�
vzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v 2
x þ v 2

y

q
0
B@

1
CA

0
B@

1
CA� Faz

mVT

� �

� cos� tan� � vzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q
0
B@

1
CA

0
B@

� ðcos� sin�þ sin� sin� cos�Þ

1
CA; ð77Þ

�
: ¼ �P cos� tan� þ Q� R sin� tan� þ sec �

VT

� �

� g cos�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q
VT

0
@

1
A

0
@

� 1
m

ððT þ FaxÞ sin�� Faz cos�Þ

1
CA; ð78Þ

�
: ¼ P sin�� R cos�þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
x þ v 2

y

q
V 2
T

0
@

1
Ag sin�� 1

mVT

� �

� ððFax þ TÞ cos� sin� � Fay sin� þ Faz sin� sin �Þ:
ð79Þ

The above equations are solved for P;Q and R which are
interpreted as desired body rates, Pd;Qd and Rd for the next
loop. Hence, the desired body rates UC ¼ ½Pd Qd Rd�T are
obtained separating the state and control terms in �: , �: and
�
:
from Eqs. (77), (78) and (79) as follows:

fC þ gCUC ¼ bC : ð80Þ

One important point to note here is that Eqs. (77), (78)
and (79) contain terms containing forces which indirectly
contain the control deflections which are yet to be calcu-
lated in the inner most loop. So here, the previously as-
sumed values of aerodynamic control deflections are used.
The terms fC , gC and bC are defined appropriately, details of
which are omitted here for brevity. From Eq. (83), assuming
gC to be nonsingular, it can be clearly seen that

UC ¼ g�1
C ðbC � fCÞ: ð81Þ

4.1.3. Inner loop

The inner most loop takes the desired body rates as input
and generates the necessary aerodynamic control surface
deflections that are required to achieve those desired an-
gular rates, which represents a more realistic form of al-
ready generated guidance commands. The objective of this
loop is ½P Q R�T ! ½Pd Qd Rd�T . Moreover, it uses a faster DI
controller as compared to the controller used for computing
the desired body rates. The aerodynamic control surface
deflections are generated in such a way that the desired
body rates are tracked. To achieve the objective, the fol-
lowing first-order dynamics is enforced:

P
: � P

:
d

Q
: � Q

:
d

R
: � R

:
d

2
664

3
775þ

kP 0 0

0 kQ 0

0 0 kR

2
4

3
5 P � Pd

Q� Qd

R� Rd

2
4

3
5 ¼ 0; ð82Þ

where P
:
d , Q
:
d and R

:
d are assumed to be zero (quasi-steady

approximation). The control deflections UC ¼ ½�a �e �r�T are
obtained separating the state and control terms in P

:
, Q
:
and

R
:
from Eq. (66), (67) and (68) as follows:

fC þ gCUC ¼ bC : ð83Þ
The terms fC , gC and bC are defined appropriately, details of
which are omitted here for brevity. From Eq. (83), assuming
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gC to be nonsingular, it can be clearly seen that

UC ¼ g�1
C ðbC � fCÞ: ð84Þ

As we know the response in DI controller design can be
controlled by the appropriate selection of gain values. The
gain values are selected in order to enforce the desired
settling time requirements.

4.2. Selection of design parameters and initial
conditions

The simulation studies are carried out for two different
formation geometries where the followers fly behind the
leader (1) in a triangular shape, (2) in conical shape as
shown in Figs. 4 and 5 whereas the demonstration of the
results for the conical formation have been omitted in this
paper for brevity. The relative position commands for for-
mation flying (see Sec. 3) taken for the simulation studies is
given in Tables 3 and 5 (given OL ¼ 100m in Fig. 5), which

was kept constant irrespective of the maneuver of the
leader for a particular flight. Even, studies are done for a
tight formation as given in Table 3 and for helical (circular)
motion, results for a relatively loose formation has been
demonstrated (Table 4).

The initial position of leader is taken as ZLð0Þ ¼
½400m 600m � 100m�T (note that negative Z means posi-
tive height). Similarly, the magnitude of initial velocity
vector of the leader was taken as VLð0Þ ¼ 20m/s. The initial
values of the flight path angle and heading angle are taken
as �ð0Þ ¼ 5� ð0Þ ¼ 0�. Hence, the initial components of
velocity in x; y and z direction can be calculated using
Eqs. (4), (5) and (6), respectively. To demonstrate the ef-
fectiveness of the proposed approach, the selection of initial
conditions is done in such a way that the initial error of the
followers is adequately a large value when compared to that
of the leader so that the follower can come into the given
formation taking ample settling time.

The initial conditions for the followers are given in
Table 6. The velocities in x; y and z directions can be
computed using the relations in Eqs. (4), (5) and (6).

Numerical values of the gains are chosen appropriately
to suit the settling time requirements.The selected con-
troller gain values are given in Table 7.

It can be mentioned here that combination of Eqs. (43)
and (47) and selection of diagonal K1 and K2 lead to second
order dynamics in each error channel with damping ratios
being greater than unity. This means that the closed loop

Fig. 4. Triangular formation design with four followers.

Fig. 5. Conical formation design with four followers.

Table 3. Formation command for triangular
formation (tight).

Follower–1 R = 10 m � ¼ 0� � ¼ 135�

Follower–2 R = 20m � ¼ 0� � ¼ 45�

Follower–3 R = 10m � ¼ 0� � ¼ 135�

Follower–4 R = 20m � ¼ 0� � ¼ 45�

Table 4. Formation command for triangular
formation (loose).

Follower–1 R = 50m � ¼ 0� � ¼ 135�

Follower–2 R = 100m � ¼ 0� � ¼ 45�

Follower–3 R = 50m � ¼ 0� � ¼ 135�

Follower–4 R = 100m � ¼ 0� � ¼ 45�

Table 5. Formation command for conical formation.

Follower–1 R = 111.8m � ¼ 135� � ¼ 63:5�

Follower–2 R = 111.8m � ¼ 45� � ¼ 63:5�

Follower–3 R = 111.8m � ¼ 225� � ¼ 63:5�

Follower–4 R = 111.8m � ¼ 315� � ¼ 63:5�

Aggressive Formation Flying of UAVs 107

U
n.

 S
ys

. 2
01

7.
05

:9
7-

11
3.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 N
A

T
IO

N
A

L
 U

N
IV

E
R

SI
T

Y
 O

F 
SI

N
G

A
PO

R
E

 o
n 

08
/0

8/
17

. F
or

 p
er

so
na

l u
se

 o
nl

y.



system behaves like \over-damped" second-order system
and hence the probability of collision among the followers
and leader is least due to the absence of any over-shooting.

4.3. Unique path command for the leader

In this section, only single type of path command is given
to the leader to fly and we are analyzing the performance
for a specified simulation time. Several kinds of paths
in different formation geometries are discussed in the
following sections.

4.3.1. Case 1: Sinusoidal trajectory

We have tried to demonstrate the behavior of followers in a
formation pattern in which the formation is assumed to
undergo a sinusoidal maneuver while taking off (which
contains both lateral and longitudinal maneuver). The
command given to leader to perform this path is in terms of
velocity components assumed to be the following:

VTc ¼ 20m=s; ð85Þ
�c ¼ 5�; ð86Þ

 c ¼ sin
2�tVTc

Ls

� �
; ð87Þ

where Ls gives the total distance covered by the leader in
forward direction for one complete cycle of sinusoidal. The
3D plot of the leader and followers performing given

maneuver is shown in Fig. 6. It can be remarked from Fig. 7
that the desired relative distance is attained between the
leader and the individual followers. It can be observed from
the errors in velocity between leader and the followers
(Fig. 8) that the velocity of the followers are not really
aligned to that of the leader. It can be seen from Fig. 9 that
the controls are within their bounds. The plots for yaw,
pitch and roll rates for sinusoidal trajectory are shown in
Fig. 10. Figure 11 shows that the control deflections are also
within their respective bounds.

4.3.2. Case 2: Helical climb-up motion

In this section, a relatively onerous case is presented where
the leader executes a combined longitudinal and lateral
helical climb-up motion in a relatively loose formation. The
aircrafts perform circular loops along with a continuous rise
in altitude so that its trajectory forms a helix in 3D. The
commands given to leader are generated from these values:

VTc
¼ 20m=s; ð88Þ
�c ¼ 5�; ð89Þ

Table 6. Initial conditions for triangular formation.

Variable Velocity Position Euler angles
VT ðx; y; zÞ ð�; �;  Þ

Follower 1 Vt ¼ 18m/s ð300; 700;�100Þ ð0; 0; 30Þ
Follower 2 Vt ¼ 18m/s ð300; 500;�100Þ ð0; 0;�30Þ
Follower 3 Vt ¼ 18m/s ð200; 800;�100Þ ð0; 0; 30Þ
Follower 4 Vt ¼ 18m/s ð200; 400;�100Þ ð0; 0;�30Þ

Table 7. Selection of gain values.

Parameter k111 k122 k133

Gain values 0.09 s�1 0.09 s�1 0.09 s�1

Parameter k211 k222 k233
Gain values 0.04 s�1 0.04 s�1 0.04 s�1

Parameter kT k� k�
Gain values 3 s�1 15 s�1 15 s�1

Parameter kP kQ kR
Gain values 10 s�1 10 s�1 10 s�1

Fig. 7. Relative distance history between individual followers and
leader for sinusoidal trajectory.

Fig. 6. Two-dimensional planar view for sinusoidal trajectory.
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 c ¼ tVTc=Rc radians; ð90Þ
where Rc is the radius of the circle to be executed by the
leader (which is taken here as \1000m") and \t" is the
instantaneous time in seconds. The results obtained are
shown in Figs. 12–16.

From Fig. 12, one can see that with the application of
the proposed guidance, the followers from the arbitrary
locations are able to come and join the leader to perform
the helical maneuver along with it in the given formation.

Figure 13 gives a better picture of this behavior in the
horizontal planar view (only one circular motion is shown
for better clarity). One can notice that the error value is
growing first before declining. This is because of the initial
error in the magnitude and orientation of the velocity vec-
tors which is quite different from their corresponding de-
sired values. Figure 15 shows how the errors between the
velocity vector components of the leader and the follower
are not exactly zero, especially in curved paths as there is a
small rotational component that alters the direction of ve-
locity of follower with respect to the leader. As mentioned
before, this is a key feature of the proposed algorithm.

Fig. 13. Two-dimensional planar view for helical motion.

Fig. 8. Error in velocity components between leader and follower
for sinusoidal trajectory.

σ
α

µ

Fig. 9. Thrust, Angle of attack and Bank angle of UAVs for sinu-
soidal trajectory.

Fig. 10. Angular rates for sinusoidal trajectory.

δ
δ

δ

Fig. 11. Elevator, aileron and rudder deflections for sinusoidal
trajectory.

Fig. 12. Three-dimensional view for helical climb-up trajectory.
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A comparison has been made with the previous studies
when velocity of follower and leader was aligned (as shown
in Fig. 14). As in earlier studies the second term in the
Eq. (23) was taken zero. The study has been done for fol-
lowers 1 and 3 considering the rotational effects while
neglecting for followers 2 and 4. It can be observed from
Fig. 14 that the errors in relative distances have been

reduced than earlier for followers 1 and 3 in comparison to
followers 2 and 4.

The executed physical parameters, namely the thrust
angle of attack and bank angle for all the five vehicles are
plotted in Fig. 16 which shows that all these values are
within the capability limits of the vehicle. The plots for yaw,
pitch and roll rates are shown in Fig. 17. Also, Fig. 18 shows
that the aerodynamic control surface deflections lie within
the limits of the vehicle.

However, one can note that the thrust value of Follower-2
and Follower-4 is close to the bound of 15N. This is because
of the fact that initially its location is a bit far away and it
has to speed up a bit to catch up with the desired location
(see Fig. 14 for a better view of this fact).

Fig. 19. Three dimensional view for formation flying with se-
quential multiple commands to the leader.

Fig. 14. Relative distance history between individual followers
and leader for helical motion.

Fig. 15. Error in velocity components between leader and two
followers for helical motion.

σ
α

µ

Fig. 16. Thrust, Angle of attack and Bank angle of UAVs for helical
motion.

Fig. 17. Angular rates for helical motion.

δ
δ

δ

Fig. 18. Elevator, aileron and rudder deflections for helical
motion.
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4.4. Results with sequential multiple path commands

In this section, multiple path commands are issued to the
leader. Here, the leader performs sinusoidal motion fol-
lowed by longitudinal climbing motion followed by a cir-
cular loop in triangular formation is a shown in Fig. 5. The

3D and 2D plots when the leader is given multiple com-
mands in a triangular formation are given in Figs. 19 and
20. The objective for doing the triangular formation is to
demonstrate that the transients brought to the system due
to command changes to the leader during its flight do not
affect the performance of the overall system. It can be seen
from Figs. 21, 22 and 23 that at the point where command
changes short period transients appear and die out. From
Figs. 24 and 25, one can see that the control values are well
within the bounds even if the command givenwas so divergent.

δ
δ

δ

Fig. 25. Elevator, aileron and rudder deflections for multiple
commands.

Fig. 20. Two-dimensional planar view for formation flying with
sequential multiple commands to the leader.

Fig. 21. Relative distance history between individual followers
and leader for multiple commands.

Fig. 22. Error in velocity components between leader and two
followers for multiple commands.

Fig. 23. Angular rates for multiple commands.

σ
α

µ

Fig. 24. Thrust, Angle of attack and Bank angle of UAVs for se-
quential multiple commands.
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5. Conclusion

An innovative autonomous formation flight algorithm is
proposed in this paper utilizing the nonlinear differential
geometry based control theory (which is also known as
\dynamic inversion"). The formation commands which are
generated by the leader in its velocity frame involves the
use of nonsingular rotations and transformations in terms
of nonsingular quaternion parameters. The followers are
then guided to those desired points, while simultaneously
making sure about the alignment of their velocity vectors in
appropriate directions that is favorable to maintain the
formation. Moreover, the obtained guidance commands are
realized for a more practical six-DOF model of the same
UAV by generating desired body rate commands and then
finally by generating control surface deflections. A signif-
icant advantage of this proposed problem formulation is
the fact that it is \singularity-free" and does not impose
any condition on the nature of the motion of the leader.
This pioneering formulation makes it easier to maintain
the formation once it is achieved, regardless of leader's
dynamic and care-free behavior of the leader. This is be-
cause the desired rate of change of the velocity vector of
the followers due to rotation of the velocity vector of the
leader has been properly accounted for in the problem
formulation.
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