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Abstract: - The purpose of this paper is to describe the flight of an Unmanned Aerial Vehicles (UAV) 
formation by using a 6 degrees of freedom (6 DOF) models. The problem of flight formation will be 
approached in a simple manner, by using a 3 DOF models, as well as using the complex equations that describe 
the movement of the 6 DOF for UAV. This theoretical development allows us to define a control structure 
based on direct commands, which is useful in practical applications. The work will present and analyze the 
calculus results for each developed solution. The novelty of this paper consists in the definition and testing of 
some practical solutions for an algorithm that can control an UAV formation. This algorithm allows decrypting 
the flight of a single UAV, as well as the entire formation. The conclusions will focus the practical possibility 
of implementing such algorithm on a UAV formation.    
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NOMENCLATURE: 

 
α  - Attack angle (tangent definition) [8]; 
β  - Sideslip angle (tangent definition) [8];  
∗β  - Sideslip angle (sin definition) [8];  
χ  - Air -path track angle; 
γ  - Climb angle; 
µ  - Aerodynamic bank angle; 

aδ  - Aileron deflection;  

eδ  - Elevator deflection;  

0eδ  The balance deflection angle for the elevator; 

rδ  - Rudder deflection; 

Tδ  - Thrust command: 
ψ  - Azimuth angle; 
θ  - Inclination angle; 
φ  - Bank angle; 
ρ  - Air density;  

Ω  - Angular velocity;  
VΩ  Angular velocity in quasi velocity frame; 

∗∗∗ ωωω nml ,, - Rotation velocity components along the 
axes of the quasi-velocity frame; 

ECBA ,,,  - Inertia moments;  
A
z

A
y

A
x CCC ;;  -  Aerodynamic coefficients of force in 

the mobile frame; 
A
n

A
m

A
l CCC ;; , - Aerodynamic coefficients of 

momentum in the mobile frame; 
T
xC  - Axial thrust coefficients in the mobile frame; 

spC  - Specific fuel consumption;  
Force components in the aerodynamic frame:  
L  - Lift force; D  - Drag force; N - Normal force; 
M  - Mach number; 

DC  -Drag force coefficient; 

LC  -Lift force coefficient; 
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NC  -Normal force coefficient; 
G - Gravitational force; 
g  - Gravitational acceleration; 

2~ 2Vq ρ=  - Dynamic pressure; 

γχ kkkV ,, -Trajectory control coefficients; 

dzdydx kkk ,,  -Position control coefficients; 

IzIyIx kkk ,,  -Integrative position control 
coefficients; 
l - Reference length - body length; 
m  – UAV  mass;   
n  - Load factor; 

rqp ,,  - Angular velocity components along the axes 
of mobile frame;  
S  - Reference area – cross body area; 
T - Thrust;  
t  - Time; 
V  - Velocity;  

wvu ,,  - Aircraft velocity components in a mobile 
frame;   

zpypxp VVV  -Velocity components in Earth 
frame; 

ppp zyx ;;  - Linear coordinates in Earth frame  
 
1 Introduction 
The major impact of Unmanned Aerial Vehicles 
(UAV) consist in its role in the actual aero-space 
scenarios, where the UAV accomplish the 
recognition or the saving missions in hostile 
environments.  

It is well known that the UAV fling formation 
using sample observation instrument, but in the 
same time using the data-fusion, is more efficiently  
then a sophisticate singular UAV or piloted airplane. 
The purpose of this paper is to describe the flight of 
an UAV formation. The item of flight formation 
will be approached in a simple manner, by using 3 
DOF models, as well as using the complex 
equations that describe the movement using a 6 
DOF model for each UAV. The control solution 
adopted can be used also in other domain where we 
have a body group, which must have a synchronous 
movement. 

The paper will analyze UAV formation 
structures in a unitary manner using a system of 
control with an adequate architecture. The approach 
is inspired by the one proposed in [1] for controlling 
aircraft formations. An important result consists in 
the fact that the flight parameters will be presented 
on a quantitative base and by doing so the objective 
conclusions will be made available to the designers. 

In particular, the ratio between the complexity and 
the efficiency will be highlighted. 

All the simulations will be made in a non-linear 
workspace, without using any simplifying 
hypothesis. From this point of view, the paper is a 
novelty, because in all the other papers, the dynamic 
is treated linearly or the formation is described as a 
plane model. 
 
2 Formation modeling 
In order to represent each UAV from the formation 
a three degree of freedom model was adopted. This 
simplified model involves only the slow states that 
correspond to a problem of the trajectory tracking 
and relative position maintaining by using an 
autopilot. For this reason, we use the following two 
reference frames.  

Fig. 1 Quasi velocity frame and rotation angles 

 
A local inertial frame 0Γ , with the origin in the 

mass center of the aircraft, with the z axe orientated 
vertically up. We are assuming that the inertial 
frame 0Γ  has the axes parallel to the ones of the 
Earth frame bound to the ground. The second is the 
quasi-velocity frame, connected to the velocity 
vector aΓ  also with the origin in the mass center of 
the aircraft, obtained by two successive rotations; 
with the air-path track angleχ , and with the climb 
angle γ . As usually, the axe ∗

ax  of the quasi-

velocity frame aΓ  is orientated along the velocity 

vector V , and the ∗
ay  axe is orientated in the 

horizontal plane. The transformation between the 
inertial frame 0Γ  and the quasi - velocity frame aΓ  
is given by the matrix: 
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⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

γ−χγ−χγ
χ−χ−

γχγ−χγ
=

cossinsincossin
0cossin

sinsincoscoscos

0aA .   (1) 

 If we consider a u  vector, the 
transformation relation between the inertial frames 
and the quasi-velocity frame is: 

00uAu aa =          (2) 
 
 
3 Simplified aircraft moving 
equations, 3 DOF model 
If we accept the evolution without sideslip angle 

0=β  then, the lateral force is also void 0=N . At 
the same time if we are assuming that thrust is 
orientated along the velocity vector, and the 
aerodynamic force components are obtained by a 
rotation with aerodynamic bank angleµ  from the 
velocity frame, the dynamic equations of movement 
for the UAV named “i” in the quasi-velocity frame 
become: 

   ;sin i
i

ii
i g

m
DT

V γ−
−

=&
i

i

ii

i
i Vm

L
γ
µ

=χ
cos
sin

& ;    

    i
i

i
ii

i
i V

g
Vm

L
γ−µ=γ coscos& .                (3) 

Writing the load factor:  
gmLn iii = ,      (4) 

The equations (3) become  

   ;sin i
i

ii
i g

m
DT

V γ−
−

=&  
i

i

i

i
i V

gn
γ
µ

=χ
cos
sin

& ;  

  ( )iii
i

i n
V
g

γ−µ=γ coscos&            (5) 

where we have denoted:  
iD  drag force, iL  lift force, iT  thrust, im  mass for  

aircraft “i”. 
If we use the aircraft polar coordinate, the drag 

coefficient is:  
2

0 LiiiDDi CkCC +=       (6) 
The drag force is:  

( )
i

ii
iiDii F

gmn
kCFD

0

2

00 +=       (7) 

where the reference aero dynamical force is: 

iii SVF 2
0 2

1
ρ=      (8) 

in witch ρ  is the air density at a given altitude and 

iS  is the reference surface.  

Defining the state vector [ ]Tiiii Vx γχ=  
and the input vector: [ ]iiii nTu µ= , the 
equations (5) can be put under standard form: 

 ),( iiii uxfx =&        (9) 
  
4. Kinematics 

 
 
Fig. 2 The defining scheme for the UAV formation 

 
One of the main goal regarding the control 

system of the formation flight is that every UAV 
must maintain a certain distance from a reference 
point denoted in figure 2 as G . This point may 
coincide with the formation leader (real or virtual), 
or the neighbor UAV (wingman), or a geometrical 
central point inside the formation. 

For establishing a suitable mathematical model, 
similar to [1] we are assuming that ir  and rr are the 
position vectors of the UAV position iA , and of the 
reference point  G  regarding the origin O  of the 
inertial frame. id  is the current relative distance 
vector between G  and the UAV position iA . The 

vector for the desired position of airplane iD  is 
noted as idr . Also, we are assuming that an 
orthogonal frame arΓ , similar with the quasi - 
velocity frame, is attached to the G  point, whose 
orientation is defined by the angles rr χγ , . At the 

O

iD  

G

dir  

ir

rr  

did  

id

iA  
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same time we are defining the velocity vector rV  as 
the velocity of the G  point. From figure 2 it results: 

iir rdr =+         (10) 
and 

ididr rdr =+        (11) 
from where we obtain: 

 idiidi rrdd −=−     (12) 
Deriving the relation (12), related to time in the 

quasi-velocity frame aiΓ  and assuming that the 
desired velocity  is that of the reference point rV , 
we obtain:      

 
( ) iridiViidi VVddΩdd −=−×+− &&  (13) 

 
where ViΩ  is the angular velocity of the quasi-
velocity frame aiΓ , related to the inertial frame 0Γ . 
In order to evaluate the vectored relation (13) we 
can project it along the axes of the quasi-velocity 
frame of each UAV: 
 
[ ] [ ] [ ] [ ]aiidiiaiiairaiidi ddAVVdd −−−=− ω

&&    (14) 
 
where the angular velocity vector has its 
components along the quasi-velocity frame axes 
given by: 

 [ ] [ ]TaiV nimili

∗∗∗ ωωω=Ω .     (15) 
 
In addition, the anti symmetric matrix associated 

to the angular velocity vector is given by: 
 

 
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

ωω−
ω−ω
ωω−

=
∗∗

∗∗

∗∗

ω

0
0

0

limi

lini

mini

iA .     (16) 

 
The connection between the orientation angles 

derivates and the angular velocity vector 
components is:  

 

,
0

cos0sin
010

sin0cos

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

χ
γ

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

γγ

γ−γ
=

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

ω
ω
ω

∗

∗

∗

i

i

iii

ii

ni

mi

li

&

&     (17) 

 
from where we can obtain the scalar relations:
 

,cos;;sin iiniimiiili γχ=ωγ=ωγχ−=ω ∗∗∗ &&&   (18) 
 

Note: In the paper [1] the problem is treated in a 
similar way, but the rotation matrix (1) is 
constructed by using three successive rotations, 
which represent the passing to the velocity frame, 
operation that makes difficult defining the relations 
(17) because it does not clearly point out the method 
of obtaining the derivates for the rolling angle µ& . 
We are assuming that the orientation of the ”i” UAV 
coincides with that of the arΓ  frame. In this case we 
define the rotation matrixes.  

 
 ),(00 iiaai χγ= AA        (19) 

 
and 

),(00 rraar χγ= AA        (20) 
 
where 0aA  is obtained from equation (1). Starting 
from the defined matrixes we can write:  

 
   [ ] [ ]00 raiair VAV =    (21) 

[ ] [ ]00 rararr VAV =         (22) 
 

By using (21) and (22) we find the desired 
velocity in the reference frame aiΓ : 

 
[ ] [ ]arrair VBV =       (23) 

 
where we have made the denotations: 

 
 T

ar0ai AAB 0=       (24) 
[ ] [ ]Trarr V 00=V          (25) 

 
By introducing the relation (22) into (14) we 

obtain: 
 

[ ] [ ] [ ] [ ]aiiiaiiarrai hAVVBhi ω−−=&     (26) 
 
where we denoted: 

   idii ddh −= ,        
(27) 

with the components along reference frame aiΓ : 
 

 [ ]Tiziyixi hhh=h      (28) 
 

If we introduce the reference vector: 
 [ ]rrrr V γχ= ,,x ,      (29) 

 
and the position of the UAV regarding the reference 
point between the states of the UAV then the 
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equation can also be written in the compact form 
like this: 

 ),,,( iirii g uhxxh =&         (30) 
 

Supplementary, for control command we need 
integral terms, which can be define by differential 
equations: 

ii hI =&         (31) 
where: 

[ ]Tiziyixi III=I        (32) 
 
5 Controlling the formation with 
pseudo-commands 
This section of the paper will sketch the control 
system design. We assume the existence of a 
reaction loop with the standard autopilot, which will 
maintain the UAV in formation. Our intention is to 
define a law of formation control, capable of 
simultaneously manage the trajectory tracing and 
the formation position maintaining. As shown in [1] 
we can start from the command functions along the 
three axes of the quasi-velocity frame: 

iVixIxixdxi VkIkhkf ~
1 ++=

( ) iiizIzzidz
i

i kIkhk
g
Vf γ+γ−+−= γ cos~

2

( ) iiyiIyyidy
i

i kIkhk
g
Vf γχ++= χ cos~

3   

(33) 
where we denoted: 

 

iri VVV −=~
; iri χ−χ=χ~ ; iri γ−γ=γ~    (34) 

 
and the relations (33) coefficients are: 
 

3.0=dxk ; 05.0=dyk ; 09.0=dzk ; 

01.0=Ixk ; 006.0=Iyk ; 006.0=Izk ; 

8.0=Vk ; 5.3=γk ; 5.3=χk  
 

The trajectory control coefficients and the 
position control coefficients can be obtained by 
using an optimization procedure, which can be the 
subject of the future paper.  
With the help of these three functions previously 
defined the pseudo-commands regarding each 
aircraft are formed. In this manner, the velocity-
rolling angle is given by:  

      ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=µ

i

i
i f

f

2

3arctan  ,            (35) 

and the square sum of the last two functions (33) 
gives the necessary load factor: 

 2
2

2
3 iii ffn +=       (36) 

In the end, we obtain thrust from the relation: 
 mgfT ii 1=       (37) 

 
6 Complex movement equations of an 
UAV formation, a 6 DOF model 
In order to describe an UAV formation in a complex 
form we must keep the idea previously developed of 
using a simplified model as reference, which should 
define the velocity vector of each aircraft in the 
formation. Supplementary, for each aircraft in 
particular we must write the complete system of 
equations including those of the movement around 
the center of mass, which will allow us to define the 
real commands; the surface’s deflection (ailerons, 
elevator and rudder) and the thrust modulation. For 
the moment equations we will use a mobile 
frameΓ , connected to the UAV, whose axes are the 
main inertia axes of the aircraft, the Oxz  being the 
symmetry plane.  

Fig. 3 Body frame and orientation angles 
 

Therefore, for each UAV of the formation, in 
order to write the dynamic equations we define the 
aerodynamic coefficients in the mobile frame: 

.;;

;;;
000

A
0

A
A
nA

0

A
A
mA

0

A
A

l

A
A
z

A
A
y

A
A
x

H
NC

H
MC

H
LC

F
ZC

F
YC

F
XC

===

===
    (38) 

 
where: 

  lFHSVF o
T
0 =ρ= ;

2

2

0 . 
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Similarly, if we consider the thrust T and the 
nominal thrust as reference: 0T , we can define axial 
thrust coefficient:  

0TTCT
x =         (39) 

 
As shown in the papers [2] and [3] the UAV’s 

dynamic equations are the projection equations of 
the force, equations that achieve from the impulse 
theorem, written in the Earth’s frame and the 
momentum equations, which come from the kinetic 
momentum theorem, equations written in the mobile 
frame. Therefore, the force equations in the ground 
frame are: 

 

⎥
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⎡
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⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

g

C
T

C
C
C

F
m

V
V
V T

x

A
z

A
y

A
x

p

zp

yp

xp

0
0

0
01

00B
&

&

&

,  (40) 

 
where the matrix PB  is defined using the Euler’s 
angles: 

 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

φθ−θθ−θ
φθψ−φψφθψ−φψ−θψ−
φθψ+φψφθψ+φψ−θψ

=
ccscs

cssscssscccs
cscssssccscc

pB , 

(41) 
with: 

ψ≡ψψ≡ψ sin;cos sc  
θ≡θθ≡θ sin;cos sc  
φ≡φφ≡φ sin;cos sc  

 
The momentum equations around the center of 

the mass of the UAV, written in the mobile frame 
are: 
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    (42) 
where the inverse matrix for the inertia momentum 
is given by: 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
−

−
=−

AE
BEAC

EC

EAC
0

0/)(0
0

1 2
2

1J   (43) 

The kinematical equations are additional 
equations, which allow us to obtain the linear 
coordinates in the inertial frame: 

[ ] [ ]Tzpypxp
T

ppp VVVzyx =&&& ,   (44) 
 
and Euler’s angle when the rotation velocity 
components are known: 

 [ ] [ ]TA
T

rqpW=ψθφ &&& ,     (45) 
where 

   

 
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

θφθφ
φ−φ
θφθφ

=
seccossecsin0

sincos0
tgcostgsin1

AW .   (46)

   
Supplementary we have mass equation which 

describes mass UAV’s modification during the fly: 
 

  TCm sp−=&              (47) 
 
where spC  is specific fuel consumption.  

The ordinary differential equations (40),(47) 
fully described one UAV’s movement, the rest of 
the parameters such as the aerodynamic angles α  

∗β  or the angles that define the velocity frame 
µχγ ,,  are achieved by using direct analytical 

relations from the system’s state variables. 
Therefore, for attack and sideslip angles, which 

have low values that do not require a reduction to 
the first quadrant of the trigonometric functions, we 
can use the relations indicated in [3], [2]: 

)/arctan( uw−=α ;   )/arcsin( Vv=β∗  (48) 
In order to obtain the velocity roll angle we can 

use the relation indicated in papers [2], [3]: 
 

]s)t(t1)[c(
]ct)s(ts)c(t[tctg

θψ−χφ−ψ−χ
θφ+ψ−χγ+θψ−χγφγ

=µ

(49) 
with: 

γ≡γγ≡γγ≡γ tant;sins;cosc  
χ=χχ≡χχ≡χ tant;sins;cosc  

)tan()t(
);sin()s();cos()c(

ψ−χ=ψ−χ
ψ−χ≡ψ−χψ−χ≡ψ−χ

 
Regarding the track angle χ  and the climb 

angle γ , although we cannot obtain them from 
analytical relations starting from the velocity 
projections in the ground frame, regarding the fact 
that they take values that can exceed the first 
quadrant, the direct expression in differential form is 
preferred: 
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F

T
x

LN&

. 
   (50) 

This form, unlike the equations (5) indicated in 
[1] are written for a non-zero sideslip angle ∗β . 

For defining the necessary commands of the 
flight formation, we must take into account that the 
command signals (28) are obtained in the quasi-
velocity frame, and that the actual commands are 
formed in the mobile frame. In order to do this we 
define a matrix that will successfully accomplish 3 
rotations with the angles µ , β , ∗α ,  matrix that can 
be written: 

 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

αµ+βαµαµ−βαµβα
βµβµβ−

αµ−βαµαµ+βαµβα
=αβµ

ccssscsssccs
csccs

scscsssscccc
A

(51) 
where: 

;sins;cosc α≡αα≡α  
;sins;cosc ∗∗ β≡ββ≡β  

µ≡µµ≡µ sins;cosc . 
With the transpose of the matrix (51) in 

particular case when the aerodynamic bank angle is 
null ( 0=µ ), we can obtain the aerodynamic 
coefficients in aerodynamic frame starting from 
coefficient in body frame: 
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where the aerodynamic coefficients in aerodynamic 
frame are defining by:  

 ;;;
000 F

LC
F
NC

F
DC DND ===        (53) 

With the help of the same matrix (51) we can 
rewrite the specific command functions for each 
UAV in the formation: 

[ ] [ ]Tiiiiii
T

iii fffAggg 321321 µβα= .    (54) 
Starting from the command system components 

in the mobile frame, we can rewrite the pseudo-
commands, using the mobile frame. This way, the 
roll angle, necessary for a non-drifting steering is: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=φ

i

i
id g

g
2

3arctan  .      (55) 

 
And the load factor along the z axis of the mobile 

frame becomes: 

 2
2

2
3 iizi ggn += .          (56) 

 
Starting from these equations, we can define the 

UAV’s commands, which can be written in a 
simplified form: 

  
iiidai p5.0)(5.1 −φ−φ=δ izieoiei qn 5.0−δ=δ   

iiri r5.05.1 −β−=δ  iTi g1=δ       (57) 
 

The ie0δ  is the balance deflection angle for the 
elevator, corresponding to a given evolution.  

 
7 Input data, airplane performances, 
results for formation fly 
 
7.1 Input data for the model  
 
7.1.1 Geometrical data 
In Figure 4 are show the main geometrical data of 
the UAV. All data are in meters. 

 
Fig. 4 –a Geometrical data  
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Fig. 4 –b Geometrical data  

 
Geometrical reference data for the model are: 
Reference length – body length: 
  ml 319.1= ;  
Reference area – cross body area: 
  202925.0 mS =  
 
7.1.2 Mechanical data  
As input data we use the geometrical elements of 
the UAV from figure 4.  Mass characteristics of the 
model are: Initial mass: kgmi 11= ; 
Corresponding to initial mass, we have:  
Center of mass position: mxcm 35.0= ; 

Inertial moments: 28.2 kgmA = ; 286.0 kgmB = ;  
263.3 kgmC = ; 2006.0 kgmE = .  

 
7.1.3 Aerodynamic data 
For the configuration of figure 4, aircraft type, 
considering a Taylor series expanding around the 
origin, taking into account the parity of the terms, 
we obtain the following polynomial form of the 
aerodynamic coefficients in a body frame of the 
aircraft: 
 

e

rae
A
x

qa
aaaaaaaC

δ+
δ+δ+δ+β+α+α+=

ˆ10

2
8

2
7

2
6

2
22

2
2191

pbbbbrbbC ar
A
y ˆˆˆ 10926524212 +β+δ+δ++β=

α+δ++α+= ˆˆ 915141110 bbqbbbC e
A
z

β+δ+δ++= 137653 ˆˆ cccrcpcC ra
A

l  
α+δ++α+= ˆˆ 915141110 ddqdddC e

A
m  

pddddrddC ar
A
n ˆˆˆ 10926524212 +β+δ+δ++β= , 

(58) 
where  the coefficients 1a , 21a  … generally are  
depending by Mach number and,  by definition [8]  

 
)/arctan( uw−=α ; )/arctan( uv=β . 

 
In addition, following notations are used for the 

non-dimensional angular velocities: 

V
lpp =ˆ ; 

V
lqq =ˆ ; 

V
lrr =ˆ ;      (59) 

 
and for the non dimensional and non stationary 
attack and sideslip  angles: 

 

V
l

α=α &
) ; 

V
l

β=β &ˆ          (60) 

 
where l  is reference length – body length. 
 

In our case, for low subsonic flow, the 
coefficients 1a , 21a  … 10d  are practically constant, 
they having the following values: 

44.111 −=a ; 4.11621 =a ; 22.222 −=a ; 
24.86 −=a ; 1.357 −=a ; 38.18 −=a ; 6.79 =a ;  

03.510 =a  ; 94212 .b = ; 81.042 =b ; 81.052 −=b ; 
003.06 =b ; .092 =b ; 33.010 −=b ; 65.20 −=b ; 

6.14411 −=b ; 19.1141 −=b ; 37.1251 =b ; 
02.091 −=b ; 12.273 −=c ; 06.05 =c ;  

62.16 =c ; ;054.013 =c 03.07 −=c ; 
0272.00 −=d ; 28.1111 −=d ; 14.641 −=d ; 
63.1051 =d ; 01.091 −=d ; 42.012 −=d ; 
60.042 −=d ; 51.052 =d ; .06 =d ;  

.092 =d ; 21.010 =d . 
On the other hand, if we use the coefficients  in 

aerodynamic frame like in the equations (3), (4), (5), 
the polar relation between drag coefficient and lift 
coefficient is given by (6) where: 44.10 =DC , 

000121.0=k . Similarly with the body frame 
coefficients, in this case, the reference area is the 
cross area of the body. 
 
7.1.4 Thrust 
The propeller thrust is determined by the relation: 

   T
xCTT 0=    (61) 

Where 0T  is the nominal value at ground, a fix 

point, and T
xC  and axial gas -dynamic coefficient. 

Fashion experimental results indicate in work [9] we 
obtain the following approximate relation: 

)()()( 321 Tp
T
x kzkMkC δ=    (62) 

where was separated the influence of the main 
parameters: 
Mach number M : 

2
1 6.04.01)( MMMk −−= ; (63)  

Altitude pz : 
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  pp zzk 5
2 108.81)( −⋅−= ; (64) 

Thrust command Tδ : 
   TTTT bak +δ=δ )(3 .          (65) 

 where 667.1=Ta ; 667,0−=Tb  
Thrust command is limited to: 15.0 <δ< T . It is 

obvious that for the null velocity (fixed point flight) 
at ground level with maximum command the thrust 
takes the nominal value:  ][550 NT =  
Similarly, we can obtain specific fuel consumption, 
by using relation: 

)(40 MkCC spsp =     (66) 
where the Mach dependence is: 

M
MMMk

−
+−

=
1
5.01)(

2

4 .     (67)   

and the nominal specific consume  at ground level 
with maximum command, corresponding with 0T  

has the value ]//[101 5
0 sNKgCsp

−×=  
Using specific fuel consumption, we can 

evaluate fuel debit that coincides with mass 
variation, as we see in the equation (47). 
    
7.2 Airplane performances and flight 
parameters 
In order to define test cases for the formation flight 
it is important for our application to obtain some 
information regarding performances of our aircraft 
without guidance control.  

To this goal, following work [2], we can start 
from the balance movement in the longitudinal 
plane, which is describe by the equilibrium 
conditions: 

0sin00 =θ−+ GCTCF T
x

A
x ;  0cos

0

=θ+
F
GC A

z ;   

0=A
mC ,    (68) 

where, for vertical evolution we have: 
 2

6
2

2191 e
A
x aaaaC δ+α+α+= ; 

 ;51110 e
A
z bbbC δ+α+=   

 e
A
m dddC δ+α+= 51110 ; 

 ))(()( 21 TTTp
T
x bazkMkC +δ=           (69) 

Further, starting from relations (68), (69), we 
will obtain a few flight parameters and performance 
of the aircraft. 
 
7.2.1 Horizontal flight with maximum velocity  
In order to obtain maximum velocity in horizontal 
flight for an assignment altitude, we started from 
following initial data: 

0=γ  ;  1=δT ;   ;ctz p =    α=θ   (70) 
Next, we built an iterative algorithm over all 

relation (68) because aerodynamic and gas-dynamic 
coefficients, theoretical, are dependent on the Mach 
number.   

 A
x

TTT

C
GbakkTF α−+δ

−=
sin)(210

0  ; 
S
FV
ρ

= 02
; 

aVM /= ; 
 

51

11
5111

0
051

0
51 cos

d
dbb

b
F
G

d
db

−

−α−
=α  ; 

51

0

51

11

d
d

d
d

e −α−=δ . 

    (71) 
The solution of the system (71) must check the 

conditions:   
maxee δ<δ ; maxα<α .    (72) 

 
7.2.2 Horizontal flight with minimum velocity  
In order to obtain minimum velocity in horizontal 
flight for an assignment altitude, we started from 
following initial data: 

0=γ  ; maxee δ=δ ;   ;ctzp =  α=θ  (73) 
Further, we build an iterative algorithm over all 

relation (68) because aerodynamic and gas-dynamic 
coefficients, theoretical, depend by Mach number  

 

  
11

0

11

51

d
d

d
d

e −δ−=α ; 

 

A
zC

GF α
−=

cos
0 ;

S
FV
ρ

= 02
; aVM /= ;

T

T

T

A
x

T a
b

akkT
GCF

−
α−

−=δ
210

0 sin
.         (74) 

 
The solution of the system (74) must check the 
conditions:   

1<δT ; maxα<α .   (75) 
For our model, applying previous established 
relations for maximum and minimum velocity, we 
obtain flight level envelope shown in figure 5.     
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Fig. 5 Level fly envelope 

 
Using this diagram, we choose the velocity for 

the next test cases in our application ]/[20 smV = , 
which correspond to 06.0≅M . 

 
7.2.3 Basic movement for assignment velocity  
If we choose a velocity between maximum and 
minimum values, for an assignment altitude, we can 
solve iterative system (68) related attack angle and 
the deflection angle of the elevator, the angles 
obtained being the balance angles. For this, we 
initiate an iterative algorithm in attack angle that 
allow obtaining pitch angleθ . 
Input data are:  

ctctz p =γ= ; .     (76) 
The algorithm is initiated by the iterative relations: 

 α+γ=θ ;

51

11
5111

0
051

0
51 cos

d
dbb

b
F
G

d
db

−

−θ−
=α ; (77) 

which are completed with the final relations: 

 
51

0

51

11

d
d

d
d

e −α−=δ ; 

 
T

T

TT

A
x

T a
b

kkaT
G

kkaT
CF

−
θ

+−=δ
210210

0 sin
.  

  (78) 
The solution of the system (78) must check the 

conditions:   
 

maxee δ<δ ; maxα<α . 1<δx ;   (79) 
 
For our model, applying previous established 

relations for an assignment velocity, allows us to 
obtain balance attack angle and balance deflection 
angle for the elevator, shown in figure 6.     
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Fig. 6 Balance attack angle and balance deflection 

angle for the elevator 
 

The values of the balance deflection angle for the 
elevator 0eδ , corresponding to a chosen Mach 
number  will be used in command relation 
previously established by relations (57).  

 
7.3 Results for formation fly 
 
7.3.1 Calculus algorithm 
In order to solve the problem of formation flight, we 
most solve ordinary differential equation systems 
previously described by the simplified model (3 
DOF) and for complex model (6 DOF). The 
calculus algorithm consists in a multi-step method 
Adams' predictor-corrector with variable step 
integration method: [6] [19]. Absolute numerical 
error was 1.e-8, and relative error was 1.e-6. 
  
7.3.2 Results for simplified model (3 DOF) 
Relations (5), (26), (31), (33), (35), (36), (37), 
describe the simplified model (3 DOF). First, we 
present a few results for individual flight of the 
UAV.  As test case, we choose an ascension flight 
with constant climb angle simultaneously with 
turning flight, as we can see in figure 9. For this 
evolution, in figure 7 we showed the velocity 
diagram, and in figure 8 the velocity angles.  
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Fig. 7 Velocity Diagram 
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Fig. 8 Velocity angles 
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Fig. 9 Ascension flight, 1 aircraft, simplified model 

(3 DOF) 
Next, for the same test case we present in figure 10 
evolution of a UAV formation containing 3 
aircrafts. 
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Fig. 10 Climbing flight, 3 aircrafts formation, 

simplified model (3 DOF) 
 

It can be seen that with increasing distance 
between UAV the ability to realize the turn’s flight 
decreases. This site because the airplane from the 
center of curvature has a short path, while being 
obliged to maintain reference speed. By increasing 
the distance between airplanes, and decreasing 
radius of curvature formation instability can be 
reached. This major shortcoming of the guidance 
method may be offset by switching the turning with 
short straight portions of the flight, ensuring 
relaxation of the formation. 
 
7.3.2 Results for complex model (6 DOF) 
Relations (40), (42), (44), (45), (50), (55), (56), (57) 
, describe the complex model (6 DOF). First, we 
present a few results for individual fly of the UAV.  
As test case, we choose an ascension flight with 
constant climb angle simultaneously with turning 
flight, as we can see in figure 14, which is quite 
similarly with the simplified model showed in figure 
9. 
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Fig. 11 Longitudinal fly parameters 
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For this evolution, in figure 11 we can see the 
longitudinal flight parameters, in figure 12 the 
lateral flight parameters and in figure 13 roll flight 
parameters.  
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Fig. 12 Lateral flight parameters 
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Fig. 13 Roll flight parameters 
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Fig. 14 Climbing flight, 1 aircraft,  

complex model (6 DOF) 
Next, for the same test case we present in figure 15 
evolution of a UAV formation containing 2 
aircrafts. 
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Fig. 15 Climbing flight, 2 aircrafts formation, 

complex model (6 DOF) 
 

Unlike the case of simplified model for the 
complex model, we can obtain greater distances 
between airplanes at the same radius of curvature, 
due to the flexibility of command low. 
 
8 Conclusions 
For solving the UAV’s formation control problem 
there have been successively developed two models.  
The first one is a simplified model with 3 degrees of 
freedom, accordingly to the methodology indicated 
in [1]. The second model , which is the contribution 
of this paper has a complex form, with 6 degrees of 
freedom, which allows the definition of the real 
commands needed for controlling the formation in 
order to do and experimental test of the model. 

The question is which of the models are 
preferred, which is the better solution. 

The first, the simplified one can be easy to use 
but the pseudo-commands are unhelpful as technical 
result. That because nobody applies directly the load 
factor, or the velocity bank angle without using the 
aerodynamic deflection.  

The second one, the complex model involves 
many supplementary information, like real 
aerodynamic angles of each UAV, the balance 
deflection angle for the elevator, the aerodynamic 
coefficients of each UAV. Many of this data must 
be obtained through direct measurements, during the 
formation flight, or by estimator model, and finally 
can conduct to a sophisticate system. 
In the next step of the work, we will try to build a 
linear model in order to analyze the stability of the 
system and to synthesis the command.     
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