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Abstract The paper is concerned with the dynamic modelling of the unconventional remotely-
piloted Lighter-Than-Air vehicle patented by Nautilus S.p.A. and the Polytechnic 
of Turin. The airship mathematical model is based on a 6 degree-of-freedom non
linear model referring to the basic Newtonian mechanics. Emphasis is placed on 
those innovative and peculiar aspects of the dynamic modelling, such as aerody
namics, buoyancy and inertia! features. 
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1. Introduction 

An innovative remotely-piloted airship has been designed and patented by 
Nautilus S.p.A. and the Polytechnic of Turin, and equipped with high precision 
sensors and communication devices by Galileo Avionica and Selex Commu
nication. The object of this project is a low-speed, low-altitude advanced un
manned platform, named Elettra Twin Flyers, which should be employed for 
reconnaissance, monitoring and telecommunication purposes both in military 
and civil area. The development of a refined Flight Simulator [1] is essential 
to support the whole design process of this innovative unmanned airship and 
its subsequent marketing, as well as to provide a valid platform for the pilot 
training. In particular, the main task of the Flight Simulator is to assist the 
airship design process from the early stages, in which it is necessary to evaluate 
the global dynamic behavior of the vehicle, up to the more advanced phases, 
in which the single components and subsystems have to be correctly analyzed, 
dimensioned and integrated in the final product. To obtain a reliable Flight 
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Simulator it is essential to rely upon a mathematical model, which describes all 
the peculiar features of the airship from the flight mechanics point of view. 

2. Airship characteristics 
The new concept airship presented in Figure 1 features a double-hull archi

tecture with a central plane housing structure, propellers, on-board energetic 
system and payload. This unconventional airship does not use aerodynamic con
trol surfaces, therefore, the primary command system is based on six propellers, 
moved by electrical motors, suitably set in order to produce the desired forces 
and moments, necessary to control and maneuver the airship both in hover
ing and forward flight. In particular, two vertical propellers provide the vertical 
thrust for climbing, descent and pitching maneuvers, while four thrust-vectoring 
propellers mounted on rotating arms allow to control the lateral-directional atti
tude of the airship. The lift is basically generated by a hybrid system consisting 
of aerostatic lift, the buoyancy, provided by the helium inside the hulls, and 
the vertical thrust given by the vertical propellers. In forward flight, the buoy
ancy is boosted by the aerodynamic lift developed by the double fuse-shaped 
body of the airship. In addition, this airship is equipped with two ballonets, 
one for each hull, which can be blown up with air and deflated, respectively 
during the descent and climb operations, in order to handle altitude variations 
without losing helium from the hulls and avoid any significant change in the 
hull shape [2]. 

3. Mathematical model: general assumptions 
The airship mathematical model is based on a six-DOF non linear dynamic 

model [3], in which the airship is treated as a rigid body without aeroelastic 
effects and symmetric with respect to the center-line vertical plane XZ. In 
particular, the model is described by the Newtonian non linear equations of 
motion, which are expressed through 12 ordinary differential equations. This 
12-state formulation basically follows the standard dynamic modelling of the 
conventional aircraft [4] and assumes that the Earth is fixed in space and its 
curvature is neglected. However, the presence of aerostatic lift provided by a 
huge gas volume and the large volume of air displaced by the airship motion 
give rise to significant additions to the familiar aircraft equations of motion, 
such as the buoyancy force B and the apparent mass and inertia terms Mapp-

These equations of motion are referred to the XYZ body-axes reference frame 
fixed in the Center of Gravity (CG) of the airship. Due to the airship symmetry, 
both the CG and the Center of Buoyancy (CB) lie in the XZ plane and their 
coordinates are evaluated in the body-fixed reference frame OXYZ, as shown in 
Figure 2. Specifically, the CG position {ax, ay, a^) is referred to the geometric 
point O fixed on the central plane in between the two vertical propellers, while 
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the CB coordinates (bx, by, b^) are related to the CG position by means of the 
following expression: 
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Figure 1. Force & moment system for the Nautilus unmanned airship 
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where XCB, ycB and ZQB are the CB coordinates with respect to OXYZ, which 
depend on some flight parameters and are gathered into look-up tables for 
different flight conditions. In this way, they can be evaluated at each time step 
of the numerical integration of the equations of motion. 
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o 

Figure 2. Scheme of the airship reference points 

The general scheme of the airship model is illustrated in Figure 3. The 
complete state vector x consists of twelve elements: 
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X — [uvwpqrtpOipNEH] (2) 

where (u, v, w) are the hnear velocities, (j>, q, r) are the angular velocities, 
((/?, 9, ip) are the Euler angles which define the attitude of the airship relatively 
to the Earth, while {N, E, H) are the coordinates defining the North-East-Up 
position of the airship relatively to the Earth. These twelve state variables can 
be obtained by integrating their time-derivatives with respect to time through 
the Runge-Kutta numerical integration method. Moreover, the state variables 
need to be coupled back to all the force and moment equations, as well as to 
the equations of motion themselves in order to compute their time-derivatives. 
The inputs of the dynamic model consist of the rotational speeds Upr of all 
the six propellers and the orientation angles 5pr of the four thrust-vectoring 
propellers. These inputs feed the propulsion system and generate the desired 
propulsive forces and moments needed to maneuver the airship. In particular, 
these signals are generated by the pilot acting on a joystick and two throttles. 
Successively, the pilot commands are pre-processed and re-allocated by the 
Contiol Allocation System [5] modelled in the Flight Control Computer and, 
finally, are filtered by first order transfer functions that account for the actuator 
dynamics. 

Figure 3. General scheme of the airship model 

4. Equations of motion 
The airship equations of motion are expressed in the non linear state-space 

format and consist of six force and moment equations, three kinematic equations 
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and three navigation equations. The axial, side and normal force equations and 
the rolling, pitching and yawing moments equations with respect to the CG 
reference frame are computed by implementing the Newton's second law of 
motion for each degree of freedom. In a matricial form: 

Mky = M - 1 {Fd + F) (3) 

where Xt, = [u v w p q f] is thepartial state vector of linear and angular ac
celerations, M is the total mass matrix, F^ and F represent respectively the dy
namic contributions and the external contributions depending on aerodynamics, 
static iiuoyancy,/propulsion system and gravitational force: 
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pr 

pr 
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Fx,Y,z are the generic force components in the CG reference frame, while L, M, 
N are the generic moments around the X—, y — and Z—body axes respectively, 
as shown in Figure 1. The terms rux, y^ z and Jx,y,z, xy, zx, yz represent the airship 
inertial elements of the total mass matrix M: 

M =^Mi + Ma-M, app (6) 

The airship inertial data, in fact, have been computed on the assumption that M 
has to account for three contributions [6]: 1) the mass and inertia terms Mj of all 
the airship structure components; 2) the inertial properties Mg of the gas inside 
hulls and ballonets; 3) the apparent mass and inertia terms Mapp arising from the 
large volumes of air displaced by the airship motion, especially in non stationary 
conditions. The inertial characteristics of airship structure components and gas 
are expressed as follows: 
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The apparent mass and inertial terms are defined by the following matrix: 
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The effects of the gas Mg are estimated by modelling the gas/air mass inside 
hulls and ballonets through the Catia CAD code [7]. In this way, the gas inertial 
characteristics, such as mass rug, gas center-of-gravity position {Xg, xjg, Zg) and 
inertia moments {Jxxg. Jypg, Jzzg) with respect to OXYZ, can be evaluated and 
gathered into look-up tables in order to compute the gas inertial contributions 
with respect to the airship CG reference frame: 
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lyzg in the matrix Mg are On the contrary, the products of inertia Ixyg 
assumed to be equal to zero. 

The apparent mass and inertial effects Mapp may be considered as added 
forces and moments, therefore, they can be described by the dimensional deriva
tives of aerodynamic forces and moments with respect to linear and angular 
acceleration perturbations, i.e. Xy — dFxa /du or Lp = dL/dp. The non di
mensional coefficients of these derivatives have been calculated with respect to 
the OXYZ reference frame by using NSAERO [8], a multi-block computational 
fluid dynamics code, which solves the Navier-Stokes equations including also 
the viscous effects. Before being included into Eq. (6), however, the matrix 
Mapp must be rewritten with respect to the CG reference frame. This translation 
can be done on the assumptions that the fluid kinetic energy does not depend 
on the reference frame: 



Airship modelling 37 

1-T Xy^ MappQ Xyg (10) 

and the velocity vector x^^ of the body axis origin O can be related to the 
velocity vector x^^^ of the airship CG: 
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where A is the rotational matrix from the OXYZ to the CG reference frame and 
it is made up by the airship CG coordinates {ax, ay,az): 

A 
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Finally, the apparent mass matrix in the CG reference frame will be: 
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In order to solve the equations of motion of Eq. (3), it is also necessary to 
know the attitude, defined by the Euler angles ((/?, 9, ip), and the altitude H 
of the airship, because some contributions to the external forces and moments 
F of Eq. (5) depend upon these variables. Moreover, it is useful to evaluate 
the coordinates of the vehicle with respect to the Earth-fixed reference frame 
to be able to simulate navigational tasks. Firstly, the three kinematic equations 
defining the airship attitude rates are respectively: 

V> 

t/> 

p + tp sin 0 

q cos (/3 — r sin 99 

q sin (/? + r cos 99 

cos 9 

(14) 

Secondly, the three navigation equations computing the Earth-relative veloc
ities are defined by the following expressions: 

N = u cos 9 cos ip + v (sin 1^ sin 9 cos ijj — cos if sin ^ ) 

+ w (sin ipsmip -\- cos 99 sin 9 cos ip) 

E — u cos 9 sin ip + v (sin <̂  sin 9 sin ip + cos I/J cos tp) -

+ w (cos If sin 9 sin ip — sin f cos ij}) 

H = u sin 9 — {v sin ip + w cos ip) cos 6 

(15) 
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5. Aerodynamics and buoyancy 
The airship aerodynamic modelUng is based on the six aerodynamic coeffi

cients {Cxa' C'VQ ' ^Za' ^la' ^rua' C'ria) ^^d the cightccn damping adimensional 
derivatives (Cx,,,,.,, Cy,,,,,,, C^^,,,,, Q^^ ^, , C^^^,,., C^^ , , ) , which have been 
computed in the OXYZ reference frame by using the NSAERO code. These 
coefficients depend on some flight parameters, such as the airspeed, the angle 
of attack a and the sideslip angle /3. In particular, they are estimated on a rough 
grid for 0 < a < 90° and 0 < /3 < 180", at different airspeeds and at zero 
altitude. These data are successively processed, interpolated and extrapolated 
into thicker grids and more extended ranges of the airspeed, the angle of attack 
(-90° <a< +90°), and the sideslip angle (-180° < /? < +180°), in order 
to obtain suitable 3-D look-up tables, as shown in Figure 4, in which the coef
ficient signs are opportunely changed according to the axis conventions. This 
360-degree aerodynamic modelling allows the airship dynamic model to handle 
either hovering or any other forward flight condition and avoid discontinuities 
in passing from hovering to forward flight. 

•4* _ 

Figure 4. Aerodynamic modelling through Look-Up Tables 

Finally, the aerodynamic forces and moments can be expressed in the stan
dard notation as follows: 

Fx^ = {Cx^+Cx,P + Cx,q + Cx,.r)-0.5pU^Vy^ 

FY. = (Cy„ + Cy,p + Cy,g + CK,r)-0.5pt/V2/3 

Fz^ = {Cz^+Cz,p + CzJ + Cz^r)-0.5pU^V^^^ 

Ma = {Cm^+Cm,P + Cm,q + Cmrf)-0.5pU^V^/H 

= (C„„ + Cn^p + Cn,q + Cn,.r) • O.bpU^V^^'^D 

(16) 
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where p=bp/2U, q — cq/2U, f — br/2U are the adimensional angular veloci
ties, p is the air density, U is the free-stream airspeed, V is the airship volume, 
D is the hull diameter and l,c,b are reference lengths. Obviously, these aerody
namic forces need to be properly translated in the CG reference frame through 
the rotational matrix A, before being integrated in Eq. (5): 

F ^ [ T [) 1 ( F ^ r / 
L A 

0 1 
/ 

The main contribution to the airship lift is supplied by the aerostatic buoyancy 
provided by the helium inside the hulls. The two inner ballonets can be blown 
up with air and deflated to handle altitude variations. In particular, air is initially 
released from ballonets during climb up to the. plenitude altitude Hmax, that 
is the altitude defined before each mission according to the amount of helium 
contained in the hulls and to which the gas is completely expanded filling the 
hulls themselves. Beyond H^ax, helium has to be released from hulls causing 
the reduction of buoyancy B. Differently, during descent ballonets are blown 
up by the on-board pneumatic system [2]. Assuming constant pressure and 
temperature inside the hulls, B does not vary from the ground to the plenitude 
altitude. Beyond Hmax, B decreases proportionally to the air specific weight 
according to the second relation of Eq. (14); 

B = Vh Aairo (1 ~ TTT ) ^ ^ Hmax 

B = Vb Kiro^^ ( l - ^ ) H > Hmax 

where H is the helium volume, Aairo î  the specific weight of air at zero altitude, 
EHe is the air/heUum specific weight ratio, Pa and TR- are respectively the 
pressure and the temperature of the atmosphere. 

The buoyancy action is applied in CB, whose location, defined in Eq. (1), 
changes with the altitude depending on the amount of air contained in the 
ballonets. The presence of ballonets and their functioning are mathematically 
modelled through the variations Ax and Az of the CB position with respect to 
the OxYZ reference frame. The lateral shift Ay of the buoyancy is assumed 
to be negligible, while Ax and Az have been estimated through the Catia 
CAD code by considering an initial air-helium subdivision of the hulls and, 
successively, varying the ballonet volume to simulate the altitude variation [9]. 
Finally, the Ax and Az variations, needed to evaluate the CB coordinates at each 
time step of the simulation, are gathered into look-up tables as a function of the 
altitude H and the plenitude altitude Hmax- Analogously to the gravitational 
force rn,g, the buoyancy B acts along the Z-Earth axis (NED inertial reference 
frame), thus, it needs to be transferred in the CG body reference frame through 
the Euler rotational matrix {E}: 
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Fbca={E}{0 0 -B}1^^ (19) 

{E}-

cos d COS tp COS 9 sin tp — sin <̂  

- cos (^sin?/; + sin 9?sin 9cos•0 cos i(9cos-i/" + sin ipsin0sin•)/; sini/Jcos^ 

sin ip sin ip + cos (p sin 9 cos i/) — sin ip cos V; + cos ip sin 0 sin ip cos (/5 cos ^ 
(20) 

The buoyancy moments Mh^^ are then computed by means of the CB coordi
nates (b^, by, b^y. MfcpQ = 6 A FfepQ. 

6. Propulsive actions 
The thrust T of all the six propellers is modelled through the first Renard 

formula T — T pw^R^, where p is the air density, R is the radius and u> is 
the angular rate of the propellers, r represents the thrust coefficient, which 
is a function of the propeller working point 7 = Uax/i^R, where Uax is the 
axial airspeed component at the propeller disc along its rotational axis. The 
first command input ripr acts on the propeller angular rate u). Figure 5 shows 
the disposition of the six propellers in the airship central plane. In particular, 
there are four thrust-vectoring propellers in asymmetrical positions: front up 
(FU), front down (FD), rear up (RU), rear down (RD); while the two vertical 
ducted propellers are in the fore (VF) and aft (VA) part of the central plane. 
The orientation 5 of each of the four thrust-vectoring propellers is generated by 
the second command input Spr-

•r J 

ti) 

; z 

Figure 5. Scheme of the primary control system 
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The total propulsive forces and moments in the OXYZ reference frame are 
carried out by adding up the contributions of all the propellers: 

-Apr 

FY = 

Tpu cos 5FU + TRD cos SRD + TRU cos 5RU + Tpo cos 5FD 

Tpu sin 5FU + TRD sin 5RD + TRU sin 5RU + Tpo sin 5FD 

-TvT - TvA 
(21) 
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Xprg 
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Zpro 

(22) 

where [p̂  represents the position vector of each propeller with respect to OXYZ-

Successively, Fpj. and Mpr have to be transferred in the CG reference frame by 
using an expression analogous to Eq. (17). 

7. Conclusions 

The airship mathematical model previously described was implemented in 
the Matlab/Simulink environment and, undoubtedly, represented the first step in 
the development of a refined Flight Simulator, whose availability is definitely 
essential for the design, test and implementation of the most suitable flight 
control laws for the innovative Nautilus airship. The general scheme of this 
Flight Simulator consists basically of two entities, the pilot station and the 
remote station, which are clearly illustrated in Figure 6. 
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Figure 6. General scheme of the Flight Simulator 
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