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ABSTRACT everything remains to be done in the fields of modekng

This paper presents a dynamic modeling of a quadrotor flying control. Hence, there is an open area of research on how to
wing airship. This airship is a scale model of airships dedicated make the dynamic and aerodynamic models precise. The trade-
for freight transport. It is equipped with steerable thrusters that offs are between the realistic sense of the model and the
made over-actuated. A control strategy based on the complexity to elaborate convenient algorithms of control,
linearization of the local equation and the use of backstepping stabilization or navigation of these flying objects.

control is applied to this model. We made a focus on the

relations between the control vectors obtained from the control The airship studied here departs with the traditional shapes.

strategy and the response of the airship actuators. The MC500 (see figurel) is a quadrotor flying wing, devetope
Numerical results show the benefits of the proposed py the French network DIRISOFT. The MC500 is an
algorithm. experimental prototype for a set of great innovating airships. A

precise dynamics model is needed for this kind of unmanned
Keywords: unmanned aerial vehicle, dynamics model, over- ajrships.

actuated system, controls-actuators relations.

In this paper we present the dynamic model of the airship
MC500 and the design of its actuators. The design of the
propellers was made so that the airship can stabilize quickly and
oppose a flurry of pre-detected wind. Each propeller has two
i ) o degrees of freedom of rotation. The system is thus over-
_ The interest for the modeling and control of airships 5:4ated. A control strategy based on the linearization of the
increases significantly in the last years. Recent developments inj .o, equation and the use of backstepping control is applied to

lightweight - materials, renewable energy technologies and his model. We should remark that the backstepping technique
embedded electronics have generated a renewed interest in afy extensively used for flying objects [12-15].

old concept. The complexity and capability of airships are rq jink between the control vectors from the control strategy
expanding rapidly and the range of missions they designed 10,4 the response of the actuators is studied here. The system

support is' grovying[l-Z]. This may represent a rev'olut.ion, equations obtained is highly nonlinear and rectangular. The
espemally In frelght' transpor.t.' However, n ordgr for airships 10y ersion of this system equations for the determination of the
reach this potential, significant technical issue must be jtiators reactions requires the introduction of some

overcome. assumptions and the incorporation of additional constraints of

i o optimization, taking into account the real physical constraints
Among the different challenges faced, the optimization of the yjhematics and power) for obtaining feasible reactions of the

shapes and the actuators of big airships is a need that hasi,ators and minimizing the total energy supplied.
become achievable through the advancement of aerodynamics

and control theory. Usually, ellipsoidal shapes are used for
airships [3-5]. However, and in order to optimize their
performances, different original shapes are tested in the last
years[6-9].

One maindifference between traditional ellipsoidal shapes!
unconventional ones is the fact that in the first case the theory is
well established for over a centud0-11], and in second case

INTRODUCTION

To evaluate the robustness of our method numerical tests are
done. They concern the stabilization of the airship around an

unloading area. Experimental tests will be done in the next

months to validate our results.



Figure 1. The airship MC500

NOMENCLATURE

m=[Xo Yo 2J " : Vector position of the origin of the body-fixed
airframeRy expressed in the fixed reference fraRpe

n,=[4,6,w]": Vector orientation of the@ody-fixed airframeRn,

in regards td3, and given by the Euler angles,
n=[n,n,]": Vector attitude compared ),

7. Velocity Vector compared t&, expressed iR,

v =[v,v,]" Velocities vector expressed Ra.
v,=[uV, W™ : Linear Velocity Vector,

vo=[p g, r]": Angular Velocity Vector
m : the mass of the airship.
. DyNAMIC M ODEL

I.1. Dynamics of the airship

To describe the motion of the MC500, we used two reference 4+

frames. First an earth-fixed fran® =(0,X,Y,,Z), Then a local
reference frameR, = (G, X, Y., Z,) fixed at the center of gravity of
the airshipG. Its axes are selected as follows (figure 2):

X, is the longitudinal axis of the airshif, is the transverse
axis, andz,, the normal axis directed downwards.

The orientation of the airship is defined
parameterization in yaw, pitch and royf (9 ,¢).

through

Unlike heavier than air flying objects, in the modeling of an
airship, it is essential to take into account the influence of the
added masses. These latest are produced by the following
phenomenon: When a big and light object moves in the air, the
kinetic energy of the particles of air produces an effect
equivalent to an important growing of the mass and inertia of
the body. As the airship displays a very large volume, its added
masses and inertias become significant.

There is abundant literature on this subject (see [16] for more
details) Note in particular the work of Lami{]. He proves

that the kinetic energy of the fluid surrounding the body can be
expressed as a quadratic function of the six components of the
translation and rotation velocity as follows:

T=%vT(Mb+Ma)v=Tb+Ta (1)

| S
M

Where M is the mass matrix of the bqdyl, is the added mass
matrix due tahe motion of the surrounding air. It is determined
using a geometrical method. Calculation details of the matrix
Ma of the airship can be seen in [16].

The whole mass matrix M is assumed symmetric block-diagonal

matrix.
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For the computation of the whole dynamics model, we choose

to use the Kirchoff’s equation [17]:

d(oT oT

—| =— |[+vor—=14

dt| ov; ovy

d oT oT oT
— [+VoA—+VIA—=T1,

dt| ov, ov, 0vy

©)

11 and 12 are respectively the external forces and torques,
including the rotors effects, the weight (m.g), the buoyangy B
and the aerodynamic lift (JFand drag (B).

The dynamical system of the airship becomes [5]:



M 0 )% 7, ~Von(Mv ) The positions Pof the rotors in the local reference frame are as
e 4 follows:
O MRR VZ Tz_VzA(MRRVZ)_Vl/\(MTrV])
a a —-a a
R={b| i B=|-h| ; B=| B ; B=|-1h
c c c c

[.2.  Description of the rotors

The airships covered have a huge volume and are therefore veryrhe values of a,ibheand c are given at the end of the paper.
sensitive to wind. It is then necessary to equip them with rotors

that can be oriented in different directions to avoid large gaps If we suppose that the intensity of the thrust force of the rotor i
especially in the phases of loading and unloading. The design ofis |5 |, this force could be introduced in the second member of
the four propellers was made so that the airship can stabilize
quickly and oppose a flurry of pre-detected wind. The MC500
has four electric engines driving rotors. Each rotor has two i
parallel contra-rotating propellers to avoid any aerodynamic Fi=J " E” & (6)
torque. (Figure2). The rotor can swivel in two directions. A

rotation of angle; around thermaxis (—180’ <B < 18(3), and Where ey is an unitary vector along thewaxis.

a rotation of angley around an axiZr normal to Ym and
initially coinciding with theZmaxis (_30>gyi < 3o>) . A fictive The torque produced by this rotor in the center of inertia G is

axis Xircompletes the rotor frame. FinPG

the dynamic equation as:

[.3.  Weight and buoyancy

An important characteristic of the airships is the buoyancy B
This force represents a natural static lift, corresponding roughly
to 1Kg for each rhof helium involved in the careen. We
suppose here that this force is applied in the center of buoyancy
B different from the center of inertia G.

By =parV-9 (7

whereV is the volume of the caregpair is the density of the
air, and g the gravity.

Figure 2. Position of the rotors Let us note fys and Myg the force and the moment due to the
weight and buoyancy. We have:

Let us denoteRhe position of the rotor i,. We can then define a Fwe = .(mg - B). J e (8)
rotation matrixJ between the framéR , Xz ,Y ,Zg )and the
local frame R, such as:

Mws = Bu.(JI ez A BG) (9)

Note that such as other flying objects, the airships are subjected

‘ ol - B $ to aerodynamic forces. The resultant of these forces could be
J=| g (o 0 (5) decomposed into two component forces, one parallel to the
P 5§ i direction of the relative wind and opposite to the motion, called

Drag, and the other perpendicular to the relative wind, called
. Lift. The MC500 is designed with an original shape oriented to
We denote bycb=co® ;s= sip ; = tay a best optimization of the ratio lift upon drag forces.
However, and as first study, we try to evaluate the behavior of
the airship in the case of hovering, which is the most critical



situation. In that case, the effect of these forces could be

neglected.

The global dynamic system could be expressed in a compact

form as follows:
M.v=1+Qq (10)

With :

7
T=
[P

and @ the gyroscopic forces and torques.

j the acting forces and torques.

Let us note M the terms of the whole mass matrix M.

It should be mentioned that the coupling terms of the mass
matrix of this airshipgMss andMsg are null.

A classic transformation can expregsin termsof v [17].

This leads to the developed dynamics model:
X=c,cu+(-s,c, +C,8,8)V+(S,S, +C,C,8)W
y=s,cU+(C,C,+S,5,8)V+(-C,S, +5,C,8)W
Z=-5,u+s,C,V+C,CW
¢ = p+s;t,a+Cl,r

=c,q-s,r

el

C@ CH

M=o, +Q,
MV =a,+Q,
MW= a,+Q,
(Mi=MeM )P=M @ +M QM o, —M
Mgl = a5+ Qs
(Mje_MefsM 44)|;:'\/I

66Q4

LM g M QM O
(11)

Such as:

4
=Y [Flc.c, ~(mg-By)s,
k=1
4
2 =Z||F~||S.

ZIIFII

—(mg-B,)-s, ¢, (12-a)

—-(mg-B,)c,c,

4
ay=c) [Fls, +bFle,s, -[Fdc.s,)+

b{fFc,s, -[Fc,5,)+ Basg,

e,

+a(F,[c

74554 sﬂg ||F1|| 71 ﬁl

=1
IFc, s,)+ Bz,

b(IFJ.c, -IFe, c,) +bAFdc, g ~|F e,

4)+
a5, +{Fs, -JFls, -[Fls.)

(12-b)
and:
Ql M 2Vl — M 3dW
Qz M33pW_ Mllur
Q, — M, uq—M,vp (13)
Q, M ,6P0+ (Mgs—Mge)ar
Qs M46p2+(M66_M44)pr+M46r2
Qs (M4 =Mss) pa—M,qr

We should denoteX =[X,Y,2,0,4,w uvw,pqrs:

the state of the systemt) = [0:1, ...,aGT . the control vector.

[I.  STRATEGY OF CONTROL
Our objective is to stabilize the airshipthe vicinity of a
target state Xy =[Xy, Yy, Zy,84,6, .4 ]- The linearized-

tangent method is used to achieve this goal. The linearized-
tangent system error associated with the system is given by:



Proof :

f =u The system (4is controllable This result is proved by
5.1 iy the Kalman controllability criterion. The(cr,),.;,defined
2 above ensure the stability of two subsystems:
S=W
$4=Pp &=
&= & =
So =T E=W
M b= $s=4
M,V =a, u=-%
MW= a, My (16)
5 L L a,
(Mzs=MgM ) p=M, 0 — Mg, V_M
Mg = 22
5sd = s  a,
2 . W=
(Mis—MgeM)f =M e, — M ¢ M,,
(14) - a
Ry
Knowing that & =X—-X;, & =Y-VY,, &=2-12, 33
$a=@—0y, $=0-0,4, &=y —yy. (&))iss ég =p
are the components of thertual” control vector. 4
g=r
M ects —Meer
Proposal : Consider the following control vector: P= (M42 _GM Ii/l 4) =Cog—Cy 17)
— > ’ 46 66" "" 44
oy = Myy(—kié; —ki&y) . M, —M,
— . ’ r= =Cua,—Cxx
a, = M, (K 8, —K3S,) (MZ-M_M,,) Ciry — Cg

Ay = Mgy(—Ks&y —k3,)
We derived with respect to time the first four equations of the

Mas (—k, &, —K.E,) system (16), we obtain:
%a= 2 2 \TR6, :1 e
M, —M_M
( 46 M426 44) (_k6§ ) kreg ) é:'l — al — Vl
(M§6_M66M 44)2 ° ¢ M,
& =22 =y
) = -v,
oM T 3 '\222 (18)
M &= M_3 =V,
U6 = = (—k6§ —ki&e) + ) 33
T -
s (Kiga —KiEY) = |
Mi—M M, We choose as an expressionbf

(15)

v =—ké&-KE  Vie{l,2,3,5).
with a good choice of(k ).is and (k') the airship ke ks { }

MC500 is asymptotically stable in the neighborhood of the
point (Xy; Yo Zys Pas Oa3Wa)-



With a good choice of the gaiks and k'we obtain the

exponential stability in the vicinity of zero. Indeed, for this
choice of control we have:

This leads to the equivalent system below :

{;41 =(AA - Azz)a1”
Eo1= (AA - Alz)ag

(22)
E=—ké& —K¢E Vi e{1,2,3,5}.

It is a second order differential equation, that has as solution Finally, there was an equivalence between the asymptotic
Cetl +C.e? stabilization of the system (21) and that of (17). Therefore we
1 2 will restrict the study to stabilize asymptotically close to zero

. / ",
Where Gand G are constants and, 1, are the solutions of the  the System (91 We choose as an expressioncff et z; :

characteristic equatior:” + Kk r +k/ =0
o)'=—K,&,, etay =K
1 4241 2 61

for K; >2\/W. As a result(&), €1,2,3,E tends to zero

: k, et ks are positive.
when the time t tends téco.

This choice guarantees asymptotic stabilization of the

system(21) in the vicinityof zera This result is proved by the

To stabilize the system (17) we apply the backstepping Lyapunov theoremig]

technique. Using the following change of variables:

Just take the following Lyapunov function:

{p1:C3p+Clr 1., .
=Cp+Cyr ==&, 1€{4,6},
(19)
We obtain the following equivalent system : and it will be noted that this function is positive definite and its
derivative is defined negative. ®8)
- _ ) G —
§4_ 2 pl_ 2 rl_Alpl_A{l
—C +CLC, C,—CL,
£ = Z_Cl P +— S r,=—Ap,+Ar, [11. COMPUTATION OF THE ACTUATORS RESPONSE
—C +CCy —C,+CL,
N — 2 —_
b= (¢ —cL)a, =a .
r,= (¢’ —cL,)a,=al Let U=[a,,...,05] be a given control vector that ensures the
(20) stabilization or path planning of the airship. To control the

airship, we have to compute the forces generated by the rotors
By applying the backstepping technique, one obtains the Fi as well as their orientation anglgsandyi and according to

reduced system below which is obtained by takim§ and the commands;. o _

., ) The inverse problem is highly nonlinear. The strategy to solve
a, as“virtual” controls: the connection problem is as follows:

= = Aa"—Aa.” We start by defining the force vectBr of the rotorsl<i < 4
{6‘4 — Ak .,Az ’ " (20) given in (6):

S = A" +AQ,
with a,'=—K, (5 —a"), a6'= —Ks (S5 — ") ||Fi ||C Cy

7

We can aply the following change of variables F = ”Fi ||S;/i
Sa1= A+ As. S1= AL+ Al - ”Fi ”(37i Sp,



If we can determine the components of the forces veEtpree
can solve the connection problem considered.

Indeed, we notef, = ||Fi ||C7i Cy (23)
g =[Fls, (24)
h =[Flc,s, (25)

Find the relationship between the actuators and the “virtual”
controls is equivalent to determidg, g, and h in terms of

O{j.

The nonlinear system which describes the relationship

Remark

The philosophy of the choices proposed is based on energy
considerations. Indeed for the sustenance of a flying object with
four propeller engines, there are an infinite number of solutions.

The most energy-efficient solution is one that balances the load
on all four engines. That's why we imposed conditions to be

closer to the load balancing configuration every time the

operating conditions and stabilization permit.

The block diagram of the algorithm built is described by the
following figure:

Vb

U : “virtual

between the actuators and the controls found is given by the
equation (12).

Using the expressions (23-25) we obtain the following
rectangular linear system:

f.

a1+(m_Bu)'S¢9

g =a,+(my-B,)s,c,

[ 10 2D

h :a3+(mg—Bu).c¢.c0

=~

(@]

Zgi +b1(hl_h2)+b3(h3_h4) =0, BuZBS¢CH

k=1

4
—c> fi+a(h,+h,—h—h,)=a,~B,zs,
k=1

1
4

b.l(fl_ fz)"'bs(fs_ f4)+a(g4+93_91_g 2)20! 6
(26)

To determine the actuatorls,, y,, £ we should resolve the
preceding rectangular system.

Control Nonlinear
system
U=F(F[.5.»)
v .
Linear system —IFill

Analytical |y gi

U:F( fi!giih) solution (: -

—» ¥i

Figure3: Algorithm for computing the response of the actuators

IV. SMULATION RESULTS

In this section we present a numerical example that highlights
the effectiveness of the algorithm developed in this paper.

As an illustration, we use the characteristics of the airship
MC500 and featuring the following characteristics:

Mass of the airship: m = 600Kg

Acceleration of the gravity: g =9.8 nt.s
Buoyancy B= 5000N

Vertical position of the center of gravitgz 0.5 m
a=25m;b=54m ;Bh=65m;c=2m.

- Components of the total mass matrix M including the added
masses effect:

M = 631 kg; M2z = 713 kg; Maz = 1322 Kg9)

Mas = 9413 kg.m? Mss = 10456 kg.m?2 ;



Mes = 18700 kg.m2 Mss = 160 kg.m? ;

The calculations were performed using the numerical code £ =
Matlab. : :
it = i
The test represents a destabilization of the airship over an o % 0 20 Ell
unloading area. It relates to a change in orientation of the ttirhe(s)
airship according to the three axes of yaw, roll, and pitch 04
(wo=12° ;90 = 6° ;60 = 18°) as a result of a wind squall.
£ =3
c £ :
o o B
om oW _02 .......... ....................
0.3 . : 015 : : ;
: i 5 : 02 i ; 04 : ‘
1123 SERTRTRPIEE e frreens D1 froceonennns e v a 10 20 a0 0 10 20 an
= : = : t :time(s) t :time(s)
IR R R ey {8 05| S S ]
Lol ¢ SR S R—-— = Figure 5: Azimuthal angles of the thrusters
e : 5 005
a 10 20 30 a 10 20 30
t :time(s) t :time(s)
04 : : 2 ; : 2
o D3fs ............ ......... ) | E——— ........... e
E? : @ 1 ............ SRR .......... @ :
e A E ﬁ [ e
z z : 2
i = D .................... s =
B TEURUTES SOUUURRUUL SRPRPP 1] | — —
1 i 3
0 10 20 a0 0 10 20 30 0 10 20 30
ttirmels) t:tirne(s) 1 itima(s)
2 2
Figure 4: Orientation of the airship (Euler angles) 1
@ 1 ................................. @
ﬁ ﬁ' ey [ R R Tt
. . o o
In Figure 4 we show the rapid decrease of the Euler angles to = DOf-irmmmas | N T
zero under the effect of the applied control law, in order to 5 : .
achieve the desired equilibrium position£ ¢ = 6 = 0). A5 0 o0 o m 0 2
t :time(s) 1 :time(s)

This effect is also seen on the response of the actuators.
Figures 5-7 depict the situation considered. We see that the
desired position is materialized by a stabilization of the actuator
parameters around equilibrium values generating an energy
minimum.

Figure 6: Transverse angles of the thrusters.

Although the choices imposed on actuators are associated to
strong constraints linking these actuators, it nonetheless
demonstrates the capability of the proposed algorithm to
compute realistic values of the different parameters of the
actuators as it optimizes the energy supplied.



100

100

10 20
1 :time(s)

30 30
Figure 7: Forces developed by the rotors

Meanwhile, it can be seen in Figure 8 the calculation of the
actuators thrust forces established by the inversion of a

rectangular system through a standard pseudo-inverse method4]

without using our algorithm. The results in that case are not
realistic and therefore unusable.

F1
F2

F3
F4

10 20
1 :time(s)

10 20
1 :time(s)

30 30

Figure 8: Forces developed by the rotors using pseudo-inverse
method.

CONCLUSION

In this paper we have presented in the first part a dynamic
modeling of an unconventional airship with steerable thrusters,
designed for freight transport. A stabilization strategy is
proposed in the second part.
backstepping controller. This helped to develop an algorithm

that has been applied to stabilize the airship over a loading area.

It is based on linearization and

A design of the propellers is proposed. The airship is over-

actuated. By introducing some assumptions, and imposing

certain choices, we have established analytical relations

between the controls vector and the response of the actuators.
Numerical results have validated the algorithm obtained and

prove the relevance of our choices
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