Int. J. of Vehicle Autonomous Systems, Vol. x, No. x, xxxx 1

Longitudinal and horizontal stabilization of an unmanned blimp

S.Samaali, A.Abichou* and L.Beji^{∗∗}

LIM Laboratory, Ecole Polytechnique de Tunisie, BP 743, 2078 La Marsa, Tunisia.

E-mail: sarrasam@yahoo.fr E-mail: Azgal.Abichou@ept.rnu.tn **Université d’Evry Val d’Essonne, IBISC Laboratory, CNRS-FRE2873, 40 rue du Pelvoux, 91020, Evry Cedex, France. E-mail: beji@iup.univ-evry.fr *Corresponding author

Abstract: In this paper, we will present the stabilization of an underactuated autonomous blimp in the neighborhood of a desired point in both plans the longitudinal Pxz , and the horizontal Pxy. First, we will present a control design that stabilizes asymptotically the blimp in the neighborhood of a desired point in Pxz . The expression of the proposed control is based on the use of the iterative backstepping technique and the Lyapunov function, second we will try to locally stabilize the airship in the neighborhood of a desired point in Pxy, using the method of homogeneity and averaging theorem. Accordingly, we will try to define a continuous time-varying command which stabilizes the blimp in the neighborhood of a defined point. All that has been mentioned in the second part can only be achieved after proving that the orientation of the airship in a horizontal plane, cannot be stabilized with a continuous feedback only as a function of the state. However, stabilization is still possible with a continuous time dependent feedback. Simulation results are presented to show the validity of the proposed control scheme.

Keywords: airship; nonlinear control; backstepping technique; averaging theorem; homogeneity.

Biographical Notes: Sarra Samaali received the D.E.A. degree in 2001 from Ecole Nationale dIngénieur de Tunis, Tunisia, in Applied Mathematics and she is preparing her thesis at the LIM-polytechnic laboratory in tunisia in collaboration with the IBISC-laboratory, Evry University, France.

Azgal Abichou received the M.S. degree in 1990 from Université Paris- Sud (Orsay), France, in Applied Mathematics and Ph.D. degree in 1993 from Ecole des Mines de Paris, France, in Mathematics and Control theory. He held attached researcher at Systems and Control Lab : CAS (Centre Automatique et Systmes), Ecole des Mines de Paris and is currently Professor of Mathematics at Applied Sciences and Technologies Institute : ISSATS (Sousse), Tunisia. His research interests include nonlinear control of mechanical systems, robotics (hydraulic and parallel), control system analysis and design tools for underactuated systems with applications to space and aerospace vehicles (vehicles, airships, X4- flyer.)

Copyright © 200x Inderscience Enterprises Ltd.

Lotfi Beji received the Dipl.-Ing. degree in Electromechanical Engineering from Ecole Nationale dIngénieur de Tunis, Tunisia, in 1992, master degree from Ecole Centrale de Nantes, France, in 1993 and received the Dr.-Ing. degree from Evry University, France, in 1997. After receiving the doctoral degree, he is an Associate Professor in the STI engineering department and the Laboratory IBISC CNRS-FRE2873. During the period 1994-1997, he worked in modelling and control of parallel robots. Since 1998, his research domain is the control of vehicles and blimps. The domain interest of Dr. L.Beji has been the modelling, identification and control of autonomous machines.

1 Introduction

The control of underactuated vehicles, i.e. vehicles where the control vector has a lower dimension than the configuration vector, is a field of increasing interest. Underactuated systems regroup blimps (airships)[6], the four-rotor Vertical Take Off and Landing (VTOL) named as X4-flyer [9-12], the Planar Vertical Take Off and Landing (PVTOL) aircraft, the surface spacecraft [8], and Unmanned Underwater Vehicles (UUV’s)[11].

The class of underactuated systems, has been examined by Beji [6] who presented a homogeneous periodic time-varying control that asymptotically stabilizes an underactuated autonomous airship. Homogeneous approximations and feedback control have been applied successfully to systems without drift by Morin and Samson [8], they presented a smooth time varying feedback law that asymptotically stabilizes an underactuated surface spacecraft. Pound et al [9] authors present the X4-flyer and they developed the dynamic model, but Hamel et al [12] proposes a new control design of the X4-flyer in which they separated the rigid body dynamics from the motor dynamics in order to obtain a strong practical stability of the complete system. Pettersen and Egeland [5] have proved that a large class of underactuated vehicles cannot be stabilized either by a continuous or a discontinuous state feedback. They have considered a system with drift vector (surface vessel) as a case study and they have shown that a continuous periodic time-varying feedback law can stabilize it.

In this paper we will highlight the study of the control of the dynamic blimp (see figure (1)) which has already been used by Beji and Abichou in [6-7]. Given that the model is hard to be used under its original form, we will focus on studying the movement of the blimp in both planes-longitudinal and horizontal, separately. The problem here is to find in each plane a control law that asymptotically stabilizes the airship in the neighborhood of a desired point. This paper consist of three sections:

- The first section deals with the study of the asymptotic stabilization in the neighborhood of a desired point in the longitudinal plane. The study was achieved in two basic steps: we began with presenting the modified mathematical model, which describes the movement of the blimps in the longitudinal plane, relying on the equivalence of the behavior of the non linear system and its linearized tangent. We restrict ourselves to the study of the asymptotic stability of the linearized tangent of our mathematical model. In the second step, we noticed that the achieved study system can be divided into two under-systems which are completely disconnected at the level of the variables. Consequently the problem remains to explicitly construct the expressions of the commands that asymptotically stabilize each under-system in the neighborhood of a desired point.

- The second section deals with the study of the asymptotic stabilization in the neighborhood of a desired point in the horizontal plane. It consists of four steps which are organized as follows: The first step deals with the airship kinematic and dynamic models. The form of the stabilizing controller is given in the second step. The third step presents a coordinate transformation and the controllability properties of the airship. A continuous periodic time varying feedback law is developed in step four where one stabilizes the airship in the neighborhood of a desired point. - Finally, the third section deals with numerical simulations to prove the efficiency of the controller.

Figure 1 Airship fixed and earth reference frames

2 LONGITUDINAL ASYMPTOTIC STABILIZATION

2.1 Presentation of the study model

The notation used for the airship are given in the following chart (see table 1) The longitudinal model is described in (XGZ) plane. The dynamic of the blimp in this case introduces the states η_{long} = [x, θ, z]^T and ν_{long} = [u, q, w]^T . Therefore, we consider the following dynamic model η̇_{long} = H_θν_{long} m_xu̇ = −m_zwq + x_uu + (F_B − F_G)sinθ + τ_1 m_zẇ = m_xuq + z_ww − (F_B − F_G)cosθ + τ_3 J_yq̇ = (m_z − m_x)uw + M_qq + F_B z_bsinθ + GO_{1z}τ_1 (1) with H_θ is the pitch rotation matrix, given by

H_θ = cosθ 0 sinθ 0 1 0 −sinθ 0 cosθ (2)

with τ_1 = (F_1 + F_2)cosμ and τ_3 = −(F_1 + F_2)sinμ the commands which are necessary for both moving the blimp back word and forward also moving it up and down (seefigure(2))

Figure 2 Presentation of commands τ1 et τ3

The development of the model has led us to the following expression

ẋ = cosθu + sinθw θ̇ = q ż = −sinθu + cosθw u̇ =^1_{mx} (−m_zwq + x_uu + (F_B − F_G)sinθ + τ_1) ẇ =^1_{mz} (m_xuq + z_ww − (F_B − F_G)cosθ + τ_3) q̇ =^1_{Jy} ((m_z − m_x)uw + M_qq + F_B z_bsinθ + GO_{1z}τ_1) (3)

Table 1 Notation used for air vehicles

Linear and angular Positions and Euler velocity angles motion in the x-direction (surge) u x motion in the y-direction (sway) v y motion in the z-direction (heave) w z rotation about the x-direction (roll) p ϕ rotation about the y-direction (pitch) q θ rotation about the z-direction (yaw) r ψ .

Then, relying on the equivalent behavior of a nonlinear system and its tangent linearized equivalent (the approximation in the first order in the neighborhood of a desired point) [1], we simplify the equations of the system (3) to:

ẋ = u θ̇ = q ż = w u̇ =^1_{mx} (x_uu + (F_B − F_G)θ + τ_1) ẇ =^1_{mz} (z_ww − (F_B − F_G) + τ_3) q̇ =^1_{Jy} (M_qq + F_B z_bθ + GO_{1z}τ_1) (4)

Correspondingly, the problem refers to construct the commands τ_1 and τ_3 in order to asymptotically stabilize the tangent linearized in the neighborhood of a desired point (x_d, 0, z_d, 0, 0, 0).

2.2 Controller investigation

Before starting the development of the stabilized controller, one notices that we can divide the linearized tangent system into two underactuated subsystems. Each subsystem is totally disconnected in terms of the variables where τ_3 and τ_1 are the inputs, respectively. { ẇ =^1_{mz} [z_ww − (F_B − F_G) + τ_3] ż = w (5)

u̇ =^1_{mx} [x_uu + (F_B − F_G)θ + τ_1] q̇ =^1_{Jy} [M_qq + F_B z_Bθ + GO_{1z}τ_1] ẋ = u θ̇ = q (6)

The two subsystems given below will be asymptotically stabilized taking (0, z_d) and (0, 0, x_d, 0) like objectives.

At this stage, let us announce this theorem, largely concerns the following class of systems (see [4]) { ẋ_1 = f_1(x_1, x_2) ẋ_2 = u (7) with (x_1, x_2) ∈ (IR^{n1} , IR^m) = IR^n represent the state variables, and u ∈ IR^m is the control.

Theorem 1. Assume that f_1 is of class C^1 and that the control system

ẋ_1 = f_1(x_1, v) (8) where the state is x_1 ∈ IR^{n1} and the control v ∈ IR^m, can be globally asymptotically stabilized by means of a stationary feedback law of class C^1. Then control system (7) can be globally asymptotically stabilized by means of a continuous stationary command having the form u = −k(x_2 −v) with k is a real positive constant.

a- Stabilization of the first subsystem

Theorem 2.

The first under-system (5) is asymptotically stable in the neighborhood of a desired point (0, z_d) with a stationary continuous feedback of form

τ_3 = m_z[−k^′_2(w + k^′_1(z − z_d))] − z_ww + F_B − F_G

with k^′_1 and k^′_2 are large enough and strictly positive.

Proof.

1^{st} step: Study of the controllability Before starting to construct the stabilized controller, we will study the commendability of the mentioned subsystem.

We consider the following form of write d dt [ w z ] = [_1

m_z zw 0 1 0 ] [ w z ] + [ 1 0 ] τ^′_3

with τ^′_3 =^1_{mz} [−(F_B − F_G) + τ_3]. Consider the rank of the commendability matrix C which can be calculated by C = [B, AB] [1], we can easily prove that the rang of C is equal to two. Then, the system is controllable by a stationary continuous feedback.

2^{nd} step: Feedback stabilization Let us define the error ξ_1 = z − z_d where z denotes the blimp altitude and z_d is the desired constant altitude.

Consider τ_3 = m_zτ^{′′}_3 − z_ww + (F_B − F_G). (τ^{′′}_3 is the new control to be calculated in such away if we replace it by its expression in the first subsystem (5), we get { ẇ = τ^{′′}_3 ξ̇_1 = w (9) It will be written according to model (7). Then, relying on the Backstepping theorem, it is enough to stabilize asymptotically the following reduced system ξ̇_1 = τ^{′′′}_3 with the virtual controller τ^{′′′}_3 ≡ τ^{′′}_3 . It is easy to see that with τ^{′′′}_3 = −k^′_1ξ_1 (k^′_1 > 0), the reduced subsystem is stabilized exponentially. Furthermore, according to theorem 1 τ^{′′}_3 = −k^′_2(w + k^′_1ξ_1) (k^′_2 > 0 and large enough)

b- Stabilization of the second subsystem

Theorem 3 The second subsystem (6) is asymptotically stable in the neighborhood of a desired point (0, 0, x_d, 0) with a stationary continuous controller τ_1 (see the end of the proof) k_1,k_2 and k_3 are large enough strictly positive gains and k_4 > 0.

Proof.

1^{st} step: Study of the controllability The second subsystem (6) takes the linear form Ẋ = AX+Bτ_1 with X = (u, q, x, θ);

A = 1 m_x xu 0 0 1 m_x (FB − FG)

0^1_{Jy} M_q 0^1_{Jy} F_B z_b 1 0 0 0 0 1 0 0 and

B = 1 m_x GO_{1z} J_y 0 0 such that the rank the controllability matrix C = [B, AB, A^2B, A^3B] is equal to 4. So we can conclude that it’s asymptotic stability can be asserted by a linear feedback.

2^{st} step: Feedback stabilizing controller We consider the behavior of the blimp error according to (GX) axis by ξ_2 = x − x_d. x denotes the position of the blimp centre of gravity and x_d is the desired position. To make the subsystem (6) in cascade, we will propose the following change of variable q_1 = q −^{mx}_{Jy} GO_{1z}u and to better visualize the subsystem in cascade, we propose τ_{11} =^1_{mx} [x_uu + (F_B − F_G)θ + τ_1].

As a result, the subsystem (6) in the new variable takes the form

u̇ = τ_{11} q̇_1 =^1_{Jy} [M_qq_1 + (F_B z_B − GO_{1z}(F_B − F_G))θ + D_1u] ξ̇_2 = u θ̇ = q_1 + D_2u

(10)

where D_1 and D_2 are two constants, given by { D_1 = (^{mx}_{Jy} M_q − x_u)GO_{1z} D_2 =^{mx}_{Jy} GO_{1z}

Taking v_1 ≡ τ_{11} as a first virtual command. Using the Backstepping technique, we get the reduced subsystem (11) as below, q̇_1 =^1_{Jy} [M_qq_1 + (F_B z_b − GO_{1z}(F_B − F_G))θ + D_1v_1] ξ̇_2 = v_1 θ̇ = q_1 + D_2v_1

(11)

where τ_{11} = −k_1(u − v_1). k_1 is large enough strictly positive gain.

1^{st} iteration:

To make the system (11) in cascade, we will propose the following two change of variables { q_2 = q_1 −^{D1}_{Jy} ξ_2 θ_1 = θ − D_2ξ_2

(12)

thanks to these changes, the subsystem (11) take the following form

q̇_2 =^1_{Jy} [M_qq_2 + (F_B z_b − GO_{1z}(F_B − F_G))θ_1 + D_3ξ_2] ξ̇_2 = v_1 θ̇_1 = q_2 +^D1_{Jy} ξ_2

(13)

with D_3 is constant and takes the expression D_3 =^{D1}_{Jy} M_q+D_2(F_B z_b−GO_{1z}(F_B − F_G)).

Applying the backstepping technique again, we will get the reduced subsystem below which is obtained by taking v_2 ≡ v_1 as a second virtual controller

{ q̇_2 =^1_{Jy} [M_qq_2 + (F_B z_b − GO_{1z}(F_B − F_G))θ_1 + D_3v_2] θ̇_1 = q_2 +^D1_{Jy} v_2

(14)

where v_1 = −k_2(ξ_2 − v_2), k_2 > 0 and large enough.

2^{st} iteration:

In order to put the subsystem (14) in cascade form, we will suggest the following change of variable q_3 = q_2 −^{D3}_{D1} θ_1. then (14) takes this new form { q̇_3 =^1_{Jy} [(M_q −^{D3Jy}_{D1} )q_3 + D_4θ_1] θ̇_1 = q_3 +^D3_{D1} θ_1 +^D1_{Jy} v_2

(15)

D_4 is a constant with this expression D_4 = (F_B z_b −GO_{1z}(F_B −F_G))+^{D3}_{D1} (M_q −

D_3J_y D_1 ) and to better visualize this form in cascade, we assume v3 = q3 +

D_3 D_1 θ1 +

D_1 J_y v2.

Taking this suggestion the system (15) becomes

{ q̇_3 =^1_{Jy} [(M_q −^{D3Jy}_{D1} )q_3 + D_4θ_1] θ̇_1 = v_3

(16)

Applying the backstepping technique, we get the reduced subsystem (17). The last is formed by a unique equation obtained by taking v_4 ≡ v_3 as a third virtual controller { q̇_3 =^1_{Jy} [(M_q −^{D3Jy}_{D1} )q_3 + D_4v_4] (17)

v_3 = −k_3(θ_1 − v_4), whith k_3 > 0 and large enough.

Finally the problem is reduced to stabilizing the subsystem q̇_3 = v_5 with v_5 =^1_{Jy} [(M_q −^{D3Jy}_{D1} )q_3 + D_4v_4].

We propose that v_5 = −k_4q_3 (k_4 > 0).

Consider the Lyapunov function V =^1_2 q^2_3 > 0 which is definite positive.

The drift of V time derivative is V̇ = −k_4q^2_3 which is negative definite. The choice of V guarantees the exponential asymptotic stabilization of the subsystem (17). In addition (6) is asymptotically stable in the neighborhood of a desired point (0, 0, x_d, 0) by taking τ_1 as

τ_1 = − [(k_1m_x + x_u) + k_1k_2m_x

J_y D_1 ( k_3 D_4

(M_q −

D_3J_y D_1 ) + k_3k_4 1 D_4

J_y + 1) m_x J_y

GO_{1z}]u

− [k_1k_2m_x

J_y D_1 ( k_3 D_4

(M_q −

D_3J_y D_1

) + k_3k_4 1 D_4

J_y

+ 1)]q − [(F_B − F_G) + k_1k_2m_x

J_y D_1 ( D_3 D_1

+ k_3)

− k_1k_2m_x

J_y D_1 ( k_3 D_4

(M_q −

D_3J_y D_1

) + k_3k_4 1 D_4

J_y

+ 1)

D_3 D_1

]θ − [k_1k_2m_x − k_1k_2m_x

J_y D_1 ( D_3 D_1

+ k_3)D_2

+ k_1k_2m_x

J_y D_1 ( k_3 D_4

(M_q −

D_3J_y D_1

) + k_3k_4 1 D_4

J_y

+ 1)(−

D_1 J_y + D_3 D_1

D_2)](x − x_d)

k_1, k_2, k_3 are large enough strictly positive gains and k_4 > 0.

3 ASYMPTOTIC STABILIZATION IN HORIZONTAL PLANE

3.1 The studied model

The horizontal motion of the blimp is usually described by the motion components in surge, sway and yaw. Then, we choose the following states ν_{hor} = [u, v, r] and η_{hor} = [x, y, ψ]. Which implies that the dynamics associated with the motion in heave, roll and pitch don’t have a big influence on the blimp movement. Hence, we considered the following hypotheses (w = p = q = 0). The horizontal configurations are described by { η̇_{hor} = H_ψν_{hor} Mν̇_{hor} = −Cν_{hor} − Dν_{hor} + Bτ

(18)

with

H_ψ = cosψ −sinψ 0 sinψ cosψ 0 0 0 1

, M = m_x 0 0 0 m_y 0 0 0 J_z

C = 0 0 −m_yv 0 0 m_xu m_yv −m_xu 0

, D =

−x_u 0 0 0 −y_v 0 0 0 −N_r and

B = [_1

m_x 0 0

0^1_{my}^{−GO3x}_{Jz}

]_T

where H_ψ describes the rotation of the blimp, M is the inertia matrix, C(ν_{hor}) regroups the Coriolis and centripetal terms, D is the damping matrix , B implies the thruster configurations, and τ = (τ_1, τ_2)^T is the control vector. τ_1 is the control force in surge and τ_2 is the control torque in yaw. So, we get the following development

ẋ = cosψu − sinψv ẏ = sinψu + cosψv ψ̇ = r u̇ =^1_{mx} [x_uu + m_yvr + τ_1] v̇ =^1_{my} [y_vv − m_xur + τ_2] ṙ =^1_{Jz} [(m_x − m_y)vu + N_rr − Go_{3x}τ_2]

(19)

Given that our basic problem is the stabilization in neighborhood of a desired point (x = x_d, y = y_d), we introduce the error in position ξ_1 = x−x_d and ξ_2 = y−y_d. Under conditions given by system (19), we get ξ̇_1 = cosψu − sinψv ξ̇_2 = sinψu + cosψv ψ̇ = r u̇ =^1_{mx} [x_uu + m_yvr + τ_1] v̇ =^1_{my} [y_vv − m_xur + τ_2] ṙ =^1_{Jz} [(m_x − m_y)vu + N_rr − Go_{3x}τ_2]

(20)

3.2 Study of the nature of the stabilizing controller

Let’s first start by remind the following necessary condition for Brockett’s stabilizability by stationary continuous feedback [4 − 10]

Theorem.4: If the control system C { ẋ = f(x, u) f(0, 0) = 0

where x ∈ IR^n and u ∈ IR^m can be locally asymptotically stabilized by means of feedback laws, then the image of any neighborhood of (0, 0) ∈ IR^n × IR^m is a neighborhood of 0 ∈ IR^n.

Based on Theorem 4, we show that we cannot stabilize the system by means of a stationary continuous feedback.

In fact, we will prove that any point under the form X_c = (0, 0, 0, 0, 0, ε) in the neighborhood of 0_{IR}6 , where ε ̸= 0 is not a part of the image set.

Furthermore, notice that the system (20) is affine relative to the controller, it takes the following form

[η̇_{hor}, ν̇_{hor}]^t = F (X) + G(X)(τ_1, τ_2)^t

(21)

with X = [η_{hor}, ν_{hor}].

So, we confirm the the system cannot be stabilized by a stationary discontinuous controller.

Given that the system (20) does not verify Brockett’s conditions, its stabilization in the neighborhood of a desired point cannot be achieved with the help of a stationary command whether it is continuous or discontinuous. We give a solution through a continuous time-varying stabilizing feedback.

3.3 Controllability study of the stabilized controller

Before studying the system commendability and in order to achieve a simple polynomial kinematic equations and to eliminate ψ , we will conduct the coordinate transformation, which is a global diffeomorphism. Let z_1 = cosψξ_1 + sinψξ_2 z_2 = −sinψξ_1 + cosψξ_2 z_3 = ψ

(22)

The resulting model is then

ż_1 = rz_2 + u ż_2 = −rz_1 + v ż_3 = r u̇ =^1_{mx} [x_uu + m_yvr + τ_1] v̇ =^1_{my} [y_vv − m_xur + τ_2] ṙ =^1_{Jz} [(m_x − m_y)vu + N_rr − Go_{3x}τ_2]

(23)

From the above paragraph we have shown that the underactuated airship cannot be asymptotically stabilized by either continuous or discontinuous stationary command. However, we show after that the airship still checks the necessary and sufficient condition of a small time locally controllable (STLC). Furthermore, by introducing explicit time dependence in the controller, the asymptotic stability can be achieved. Let

f_0 = rz_2 + u −rz_1 + v r x_uu+m_y vr m_x y_v v−m_xur m_y (m_x−m_y )vu+N_r r J_z

; f_1 = 0 0 0_1

m_x 0 0 and

f_2 = 0 0 0 0_1

m_y GO_{3x} J_z

(24)

Then, the system (23) can be written as

[η̇_{hor}, ν̇_{hor}]^t = f_0(x) + f_1τ_1 + f_2τ_2

(25)

Lemma 1. The STLC necessary condition is verified by the blimp model (23) ∀(η_{hor}, ν_{hor}) ∈ IR^6.

Proof. The vectors f_1,f_2,[f_0, f_1],[f_0, f_2],[f_2, [f_0, f_1]] and [[f_2, [f_0, f_1]], f_0] are linearly independent and span Lie{f_0, f_1, f_2}, thus we have { g(0); g ∈ Lie { f_0, f_1, f_2 }} = IR^6 . Hence, the STLC necessary condition is satisfied.

Proposition 1. The STLC sufficient condition is satisfied by model (23).

Proof.

The model (23) satisfies the condition of the total rank for (z_1, z_2, z_3, u, v, r) ∈ IR^6. In addition any bracket of a degree superior than 4 can be written as a linear combination of a lower order bracket. We also notice that the degree of the the bad bracket must be odd. The bad bracket of degree one, is f_0 but it disappears at any equilibrium point. The bad brackets of degree three are [f_2, [f_0, f_2]] and [f_1, [f_0, f_1]] but they are identically equal to zero. Consequently, the system (23) satisfies the Sussmann Theorem [3 − 4]. So we can say that it is locally commendable for a small time.

In the following, we show that a time-varying control stabilizes asymptotically the underactuated airship. Given that the system (23) satisfies the Lie algebra rank condition and the Sussmann Theorem, we can also construct a periodic timevarying feedback law which is a function τ in C^0(IR^6 × IR; IR^2) of class C^∞ on (IR^6 \ { 0 } ) × IR that satisfies

τ(0, t) = 0, ∀ t ∈ IR

τ(η, ν, t + T ) = τ(η, ν, t), ∀ t ∈ IR, ∀ (η, ν) ∈ IR^n,

Proposition 2. The underactuated blimp is locally asymptotically stabilizable in small time by means of an almost smooth periodic time-varying feedback law.

3.4 The blimp stabilization

In order to facilitate the feedback control law construction, we suggest the following variable transformation (global diffeomorphism) τ_1, τ_2 appear only one time in the system. Let

d = r +

GO_{3x}m_y J_z v (26)

The state equations are then given by ż_1 = u + z_2d −^{GO3xmy}_{Jz} z_2v ż_2 = v − z_1d +^{GO3xmy}_{Jz} z_1v ż_3 = d −^{GO3xmy}_{Jz} v u̇ =^1_{mx} [x_uu + m_yvd −^{GO3xm2y}_{Jz} v^2 + τ_1] v̇ =^1_{my} [y_vv − m_xud +^{GO3xmy mx}_{Jz} vu + τ_2] ḋ =^1_{Jz} [(m_x − m_y +^{GO2}3x^{my mx}_{Jz} )vu − m_xGO_{3x}ud + N_rd + (GO_{3x}y_v −^{Nr GO3xmy}_{Jz} )v]

(27)

Theorem 5. Consider the following functions { u^′ = −k_1z_1 − ρsin(^t_ϵ ) v^′ = −k_2z_2 + k_3^d_ρ sin(^t_ϵ )

(28)

with the homogeneous norm ρ = |z_1| + |z_2|^{1/2} + |d|^{1/3}, associated with the dilation δ^r_λ(X, t) = (λz_1, λ^2z_2, λz_3, λu, λ^2v, λ^3d, t), and the following time varying continuous feedback { τ_1 = m_xτ^′_1 − x_uu τ_2 = m_yτ^′_2 − y_vv

(29)

with { τ^′_1 = −k_4(u − u^′ ) τ^′_2 = −k_5(v − v^′ )

(30)

Then for a good choice of positive parameters k_1 , k_2 and k_3, there exists ϵ_0 > 0, such that for any ϵ ∈ (0, ϵ_0) and large enough parameters k_4 > 0 and k_5 > 0, the feedback (29) locally asymptotically and exponentially stabilizes the equilibrium point (0, 0, c_1, 0, 0, 0).

Poof. Let us consider the following dilation

δ^r_λ(X, t) = (λz_1, λ^2z_2, λz_3, λu, λ^2v, λ^3d, t)

The system (27) can be rewritten as: Ẋ = f(X, t) + g(X, t) (31)

with

f(X, t) = (u, v, 0,^1_{mx} [x_uu + τ_1],^1_{my} [y_vv + τ_2],^1_{Jz} [(m_x − m_y +^{GO23xmy mx}_{Jz} )vu + N_rd + (GO_{3x}y_v −^{Nr GO3xmy}_{Jz} )v])^T and

g(X, t) = z_2d −^{GO3xmy}_{Jz} z_2v −z_1d +^{GO3xmy}_{Jz} z_1v d −^{GO3xmy}_{Jz} v 1 m_x [myvd −

GO_{3x}m^2_y J_z v 2] 1 m_y [−mxud +

GO_{3x}m_y m_x J_z vu] 1 J_z [−mxGO3xud]

(32)

It is straightforward to verify that f(X, t) defines a continuous T-periodic homogeneous vector field of zero degree with respect to the dilation δ^r_λ(X, t). g(X, t) is continuous and defines a sum of homogeneous vector fields of degree strictly positive with respect to δ^r_λ(X, t). Thus, according to [12, P rop2], the origin (η, ν) = (0, 0) of system (27) is locally exponentially stable with respect to δ^r_λ if the equilibrium (η, ν) = (0, 0) of Ẋ = f(X, t) is locally asymptotically stable.

To this purpose, let us first consider the following reduced system, obtained from Ẋ = f(X, t) by taking u^′ = u and v^′ = v as control variables. Moreover, we have neglected the term in v ((GO_{3x}y_v −^{Nr GO3xmy}_{Jz} )) since it has very small value. This leads to

ż_1 ż_2 ż_3 ḋ = u^′ v^′ 0 1 J_z [(mx − my +

GO^2_{3x}m_y m_x J_z )v ′ u^′ + N_rd]

(33)

Remark. Notice that ż_3 in system (27) is equal to zero, which implies that z_3 tends to a constant c_1 if t tends to infinity.

We introduce controls given by (29) in system (27), we obtain a periodic timevarying system, which can be written in the form ξ̇ = g(ξ, t/ϵ) where ξ = (ż_1, ż_2, ḋ). We approximate this system by an averaged system which is autonomous. The averaged system is defined as ξ̇ = g_0(ξ) where g_0(ξ) = (1/T ) ∫ g(ξ, t/ϵ)dt.

The linear approximation of system ξ̇ = g_0(ξ) around the origin can be written in matrix form as follow

ż_1 ż_2 ḋ = A z_1 z_2 d (34)

with

A = −k_1 0 0 0 −k_2 0 0 0^1_{Jz} [(m_x − m_y +^{GO23xmy mx}_{Jz} )(−^{k3}_2 ) + N_r]

Now, it is clear that for a suitable gain parameters the origin of (27) is obviously asymptotically stable. The asymptotic stability of the origin of Ẋ = f(X, t) is followed after noticing that the functions u^′ and v^′ are of class C^1 on ((IR^3 × IR{0}) × IR).

4 SIMULATION RESULTS

In this section, we will test the efficiency of the proposed controller to reach the desired position in each of the two plans (longitudinal and horizontal).

Simulations has been effectuated for a blimp of mass m = 9.0718Kg with the following parameters (USI)

m_x = 10.2; m_y = 16.32; m_z = 16.32 x_u = −10; y_v = −10 ; z_w = −10; N_r = −10; M_q = −10; J_y = 27.73 GO_{3x} = 3; GO_{1z} = 1; J_z = 27.63

4.1 Longitudinal motion

In order to test the effects τ_1 and τ_3 in (XGZ), we take the neighborhood of a target point (x_d, 0, z_d, 0, 0, 0). The following gain controller parameters are considered

k^′_1 = 10; k^′_2 = 0.5; k_1 = 10; k_2 = 5; k_3 = 0.01 ; k_4 = 5

The initial values are as follows

[x, θ, z, u, w, q] = [18, 0, −18, 0, 0.5, 0]

The desired configurations are x_d = 20 and z_d = −20.

Figure (3) presents the response of linear speeds (u, w) and the angular speed q. Speeds oscillate in 20 seconds in time before to reach a null values. At the same time, the positions (x, z) reach the desired configuration (x_d = 20, y_d = −20).

Figure (4) shows the time evolution of the controllers τ_1 and τ_3.

4.2 Horizontal motion

The control parameters were chosen to be

k_1 = 0.3; k_2 = 0.3; k_3 = 0.3;

k_4 = 5; k_5 = 1 ; ϵ = 1

and the homogeneous norm used in the feedback law is

ρ = |z_1| + |z_2|^{1/2} + |d|^{1/3}

the initial values were

Figure 3 The time evolution of the states

Figure 4 The time evolution of the commands τ1 and τ3

[x, y, ψ, u, v, r] = [0, 0, 0, 0, 0, 0]

with the desired position x_d = 1 and y_d = 1.

Figure (5) presents the response of the linear speeds (u, v)and that of the angular speed, under the action of the selected controls. The speeds oscillate in 10 seconds, then they reach a null speed. At the same time, the positions (x, y) reach the desired point (x_d = 1, y_d = 1).

In figure (6) the response of the movement of the blimp in the plane (XGY ) under the influence of the proposed control is plotted. We notice that it starts from the position (x = 0, y = 0) and reaches the desired position (x_d = 1, y_d = 1).

We see in figure (7) the time evolution of the controls.

5 CONCLUSIONS

In this article we have studied the positioning problem of an autonomous underactuated airship in the neighborhood of a desired point in both plans longitudinal and horizontal. So, firstly we are interested in positioning the blimp in the longitudinal plane. With the help of a continuous stationary command we have succeeded in stabilizing the blimp in the neighborhood of a desired point. Secondly, we have

Figure 5 The time evolution of the state variables

Figure 6 The trajectory of the airship in xy-space

Figure 7 The time evolution of the commands τ1 and τ2

proposed a time varying continuous periodic command that asymptotically stabilizes the airship in the neighborhood of a chosen point in the horizontal plane , after proving that the blimp cannot be stabilized by a continuous command which only depends on state variables. Then, we have presented some numerical results that showed the validity of the chosen controls, thanks to the convergence of the airship toward the desired position.

Aerial vehicle stabilization 19

References and Notes

1 d’Andra-Novel, B. and Cohen de Lara, M.(1994) ‘Commandes Linaires des Systmes Dynamiques’, Masson Edition.

2 Hygounenc, E. (2003) ‘Modélisation et commande d’un dirigeable pour un vol autonome’, Phd from the University Paul Sabatier of Toulouse.

3 Coron, J-M. (1999) ‘Quelques résultats sur la commandabilité et la stabilisation des systèmes non linéaire’. Notes, Journes X-UPS, http:// math.polytechnique.fr/xups/vol99.html.

4 Coron, J-M. (1999) ‘On the Stabilization of Some Nonlinear control systems: results, tools, and applications ’ F.H.Clarke and R.J.Stern (eds), Nonlinear Analysis, Differential Equations and Control, pp.307-367 Kluwer Academic Publishers. Printed in the Netherlands.

5 Pettersen, K.Y. and Egeland, O. (1999) ‘Time-varying Exponential Stabilization of the Position and Attitude of an Underactuated Autonomous Underwater Vehicle’, IEEE Trans. on Automatic Control, Vol.44, No.1.

6 Beji, L., Abichou, A. and Bestaoui (2003), ’Position and attitude control of an underactuated autonomous airship’, Int. J. of Differential Equations, Vol.8, 231-255.

7 Beji, L. and Abichou, A. (2005) ‘Stabilization of Trim Trajectories of a Blimp in ascent and descent flight Conditions’. nternational Journal of Control, Vol.78, No.10/10, pp. 706-719.

8 Morin, P.,and Samson, C.(1995) ‘Time-Varying Exponential Stabilization of the Attitude of a Rigid Spacecraft with Two Controls’. In Porc. 34th IEEE Conf. on Decision and Control, pages 3988-3993,New Orleans, LA, Dec.

9 Pound, P., Mahony, R., Hynes, P. and Roberts, J. (2002) ‘Design of a Four Rotor Aerial Robot’. Proceedings of the Australasian Conference on Robotics and Automation, Auckland, November, 27-29.

10 Brockett, R.W. (1983) ‘Asymptotic stability and feedback stabilization, in: Differential Geometric Control Theory’ (R.W.Brockett, R.S.Millman and H.J.Sussmann, eds.), Progr.Math.27,Birkhuser, Basel-Bosten, 181-191.

11 T. Fossen ”Guidance and Control of Ocean Vehicles ” J.Wiley press, Chichester 1996.

12 Hamel, T., Mahony, R., Lozano, R. and Ostrowski, J. (2002) ‘Dynamic Modelling and Configuration Stabilization for an X4-flyer’, Proceedings of the International Federation of Automatic Control Symposium, Barcelona, Spain.

13 Bestaoui, Y. and Hamel, T. (2000) ‘Dynamic Modelling of Small Autonomous Blimps’, Proceedings of the Conference on Methods and Models in Automation and Robotics, Miedzysdroje, Poland, pp 579-584.