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Abstract — This paper considers the problem of controlling the
position and the orientation of a Gun Launched Micro Aerial
Vehicle - GLMAV - despite unknown aerodynamic efforts.
The proposed approach overcomes the problem of gyroscopic
coupling by taking advantage from the structure of the thrust
mechanism, which is made of two counter rotating propellers.
An adaptive linearizing controller is designed, allowing the
trajectory tracking and the stabilization of the vehicle’s position
and orientation while the unknown aerodynamic efforts are
estimated by means of an identifier. The overall process is
shown to be stable for constant, or slowly time varying, aero-
dynamic efforts. However numerical simulations demonstrate
the satisfying controller’s performance even with non constant
aerodynamic efforts.

I. INTRODUCTION

The design of autonomous navigation strategies for Un-

manned Micro Air Vehicles - UMAV - has now become a

challenging research area, motivated by the recent techno-

logical advances in actuator miniaturization and embedded

electronics [1], [6], [17], [30]. The UMAV main objective is

to deport the human vision beyond the natural horizon, in

order to accomplish risky missions in hostile environments.

Therefore, these UMAV are of evident interest for both civil

and military operations.

The GLMAV concept consists in bringing a UMAV very

quickly onto the site where it begins to be operational by

using the energy delivered by an external device. Thereby,

the embedded energy is conserved for the autonomous flight

only. The principle, illustrated in figure 1, is divided into

three phases of flight. In the first one, the GLMAV, packaged

into the projectile shell, is launched by a portable weapon

and follows a ballistic trajectory to its apogee. In the second

phase of flight, the projectile is transformed into a UMAV

through the deployment of the rotors. Finally, the GLMAV

fulfills its observation mission in the autonomous flight

mode.

Therefore, the GLMAV is expected to perform hovering

flights as well as aggressive flights despite possible wind

perturbations. However, designing such autonomous naviga-

tion capabilities requires to handle some specific problems

[23]. Indeed, the aerodynamic efforts that may apply on the

vehicle are strongly nonlinear due to the atypical shape of the
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Fig. 1. Concept of the GLMAV

body and the very wide range of angle of attack. Moreover,

this kind of aerial vehicle is unstable and its dynamics along

the three axes are strongly coupled.

In the literature, both linear and nonlinear approaches have

already been undertaken to control UMAV. The linear de-

signs such as PID controllers [10], PD controllers [21] and

cascaded PID controllers [16] disregard the input coupling

and are effective application-oriented methods. The H∞

control scheme [20], effective to cope with both model un-

certainty and disturbance rejection, has also been succesfully

tested on a wide range of UMAV [2], [5]. An interesting

comparative study between several linear designs is given

in [31]. But in those works, based on local linearization,

the proof of convergence is not guaranteed when the vehicle

leaves its flight domain.

More recently, interest has been focused on nonlinear glob-

ally stable control laws. However, designing detailed mod-

els of UMAV nonlinear dynamics is unsuitable for con-

trol design purposes [24]. Therefore, a simplified nonlinear

model of the dynamics was introduced in [12], ignoring

the input coupling. The resulting approximate model can

be controlled via high gain designs, leading to a time scale

separation between the cascaded systems [19], or backstep-

ping designs, using dynamic extension of the thrust input

[18], and dynamic inversion designs, leading to exact input-

output linearization [12]. One of the difficulties in those

designs is to deal with uncertain aerodynamic effects which

may act on the vehicle. It has been overcome in [16],

where the unwanted aerodynamic effects have been tabulated

through intense wind tunnel tests, or in [9], which guarantees

bounded tracking in the presence of parametric and model

uncertainties.
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This paper focuses on an adaptive linearizing controller

[26], [29], composed of a design based on approximate

linearization connected to an identification structure. This

approach involves coming up with a transformation of the

nonlinear system into an equivalent linear system through

a change of variables and a suitable control input. The

question of modelling the aerodynamic effects is overthrown

by considering them as unknown perturbations that act on

the system. In [4] and [23], it was shown that an appropriate

choice of adaptive filters in a backstepping process allows

the estimation of unknown constant aerodynamic efforts.

The main contribution of the paper is to introduce a control

structure that handles unknown variable aerodynamic efforts.

II. SYSTEM MODELING

The GLMAV structure, based on coaxial contra-rotating

rotors, is shown in figure 2. The mathematical model for

the GLMAV can be derived using the physical laws of

mechanics and aeromechanics. Early studies [7], [13] show

that UMAV mathematical models can be divided into two

submodels, i.e. a six degrees of freedom mechanical model

coupled with an aerodynamic model. The main difficulty

lies in the aerodynamic modelling which must be complete

enough to accurately simulate the GLMAV dynamics and

simple enough to develop future control laws for hovering

and trajectory tracking.
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Fig. 2. Structure of the GLMAV

A. Mechanical model

To derive the mechanical model of the system, the Newton-

Euler equations of motion of a rigid body have been

employed. In particular, by considering an inertial frame

{O, xI , yI , zI} and a coordinate frame {G, xB, yB, zB} at-

tached to the body of the vehicle. The dynamical model of

the aircraft with respect to the inertial frame is described by:

ṗ = v
mv̇ = Rηf

JΩ̇ = −Ω× JΩ+ Γ
(1)

where p and v represent, respectively, the position and the

velocity of the center of mass, m the vehicle total mass

which is assumed constant, J the diagonal inertia matrix,

Ω the angular velocity expressed in the body frame, f and

Γ the vector of forces and torques applied to the vehicle

expressed in the body frame and Rη the rotation matrix

relating the two reference frames. The rotation matrix Rη
can be parameterized by means of the roll φ, pitch θ and

yaw ψ obtaining:

Rη =





cθcψ sφsθcψ − cφsψ cφsθcψ + sφsψ
cθsψ sφsθsψ + cφcψ cφsθsψ − sφcψ
−sθ sφcθ cφcθ



 . (2)

The attitude kinematics is given by:

η̇ = QηΩ with Qη =





1 sφtθ cφtθ
0 cφ −sφ
0 sφ/cθ cφ/cθ



 (3)

having denoted by, for convenience, η =
[
φ θ ψ

]T
, c̺ =

cos ̺, s̺ = sin ̺ and t̺ = tan ̺.

B. Aerodynamic model

The aerodynamic model focuses on the loads generated by

the coaxial rotors and the cyclic swashplate incidence angles.

The gyroscopic moments induced by the contrarotating rotors

are neglected because they offset each other assuming that

the speed differential is virtually zero or not large enough to

induce a significant gyroscopic moment. Further explanations

on the aerodynamic modeling can be found in [11].

1) Forces generated by the coaxial rotors The thrust is

the main force generated by the two rotors. The upper rotor

contributes only to the vertical thrust whereas the lower rotor,

which generates both a vertical thrust and two lateral forces

due to the swashplate incidence angles. The total force T
generated by the coaxial rotors is:

T =





Tx
Ty
Tz



 =





−β sin δcy cos δcxΩ
2
2

−β sin δcxΩ
2
2

αΩ2
1 + β cos δcx cos δcyΩ

2
2



 (4)

where α and β are the rotors aerodynamic coefficients,

Ω1 and Ω2 the rotors rotation speeds and δcx and δcy the

swashplate incidence angles.

2) Forces acting on the body Due to the numerous

interactions existing between the GLMAV and its environ-

ment, several aerodynamic forces, such as the form drag, the

momentum drag and the friction drag, should be modelled.

However, the net force of these aerodynamic effects and its

point of application are hard to determine because of its

dependence on the wind, which is unpredictable. This is why

the net force will be denoted by fext in the body frame and

by Fext in the inertial frame.

The weight force component fw acting on the GLMAV is

written as:

fw = mg





− sin θ
sinφ cos θ
cosφ cos θ



 = RTη





0
0
mg



 . (5)
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By adding the different force vectors, the three components

X , Y and Z of the total force vector f applied to the

GLMAV are:

f =
[
X Y Z

]T
= T + fw + fext. (6)

3) Moments induced by the coaxial rotors A torque

about the longitudinal or lateral axis may be produced via

differentially pitching the swashplate incidence angles δcx
and δcy . The torque on the vertical axis is induced by the

rotation speed difference between the two rotors. The roll,

pitch and yaw moments are then given by:

τ =





τL
τM
τN



 =





−dβ sin δcxΩ
2
2

dβ sin δcy cos δcxΩ
2
2

γ1Ω
2
1 + γ2Ω

2
2



 (7)

where d is the distance between the center of gravity and

the lower rotor center of rotation and γ1 and γ2 are the yaw

aerodynamic coefficients.

4) Moments acting on the body The external forces

fext apply at a point difficult to determine, depending on the

incidence of the vehicule in the air flow and on the air flow

itself. However, because of the symmetrical property of the

GLMAV, it is assumed that this point is located somewhere

on the zB axis but different from the center of gravity.

Therefore a resultant moment Mext exists and is nonzero,

except on the zB axis.

The weight force component fw, because it applies at the

center of gravity of the GLMAV, does not induce any

moment.

By adding the different moment vectors, the three compo-

nents L, M and N of the total moment vector Γ applied to

the GLMAV are:

Γ =
[
L M N

]T
= τ +Mext. (8)

The GLMAV is defined as a nonlinear system governed by

the four control inputs Ω1 and Ω2, the upper and lower rotor

rotational speeds, and δcx and δcy , the cyclic swashplate

incidence angles along the roll and pitch axes.

III. CONTROL DESIGN

In this section, an adaptive controller is developped for the

GLMAV using feedback linearization techniques [26], [29].

This approach involves coming up with a transformation of

the nonlinear system into an equivalent linear system through

a change of variables and a suitable control input. The control

structure is completed by an observer-based identifier which

estimates the unknown aerodynamic effects that may arise.

The objective of the controller is to asymptotically track

the desired longitudinal, lateral, vertical and heading time

references xd (t), yd (t), zd (t) and ψd (t). The reference

signals are assumed to be known arbitrary time profiles with

the only restrictions dictated by the functional controllability

of the system, by the fulfillment of the flight envelope

constraints and of physical constraints on the control inputs.

In the proposed design, it is assumed that all the internal

states are accessible for control purpose. Furthermore the

initial states are supposed to belong to any compact set with

the only restriction that the paraxial approximation can be

used.

A. Model simplification

In order to simplify the synthesis of the control law, a certain

number of approximations shall be considered. In particular

the lateral forces Tx and Ty will be assumed negligible

compared to the contribution of main thrust Tz . The system

(1), with κ = 1/m becomes:

p̈ = v̇ = κTzRηe3 + ge3 + κFext
JΩ̇ = −Ω× JΩ+ τ +Mext

(9)

where Fext and Mext represent, respectively, external force

and torque applied to the GLMAV which will be assumed

constant. These unknown vectors will be estimated in the

control law by F̂ext and M̂ext. The estimation errors between

the real external forces and torques and the estimated ones

will denoted by F̃ext and M̃ext.

By considering small enough the swashplate incidence an-

gles, the paraxial approximation, meaning that cos̟ = 1
and sin̟ = ̟, can be used. Hence the four control inputs

Ω1, Ω2, δcx and δcy , from (4) and (7), are given by:

Ω2
1 =

(
Tz − βΩ2

2

)
/α

Ω2
2 = (ατN − γ1Tz) / (αγ2 − βγ1)
δcx = −τL/dβΩ

2
2

δcy = τM/dβΩ
2
2

(10)

with Tz and τ the new control inputs to be determined.

B. Approximate linearization technique

The approximate linearization process [26], [29] is now

applied to our system (9). The objective of the process is

to obtain an equation such as:

(

y(γ) − y
(γ)
d

)

+ αγ−1

(

y(γ−1) − y
(γ−1)
d

)

+ . . .

. . .+ α0 (y − yd) = 0
(11)

where y (t) has to track a given yd (t) and where

α0, . . . , αγ−1 are chosen such that:

sγ + αγ−1s
γ−1 + . . .+ α0 = 0 (12)

is a Hurwitz polynomial. The integer γ is called the strong

relative degree of the system (9). It is the number of

times the output has to be differentiated before the input

appears explicitly. As mentionned before, the objective is

to track some desired position and heading time references.

Therefore, the outputs p and ψ need to be differentiated until

the control inputs Tz and τ appear.

From (9), the two first derivatives of p are easily computed:

ṗ = v (13)

p̈ = κTzRηe3 + ge3 + κFext. (14)

As Tz is a physical system input, it is tempting to stop the

process at this step. However, following this approach leads
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to a time-scale separation of the system dynamics [28]. That

approach would be advantageous in hover control to ensure

that this part of the system is more firmly controlled than

other system states. However, in more general trajectories a

time-scale separation imposed in the dynamics at this stage

may lead to significant robustness problems. In particular,

derivatives of the control Tz enter into the remaining dynam-

ics of the system and aggressive control may lead to extreme

ill-conditioning of the remaining control problem [18]. An

alternative strategy will be to take a dynamic extension of

the control Tz [8]. Consider the system of two integrators,

cascaded to the primary thrust input:

Ṫz = T̄z and ˙̄Tz =
¯̄Tz. (15)

The system input Tz and its derivative T̄z are now viewed as

internal states of the controller. The new system inputs are

now τ and ¯̄Tz all of which enter the system with the same

dynamic order of four. This approach offers a compromise

between the different control objectives of the trajectory

tracking problem.

The differentiation of (14) with respect to time is given by:

p(3) = κT̄zRηe3 + κTzRηΩ̃e3 (16)

with RηΩ̃ = Ṙη and where Ω̃ is the skew symmetric matrix

of the vector Ω. Let’s remind that Fext is assumed constant,

so Ḟext = 0.

The differentiation of (16) leads to1:

p(4) = κ
¯̄TzRηe3 + 2κT̄zRηΩ̃e3

+κTzRηΩ̃
2e3 − κTzRη ẽ3Ω̇

(17)

where ẽ3 is the skew symmetric matrix of the vector e3.

From (3), the first derivative of ψ is easily computed:

ψ̇ = eT3 η̇ = eT3QηΩ. (18)

Differentiating (18) with respect to time leads to:

ψ̈ = eT3 Q̇ηΩ+ eT3QηΩ̇. (19)

According to (9), (17) and (19) can be rewritten as:

p(4) = κ
¯̄TzRηe3 + 2κT̄zRηΩ̃e3

+κTzRηΩ̃
2e3 − κTzRη ẽ3J

−1τ
−κTzRη ẽ3J

−1 (−Ω× JΩ+Mext)

(20)

and:

ψ̈ = eT3 Q̇ηΩ+ eT3QηJ
−1τ

+eT3QηJ
−1 (Ω× JΩ+Mext) .

(21)

Applying the linearization process (11) to the output p leads

to: (

κ
¯̄TzRηe3 + 2κT̄zRηΩ̃e3 + κTzRηΩ̃

2e3

−κTzRη ẽ3J
−1 (−Ω× JΩ+Mext)

−κTzRη ẽ3J
−1τ − p

(4)
d

)

+α3

(

κT̄zRηe3 + κTzRηΩ̃e3 − p
(3)
d

)

+α2 (κTzRηe3 + ge3 + κFext − p̈d)
+α1 (v − ṗd) + α0 (p− pd) = 0

(22)

1Recall that for any vector u, v: ũv = u× v = −v × u = −ṽu

and its application to the output ψ leads to:
(

eT3 Q̇ηΩ+ eT3QηJ
−1 (−Ω× JΩ+Mext)

+eT3QηJ
−1τ − ψ̈d

)

+β1

(

eT3QηΩ− ψ̇d

)

+ β0 (ψ − ψd) = 0.

(23)

Therefore, the control signals ¯̄Tz and τ are given by:

[
τ
¯̄Tz

]

=

[
−κTzRη ẽ3J

−1
κRηe3

eT3QηJ
−1 0

]−1

︸ ︷︷ ︸

H−1

[
A
B

]

(24)

where:

A = p
(4)
d − 2κT̄zRηΩ̃e3 − κTzRηΩ̃

2e3
+κTzRη ẽ3J

−1 (−Ω× JΩ+Mext)

−α3

(

κT̄zRηe3 + κTzRηΩ̃e3 − p
(3)
d

)

−α2 (κTzRηe3 + ge3 + κFext − p̈d)
−α1 (v − ṗd)− α0 (p− pd)

(25)

and:

B = ψ̈d − eT3 Q̇ηΩ
−eT3QηJ

−1 (−Ω× JΩ+Mext)

−β1

(

eT3QηΩ− ψ̇d

)

− β0 (ψ − ψd) .
(26)

It is obvious that the matrix in (24) must be invertible

so that the procedure is successful. There are only two

configurations in which this is not the case. The first one is a

configuration where the main thrust Tz crosses 0. The second

one is a configuration where the GLMAV has overturned.

Those conditions are straightforward when one sees the

expression of the determinant of H:

det (H) = −
1

m3

1

JxxJyyJzz
T 2
z

cosφ

cos θ
. (27)

From (25) and (26), one can easily notice that an explicit

expression is required for Fext and Mext. As they are

unknown, due to their dependence on the wind, an identifier

has to be used.

C. Identifier structure

Consider the system:

ẋ = f (x, ζ) + g (x, ζ)u (28)

where x ∈ R
n denotes the state, u ∈ R is the control input

to the system and ζ ∈ R
p is a constant vector of unknown

parameters. The state function f and the input function g
are assumed to be smooth vector fields on R

n. Further, let

f (x, ζ) and g (x, ζ) have the form:

f (x, ζ) = f0 (x) +

p
∑

i=1

fi (x) ζi (29)

g (x, ζ) = g0 (x) +

p
∑

i=1

gi (x) ζi. (30)

Here ζi, i = 1, . . . , p, are unknown parameters which appear

linearly and the smooth vector fields f0 (x), fi (x), g0 (x)
and gi (x) are known. Let the regressor be:
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wT (x, u) = [f1 (x) + g1 (x)u, . . . , fp (x) + gp (x)u] , (31)

then (28) can be written as:

ẋ = w0 (x, u) + wT (x, u) ζ (32)

where:

w0 (x, u) = f0 (x) + g0 (x)u. (33)

To estimate the unknown parameters, the following identifier

system is used:

˙̂x = A (x̂− x) + w0 (x, u) + wT (x, u) ζ̂
˙̂
ζ = −w (x, u)P (x̂− x) .

(34)

where x̂ is the observer state, ζ̂ is the estimated parameter,

A ∈ R
n×n is a Hurwitz matrix and P ∈ R

n×n > 0 is a

solution to the Lyapunov equation:

ATP + PA = −Q, Q > 0. (35)

This identifier structure is reminiscent of one proposed in

[15] and [27]. Defining e = x̂−x as the observer state error,

and ε = ζ̂ − ζ as the parameter error, and assuming ζ to be

constant but unknown, then the following error system can

be stated:

ė = Ae+ wT (x, u) ε
ε̇ = −w (x, u)Pe

(36)

The proof of stability of the observer-based identifier is a

standard Lyapunov argument on the function:

V (e, ε) =
1

2
eTPe+

1

2
εT ε (37)

which is decreasing along the trajectories of (36); thereby

establishing bounded e and ε. However, to prove that e→ 0
as t→ ∞, it must be shown that e is uniformly continuous

or, alternatively, that ė is bounded. This in turn needs w to be

bounded as well. And it was shown in [25] that if the system

is bounded-input bounded-state stable with bounded input,

then w is bounded. Furthermore, as is standard in literature

[3], [14], [22], one can conclude from (36) that e and ε both

converge exponentially to zero if w is sufficiently rich, i.e.

∃ ρ1, ρ2, δ > 0 such that:

ρ1I 6

∫ s+δ

s

wwT dt 6 ρ2I, (38)

also known as a persistently exciting condition.

The application of the identification technique to our system

is straightforward by taking:

w0 (x, u) =







v
κTzRηe3 + ge3

QηΩ
J−1 (−Ω× JΩ+ τ)






, (39)

wT (x, u) =







03×3 03×3

κI3×3 03×3

03×3 03×3

03×3 J−1







and: ζ =

[
Fext
Mext

]

. (40)

IV. SIMULATION RESULTS

Some simulations were performed on the complete model,

with physical parameters given in [4], including the terms

neglected in the control design. The initial conditions are

those expected at the beginning of the third phase of flight.

Hence the roll, pitch and yaw angles, such as the position

in the horizontal plane, are set to 0 while the initial altitude

is fixed to z0 = 110 m. The trajectories to be tracked are

composed of a stream of steps, which is typically what will

be asked during the real flights.

The parameters αi, i = 0, 1, 2, 3, and βj , j = 0, 1, are

chosen such that the eigenvalues of the closed-loop system

are located at - 2. That is:

α0 = 16, α1 = 32, α2 = 24, α3 = 8

β0 = 4, β1 = 4
(41)
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Fig. 3. Output signals x, y, z and ψ (solid blue lines) and reference signals
(dashed red lines)

Figure 3 shows the evolution of the vehicle’s position and

orientation during its flight, in presence of variable wind

gusts (the results with piecewise constant wind gusts are not

presented here for reason of space). The unknown efforts

arising from those gusts are estimated by the identifier and

are shown in figure 4. One can see on this figure that the

estimated efforts convergence to their real value relatively

fast. Figure 5 shows the bounded behavior of the control

inputs. From these figures, it is clear that the designed con-

troller, with the appropriate identifier, succeeds in reaching

the desired position despite unknown aerodynamic efforts.

However, the success in tracking the desired trajectories

strongly relies on how fast the wing gusts arise. Indeed,

as long as the dynamics of the observer-based identifier is

faster than the dynamics of the wind gusts, the tracking will

be done properly. Otherwise, the performance in identifying

the wind gust, and thus in tracking, will be significantly

damaged.

V. CONCLUSION

In this paper, a design of a Gun Launched Micro Aerial

Vehicle was presented. Its dynamic model, suitable for
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control purposes, was proposed including some aerodynamic

effects which are considered as unknown perturbing terms.

The observer-based identifier linked to controller allows the

GLMAV to be stabilized to a given position and orienta-

tion despite these perturbations. Numerical simulations are

provided to illustrate the good performance of the control

law. In future work, the designed control structure will be

implemented and tested on a model of GLMAV.
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