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Abstract: This paper presents recent advances in the project: development of a convertible
unmanned aerial vehicle (UAV). This aircraft is able to change its flight configuration from
hover to level flight and vice versa by means of a transition maneuver, while maintaining the
aircraft in flight. For this purpose a nonlinear control strategy based on Lyapunov design is
given. Numerical results are presented showing the effectiveness of the proposed approach.
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1. INTRODUCTION

Recent literature has focused on the topic of controlling
the so-called convertible aerial vehicles, which are aircrafts
capable to fly in hover and level flight. The changing
between these flight regimes is called transition maneuver.
In this paper the transition maneuver form hover to level
flight is investigated for a class of a convertible aircraft,
the Quad-tilt rotor. This research is a continuation of our
previous work presented in Flores and Lozano (2013b),
where the mathematical model of the Quad-tilt rotor has
been developed.

Several control strategies have been proposed to accom-
plish autonomous transition maneuvers by using the clas-
sical fixed-wing configuration. See Casau et al. (2013)
and Adrian et al. (2007) as just two examples of such
an approach. Another configuration well investigated in
this context is the tail-sitter aircraft, see Stone (2004) for
example. The tail-sitter has in common with the classi-
cal fixed-wing aircraft, that in order to accomplish the
transition maneuver, the aircraft’s body must rotate 90
degrees, having to deal with the singularity presented in
the pitch dynamics. In Cetinsoy et al. (2012) the authors
present a new unmanned aerial vehicle called SUAVI. Such
aircraft can perform vertical takeoffs and landings like a
classical helicopter; further is capable to accomplish long
duration horizontal flight like an airplane. The authors
present a hierarchical control system where a high level
controller is responsible for generating references for low
level controllers, which are responsible for attitude and
altitude stabilization. However, the paper lacks of any
analysis concerning the transition maneuver, which is the
most interesting phenomena in this kind of vehicles. In
Naldi and Marconi (2011) an optimal transition maneuver
for the tail-sitter V/STOL aircraft is investigated. The
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authors present some numerical trajectories at simulation
level showing the transition maneuver. However, such ma-
neuver is only obtained by means of numerical computa-
tions. In most of the available work concerning convertible
UAV’s, see for example Stone (2004), Stone (2002), Green
and Oh (2006), Escareno et al. (2006), Naldi et al. (2010),
Cetinsoy et al. (2012) and Escareno et al. (2007), the
control problem of the transition maneuver has not been
addressed analytically, instead both dynamics (hover and
level flight) are studied separately. Thus, the controllers
for the hover and airplane modes are derived individually,
using a switching condition but without developing any
analysis between those flying regimes.

This paper complements our previous work developed in
Flores and Lozano (2013b). We have included the pitch
dynamics in the analysis by considering the presence of
both actuators: difference between thrust and elevator’s
deflection, i.e. the actuators in hover and level flight mode.
The goal is to develop a control strategy suitable for
handling the transition maneuver, but excluding switching
between both dynamics involved, but also investigating the
system in a continuous manner. We propose a technique to
perform the transition form hover to airplane mode, while
maintaining a desired altitude. The proposed controllers
are stable in the sense of Lyapunov for the transition
maneuver, going from hovering flight to high speed flight.

The remainder of this work is organized as follows. Section
2 presents the system describing the longitudinal model of
the Quad-Tilt rotor UAV as well as the problem statement.
Section 3 details the nonlinear control strategy based on
Lyapunov design. Section 4 shows numerical results ob-
tained when applying the proposed controllers. Conclu-
sions and future work are finally presented in section 5.
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2. SYSTEM DESCRIPTION

In this section, the system which represents the dynamics
of the Quad-tilt rotor UAV and the problem statement
are presented. Details on the mathematical model and
the nomenclature used in this paper can be seen in our
previous work Flores and Lozano (2013b).

2.1 Flight envelope description

The flight envelope of the vehicle encompasses three dif-
ferent flight conditions achieved by means of the collective
angular displacement of the rotors (Fig. 1). Indeed, tilting
the four rotors forward will produce the transition from
helicopter mode to airplane mode. These flight conditions
are explained below:

(1) Hover flight mode (HF ). During the HF mode the
vehicle’s motion relies only on the rotors. Within this
phase the vehicle features VTOL flight profile. The
controller for this regime disregards the aerodynamic
terms due to the negligible translational speed.

(2) Fast forward flight mode (FFF ). At this flight regime
the aircraft has gained enough speed to generate
aerodynamic forces to lift and control the vehicle
motion. In this mode the vehicle behaves like a
common airplane.

(3) Transition flight mode (TF ). It is possible to distin-
guish an intermediate operation mode, the transition
maneuver TF, which links the two flight conditions,
HF and FFF.

The mechanism that allows the transition maneuver is
composed of two servomechanisms responsible to switch
the flight configuration from hover to level flight and vice
versa. The position of such mechanism is represented by
γ. Therefore, γ represents the tilting angle of the rotors
(see Fig. 2).

2.2 Dynamical model of the Quad-Tilt rotor UAV

The moment exerted about the CG can be written as

Jθ̈ = τ b (1)

where J represents system’s inertia while τ b is the torque
input obtained by controlling the differential of thrusts for
the hover mode, and by controlling the aircraft elevator
for the airplane mode. Thus, two inputs are presented in
the pitch dynamics given by

τ b = τ bT + τ bM (2)

where τ bM is the airfoil’s pitching moment and τ bT is the
induced moment due the difference of thrust between T3,4
and T1,2, (see Fig 2). Therefore, τ bT is model as follows

τ bT = l1(−T3,4 cos γ + T1,2 cos γ) (3)

where l1 is the distance from the CG to the rotors shown
in Fig. 2. It follows that the action of the input τ bM
is a function of airspeed Vt and angle of attack α. By
consequence, as long as γ increases, the elevator deflection
induces a largest pitching moment on the aircraft. As we
will see in Section 3, a desired velocity ẋs (and therefore
its corresponding airspeed Vt) is achieved by increasing the
tilting angle γ from 0 to 90 degrees. Furthermore, since
the main contribution to M is provided by the elevator

deflection δ, which is an input variable, we represent the
pitching moment as M = Cmα(α)δ, please see Flores et al.
(2012) for details. Thus, by the aforementioned discussion
we proceed to model the airfoil’s pitching moment by

τ bM = sin γCmα(α)δ. (4)

Following a similar approach as in Oishi and Tomlin
(2000), we introduce the additional states (γ, γ̇), which
model the dynamics of the tilting mechanism as follows

γ̈ = uγ (5)

where we have introduce a control variable uγ .

With the aforementioned discussion, the system modelling
presented in Flores and Lozano (2013b), can be completed
as follows

ẍ= T sin (θ + γ)−D cos (θ − α)

z̈ = T cos (θ + γ) + L cos (θ − α)−mg

θ̈=
l1Td cos γ + sin γCmα(α)δ

J
γ̈ = uγ (6)

where T = T3,4 +T1,2 is the total thrust and the difference
of these thrusts is Td = T1,2 − T3,4.

2.3 Problem Statement

The main goal is to perform a transition maneuver from
HF to FFF mode, by tilting the rotors from 0 to π

2 , such
that the translational speed ẋ(t) varies from 0 to some
value ẋs(t), while the altitude z(t) remains equal to a
desired value zd(t). Therefore, the problem under study
can be formulated as follows:

Problem formulation Consider the Quad-Tilt rotor
model with longitudinal equations of motion given by (6)
and a time tf > 0 which is the time where the transition
maneuver is completed. Derive feedback control laws for
thrusts T (t) : [0, tf ] → <, Td(t) : [0, tf ] → <, elevator
deflection δ(t) : [0, tf ] → < and torque uγ(t) : [0, tf ] → <
so that the state boundary conditions

z(0) = zd, x(0) = ẋ(0) = ż(0) = 0

θ(0) = θ̇(0) = γ(0) = γ̇(0) = 0

z(tf ) = zd, ż(tf ) = 0, ẋ(tf ) = ẋs (7)

θ(tf ) = θ̇(tf ) = γ̇(tf ) = 0, γ(tf ) =
π

2
are fulfilled and the system states converge to their desired
values as follows z(t) → zd, ż(t) → 0, ẋ(t) → ẋs,
γ(t)→ π/2, θ(t)→ 0.

3. CONTROL STRATEGY

In this section we present a control strategy for the transi-
tion maneuver of the Quad-Tilt rotor aircraft considering
the problem statement given in previous section. The
controller will be developed in two parts. The first part
will be responsible to stabilize the attitude dynamics of
the aircraft in the entire transition regime, as well as the
dynamics of the tilting rotor, by means of the control
variables Td(t), δ(t) and uγ(t). The second part involves
the altitude stabilization to zd as well as the velocity
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Fig. 1. The Quad-tilt rotor UAV.

Fig. 2. Free-body scheme showing the forces acting on the
Quad-Tilt rotor UAV.

convergence to a desired value ẋs. For this purpose, the
angle γ will be taken as a virtual control, while the con-
trol variable T (t) will be derived to achieve ẋ(t) → ẋs.
Before developing the controllers, we take into account the
following assumptions:

(1) A1. Small angles of attack will be considered, i.e.
|α| ≤ α, where α ≈ 0.2 rad which is a reasonably
approximation in order to accomplish the expressions:
Cl ≈ Clαα and Cm ≈ Cmαα, see Flores and Lozano
(2013b) for details.

(2) A2. From L = 1
2ClρV

2
t S and M = 1

2CmρV
2
t Sc̄

and assumption A1 we approximate the lift and drag
forces as well as the pitching moment as: L ≈ lẋ2,
D ≈ dẋ2 and M ≈ mθẋ

2, respectively, where l =
0.5ClρS, d = 0.5CdρS and mθ = 0.5CmρSc.

3.1 Control Strategy for the Attitude Dynamics and the
Tilting Mechanism

In this subsection, a control law is derived for the purpose
of stabilizing the attitude dynamics, as well as the dynam-
ics of the tilting mechanism. This algorithm exploits the
backstepping procedure. For this purpose, let us rewrite
the last two equations of system (6) in the following form

θ̇1 = θ2

θ̇2 =
l1Td cos γ + sin γCmα(α)δ

J
(8)

γ̇1 = γ2

γ̇2 = uγ

where θ = θ1, θ̇ = θ2, γ = γ1 and γ̇ = γ2. Note that system
(8) is not in a pure strict-feedback form and the controls
Td(t) and δ(t) have different relative degree w.r.t. θ1(t).
Therefore, dynamically extending the state to include Td,
Ṫd, δ and δ̇, the new inputs for the extended system result
in

T̃d = T̈d
δ̃ = δ̈.

(9)

Now, we define a transformation which results in alge-
braically less complicated equations as follows

X := bTd cos γ + a sin γδ

Ẋ := aδγ2 cos γ1 + aδ̇ sin γ1 − bT2γ2 sin γ1 + bṪd cos γ1

Ẍ := 2aδ̇γ2 cos γ1 + aδuγ cos γ1 − aδγ22 sin γ1 (10)

+aδ̃ sin γ1 − 2bṪ2γ2 sin γ1 − bTduγ sin γ1

−bT2γ22 cos γ1 + bT̃d cos γ1

where a =
Cmα (α)

J and b = l1
J . Recalling (10), we reformat

(8) to

θ̇1 = θ2
θ̇2 = X

Ẋ = Y

Ẏ = Z

(11)

where Ẍ = Ẏ . Now, the new controls (T̃d, δ̃) have a
relative degree equal to four w.r.t the angle θ1(t). Let

(θ̂1, γ̂1) ∈ <2 be the desired trajectories such that the

feedback controllers (T̃d, δ̃) track the error e(t) := (θ1(t)−
θ̂1(t), γ1(t)− γ̂1(t)) to zero. It is important to note that the

desired trajectory θ̂1 must be zero in order to maintain a
horizontal stabilization.

The system (11) is in the form of a chain of four inte-
grators, and then we can apply a standard backstepping
methodology to guarantee exponential convergence of the
tracking error e(t) to zero. The backstepping procedure
results in the following control

Z = −kθ(θ1 − θ̂1)− kθ̇(θ2 − θ̂2)− kX(X)− kY (Y )

uγ = −kγ1(γ1 − γ̂1)− kγ2(γ2 − ˙̂γ1)
(12)

where kθ, kθ̇, kX , kY , kγ1 and kγ2 are positive real
numbers. It is important to note that the inputs (Z, uγ) are
functions of known variables. Now, it remains to express
the control inputs (T̃d, δ̃) according to the known variables
(Z, uγ). From the last equation of (10), it follows that

aδuγ cos γ1 + aδ̃ sin γ1 − bTduγ sin γ1 + bT̃d cos γ1 =

Z − 2aδ̇γ2 cos γ1 + aδγ22 sin γ1 + 2bṪ2γ2 sin γ1

+bT2γ
2
2 cos γ1 := Z̃

(13)

where the term Z̃ is an auxiliary variable which is a
function of known signals, and can be calculated from (12)
and (13).

Note that by using (9) and (10) the original control inputs
(Td, δ) can be recovered.

3.2 Altitude and Forward Velocity Control Strategy

In this subsection, the altitude and x-velocity control algo-
rithm will be developed to make the transition maneuver
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from HF to FFF mode, in such a way that the aircraft
altitude remains constant.

Motion in the x-z plane is accomplished by orientating the
vehicle’s thrust vector towards direction of the desired dis-
placement, i.e. by increasing the angle γ. As a consequence,
γ acts as a virtual controller for the altitude dynamics. In
order to stabilize the altitude z, with a bounded control
input, we will use the nested saturation control approach
with the following control

uz = −εσ1(ż + σ2(z + ż − zd)) (14)

where ε is the maximum amplitude of the control input uz
and σi(·) is a saturation function such that |σi(·)| ≤Mi for
i = 1, 2, where Mi are positive real numbers. The stability
analysis of (14) can be found in Flores and Lozano (2013b).
The above control input is such that z converges to zd.

Knowing that there exists a fast response in the attitude
dynamics compared to the position dynamics of the UAV
(see Flores and Lozano (2013a), for example), we assume
in the following that the pitch angle remains stabilized
by means of the controller developed in subsection 3.1, i.e.
θ → 0. Therefore, the convergence of z to the desired value
zd will occur at a slow rate, but the altitude dynamics will
remain asymptotically stable. Thus, from second equation
of (6), control (14) and assumption (A1) it follows that

cos (γ) =
mg − lẋ2 + uz

T
. (15)

The angle γ in (15) will be the desired angle for the

controller (12), i.e. γ̂1 = arccos
(
mg−lẋ2+uz

T

)
. The thrust

should satisfy
T (0) ≈ mg (16)

due to the TF mode begins in HF mode. Let us now com-
pute the control velocity corresponding to the dynamics of
x in (6). Introducing (15) into the first equation of (6) we
get

ẍ = (T 2 − (mg − lẋ2)2)
1
2 − dẋ2. (17)

Notice that in view of (16), T > (mg − lẋ2) holds. Notice
also that the velocity subsystem above is stable. The
steady state velocity is reached when the RHS is zero, i.e.
when

T 2 − (mg − lẋ2)2 = (dẋ2)2

or
(d2 + l2)ẋ4 − 2mglẋ2 − (T 2 −m2g2) = 0

and the only solution is

ẋ2s =
2mgl +

√
(2mgl)2 + 4(d2 + l2)(T 2 −m2g2)

2(d2 + l2)
. (18)

Notice that the RHS of (15) varies from a value close to
1 at the begining of the transition to a value close to 0
at the end of the transition, which means that the tilting
angle γ, varies from 0 to π

2 .

The stability of (17) can be studied using the candidate
Lyapunov functionW = 1

2 (ẋ− ẋs)2, whose derivative with

respect to (17) is given by Ẇ = (ẋ− ẋs)((T 2 − (mg −
lẋ2)2)

1
2 − dẋ2). By choosing a control input T as follows

T =
√

(−kx(ẋ− ẋs) + dẋ2)2 + (mg − lẋ2)2

we conclude that in the neighborhood of ẋ = ẋs, Ẇ =
(ẋ− ẋs)2 < 0 holds, which proves the (local) stability of
the horizontal velocity subsystem (17).

4. NUMERICAL RESULTS

In this section some simulations showing the performance
of the algorithm proposed in Section 3 are presented.

The following numerical results have been obtained by
using the following parameters: m = 1.1kg; g = 9.8m/s2;
l = 1; d = 0.1; zd = 15m; under the initial conditions:
x = ẋ = 0; z = 15 and ż = 0. The lift and drag coefficients
correspond to the typical values for a miniature aircraft.

The evolution of the dynamic states of the nonlinear sys-
tem is shown in Fig. 3. The transition begins in t = 0 sup-
posing a stabilized position carried out by the helicopter
mode. The input control uz is the responsible for begin the
transition maneuver. When the transition begins, there
exists an increment in the velocity ẋ due to the tilting
of the rotors. Such increase continues growing until the
vehicle achieves the desired velocity ẋs = 10; at this point
the transition maneuver has finished. The angle γ achieves
the value of 90 degrees, as we can see at the bottom of Fig.
3, indicating the end of the transition maneuver.

The simulations results demonstrate the stability of the
closed loop system with the transition maneuver where the
autopilot changes the tilting angle γ from 0 to 90 degrees.
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Fig. 3. The state z converges to the desired value zd when
the velocity ẋ achieves the desired value ẋs. The angle
γ behaviour and convergence to π/2 is shown in the
bottom.

5. CONCLUSION

The mathematical model initially presented in our previ-
ous work Flores and Lozano (2013b) has been completed
by adding the pitch dynamics. A control strategy is pro-
posed to perform a transition maneuver form hover to level
flight, which feature two nonlinear control algorithms used
to stabilize the systems dynamics during the transition
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maneuver. As future work we intend to propose a con-
trol maneuver from level to hover mode. Furthermore an
experimental platform is under development in order to
prove the proposed controllers.
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